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14.1

Introduction

Ultrafast control of electronic motion in isolated atoms with light fields has led to
the birth of attosecond pulses [1, 2]. Waveform-controlled, optical, few-cycle laser
pulses are powerful tools to steer electrons on subfemtosecond timescales and
have been successfully applied to control the electron emission from atoms [3] and
the electron localization in molecules [4]. The realization of a similar level of con-
trol of the electron motion in nanocircuits has the potential to revolutionize mod-
ern electronics by enabling significantly higher computation and communication
speeds [5, 6].

Worldwide communication relies on optical fiber networks. Data encoding and
decoding, however, involves the transformation of photon-based information with-
in the optical fibers to electronic information and vice versa and is thus the current
bottleneck for ultrafast communication and information processing. Lightwave-
controlled nanocircuits (lightwave nanoelectronics) [7] are expected to reach peta-
hertz operating frequencies which would remove the bottleneck in conventional
communication technology by enabling all-optical data processing and commu-
nication. The key challenges on the way to lightwave nanoelectronics are (1) the
control of electrodynamics in nanostructured materials on subcycle timescales and
(2) the ability to monitor the resulting currents in nanostructured circuits with at-
tosecond time and nanometer spatial resolution [6, 8–11]. The development and
utilization of attosecond metrologies for the control and observation of ultrafast
electron dynamics in nanosystems is therefore an issue with far-reaching implica-
tion. This chapter discusses selected key concepts and fundamental experiments
in this area of attosecond nanophotonics.

The central objective of attosecond nanophotonics is the utilization of the widely
tunable optical properties of nanostructured materials. This idea, which has a long
history, might be illustrated best by the special optical phenomena arising from
small nanoparticles. Without deeper insight, already the makers of color-stained
glass church windows in the middle ages used the properties of metallic nanopar-
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Figure 14.1 Plasmonic colors as evident from the stained glass windows of the Sainte-Chapelle

in Paris. Picture credit: M.F. Kling.

ticles to their advantage. A vibrant red color was achieved by adding gold dust to
the glass melt. The origin of this effect is understood today: if nanoparticles are
exposed to visible light, the free-moving conduction electrons are displaced by the
light’s electric field to form plasmons. Since the structure is small, the electrons do
not move very far, but are driven back by the electrostatic forces which build up
through the excursion of the negative electron cloud with respect to the positive-
ly charged atoms in the much heavier nanoparticle. This way, the electrons move
collectively in synchronized coherent oscillations. Such oscillations have particle
characteristics and are called surface plasmons. The red color of old church win-
dows is due to scattering and absorption of part of the visible light by the gold
nanoparticles, which is converted into plasmons. The residual transmitted light
shines in the complementary colors (see e.g. Figure 14.1 for one of the windows of
the Sainte-Chapelle in Paris).

In more detail, the optical properties of nanomaterials are determined by the in-
teraction of external electromagnetic radiation with the material [12]. Surface plas-
mons can either be confined to a single nanoparticle as localized surface plasmons
(LSP), Figure 14.2a, or propagate along metal–dielectric interfaces as surface plas-
mon polaritons (SPP), Figure 14.2b [12, 13]. In both cases, energy from the external
electromagnetic field can be localized beyond the diffraction limit onto nanometer
scales [7].

The strong optical response of metallic nanoparticles in the presence of an exter-
nal field depends on the material, composition [14], shape [15], configuration [16],
and local environment [17, 18]. The progress in the field of nanophotonics has
been fueled by advances in fabrication techniques such as lithography (see [16])
and chemical synthesis (see [19]). These techniques have allowed the precise and
reproducible fabrication of single nanoparticles and nanoparticle arrays including
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Figure 14.2 (a) Field configurations of a localized surface plasmon (LSP) of a metal nanosphere

in an external light field. (b) Sketch of a travelling surface plasmon polariton (SPP).

solid metallic nanospheres, nanocages, hollow particles, and composites. The high
sensitivity of the optical response of nanostructures to their configuration and en-
vironment has led to a variety of novel spectroscopic applications [20], reaching
the detection level of single molecules in methods such as scanning near-field mi-
croscopy (SNOM) and surface-enhanced Raman scattering (SERS). For reviews on
these techniques see [21].

The spectral properties of plasmons as a function of particle size, shape, and
dielectric properties are reasonably understood for many nanoparticles and can
be predicted well theoretically by solving the classical Maxwell equations [13, 22].
However, the subcycle dynamics of collective electronic excitations (i.e., how they
are formed and how the phase coherence is lost) has not been directly measured.
The dephasing time of a nanolocalized plasmon is in the range of 5–100 fs across
the plasmonic spectrum. The dephasing time T2 of a plasmon can be expressed by
(see e.g. [23, 24])

1
T2
D 1

2T1
C 1

T � . (14.1)

T � is the time for a pure dephasing, that is, a loss of the fixed phase relationship be-
tween individual electrons in the collective dynamics. Possible decay mechanisms
for the pure dephasing include scattering and inhomogeneous phase velocities
caused by broadband excitation and/or local inhomogeneities of the nanoparticle.
T1 is the time for the creation of electron–hole pairs and the decay by the emis-
sion of photons (radiative decay). The former production of electron–hole pairs in-
cludes intraband and interband excitations [24]. The latter depends on the coupling
strength to the far field being governed mostly by the antenna shape and size. Fig-
ure 14.3 depicts the dominant dephasing processes occurring after the excitation
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Figure 14.3 Dynamics following the excitation of localized surface plasmons by a few-cycle laser

field. See text for details.

of a surface plasmon. The figure also shows the last step in the decay of plasmons
resulting from electron–phonon coupling. Despite considerable efforts to not on-
ly infer the dephasing times from spectroscopic measurements but also measure
them by time-resolved methods (see e.g. [25] and references therein), studies so far
have been mostly limited by the use of laser pulses on the order of the plasmon
decay times, making the analysis of the obtained signals challenging. It is high-
ly desirable to utilize much shorter, attosecond pulses in such measurements to
elucidate the decay mechanisms in detail.

Most importantly, collective electron motion in nanoplasmonic systems unfolds
on extremely short, attosecond timescales, as defined by the inverse spectral band-
width of the plasmonic resonant region. Theoretical results have predicted that
local optical fields in disordered nanostructured systems (clusters, composites,
and rough surfaces) will experience giant fluctuations on attosecond temporal and
nanometer spatial scales [9]. It was shown that the electric field and photoemission
are enhanced by a factor of several hundred [26] at such hot spots. Until now, the
attosecond dynamics of nanoplasmonic fields have not been directly observed with
simultaneous attosecond temporal and nanometer spatial resolution. Hence, an
experimental study of those ultrafast and nanolocalized plasmonic field dynamics
is of particular importance.

Furthermore, the interaction with strong external fields may induce nonlinear
behavior and transitions in the electronic properties of nanomaterials on attosec-
ond timescales (see e.g. [6, 27, 28]). These fast processes can now be uncovered
with available attosecond tools, such as few-cycle optical and attosecond extreme
ultraviolet (XUV) pulses [9] giving birth to the rapidly developing field of attosec-
ond nanophysics.

In this chapter, we will highlight work on the subcycle control and probing of
collective electron motion. The chapter begins with the topic of lightwave control
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of the electron emission and acceleration in dielectric nanospheres as a showcase
example for the control of nonresonant electron motion in nanostructures. As an
example for the direct time-resolved probing of resonant collective electron motion
the spectral interferometry technique is introduced for few-nm Na clusters, which
allows the extraction of information on temporal dynamics with subfemtosecond
resolution up to highly nonlinear laser excitation. As one of the most promising
techniques to achieve attosecond temporal resolution in the probing the collec-
tive electron dynamics of larger nanosystems, we will introduce nanoplasmonic
streaking, which allows the real-time observation of the fastest plasmon dynam-
ics. Nanometer spatial resolution can be achieved simultaneously by implement-
ing the attosecond nanoscope (ATN), which is based on a combination of attosec-
ond nanoplasmonic streaking and photoemission electron microscopy (PEEM). We
will introduce this technique and describe the progress and challenges toward its
experimental implementation. Finally, we will outline recent experimental and the-
oretical progress on the generation of XUV light at MHz repetition rates by high-
harmonic radiation using nanoplasmonic field enhancement in nanostructures.

14.2

Attosecond Light-Field Control of Electron Emission and Acceleration from

Nanoparticles

Carrier-envelope phase stabilized laser pulses provide a well-defined electric field
and provide an ideal tool for manipulating collective electron motion. They allow
unique spatiotemporal control of local electric fields on nanometer spatial and at-
tosecond temporal scales. Developments in femtosecond laser technology culmi-
nated in the generation of laser pulses of only a few optical cycles duration [29, 30],
where the electric field waveform can be described as

Elas(t) D Eenv(t) cos(ω0 t C 'CE) , (14.2)

where Eenv(t) is the real-valued amplitude envelope, ω0 the angular frequency of
the carrier wave, and 'CE the carrier-envelope phase (CEP). The evolution of the
electric field Elas(t) of such ultrashort laser pulses can be controlled with subfem-
tosecond precision by the CEP.

A first demonstration of the CEP-control of electron emission and acceleration
from nanostructures was recently reported by Zherebtsov et al. [10, 31] for SiO2

nanoparticles followed by its implementation for tungsten nanotips [11, 32]. The
results of the study on SiO2 nanoparticles are highlighted below. The wide spectral
response of the dielectric material allows for an effective use of the full bandwidth
of ultrashort pulses. The large work function of the material makes it possible to
realize tunneling ionization conditions with relatively low ionization yields up to
high intensities, enabling the probing of the dielectric response with only limited
interaction between free carriers.
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14.2.1

Imaging of the Electron Emission from Isolated Nanoparticles

The laser-induced electron emission from isolated nanoparticles was studied using
a beam of nanoparticles, thus every laser shot interacts with a fresh sample. Ul-
trafast processes resulting from the interaction of the laser with the particles can
therefore be studied even up to conditions where the particles Coulomb explode af-
ter exposure to the laser pulse. Using few-cycle pulses allows us to restrict laser the
interaction with the particles to a few femtoseconds and separates the laser-induced
electron emission and acceleration from any electronic and nuclear dynamics tak-
ing place on longer timescales [33, 34].

