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Abstract

Experiments on the sub-femtosecond time scale performed in recent years
and their theoretical background are reviewed in this article. We present
the essentials of the generation of attosecond pulses, phase-stabilized few-
cycle laser pulses, and applications to sub-femtosecond control of electronic
motion and time-resolved spectroscopy of atoms and molecules. An outlook on
emerging pulse-generation techniques and time-resolved imaging of electronic
and molecular structure is included.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The typical time scale of electron motion in atoms and molecules is a few hundred attoseconds
(1 as = 10~'% s)—shorter than any pulse of visible light, shorter even than a single electric
field period at optical wavelength. Yet, in several recent experiments it was demonstrated that
attosecond electron motion can be controlled by strong short laser pulses [1] and that it can
be exploited to directly measure the electric field of a light pulse [2], to obtain an image of
an electronic orbital [3], or to produce extreme ultraviolet (XUV) pulses of a few hundred
attoseconds duration [4]. The XUV pulses can be timed relative to the laser field with a
precision of a few tens of attoseconds, thus opening the route to time-resolved atomic physics
[5]. The newly emerging field was dubbed ‘attosecond physics’.

This development is based on the ever increasing control over laser pulses. Pulses with
durations of a few tens of femtoseconds and intensities around 10'* W cm™2 are routinely
available for wavelengths in the range from 400 nm to 2 um. Pulses with durations near the
limit of a single field oscillation between 800 nm (the Ti:sapphire wavelength) and 1.1 um
can presently be generated at several laboratories [6—12]. For these short pulses intensities
approach 10'"®* W cm™2 and remarkably low intensity fluctuations of 1% [13] were reported.
Not only the pulse envelope, but also the electric field of the pulses is highly reproducible and
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can be controlled with shot to shot phase fluctuations of less than 100 as [4], fluctuations that
make up only small fractions of the Ti:sapphire laser optical period of 2.6 fs.

At high pulse intensity new types of experiments become possible, as the interaction of
a strong laser pulse radically differs from light—matter interaction at lower intensities. Rather
than accumulating an effect over many optical periods, as in conventional optics, the electric
field can take direct control of electronic motion and imprint its time structure on electron
momentum and position. Ionization plays an important role for the precise timing of electronic
motion in the field because of its strongly nonlinear dependence on electric field strength: the
rather smooth sine-like variation of the laser field produces pronounced peaks of electron
emission at times near maximum field. The resulting short electron wave packets can be
accelerated by the laser and directed back to the parent ion. Upon scattering from the parent
ion after roughly one half-cycle of the laser field one obtains a short time snapshot of the ion’s
nuclear positions [14] or even of its valence electron orbital [3]. When scattering is inelastic,
further electrons may be ejected from the ion, which provides information about the electron
dynamics half a laser period after ionization [15, 16].

Inelastic scattering may result in the generation of broadband radiation with energies that
are proportional to the kinetic energy of the electron at the moment of scattering. As the
electron energy varies rapidly during a single laser cycle, a given range of photon energies
is generated only during very short times of sub-laser-cycle duration. By applying a spectral
filter and compensating chirp one can generate bursts of XUV radiation with durations as
short as 170 as [17]. These shortest pulses have the disadvantage of coming in trains with a
repetition rate of twice the laser frequency. The presently shortest isolated pulse lasts 250 as
[4]; that is, 1/10 of the optical period of the Ti:sapphire laser.

With photon energies of about 100 eV present attosecond XUV pulses can trigger atomic
and molecular inner-shell processes, whose dynamics can be monitored by a precisely timed
laser pulse. This method was demonstrated by the time-resolved measurement of an Auger
decay [5]. The shortest accessible times are, roughly, limited by the XUV pulse duration or,
under certain conditions, by its 100 as jitter relative to the laser pulse [18]. Different from
direct electron recollision, this type of pump—probe experiment can also monitor times that
extend over many laser optical periods.