The electron emission from the nanoparticles was recorded via velocity-map
imaging (VMI) schematically presented in Figure 14.4a. SiO2 nanoparticles were
prepared by wet chemical techniques yielding a narrow particle size and shape dis-
tribution [35, 36]. The nanoparticles were introduced into the gas phase by aerosol
techniques and prepared into a focused beam by applying aerodynamic focus-
ing [37, 38]. CEP stabilized 5 fs laser pulses centered at a wavelength of 720 nm
were generated as described in [39] and focused onto the nanoparticle beam.
The emitted electrons were projected onto a microchannel plate (MCP)/phosphor
screen assembly by the ion optics of the VMI spectrometer and the resulting im-
ages were recorded by a CCD camera. To reconstruct the 3D momentum distri-
bution of the electron emission from the recorded 2D projection, an iterative in-
version procedure was used [40]. Above-threshold ionization (ATI) in Xe was mea-
sured at the same laser parameters as for the nanoparticles in order to derive the
laser intensity in the interaction region.

Figure 14.4 (a) Schematic diagram of the

velocity-map imaging (VMI) of the electron

emission from isolated nanoparticles in few-

cycle laser fields. The VMI spectrometer con-

sists of the ion optics (repeller, extractor,

and ground plate) and an MCP/phosphor

screen detector. The CEP of the phase stabi-

lized laser pulses was adjusted with a pair of

glass wedges. The polarization of the laser

field was in the plane of the detector. (b) High-

resolution transmission electron microscope

(HRTEM) image of a SiO2 nanoparticle. Af-

ter [10].
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Figure 14.5 Electron emission from Xe and

SiO2 nanoparticles. (a) Momentum map of

photoelectrons from Xe (log color scale) at

an intensity of 1.9 � 1013 W/cm2 averaged

over the CEP with the laser polarization along

the py-axis. (d) Electron kinetic energy spec-

trum obtained from angular integration over

50ı (full opening angle) along the laser po-

larization axis. (e) Asymmetry of the electron

emission from Xe as a function of the electron

kinetic energy and phase. (b) Photoelectron

momentum map (log color scale), (f) electron

kinetic energy spectrum, and (g) asymmetry

map measured in SiO2 nanoparticles at the

same conditions as for Xe. The electron ener-

gy cutoffs are indicated by the dashed lines,

the vertical bars indicate the uncertainty in

the cutoff energy. Results of the theoretical

calculations: (c) Photoelectron momentum

map, (h) electron kinetic energy spectrum,

and (i) asymmetry map calculated for a SiO2

nanosphere of 100 nm diameter (log color

scale) at an intensity of 2 � 1013 W/cm2 and

averaged over the phase and the focal intensi-

ty distribution. After [10].

Figure 14.5a shows a typical cross section of the momentum distribution (pz D 0
plane) of the ATI of Xe atoms (averaged over all CEP values). The polarization ax-
is of the laser is along the py-axis. Two principal mechanisms contribute to the
ATI signal: (1) most of the electrons leave the atom directly with kinetic ener-
gies up to 2–3 eV, and (2) a much smaller fraction of the electrons return to the
parent ion and (re)scatter [41, 42], here acquiring kinetic energies of up to about
16 eV. The cutoff for the rescattered electrons in the classical limit is 10Up, where
Up D e2E 2

env/(4mω2
0) is the ponderomotive potential of an electron in the laser

field, e is the elementary charge, and m is the electron mass. Figure 14.5b shows the
momentum distribution of the electrons emitted from (109˙ 6) nm diameter SiO2

nanoparticles measured at the same laser parameters. The angular distribution is
more isotropic as compared to Xe, and the corresponding photoelectron spectrum
extends up to much higher kinetic energies of about 50 eV (cf. Figure 14.5f).

The waveform of a few-cycle laser pulse critically depends on the temporal offset
between the carrier wave and the pulse envelope and offers a possibility to control
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Figure 14.6 Dependence of the cutoffs in the

electron emission spectra from SiO2 nanopar-

ticles on laser intensity. The experimental

results for nanoparticles of different sizes are

represented by circles of different colors as

indicated in the legend. The experimental da-

ta are fitted by a linear function (black solid

line) with a slope of 53.0 ˙ 0.6Up. The cutoffs

predicted for SiO2 nanoparticles of 100 nm

diameter by the simulations with the laser and

polarization fields only (green lines) and sim-

ulations including the mean field (MF) created

by free charges (purple lines). For both types

of curves open diamonds correspond to single

(peak) laser intensity calculations and filled di-

amonds correspond to volume averaged (vol.

avg.) data. The error bars were determined

from the uncertainties in the electron cut-

off energies from Xe and SiO2 nanoparticles

similar to the error bars given in Figure 14.5.

After [10].

the electron emission directions by the CEP [43]. The directional electron emission
can be represented by the asymmetry parameter

A(W, 'CE) D Pup(W, 'CE)� Pdown(W, 'CE)
Pup(W, 'CE)C Pdown(W, 'CE)

(14.3)

for the electron kinetic energy W and carrier-envelope phase 'CE, where Pup(W,
'CE) and Pdown(W, 'CE) are the angle integrated electron yields in the up (posi-
tive py momentum) and down (negative py momentum) directions. Figure 14.5e
and g shows A(W, 'CE) for Xe and SiO2, respectively. Periodic oscillations of the
asymmetry parameter with CEP are present in the energy range up to the cutoff
of asymmetry at (15.7˙ 0.5) eV for Xe and (49.6˙ 3.0) eV for SiO2 (corresponding
to (54.1˙ 4.4)Up), in good agreement with the spectral cutoffs. From the cutoff in
the Xe data a laser pulse intensity of (1.9˙ 0.1) � 1013 W/cm2 is derived by com-
parison to the semiclassical cutoff formula of 10.007Up C 0.538IP, where IP is
the ionization potential of Xe [44] and verified by comparison to time-dependent
Schrödinger equation calculations (see [10]). The energy-dependent slopes in the
asymmetry map of Xe are similar to what was previously observed in atoms [45].
For SiO2 nanospheres the slopes are steeper and the asymmetry oscillations cover
a broad energy range up to the cutoff energy with the largest asymmetry amplitude
occurring above 10 eV. Laser-driven acceleration of these high-energy electrons is
supported by the observation of a significant CEP-dependence of the directional
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Figure 14.7 Electric field distribution in SiO2

nanoparticles of different sizes for irradiation

with 5 fs laser pulses as calculated by FDTD

simulations. Maximum field intensity (rela-

tive to the laser peak intensity) in the z D 0

plane for the incident pulse propagating in

the x-direction and polarized along the y-axis.

After [10].

emission and by the fact that the asymmetry maxima versus CEP shift with energy.
Because of the latter effect and the nearly linear scaling of the energy cutoff with
intensity as analyzed below, electron evaporation due to asymmetric heating of the
nanoparticles can be excluded as the origin of these energetic electrons.

The intensity dependence of the cutoff values in the kinetic energy spectra mea-
sured for nanoparticles of different sizes are displayed in Figure 14.6. The cutoff
energy shows a nearly linear dependence on laser intensity with an average cut-
off value of (53.0 ˙ 0.6)Up as obtained from a linear fit (black solid line in Fig-
ure 14.6). No significant dependence of the electron cutoff energy on the particle
size is observed within the experimental error bars. The results of finite difference
time domain (FDTD) calculations (Figure 14.7) indicate that only for spheres with
diameters exceeding 200 nm the field distribution inside the particles and the di-
electric near-field enhancement close to the surface become substantially distorted
by propagation effects, explaining in part the size-independence in the experimen-
tal data for smaller particles.

14.2.2

Microscopic Analysis of the Electron Emission

To model the nanoparticle ionization dynamics and the electron emission pro-
cesses a quasiclassical, trajectory-based Monte Carlo approach was used. The elec-
tron emission from the nanoparticle surface and the subsequent, classical electron
propagation is considered to be driven by the effective field produced by the laser
pulse, the nanoparticle polarization, and free charges, that is, previously liberated
electrons and residual ions at the surface of the nanoparticle. Under the dipole ap-
proximation for the near field and neglecting the nonlinear terms and dynamical
changes in the dielectric response of the nanoparticle, the combined potential of
the laser field Elas and the induced polarization of the dielectric sphere with relative
permittivity ε is

Φ sphere(r , t) D
8<:�Elas(t)

�
1� ε�1

εC2
R3

r3

�
y r � R

�Elas(t)
�

3
εC2

�
y r < R

(14.4)
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and the effective potential is Φ eff(r, t) D Φ sphere(r, t) C Φ free(r, t), where Φ free

is the Coulomb potential produced by the free charges. This potential creates the
additional electric mean field (MF) acting on each free electron. Tunnel ionization
of atoms at the surface of the nanoparticle was approximated by the ADK ioniza-
tion rates where the ionization potential of atomic Si (8.1 eV) was used. After ap-
pearing at the tunnel exit, the electron was propagated on a classical trajectory via
Rr D e/mrΦ eff(r, t). Interference effects were neglected as the phase relations be-
tween different electron trajectories are nearly random in systems with many active
electrons. If electron trajectories re-penetrated the nanoparticle, elastic electron-ion
scattering was evaluated via Monte Carlo sampling assuming an isotropic cross
section and a constant mean-free path λmfp D 1 nm, similar to the effective at-
tenuation length in SiO2 [46]. A sufficiently large number of trajectories (� 106)
were propagated simultaneously within a statistical ensemble for evaluating the
Coulomb mean-field Φ free term and the electron spectra.

The momentum map, energy spectrum, and asymmetry map calculated for
parameters close to the experiment are presented in Figure 14.5c, h, and i. The
model reproduces the main experimental features, with a smooth spectrum, a
phase-dependent, high-energy component, and asymmetry slopes similar to the
experiment. The disappearance of the asymmetry oscillations with CEP around
47 eV coincides well with the energy cutoff (Figure 14.5h and i), and is in good
agreement with the experiment. The increased isotropic distribution in the exper-
imental momentum map can likely be attributed to additional scattering effects,
for example, due to a finite surface roughness of the experimental nanoparticles
(Figure 14.4b), which are not accounted for in the modeling.

For a closer analysis of the physics described by the model, Figure 14.8 compares
results from simulations with the laser and polarization fields alone (Figure 14.8a)
to simulations with the full potential (Figure 14.8b). For the laser and polarization

Figure 14.8 Electron emission from a SiO2

nanosphere (diameter: 100 nm) calculat-

ed for excitation with 5 fs pulses at 720 nm

and I0 D 2 � 1013 W/cm2. (a) Simulation

with laser and polarization field. (b) Simula-

tion with the full potential, including the free

charge Φ free. The CEP-averaged electron en-

ergy spectra (black) in (a) and (b) are given

together with partial energy spectra (red, blue)

from trajectories with a certain number of col-

lisions (as indicated). The inset in (a) shows

the y-dependent dielectric field enhancement

α(y). After [10].
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field alone, the CEP-averaged electron energy spectrum (Figure 14.8a, black line)
exhibits a pronounced peak at low electron energies and a plateau-like extension to
high energies. Partial energy spectra from trajectories with only a certain number
of collisions show that direct electrons (red shaded area) produce the low energy
feature and backscattered electrons (one or two collisions, blue shaded area) are
dominant in the high-energy region, similar to atomic high-order ATI. The cut-
offs of direct and backscattered electrons are at about 4 and 30Up, in fair agree-
ment with the modified classical atomic cutoffs 2α2Up D 4.47Up for direct and
10α2Up D 23.72Up for rescattered electrons (2Up and 10Up in the atomic case),
where α � 1.54 is the field enhancement factor at the poles of the nanoparticle (cf.
inset of Figure 14.8a). The roughly 30% higher backscattering cutoff in our model
reflects that electrons are ejected with an initial displacement to the residual ion,
that is, at the tunnel exit, which is neglected in the classical 10Up cutoff law. How-
ever, the simulations with the laser and polarization field alone predict an overly
strong signal from direct electrons at low energies as well as energy cutoffs well
below the experimental values. These discrepancies are almost fully resolved when
taking into account the Coulomb field generated by liberated electrons and residu-
al ions at the surface of the nanoparticle. In this case the direct electron emission
is suppressed and the backscattering plateau extends up to 47Up, close to the ex-
perimental values (Figure 14.8b). Moreover, the intensity-dependent energy cutoffs
show slopes similar to the experimental data (Figure 14.6). The increase in the cut-
off energy can be attributed to two main processes: (1) the trapping field created
by the positive ions at the surface relaxes the birth-time requirements for rescat-
tering electrons that result in higher return energies, (2) Coulomb repulsion of the
created electron cloud provides additional acceleration.

Figure 14.9 compares typical fast trajectories from simulations both with and
without the Coulomb term Φ free (red vs. green curves). In the first case, the opti-
mum trajectory (launched about 0.4 fs after the field maximum) recollides with a
kinetic energy of about 12 eV near the zero crossing of the laser, and escapes af-
ter backscattering with a final energy of 31 eV. When including the Coulomb field
Φ free, the trajectory starts almost at the field maximum and recollides with a ki-
netic energy of 23 eV, reflecting the effect of the attractive short-range trapping
field. This return energy corresponds to� 23Up (blue ellipse in Figure 14.9), about
20Up higher than the classical return energy in atomic gas. After backscattering
and when the laser pulse has ceased, the trajectory including the Coulomb field
has a kinetic energy roughly 10 eV higher, see inset of Figure 14.9. A further ener-
gy gain of about 5 eV observed at later times results from space-charge repulsion
in the escaping electron cloud, similar to an electronic Coulomb explosion.

The electron acceleration in SiO2 nanoparticles occurs via a novel mechanism,
where the emitted electrons are accelerated by the combined action of the dielectri-
cally enhanced near field and the surface-trapping potential produced by the pre-
viously released electrons and residual ions. A similar acceleration process and its
CEP control might be expected for other materials, including semiconductor and
metal nanoparticles. Nurturing this expectation, high-energy electron emission ob-
served recently in medium-sized Ag clusters was also ascribed to a rescattering
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Figure 14.9 Evolution of the displacement

and the kinetic energy of typical fast trajecto-

ries. The green curves correspond to simula-

tions with the laser and the polarization field

alone whereas the red curves show results

from full calculations including the Coulomb

field Φ free. The blue ellipse on the red curve in

the lower panel indicates the energy gained at

the moment, when the electron recollides with

the nanoparticle surface. After [10].

process, where electrons are driven through the cluster by the plasmon-enhanced
polarization field [47].

Lightwave nanoelectronics ultimately requires control of nanoscopic currents in
surface assembled nanostructures. This sets a limit for the maximum intensity of
the driving laser field, which must be kept sufficiently low to avoid damage to the
assembled nanostructures. A first step into this direction was the demonstration of
CEP-controlled electron emission and acceleration from tungsten nanotips [11]. In
the experiment by Krüger et al., few-cycle pulses from a Ti:Sapphire oscillator were
focused onto a sharp metal nanotip of 10–20 nm radius [11]. Featureless spectra
were observed for cosine-type laser pulses ('CE D 0), when the electrons were
emitted within a single subcycle interval at the maximum of the laser field. For
sine-type laser pulses ('CE D π/2) spectral interference was observed, indicating
that electrons were emitted within at least two time intervals within the pulse and
accelerated to the same final energy.

CEP-dependent electron acceleration up to keV energies by locally enhanced
evanescent fields of laser-induced SPPs has been predicted for thin metal films [48,
49]. The absence of a significant CEP dependence of electron spectra recently
recorded from the metal film [50] was attributed to the nanoscale surface rough-
ness of the sample randomizing the electron trajectories. The smearing of the CEP
effects can be minimized in future experiment with atomically flat metal films.
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Alternatively, experiments implementing nanometer-resolved electron detection
could overcome this obstacle.

14.3

Few-Cycle Pump-Probe Analysis of Cluster Plasmons

The previous section has discussed collective electron dynamics in nanoparticles
excited by nonresonant near-infrared few-cycle laser fields and the resulting modi-
fication of the release and acceleration of electrons via the buildup of polarization-
induced near-fields. We now discuss a method for direct tracing of the short-time
plasmonic response of nanosystems by spectral interferometry with few-cycle puls-
es that was recently reported by Köhn et al. [51]. Below we introduce the working
principle in terms of a simplified oscillator model and study the time-domain imag-
ing of plasmon oscillations and the ionization-induced increase of the plasmon
lifetime in few-nm-sized Na clusters as a computational example. For the follow-
ing clusters were chosen as a model system that is well-known from strong field
experiments and that can be described fully microscopically. The interferometric
analysis with few-cycle pulses is, of course, applicable to other plasmonic nanosys-
tems as well.

Clusters in intense near-infrared (NIR) laser pulses are known for their extreme-
ly high absorption of light due to the interaction of the laser field with a dense
nanoplasma [52]. A key mechanism behind strong absorption and the resulting
emission of fast electrons and highly charged energetic ions is resonant excitation
of the cluster Mie plasmon, for recent reviews see [53, 54]. The plasmon frequency
in metallic as well as preionized clusters from other materials is typically well above
the laser frequency in early stages of the interaction. Noting the density depen-
dence of the plasmon frequency in a spherical metallic drop ωMie D

p
e�i/(3ε0m),

with �i as the ion background charge density and ε0 as the vacuum permittivi-
ty, resonant plasmon excitation requires a certain cluster expansion (timescale of
nuclear motion) induced by laser-driven ionization and heating. Such a sequence
of ionization, expansion, and resonant excitation may be realized with sufficient-
ly long pulses or by appropriate pump–probe excitation [55, 56]. Though resonant
plasmon enhancement is typical in strong-field laser-cluster experiments, its direct
time-domain analysis has not been achieved yet. Such analysis is, however, impor-
tant to advance the understanding of collective electronic processes in intense laser
fields and their signatures in the electron and ion emission [57–59].

14.3.1

Basics of Spectral Interferometry

Using the electric field of a few-cycle laser pulse in the notation of Eq. (14.2), the
field of a pulse pair with equal CEP reads

Etot(t) D Elas(t)C Elas(t � Δ t) , (14.5)
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Figure 14.10 Spectral interferometry re-

sults with Gaussian 3 fs FWHM pulses

(„ω0 D 1.54 eV) for three Lorentz oscilla-

tor settings. (a) single pulse spectral intensity

(gray) and normalized absorption cross sec-

tions for ωres D ω0, 1.3ω0, and 2ω0 (red,

green, blue) for γ�1 D 5 fs lifetime; insets

show electric field evolutions (black) and re-

sulting spectral intensity distributions (red)

for different delays; (b–d) delay-dependent

modulation signals MW(Δ t) (red) compared

to results in linear spectrum approximation

or constant cross section approximation; cor-

responding 'LSA values as indicated; dashed

blue curves show the pump-only dipole veloc-

ity signal vd(t); insets depict evolutions of the

laser field (black), dipole velocity (blue), and

absorbed energy (red) for indicated delays.