In the present review, we want to touch upon all essential aspects of attosecond physics:
its theoretical foundations, the enabling technology of short pulse generation, and highlights
of experimental achievements, as well as the prospects for its future development. It goes
without saying that only a few selected topics can be discussed in any detail, while the reader
is referred to the literature for both in depth and more complete discussions. Recent reviews
on closely related topics include the review on intense few-cycle laser pulses by Brabec and
Krausz [9], which has become a standard reference for the field and an excellent overview
over high harmonic generation by Agostini and DiMauro [19].

2. Basic theory

Attosecond control of electronic motion is achieved by laser fields that are comparable in
strength to the electric field in the atom. At first sight, this creates a rather complex interplay
between atomic and laser forces. Fortunately, for the majority of phenomena in attosecond
physics, one can separate the dynamics into a domain ‘inside’ the atom, where atomic forces
dominate, and ‘outside’, where the laser force dominates. Apart from full blown numerical
calculations all models of attosecond phenomena rely on this basic picture, be it in a classical,
semi-classical, or fully quantum mechanical fashion. It turns out that in many cases the
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classical pictures already capture the essence of the phenomena and quantum calculations are
only needed to obtain quantitatively correct results.

The laser pulses used are, in general, short from 40 fs duration down to ~5 fs or about
two optical cycles at the wavelength of 800 nm. The fast rise time of the pulses allows one
to reach high field strength before the atom or molecule disintegrates. For pulse durations
near or below two optical cycles, in addition to the pulse envelope and the carrier frequency,
the carrier—envelope phase @cg is a third important parameter to fully characterize the pulse.
The electric field of a very short pulse with envelope & and central frequency o,

E(t) = &(t) cos(wt + ¢cE), (1)
qualitatively depends on ¢cg: for an envelope with its maximum at # = 0, a value of ¢cg = 0
(‘cosine-pulse’) means that a single field peak significantly exceeds all other field maxima

during the pulse, while with ¢cg = 7 /2 (‘sine-pulse’) two equally strong field peaks with
opposite signs are reached before and after ¢+ = 0.

2.1. Ionization by strong laser fields

Ionization as the transition from ‘inside’ to ‘outside’ the atom plays a key role for attosecond
phenomena. A rough distinction is made between single- and multi-photon ionization on
the one hand and tunnel and ‘barrier-suppression’ ionization on the other hand. Multi-
photon ionization is a process that extends over several electric field cycles with pronounced
interference between electron wavefunction amplitudes produced during each cycle. It is
characterized by distinct photoelectron peaks at energies E; = (so+s)wh —1,,5s =0,1, ...,
where I, denotes the system’s ionization potential and s is the minimum number of photons
needed for ionization. Above threshold ionization (ATI), i.e., photoemission at energies
with s > 0, becomes significant only at higher intensities >10'* W cm~2. For tunnel and
barrier-suppression ionization interference between contributions from different times plays a
minor role for the ionization yield. Total tunnel ionization is the integral over the static field
ionization rate for the field strength arising during the pulse [20]. The quasi-static ionization
yield Y for laser field £(¢) is given by

quzl—exp{—/oo F(t)dt}, 2)

oo

where I'(¢) is the ionization rate for static field £(¢). Barrier-suppression ionization can
also be considered as quasi-static. It differs from tunnel ionization in that field strengths
are large enough to allow classical detachment of the electron (figure 1). The boundary
between conventional photoionization and quasi-static ionization is determined by the Keldysh
parameter y = Ma) /& [21], where I, denotes the system’s ionization potential /21p /&,
w designates the laser circular frequency, and & is the peak electric field strength. Here and
below we use atomic units where 7, the electron mass and the unit charge are all set = 1.
At values y 2 1 one expects predominantly photoionization, while at y < 1 ionization is
quasi-static. Clearly, this is not a sharp distinction and for values of y = 1 characteristics
of both mechanisms are present. However, below we will discuss ionization by either high
frequency XUV radiation—a clean photoionization process—or by the strong, near-infrared
(800 nm) field of present few-cycle laser pulses, where ionization occurs by tunnelling or
barrier-suppression.