After [51].

where Δ t is the pulse delay. Now we consider the energy absorption of a weakly
dampened oscillator resulting from excitation with the pulse pair, which has the
form

Wabs(Δ t) D y
π

1Z
�1

�
1C cos(ωΔ t)

 jEenv(ω � ω0)j2/2π
(ωres � ω)2 C y 2

dω , (14.6)

where ωres and γ are the resonance frequency and spectral width (inverse life-
time) of the oscillator and Eenv(ω) D R1

�1 Eenv(t) exp(i ω t)d t is the envelope in
the frequency domain. The nominator of the integrand is the spectral intensity of
the pulse pair, containing the single pulse spectrum Ilas(ω) D jEenv(ω � ω0)j2/4π
times a spectral modulation with 2[1C cos(ωΔ t)]. This tunable interference of the
spectral intensity (cf. insets of Figure 14.10a) is the key feature of spectral interfer-
ometry. The absorbed energy W(Δ t) in Eq. (14.6) will now be considered for two
approximations.
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Linear Spectrum Approximation (LSA)

For an oscillator resonance inside the laser spectrum, Ilas(ω) can be linearized
around ωres by I LSA

las (ω) D α C (ω � ωres)� with α D Ilas(ωres) and � D
@Ilas(ω)/@ωjωDωres . The integral in Eq. (14.6) becomes

W LSA
abs (Δ t) D 2α

�
1C

q
1C c2

LSA cos (ωres Δ t C 'LSA) exp(�γ Δ t)
�

(14.7)

with cLSA D tan 'LSA D �γ/α. For a resonance at the maximum of Ilas(ω), that is,
for � D 0, this linear spectrum approximation (LSA) reduces further to

W LSA
abs (Δ t) D 2α(1C cos(ωres Δ t) exp(�γ Δ t)) (14.8)

The delay-dependent absorption contains a static offset and a dampened period-
ic oscillation with the eigenfrequency and lifetime of the oscillator. For CEP D 0,
the modulation provides a direct time-domain image of the dipole velocity of the
oscillator after the first pulse. Besides a phase shift 'LSA and a scaled modulation
amplitude (both known for a given laser spectrum), the plasmonic motion can be
extracted even for a resonance located in the wings of the laser spectrum (� ¤ 0),
cf. Eq. (14.7).

Constant Cross-Section Approximation

The second limiting case is fully off-resonant excitation (ωres outside the laser spec-
trum). Approximating the cross section by σ0 D σ(ω0) yields the constant cross-
section approximation (CCA)

W CCA
abs D 2σ0

1Z
�1

(1C cos(ωΔ t))Ilas(ω)dω

D σ0
�
2F0 C A env(Δ t) cos ω0Δ t


, (14.9)

with the single pulse fluence F0 D 1/2
R1

�1 E 2
env(t)d t, the envelope autocorrelation

A env(Δ t) D R1
�1 Eenv(t)Eenv(t � Δ t)d t, and the total fluence in square brackets.

Hence, for nonresonant excitation, the absorption is proportional to the field flu-
ence.

14.3.2

Oscillator Model Results for Excitation with Gaussian Pulses

For a Gaussian envelope Eenv(t) D OE exp(�t2/τ2
g) with field amplitude OE and pulse

width τg, the LSA parameter is found as cLSA D tan 'LSA D �τ2
gγ (ωres � ω0), cf.

Eq. (14.7). The full width at half maximum (FWHM) of the intensity is related by
τfwhm D τg

p
2 ln 2. Excitation with pulses for CEP D 0 (τfwhm D 3 fs, 800 nm) will

now be considered for three oscillator configurations with resonances ωres D ω0,
1.3ω0, and 2ω0. A damping constant of „γ D 0.13 eV (lifetime τres D 5 fs) is as-



�

� Marc Vrakking and Thomas Schultz: Attosecond and XUV Physics —
Chap. c14 — 2013/10/28 — page 436 — le-tex

�

�

�

�

�

�

436 14 Attosecond Nanophysics

sumed. These examples reflect (1) fully resonant, (2) near-resonance, and (3) non-
resonant excitation. Normalized cross sections are shown Figure 14.10a in relation
to the single pulse spectrum. The delay-dependent absorption can be measured by
a dimensionless modulation

MW (Δ t) D W(Δ t)
W

(Δ t0 
 τres)� 1 (14.10)

which is unity for Δ t D 0 and zero for pulse delays much larger than the oscilla-
tor lifetime. The modulation signal MLSA

W (Δ t) and MCCA
W (Δ t) for the approximat-

ed energy absorptions in Eq. (14.7) or Eq. (14.9) are defined analogously. In Fig-
ure 14.10b–d, the evolutions of MW (Δ t) (solid red curves) are shown in relation to
the applicable approximation MLSA

W (Δ t) or MCCA
W (Δ t) (dashed, approximation as

indicated).
For the fully resonant and the near-resonant scenario (Figure 14.10b and c), the

predictions of the linear spectrum approximation MLSA
W (Δ t) (rescaled in amplitude

as indicated) are in good agreement with MW (Δ t) and show dampened oscillations
with high contrast. A closer comparison of the rescaled MLSA

W (Δ t) signals with
MW (Δ t) shows that the modulations appear in phase with the oscillator frequency
and decay rate for Δ t > 6 fs, that is, outside the pulse overlap.

For selected delays, time-domain evolutions of the laser field, dipole velocity, and
absorbed energy are sketched as insets, providing a direct image of the dynamics
being mapped into the modulation signals. Focusing on the upper time-domain
plot in Figure 14.10b, a resonant dipole oscillation is excited by the pump pulse,
that is, the dipole velocity and the laser field are in phase. For the chosen delay,
the probe pulse arrives in phase with the dipole velocity (constructive interference)
and the oscillator motion can be strongly amplified, resulting in a high-energy gain
from the probe pulse due to coherent superposition of remaining coherent pump-
induced plasmon motion. The lower illustration shows destructive interference,
where the probe pulse stops and reverses the oscillator motion. Here the net energy
gain from the probe is substantially reduced. The oscillation of the modulation
parameter thus reflects the alternation of amplification and suppression of energy
absorption from the probe pulse due to the residual oscillator motion. In turn, the
decrease of the modulation amplitude with delay indicates the decay of the pump-
pulse-induced oscillator motion.

In the resonant scenario in Figure 14.10b, the modulation signals directly image
the pump-induced motion of the oscillator. This can be inferred from the close-to-
perfect agreement of MW (Δ t) and the rescaled MLSA

W (Δ t) with the dipole velocity
vd(t) for pump-only excitation (blue dashed curve in Figure 14.10b). Outside the
pulse overlap region, signals are in phase and show the same relative amplitude
evolution.

A set of time-domain examples for the near-resonance scenario is shown in Fig-
ure 14.10c (see insets), with trends and modulation effects similar to the fully res-
onant case. The modulation signals (Figure 14.10c) are now phase shifted to the
pump-induced dipole velocity by a small phase offset of the order of 'LSA. Howev-
er, even for detunings as large as the width of the pulse spectrum as in our example,
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the phase effect is small and may be neglected to the first order. The modulation
signal still yields a reasonable image of the dipole velocity and the oscillator motion
can be retrieved.

Finally, for the nonresonant scenario in Figure 14.10d there remains no notable
excitation after the pump pulse. The modulation parameter MW (Δ t) almost exclu-
sively images the trivial interference-induced fluence variations (interferometric
autocorrelation) of the two pulses at small delays, as can be inferred from compar-
ison to the MCCA

W (Δ t) data, cf. Eq. (14.9). This behavior allows identification of a
nonresonant scenario.

14.3.3

Spectral Interferometry Analysis of Plasmons in Small Sodium Clusters

We now apply semiclassical Vlasov simulations to calculate the excitation of pre-
expanded Na147 clusters by a pair of intense 3 fs few-cycle pulses with CEP D 0
at 800 nm. Details of the computational approach are described elsewhere [51]. To
prepare resonant conditions, the ionic frame of the ground state is artificially ex-
panded by a factor of 1.55 such that the plasmon is nearly resonant with an 800 nm
laser field. To analyze the collective electron motion we begin with an inspection of
selected time-domain results, see Figure 14.11a,b.

The two scenarios in Figure 14.11a and b corresponds to pump-only excitation
with intensities I0 D 1012 and 1013 W/cm2, respectively. In both cases, strong plas-
mon oscillations are excited, as is reflected in the oscillations of the dipole velocity
after the end of the laser pulse. The eigenfrequencies determined from dampened
oscillator fits are very similar („ωres � 1.6 eV) for both intensities.

Most interestingly, for the more intense pump pulse, the plasmon oscillations
exhibits a substantially longer lifetime of τres D 7.7 fs over the result for the lower
intensity scenario of 2.8 fs, which is a nonlinear effect of the excitation process. This
behavior can be understood by considering the higher cluster ionization achieved
with the stronger pulse, see the relative ionization (red curves) in Figure 14.11a and
b. For the higher intensity, the remaining electron cloud is confined to a volume
smaller than the ionic frame of the cluster (compare 3D plots in Figure 14.11a and
b). When oscillating with a not-too-large amplitude, the electron cloud traverses on-
ly the inner cluster region where the ion background potential is nearly harmonic.
This effectively reduces plasmon dephasing by interactions with the anharmonic
surface potential. Hence, the nonlinear effect yields an intensity-dependent reduc-
tion of the plasmon lifetime.