Tunnel ionization depends on the electric field strength in a strongly nonlinear way. The
tunnel ionization rate for the atomic hydrogen ground state is given as [22]

4 2
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Figure 1. The potential —1/r — Er for different field strengths. In tunnel ionization (solid line)
the ground state energy — I, remains below the potential barrier. At larger field strength the barrier
becomes suppressed (dashed).

A similar formula for general atoms (ADK formula) is widely used to describe tunnel ionization
[23]. Recently, the ADK formula was extended to molecules [24]. All these formulae show
the characteristic exponential dependence of the ionization rate on the inverse of the field
strength. One important consequence of that pronounced nonlinearity is that for tunnelling
field strengths most electrons are released at times when the field reaches its peak.

For barrier-suppression field strengths no comparably accurate formulae are known,
although promising results were obtained recently for hydrogen [25]. In general, in the barrier-
suppression regime one must rely on numerically calculated ionization rates [20, 26-29].
The dependence on field strength is much weaker in this regime, which provides for a broader
time distribution of electron release.

Apart from the overall ionization rate, for several applications in attosecond physics it
is important to know the distribution of electron momenta ‘at the exit of the tunnel’, i.e., at
some distance from the nucleus, where further electronic motion can be considered as free. A
natural choice is the point where electronic motion becomes classically allowed for electrons
at the ground state energy (cf figure 1). By looking at the mean energy around the ‘exit of the
tunnel’ one derives zero average initial momentum. The initial momentum distribution in the
direction perpendicular to laser polarization can be approximated as follows [30-35]:

w(pL) x e*Pi\/ 21n/|5(f)|. 4)

To derive this expression, only the dominant contributions to tunnelling are included. To the
extent that the approximation is applicable it shows that ‘all tunnels are alike’, i.e., the shape
of the wave packet is universal and is only determined by the field strength and the ionization
potential. One should keep in mind, however, that these results are obtained in ‘exponential
accuracy’, i.e., only the exponential dependence of the width is reproduced accurately and a
multiplicative pre-factor may depend sensitively on details of the initial state. In particular,
paper [32] argues that the above expression for w(p ) should be multiplied by the initial
bound state in momentum space.

2.2. Photoelectron spectra

The overall characteristics of photoelectron energy spectra generated by atoms in a strong
laser pulse can be derived using simple classical arguments. For this one assumes that after
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Figure 2. Recollision condition, graphical solution of equation (6). The straight lines connecting
@)
i

lines intersect with the integral over A(f). A given . is reached from several different ti(i) (dot-

release times ¢;"* with recollision time 7, have slopes A(#;). Recollisions occur where the straight
dashed and solid lines). The birth time ti(l) leads to maximum recollision energy. Electrons

released slightly before and after tl.(U recollide later and earlier, respectively, with lower recollision
energies (‘long’ and ‘short’ trajectories, dashed lines).

the electron has left the atom it moves like a free particle in the laser field, i.e., the ionic
potential no longer plays any role. The classical equations of motion are integrated with the
initial condition of zero momentum at the time of release ¢;, such that the final momentum of
an electron after the laser pulse has passed is

oo
Pt =o00) = — / E(t)dt = A(1). (5)
1
Here A is equal to the laser field’s vector potential (in Coulomb gauge) up to a factor 1/c.
The maximum energy that can be reached by a photoelectron is solely determined by the
maximal vector potential during the laser pulse. For longer pulses that energy is just 2U,,
where U, = Arznax / 4 is the ponderomotive potential at peak intensity.

The overall shape of observed spectra is determined by the probability for electron release
at time f;, with the highest electron energies A (t)?/2 for t; near the peaks of the vector
potential. As peaks of the vector potential imply nodes in the field strength, the yield sharply
drops with increasing energy. The suppression is exponential in the tunnelling regime because
of the exponential decrease of ionization with the inverse field strength (cf equation (3)). In
the barrier-suppression regime, where the field strength dependence of the ionization rate
is much weaker, high energies are more prominent and one can observe a clear cutoff in
electron energies near the maximal energy 2U,,. The overall shape is modulated by residual
interference effects from electron emission at different times.