Having outlined the main physics of the test cases, we now apply the spectral
interferometry analysis. Therefore, the cluster response for pump–probe excitation
is calculated for systematic delay-scans. Modulation signals are given for the total
absorption MW (Δ t) and ionization MQ(Δ t) as a function of pulse delay, see Fig-
ure 14.11c and d. The modulation parameters show strong oscillations well beyond
the pulse autocorrelation. Focusing on the region outside the pulse overlap, a near-
ly perfect mapping of the pump-pulse-induced dipole velocity into the modulation
signals is observed, that is, MW (Δ t) � MQ(Δ t) / vd(t), where vd(t) is the corre-
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Figure 14.11 Plasmon dynamics and spectral

interferometry analysis of Na147 under intense

3 fs FWHM few-cycle pulses at „ω0 D 1.54 eV

as calculated within the semiclassical Vlasov

approach (cluster configurations and laser

peak intensities as indicated). (a,b) Time-

evolutions of the laser field, dipole velocity

(relative to the peak field amplitude) and

cluster ionization for pump-only excitation;

Lorentz fits of the dipole velocity for t > 6 fs;

3D snapshot images at t D 6 fs. (c,d) de-

lay scans of the modulation signals of the

absorption and cluster ionization [MW (Δ t),

MQ(Δ t)] and corresponding LSA fits. Af-

ter [51]

sponding dipole velocity for pump-only excitation. In particular, different lifetimes
are clearly resolved and the dampened oscillator fits of the dipole signals and the
LSA fits of MW (Δ t), MQ(Δ t) yield frequencies and lifetimes that agree within a
small percentage. The extracted phase offsets are close to zero, as expected for fully
resonant excitation. The modulation signals can be well described by the fit func-
tions, except for short delays in the high-intensity scenario, where deviations due
to nonlinearities can be found in the delay range Δ t D 7 . . . 9 fs, see Figure 14.11d.

These results support that nonlinear spectral interferometry with few-cycle puls-
es opens up an avenue toward imaging of strong-field-induced plasmons in metal
clusters with subfs time resolution. In addition, as the to-be-scanned delay window
can be as narrow as a few tens of fs, our approach is expected to provide valuable in-
sights into the time-evolution of plasmonic properties in expanding clusters, which
would be of great interest for nanoplasma science.
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14.4

Measurements of Plasmonic Fields with Attosecond Time Resolution

It has been shown in the previous section for the case of spectral interferometry
that the analysis of photoemitted electrons is a valuable tool for investigating plas-
monic motion on ultrashort timescales. A different technique is inelastic scattering
of high energy (200 keV) electrons, which has been used by Barwick et al. to image
evanescent fields of carbon nanotubes excited by a femtosecond laser pulse [60]. In
their case, the interaction with the plasmonic field leads to absorption and emis-
sion of photon quanta by the electron. From a classical point of view this process
is equivalent to the acceleration and deceleration of the electron in the plasmonic
field. The time resolution of such an approach is so far limited to several tens-
hundreds of femtoseconds, as determined from the duration of the electron puls-
es [61]. Here, we will highlight an approach that might enable the measurements
of the local field oscillations with attosecond time resolution. For a true subcycle
measurement of plasmonic field oscillations the probe process has to be confined
to a time significantly shorter than the field oscillation period. Such subcycle re-
solved information may thus give very detailed insight into the plasmon dynamics,
including the build-up and decay processes as well as any nonlinear effects.

The attosecond streaking technique [62] is one of the most successful approach-
es to fully characterize attosecond light pulses, few-cycle laser fields, and to mea-
sure ultrafast electron dynamics in gases [63–65] and from surfaces [66, 67]. In at-
tosecond streaking, electrons are photoemitted by an attosecond XUV pulse in the
presence of a strong optical driving pulse, which accelerates or decelerates emit-
ted electrons depending on their emission time with respect to the phase of the
optical field. The technique permits to reconstruct the laser electric field from the
measured photoelectron spectra by for example, time-of-flight (TOF) spectroscopy.

In the classical picture, the change in the final drift velocity of the electron
(photoemitted at time te) is proportional to the vector potential vf(te) / A(te) DR t1

te
E(t)d t [62, 68]. From the obtained streaking spectrograms, the light field

as well as the XUV pulse properties can be retrieved with high accuracy [5, 69].
This section discusses the implementation of the attosecond streaking technique
for the real-time probing of plasmonic systems via attosecond nanoplasmonic
streaking (APS) spectroscopy. We will furthermore describe the principal idea and
the progress toward the implementation of APS spectroscopy with spatial electron
imaging via the attosecond nanoscope.

14.4.1

Attosecond Nanoplasmonic Streaking

Attosecond nanoplasmonic streaking is a two-color pump–probe technique (Fig-
ure 14.12). First, plasmonic oscillations are excited by a few-cycle near-infrared
(NIR) laser pulse (the pump pulse). In the second step, an attosecond XUV pulse
(the probe pulse) will emit photoelectrons from the material. A photoemitted elec-
tron released at time te with an initial velocity v0 will be accelerated in the plas-
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TOF 

Figure 14.12 Principle of nanoplasmonic

streaking. The driving NIR laser pulse ex-

cites plasmonic oscillations. The attosecond

probe pulse with variable time delay emits

electrons from the nanoparticle, which will

be accelerated in the local electric field. The

energy-resolved detection is achieved with a

time-of-flight (TOF) spectrometer.

monic near-field E (r, t). The final shift in velocity can be expressed classically by
the equation of motion

v f(te) D v0 �
1Z

te

d t
E (r, t)e

m
. (14.11)

By measuring the shift in kinetic energy as a function of the delay between pump
and probe pulses, the plasmonic field evolution can be mapped onto the photoelec-
tron spectra.

The absorption of XUV photons can result in the release of electrons from bands
with a binding energy smaller than the photon energy, where the highest energy
electrons will have a kinetic energy of

Wkin D „ωXUV � Wf . (14.12)

Here ωXUV is the XUV angular frequency and Wf is the work function of the sam-
ple. This will lead to an energy spectrum of the photoelectrons that show distinct
features of the band structure of the material. The penetration depth of the XUV
radiation into solid metals is on the order of some tens of nanometers [70]. The free
mean path of high-energetic electrons with a kinetic energy of about 100 eV, howev-
er, is only some Ångstroms [71]. As a consequence, only photoelectrons that are cre-
ated close to sample surface are able to leave the sample without being inelastically
scattered. This is advantageous for nanoplasmonic streaking, as the electron escape
time from that layer is on the same order as the XUV pulse length. If additional
electrons from deeper within the sample would be emitted, the additional travel
time would result in the lowering of the temporal resolution. In addition to un-
scattered electrons the photoelectron spectrum will show contributions from lower
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states. These secondary electrons typically lead to a pronounced tail in the photo-
electron spectrum at low kinetic energies, which arises from inelastic collisions
and Auger decay [72, 73]. For nanoplasmonic streaking the unscattered electrons
are of highest interest as their emission time is confined to a short (attosecond)
time window.

14.4.2

The Regimes of APS Spectroscopy

The most important difference of APS spectroscopy as compared to conventional
attosecond streaking experiments performed on atoms is that the plasmon field
E (r, t) is strongly localized at the nanoparticle’s surface. Especially for more com-
plex geometries, the electric near-field can show complicated structure and has to
be evaluated using numerical computations such as the finite difference time do-
main (FDTD) or finite element (FEM) method. It is obvious that the streaking pro-
cess governed by Eq. (14.11) will result in a quite different outcome depending on
the exact plasmonic field geometry and the trajectory of the photoelectron through
these fields defined by its initial conditions.

For an easier understanding, we will now derive a simplified expression for
E (r, t). For a single plasmonic resonance, the temporal envelope can be charac-
terized by an exponential decay of the plasmon due to electron scattering and radi-
ation damping [24]. The spatial decay of the near-field of an isolated nanoparticle or
nanofeature of a surface-assembled nanostructure can be approximated by a mul-
tipole expansion. The dipolar term � 1/r3 is typically dominating already at short
distances from the sample [74]. For sufficiently simple particle geometries, the spa-
tial decay into free space along the normal to the surface can be well approximated
by an exponential function. We will here consider electrons emitted parallel to the
plasmonic field. For sufficiently high-field enhancement, where the laser field can
be neglected, the resulting electric field acting on the photoelectrons includes two
exponential decaying terms in addition to the oscillating time dependence:

E (x , t) D Ep exp
��t

T2

�
exp

��x (t)
�

�
cos (ωres t C ') . (14.13)

Here Ep is the maximum field strength at the surface and ωres is the angular
frequency of the plasmon oscillation, while T2 and � are the temporal and spatial
decay constants, respectively. This equation can be further simplified, if we assume
a weak enough electric field compared to the electron energy. This implies that the
change in velocity by acceleration in the electric field is small with respect to its
initial value Δv0 	 v0 and (for times t � te) the distance to the sample surface
approximated by x (t) � v0(t � te). Equation (14.13) can be written as

E (x , t) D Ep exp
���t

T2
C �(t � te)v0

�

��
cos (ωres t C ') . (14.14)

Essential parameters for the regime of attosecond nanoplasmonic streaking is the
relation between the electron energy Wkin, the plasmon frequency ωres D 2πT �1

res
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and the spatial extent of the plasmonic field �. These quantities will define the
interaction between electron and near-field and therefore determine the streaking
spectra. Generally, one can distinguish between two limiting regimes. First, for an
interaction much shorter in time than the period of the plasmonic oscillation, the
instantaneous electric field probing regime is entered. With respect to Eq. (14.14),
this is equivalent to T �1

res 	 v0��1, as usually T2 > Tres. On the other end, the pon-
deromotive streaking regime is reached, if the plasmonic oscillations have already
decayed before the electron has left the near-field region. This regime is equiva-
lent to T �1

2 
 v0��1, representing a much shorter plasmon lifetime than elec-
tron travel time. For the calculations shown below for spherical metal nanoparti-
cles, nanoplasmonic streaking often takes place in an intermediate region between
these two extreme regimes. To characterize the streaking process quantitatively, the
phase shift Δφs between the electric near-field oscillations and the streaked wave-
form can be employed. This phase shift will vary between the instantaneous and
ponderomotive regime from Δφs D 0 to π/2.

With the simplifications made above, the electrons’ equation of motion is inte-
grable. Introducing an effective decay time τs D �/v0, the shift in velocity as a
function of emission time can be expressed by

Δv (te) D� eEp

m
T2τs

(T2 C τs)2 C T 2
2 τ2

s ω2
res

exp
�
� te

T2

�
� �(T2 C τs) cos(ωres te C ')� T2τs ωres sin(ωres te C ')


.

(14.15)

From this expression, we can see that the absolute change in final drift velocity is
decreasing for higher plasmon frequencies. The interplay between T2, τs and ωres

defines the streaking regime [76]. The phase shift Δφs is given by

Δφs D arctan
�

T2τs ωres

T2 C τs

�
. (14.16)

Figure 14.13c shows the phase shift Δφs as a function of electron energy and spa-
tial decay length for a fixed decay time of T2 D 10 fs. As can be seen in Eq. (14.15),
besides the oscillatory terms, the temporal envelope is still given by exp(�te/T2).
Consequently, the exponential decay constant T2 of the plasmonic field oscillation
can directly be recovered from the streaking spectra (see Figure 14.13b).

14.4.3

APS Spectroscopy of Collective Electron Dynamics in Isolated Nanoparticles

We will now turn to the implementation of APS spectroscopy on isolated, spherical
metal nanoparticles. As already shown in the previous section, the streaking ampli-
tude as well as the phase shift is heavily dependent on the exact trajectory of a pho-
toelectron. Additionally, the contrast in the streaking spectrograms can be reduced
if the sample has large areas without noticeable field enhancement [75]. Numerical
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Figure 14.13 (a) Calculated acceleration fields

for different spatial decay parameters. The

electron energy is 100 eV, Ep D 1010 V/m

and T2 D 100 fs. (b) Simulated streaking

spectra for the same parameters as in (a).

(c) Map of phase shift as a function of spa-

tial decay � length and electron energy for

T2 D 10 fs. (d) Field enhancement profile for

a Au nanosphere of radius 50 nm (cut through

y D 0). After [75, 76].

studies have tested the feasibility of such an integrated measurement using either
isolated nanospheres [75] or nanopatterned surface structures [9, 77]. A numeri-
cal study on isolated gold nanospheres by Süßmann et al. showed the dependence
of the resulting streaking spectrograms on the electron emission position on the
sphere [75]. Spherical particles show an inhomogeneous field enhancement pro-
file (see Figure 14.13d). A large phase-shift and small amplitude is observed in the
streaking spectrogram if the emission occurs at the sides of the sphere. This is due
to the fact that those electrons initially experience weak or even opposite electric
fields after liberation. The smallest streaking amplitude is observed for α D 90ı.
As examples, Figure 14.14a,b show streaking spectra for different emission posi-
tions α (with α being the angle with respect to the pole of the sphere as illustrated
in Figure 14.13d). The sphere diameters are 10 and 100 nm, the electron kinetic
energy is 100 eV and the pulse length is 5 fs (FWHM of a Gaussian envelope) at
an intensity of 1012 W/cm2. To see the influence of these retardation effects on
the streaking spectrograms, a large number of trajectories were computed with
their relative probabilities determined by the emission position, the XUV pulse
spectral bandwidth and pulse length. Figure 14.14c and d shows these simulated
streaking spectrograms for the two sphere sizes. The retardation effects are more
pronounced for the larger sphere size and results in a stronger blurring of the
streaking spectrogram.
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Figure 14.14 Streaking spectrograms for different emission positions from (a) 10 nm Au

spheres and (b) 100 nm Au spheres. (c),(d) Simulated streaking spectrogram composed of

1.5 � 105 electrons for 10 nm and 100 nm sphere diameter. After [75].

Similar results were shown for coupled systems on a substrate [77], where the
streaking process from the gap region of a coupled antenna was simulated. The
results show that, due to the high homogeneity of the field enhancement with-
in the gap region, averaging over electron emission positions yields clear streak-
ing spectrograms predominantly in the ponderomotive regime [77]. For either ap-
proach nanoplasmonic streaking seems to be achievable, but the reconstruction
of the near-fields remains a challenge. The envelope can be easily identified (see
Eq. (14.15)) and should give good results for the lifetime of the oscillation. The res-
onance frequency can also be easily obtained given sufficient temporal resolution.
The spatiotemporal properties of the subcycle evolutions of the nanoplasmonic
field will, due to the retardation effects, in most cases require comparison of the
measured data with numerical simulations for an exact recovery of the waveform.

14.4.4

Attosecond Nanoscope

Combining the described nanoplasmonic streaking technique with ultrahigh,
nanometer spatial resolution is highly desirable for measurements on surface
assembled nanostructures.

Photoemission electron microscopy (PEEM) has been successfully applied for
the imaging of plasmonic fields with femtosecond time resolution [78, 79]. Exper-
iments on plasmonic systems usually employ two-photon-photoemission (2PPE),
where two photons (typically in the UV region) are utilized to photoemit an elec-
tron from a nanostructured sample (see, e.g. [80]). This results in a nonlinear de-
pendence of the local photocurrent on the local surface field strength j � jE j4 and
as a consequence plasmonic near-fields can be efficiently imaged. Phase-resolved
measurements are able to trace propagation effects of traveling SPPs and monitor
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MCP / DLD

ElectronsNIR

XUV

Local plasmonic field

Δt

Figure 14.15 Principle of the attosecond

nanoscope (ATN). A short NIR pulse induces

plasmonic oscillations which are probed by

a time-delayed attosecond XUV pulse. The

streaked photoelectrons are imaged with a

time-of-flight PEEM (TOF-PEEM), where their

time-of-flight and position are detected by a

MCP/delay-line detector. Streaking spectro-

grams for each image point can be measured

by scanning the delay between the pump and

probe pulses.

the build-up and decay of SPPs [80]. Furthermore, coherent control of femtosecond
laser pulses can be exploited to spatially control the excitation of plasmons [81].

Stockman et al. proposed to combine PEEM and attosecond nanoplasmon-
ic streaking for the noninvasive, direct probing of nanoplasmonic fields with
nanometer spatial and attosecond temporal resolution [9]. The principle of the
attosecond nanoscope (ATN) is shown in Figure 14.15. A short infrared laser pulse
excites the collective electron dynamics on a nanostructured surface and then a
time-delayed attosecond XUV pulse emits photoelectrons from the surface. These
electrons are accelerated in the plasmonic near-fields as described in the previous
section. But unlike before, now the detector is a PEEM, which enables the imaging
of photoelectrons from the sample surface with nanometer resolution. A recently
developed time-of-flight PEEM (TOF-PEEM) allows (in addition to the measure-
ment of their emission position) the measurement of electron kinetic energy
spectra [82]. By scanning the delay between the NIR pump and XUV probe puls-
es, a streaking spectrogram is obtained for each image point on the TOF-PEEM,
representing a small volume on the sample surface. From these spectrograms, the
local field oscillations for each image point can be reconstructed.

The study by Stockman et al. focused on the instantaneous regime of nanoplas-
monic streaking [9, 83]. Simulations showed that on a rough silver surface (see
Figure 14.16a), hot spots with field enhancement factors of Q D 30 and a spatial ex-
tension of a few nanometers are expected [9]. These hot spots are so small that the
electron escape time is much smaller than the period of the plasmonic oscillation
(τs 	 Tres). This results in a direct mapping of the instantaneous local electrostatic
potential Φ (r, te) onto the streaking spectrogram.

Results of the calculations by Stockman et al. [9, 83] for the nanostructure in Fig-
ure 14.16a are shown in Figure 14.16b. An attosecond XUV pulse at 90 eV with
a pulse duration of 170 as was employed. The XUV pulse is synchronized with a
few-cycle optical field 5 fs in duration for the excitation of the nanosystem and both
are focused onto the sample. Due to their large kinetic energy and short emission
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Figure 14.16 (a) Ag nanostructure employed in the calculations. (b) Snapshots of streaking

spectrograms for two time delays between a few-cycle excitation pulse and attosecond XUV

probe pulse. After [83].

time, the XUV-emitted valence band photoelectrons escape from the nanosized re-
gions of local electric field enhancement within a fraction of the oscillation period
of the driven plasmonic field. These photoelectrons are accelerated or decelerat-
ed by the local plasmonic field, which defines their energy. The imaging using
the XUV-emitted photoelectrons by an energy-resolving PEEM probes the electri-
cal field potential at the surface as a function of the XUV-pulse incidence time and
emission position with ultrahigh resolution. The spatial resolution is defined by the
aberrations of the TOF-PEEM electron optics. Lin et al. have achieved 25 nm spatial
resolution with a recently developed TOF-PEEM in threshold photoemission mode
using UV excitation [82]. The temporal resolution is determined by the duration
of the attosecond pulse and the time-of-flight of the photoelectrons through the
local-field region, which can be on the order of (a few) hundred attoseconds. As
an example, Figure 14.16b shows two snapshots of the spatially resolved spectro-
grams for different near-infrared (NIR) pump–XUV probe delay times of 66.45 and
67.60 fs on the left and right, respectively [83]. Streaking amplitudes of up to about
10 eV were obtained for an NIR intensity of 10 GW/cm2, where the direct streaking
of the electrons by the external NIR field can be neglected. These theoretical results
demonstrate the potential of ATN for the direct, noninvasive spatiotemporal prob-
ing of collective electron motion. Accordingly, the implementation of the ATN has
a huge potential to boost the development of lightwave electronics.

14.4.5

Experimental Implementation of the Attosecond Nanoscope

For the successful implementation of the attosecond nanoscope several aspects
have to be considered. When using a PEEM in conjunction with pulsed lasers,
space charge effects will limit the maximum number of electrons that can be emit-
ted per laser shot [84]. The emitted electrons will repel each other on their way
through the electron optics causing a blurring of the image and spectral shifts. With
respect to space charge effects it is important to note that the PEEM optics itself is
energy selective. Contrast apertures must be inserted in the back focal plane of the
objective lens [73] to obtain high-spatial resolution [82]. These apertures reduce the
acceptance angle for the photoelectrons with respect to their lateral momentum
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Figure 14.17 (a) UV-PEEM image of Au

squares illuminated by an Hg arc lamp with

an exposure time of 2 min. Intensity profile ex-

tracted from the region marked on the image

gives a spatial resolution of 150 nm. (b) XUV-

PEEM image illuminated by attosecond XUV

pulses under the same conditions with an ex-

posure time of 1.5 h. Intensity profile extracted

from the region marked on the image gives

a spatial resolution of 200 nm. (c) Full ener-

gy spectrum of XUV excited photoelectrons

integrated over the whole Au sample area

(secondary electron emission peak marked

by the purple region). (d) Sample geometry.

After [87].

component. Consequently, the transmission decreases with higher photoelectron
energy, which may according to Watts et al. [85] be expressed by

T D 1
1C Wa/C

, (14.17)

where C is dependent on the PEEM geometry and Wa is the photoelectron energy.
The interplay of space charge effects and transmission poses constraints on the
maximum applicable XUV intensity [86, 87]. Another challenge of using a TOF-
PEEM is the compensation for chromatic aberration, as the electron spectrum to
be imaged has a spectral width of at least several electron volts originating from the
broadband XUV excitation with an attosecond source [87]. In recent experiments
these difficulties could be confirmed: Chew et al. tested the imaging capabilities
of a TOF-PEEM with attosecond XUV pulses centered at 93 eV [87] and Mikkelsen
et al. explored photoemission electron microscopy in conjunction with attosecond
pulse trains [86]. In both studies, the XUV pulses were produced at a repetition rate
of 1 kHz.

Figure 14.17 shows results from the study by Chew et al. [87]. Here, an isolated
attosecond pulse is spectrally selected from the cutoff region of the XUV spectrum
produced by a few-cycle NIR pulse by applying a Zr/Si3N4 filter in combination
with a multilayer mirror (for more details on the setup, see [87]). The TOF-PEEM
is equipped with an MCP/delay-line detector (DLD) providing temporal and spa-
tial information about the recorded photoelectrons. Figure 14.17a and b shows a



�

� Marc Vrakking and Thomas Schultz: Attosecond and XUV Physics —
Chap. c14 — 2013/10/28 — page 448 — le-tex

�

�

�

�

�

�

448 14 Attosecond Nanophysics

Figure 14.18 (a) TOF-PEEM images excited with XUV light at different HHG target gas pres-

sures (100, 90, 80, 70, 60, 50, 45, 40 mbar). (b) Electron kinetic energy spectra of XUV emitted

photoelectrons at different HHG target gas pressures in mbar. After [87].

comparison between images obtained from an Hg lamp and an attosecond XUV il-
lumination of the chess-board nanostructured Au sample shown in Figure 14.17d.
The spatial resolution may be determined by the image quality of a nanostructure
edge (as shown in the lower part of Figure 14.17a and b) and is very similar for
both light sources. It should be noted, however, that a small contrast aperture was
used and the XUV image is mainly composed of low energy, secondary electrons,
as is evident in the measured, spatially integrated kinetic energy spectrum shown
in Figure 14.17c. Nevertheless, a peak between 80 and 90 eV indicates the success-
ful recording of high-energy electrons from the direct XUV-emission of electrons
from the Au Fermi edge, which have been considered in the theoretical proposal
for the ATN [9] and were crucial for reaching the instantaneous streaking regime.

Due to space charge effects, the achievable PEEM image quality can strongly
depend on the incident XUV fluence and the photoelectron energy. Figure 14.18
shows energy-integrated TOF-PEEM images (consisting largely of secondary elec-
trons) acquired for different XUV fluences (here, the target pressure in high-
harmonic generation was varied to alter the XUV fluence). For single-photon
photoemission, the number of photoelectrons is proportional to the XUV fluence
and for a sufficiently low XUV fluence, space charge effects can be avoided. A sim-
ilar conclusion was reached by Mikkelsen et al. [86], who used trains of 30 eV XUV
pulses to image a nanostructured Au film [86] with a conventional PEEM without
time-of-flight. A TOF-PEEM allows for the distinction between the otherwise domi-
nating secondary photoelectrons and the direct photoelectrons (see Figure 14.18b).
Chew et al. found in their studies that predominantly the secondary electrons are
affected by the build-up of space charge (as observed by spectral broadening) while
the direct electrons are not affected [87]. Unfortunately, so far, the use of the con-
trast apertures in the TOF-PEEM, together with a repetition rate of 1 kHz, limited
the count rates for the direct electrons such that the spatial and energy-resolved
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detection of direct electrons would take too long to realistically perform a pump–
probe imaging experiment using just these electrons. The implementation of the
ATN will therefore benefit largely from the use of high-repetition rate attosecond
XUV sources. Motivated by this and other applications, such sources are being
developed (see next section for a nanoplasmonic approach to the realization of
MHz rate XUV sources).

14.5

Nanoplasmonic Field-Enhanced XUV Generation

High-harmonic generation is a highly nonlinear process between a medium (e.g.
a rare gas) and an intense femtosecond laser field [88, 89]. In order to achieve the
necessary, high intensity of a few-cycle driving pulse for attosecond XUV genera-
tion (> 1013 W/cm2 for Xe as a target [90]), typically amplified laser systems are
employed operating at kHz repetition rates [39, 91, 92]. Motivated by various appli-
cations of high-repetition rate XUV sources (high-resolution spectroscopy [93, 94]
and time-resolved measurements [87]) various approaches have been followed for
the generation of XUV pulses at (up to) MHz rates.

One approach is to directly generate XUV light from amplified femtosecond
MHz laser systems (see e.g. [95]). Another approach is to seed a passive enhance-
ment cavity with the output from a femtosecond MHz oscillator (see e.g. [93]).
Despite impressive progress concerning the circulating power in such cavities [96],
such systems are hard to stabilize and the outcoupling of the XUV light remains a
challenge to their more widespread application [96].

An alternative approach, introduced by Kim et al. in 2008 is to employ nanoplas-
monic field enhancement for the generation of XUV pulses (nano-HHG) at MHz
repetition rates [97]. The production of XUV light is based on the near-field
within the gap of Au bow-tie nanoantennas (see Figure 14.19), arranged in an
array on a thin sapphire substrate, which is back-illuminated by a 10 fs pulse

NIR

Gas nozzle

Bowtie antenna

XUV photons

(a) (b)
Substrate

Antenna array

Figure 14.19 (a) Principle of nanoplasmonic

high-harmonic generation. Noble gas atoms

are inserted into the gap region of a nanoplas-

monic antenna. These antennas are illuminat-

ed by a short resonant NIR laser pulse. Due to

the field enhancement the HHG process can

take place in the antenna gap region. (b) The

samples are placed on a transparent substrate

(sapphire in [97]). Various geometries can be

used.
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from a Ti:sapphire laser oscillator. The incident laser intensity of approximately
1011 W/cm2 was increased by plasmonic field enhancement and reached sufficient
strength to generate harmonic radiation in Ar, which was injected between the bow-
ties. Kim et al. claim the generation of XUV light with photon energies between
11 to 26 eV at the full repetition rate of the Ti:sapphire oscillator of 75 MHz [97].
The interpretation of these results was recently challenged by Sivis et al., who
only observed an enhancement of multiphoton and strong-field fluorescence in
bow-tie nanoantennas [98]. Kim et al. claim that the local rare gas pressures that
were realized at the bow-tie nanostructures are responsible for the different ob-
servations [99, 100]. Further studies will be required to resolve this dispute and
clarify the importance of coherent versus incoherent XUV emission from such
nanostructures. An alternative approach to the nanoplasmonic field-enhanced
XUV generation at MHz repetition rates was recently presented by Park et al., who
employed nanostructured waveguides and demonstrated the generation of XUV
light up to 70 eV at an incident laser intensity of about 5 � 1011 W/cm2 [100, 101].

The temporal properties of XUV pulses generated via nanoplasmonic field en-
hancement have not yet been studied. In the discussion below we will neglect inco-
herent processes and show how for metallic nanoellipsoids the temporal evolution
of the near-field within the gap of a coupled nanoantenna is influenced by the
antenna geometry, and how this approach can be extended to the generation of
isolated attosecond pulses.

14.5.1

Tailoring of Nanoplasmonic Field Enhancement for HHG

In contrast to traditional XUV sources where the generation process is driven di-
rectly by the electric field waveform of the laser, nanoplasmonic-field-enhanced
HHG has an additional degree of complexity due to the local plasmonic fields. This
provides the opportunity to optimize both the laser parameters and the nanostruc-
ture configuration in order to tailor the resulting XUV pulses. In the computa-
tions described below and outlined in [102] coupled ellipsoids were used instead of
bow-tie antennas. These antennas can be produced in large quantities by chemical
synthesis [103] and in aligned arrays on surfaces (see, e.g. [104]), so that the fabri-
cation of such arrays with small separation between the ellipsoids can be achieved
more easily when compared to the lithography techniques used to produce other
configurations such as bow-tie nanostructures [16].

Important from an experimental point of view is the damage threshold of the
sample. The scattering processes of hot electrons will first equilibrate the tem-
perature of the electron gas, which will then heat the lattice by electron–phonon
scattering. If the fluence of the laser is too high, the nanostructure can potentially
melt [105]. The reported damage threshold of Au nanostructures is on the order
of 1011 W/cm2 maximum peak intensity [106]. For the realization of HHG in no-
ble gases such as Xe and Ar, it is necessary that the field enhancement is at least
30–40 [97].
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Figure 14.20 Results showing (a) the near-

field amplitude (normalized to 1), (b) di-

mensions of the coupled nanostructures

and the enhanced plasmonic fields for a

carrier-envelope phase of (c) 'CE D 0 and

(d) 'CE D π/2 for the symmetric (solid green

line) and asymmetric (dashed black lines)

configurations, respectively. After [102].

In the described calculations, the peak intensity of an 800 nm laser with a pulse
duration of 3.5 fs is 1 � 1011 W/cm2. Symmetric and asymmetric configurations of
coupled ellipsoids were considered (with the geometries shown in Figure 14.20b).
In both cases the enhanced plasmonic fields were calculated at the center of the
g D 5 nm gap between the ellipsoids using the FDTD technique. For details on the
computations, see [102]. In addition to the nanostructure configuration, the CEP
of the few-cycle driving laser field is expected to offer an additional and impor-
tant degree of control over the response of the localized plasmonic field enhance-
ment [79, 107]. The corresponding plasmonic field responses were determined for
the symmetric and asymmetric ellipsoid configurations with CEPs, 'CE D 0 and
π/2. The results are shown in Figure 14.20.

Isolated, attosecond XUV pulses can be obtained via HHG by a number of well-
established techniques (see e.g. [45]) including the application of few-cycle laser
pulses with well-defined electric fields in combination with spectral filtering of the
XUV light from the cutoff region [29]. This technique has led to the generation
of the shortest isolated XUV pulses to date of only 80 as duration [30]. The near-
field amplitudes of the symmetric and asymmetric configurations are shown in
Figure 14.20a. Both spectra exhibit one dominant peak at 882 and 845 nm for the
symmetric and asymmetric configurations respectively, and are both intentionally
slightly off-resonant with the central wavelength of the driving laser field to facili-
tate a faster plasmonic response.
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The reduced spatial symmetry in the asymmetric configuration results in the
appearance of a secondary peak centered at approximately 698 nm. The effect of
symmetry has a straightforward physical interpretation. For the center-symmetric
systems, there are two longitudinal surface plasmon modes: these are modes of the
dipole of the individual ellipsoids directed along the axis of symmetry. Using parity
arguments, these can be described as symmetric and anti-symmetric (or even and
odd, respectively) [102]. The even mode, where the dipoles of both ellipsoids oscil-
late in phase, is bright and strongly red-shifted due to opposite charges facing one
another across the gap, which reduces the electrostatic energy. With the odd mode,
however, it is the like charges that are separated across the gap resulting in a blue-
shift. Figure 14.20c and d shows the enhanced plasmonic fields for the symmetric
and asymmetric structures and CEPs of 'CE D 0 and 'CE D π/2, respectively.
The maximum amplitudes for the symmetric and asymmetric configurations were
found to be similar with 43.5 and 43.3, corresponding to intensities of 1.89 � 1014

and 1.88 � 1014 W/cm2, respectively, which is sufficient for HHG from Ar.
Although the maximum field enhancement is very similar for both nanostruc-

ture configurations, the decay of the plasmonic field differs: the symmetric struc-
ture shows a long, smooth exponential decay with a time constant of about 10.2 fs.
For the asymmetric structure, the subsequent decay is strongly modulated, which
can be attributed to the beating pattern between the two different modes within
the structure. Although not immediately obvious, the subtle effect of the CEP caus-
es a shift in the phase of the oscillations of the enhanced plasmonic fields shown
in Figure 14.20c and d. As shown in the following section, both the CEP and the
nanostructure configuration have a profound effect on the resulting high-harmonic
spectra and the production of single and multiple, subfemtosecond XUV pulses.

14.5.2

Generation of Single Attosecond XUV Pulses in Nano-HHG

The enhanced plasmonic fields calculated in the previous section were used to de-
termine the corresponding high-harmonic spectra by employing the single-active
electron model [108]. The results are shown in Figure 14.21.

The high-harmonic spectra, Figure 14.21a and c, display a number of common
features. All spectra show a series of peaks corresponding to the odd harmonics
of the driving laser field. For example, the dominant peak centered at 1.55 eV is
the photon energy of the laser with the two subsequent peaks at 4.65 and 7.75 eV
corresponding to the third and fifth harmonics. There is an extended region from
17 to 58 eV where the odd harmonics are of a similar intensity, before falling off
rapidly with photon energy. These correspond to the plateau and cutoff regions
of the high-harmonic spectra, respectively. While for the current parameters, the
plateau region remains largely independent of the CEP and nanostructure config-
uration, the cutoff region displays a strong dependence on both of these variables.
The cutoff with the highest energy XUV photon, Wmax, is given classically by

Wmax D 3.17Up C IP , (14.18)
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Figure 14.21 High-harmonic spectra cal-

culated from the enhanced plasmonic fields

for symmetric (solid green lines) and asym-

metric (dashed black lines) nanostructure

configurations for a CEP of (a) 'CE D 0 and

(b) 'CE D π/2. Also shown are the corre-

sponding temporal pulse profiles following

spectral filtering within the cutoff region

of the high-harmonic spectra for a CEP of

(c) 'CE D 0 and (d) 'CE D π/2. The dotted

red lines indicate a Gaussian fit to the tempo-

ral profiles and the FWHMs are also indicated.

After [102].

where IP is the ionization potential of the atom (or molecule) and Up is the pon-
deromotive potential of the electron within the field.

As both the symmetric and asymmetric configurations had near-identical en-
hancements and therefore, effective intensities, their high-harmonic spectra show
equal cutoff energies of 68 eV. However, as can be seen in Figure 14.21a and c,
the behavior within the cutoff region varies depending upon the configuration and
CEP. To examine potential temporal XUV pulse profiles resulting from the spec-
tral selection of a portion of the cutoff region a Gaussian filter of FWHM D 5 nm
centered at 60 eV was used. The filtered spectral data were subsequently Fourier
transformed to obtain the temporal pulse profiles shown in Figure 14.21c and d.
The CEP is found to have a significant impact on whether single or multiple XUV
pulses are produced within the cutoff region. The CEP will affect the phase of
the plasmonic field, which in turn determines whether multiple electron trajecto-
ries contribute to HHG or only one. The production of attosecond pulse trains or
single attosecond pulses is correspondingly indicated by either a modulated or a
smooth spectrum, respectively. As can be seen from Figure 14.21b and d, single
XUV pulses are predicted from the symmetric and asymmetric configurations for
CEPs 'CE D 0 and π/2, respectively. We can conclude from these results that a
suitable tayloring of the nanostructure configuration and CEP of the incident laser
field can enable the generation of isolated attosecond XUV pulses in nano-HHG.
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Note that these conclusions are drawn on the basis of the simple modeling of the
nano-HHG process in [102], which did not include spatially dependent fields dur-
ing the electron excursion. Such improved computations were recently performed
by various authors [109–112]. The accurate prediction of the absolute phases of
plasmonic fields remains a challenge for future theoretical work, which shall be
compared to experimental studies expected to emerge in the very near future.

14.6

Conclusions and Outlook

The control of the collective electronic response of nanostructured materials with
the waveform of a laser field is one of the first experimental achievements in this
emerging field of attosecond nanophysics. In the first studies employing few-cycle
pulses on dielectric nanoparticles [10] and metal nanotips [11] the carrier-envelope
phase has been shown to be a crucial parameter for the control of the electron
emission and electron acceleration from these nanostructures.

Future studies may employ synthesized light fields spanning over several oc-
taves [113], which could provide full control over collective electron motion on the
nanoscale. The lightwave control of electron motion in nanostructures is an impor-
tant part of the development of lightwave (nano)electronics. Existing experimental
approaches employing CEP-stabilized few-cycle laser fields will in the near future
be complemented by those utilizing attosecond XUV pulses providing access to at-
tosecond temporal resolution. This will give unprecedented, novel insight into the
collective electron dynamics for dielectric, semiconductor, and metal nanostruc-
tures and will enable us to explore in detail how plasmons are formed and decay
on a subcycle timescale. We have introduced three concepts for the time-resolved
measurement of plasmonic fields: (1) spectral interferometry as shown for the ex-
ample of metallic clusters, (2) attosecond nanoplasmonic streaking, and (3) the
attosecond nanoscope. It is likely that more concepts will be developed in the near
future. At present, the theoretical development is ahead of experimental implemen-
tation, but significant progress has already been made implementing, for example,
the ATN [82, 86, 87].

We expect that the theoretically developed concepts, when put into practice, to
give novel insight into field-dependent phase transitions in nanomaterials and the
generation of coherent light via the emission, acceleration and recombination of
electrons from nanostructures or in the enhanced local fields near nanostructures.
As was shown in [10, 31], even for moderate field intensities dielectric nanopar-
ticles show new, field-dependent effects on an ultrafast timescale. These results
were collected at laser intensities where the dielectric response of the medium
is still linear. Extension of the experiments toward higher laser intensities might
lead to a regime where the instantaneous medium response is highly nonlinear
in nature and exhibits novel properties. Time-dependent density-functional theo-
ry calculations for SiO2 have predicted the optical breakdown of this dielectric at
about 1015 W/cm2 [114]. Dielectric nanofilms can metalize in strong adiabatic and
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nonadiabatic fields without optical breakdown [27, 115]. Recent experimental and
theoretical work elucidated that these field-induced changes in the optical and elec-
tronic properties of a dielectric follow the electric field [28]. Furthermore, a laser
field with controlled waveform enabled ultrafast switching of a dielectric from an
insulating to a conducting state within an optical cycle [6]. Such nonlinear behav-
ior of nanomaterials in strong, ultrashort laser fields may be utilized to realize a
nanometer sized, light-controlled field-effect transistor (FET) providing one of the
building blocks for lightwave (nano)electronics.

The integration of attosecond science and nanotechnology will yield unprece-
dented insight into collective, multielectron behavior, where the information con-
tained in a time-resolved experiment may significantly exceed what can be obtained
by other (time-integrated) means.
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