There is a small but non-negligible likelihood for an electron released at time #; to be
directed back by the laser field and collide with the ion at time f.: 7(t;) ~ 7(t.). Integration of
the classical equations of motion for the electron trajectory 7 (t) with the initial condition of
zero velocity after ionization leads to the recollision condition

17 R R
/ A@ydr = At (1 — ). (©6)
t
Solutions of this transcendental equation for #, as a function of #; are represented graphically
in figure 2: a given recollision time ¢, is connected to a series of release times ¢;, of which due
to wave packet spreading the closest time gives the strongest contribution (see also figure 6).

A hard collision of the electron with the ion may reverse the electron momentum, which
allows higher final electron momenta to be reached. The maximal electron energy reached by
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this mechanism is 10U,,. The release time for these high energy electrons is no longer near
a field node and therefore there is always a pronounced cutoff in the spectra at 10U,. The
intensity of the high energy electrons is typically 3 to 5 orders of magnitude lower than at
energies that can be reached without recollision.

The purely classical picture explains the overall structure of observed electron spectra.
It also holds for few-cycle pulses, where the cut-off energies become dependent on the
carrier—envelope phase ¢cg of the pulse. This effect was used for the first measurement of
@cE [36].

Further details of the structure of electron spectra can be explained, when interferences
of several classical paths leading to the same final electron momentum are taken into account
(see section 2.4).

2.3. High harmonic generation

High harmonic radiation is generated when electrons that return to the ion, instead of being
scattered, recombine to form a neutral atom or molecule. The high harmonic generation
process consists of three steps: (1) tunnel or barrier-suppression ionization, (2) acceleration
by the laser field and redirection to the ion, and (3) recombination with the ion. The excess
energy w = I,+[A(t.)— A(#;)]*/2 of the recombination process is released as short wavelength
radiation. Release #; and recollision time 7. are connected by equation (6). The maximum
harmonic energy is produced by electrons that are released at ~0.05 optical cycles after peak
electric field strength and recollide nearly three quarters of an optical cycle later at 0.05 optical
cycles before the second following field node. The maximum energy released—the harmonic
cutoff energy—is evaluated to

we ~ 1, +3.17U,. @)
As in the case of electron spectra, the classical model of harmonic generation also holds for
harmonic generation by few-cycle pulses, but the release and recollision times, as well as the
cutoff energy, all become dependent on the carrier—envelope phase ¢cg.

The simple classical model does not only correctly describe the maximal harmonic
energies, it also fully explains the time structure of the emitted radiation. In figure 3
the numerically calculated atomic dipole response is compared with the three-step model
introduced above. The time—frequency analysis of the numerical result shows that at any time
radiation is generated with exactly the photon energies that are predicted by the recollision
model.

The time structure of harmonic emission forms the basis of the generation of attosecond
pulses. For a few-cycle pulse as in figure 3 the highest harmonic radiation is emitted only
during the single laser cycle where the highest electron recollision energies are reached. In that
case, the harmonic spectrum has a smooth, unmodulated cutoff and the cutoff radiation has
sub-laser-cycle duration. Correspondingly, only a single high frequency attosecond burst of
radiation is emitted. The smoothness of the cutoff and emission of only a single pulse depend
on the carrier—envelope phase [37, 38]: when the phase is chosen such that two equally high
maxima occur in the recollision energy, two attosecond pulses are generated that are separated
by half the laser optical period. In the harmonic frequency spectrum the additional time
structure appears as a modulation close to the cutoff. Single and double pulse emission occur
for phases near (but not exactly at) ¢cg = 0 and pcg = 7/2, respectively [39].

With multi-cycle laser pulses the release and recollision process is repeated periodically,
and not a single pulse, but a train of harmonic pulses is generated. The corresponding spectrum
is a harmonic spectrum in the strict sense, which has pronounced peaks at odd multiples of
the fundamental frequency.
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Figure 3. Time—frequency analysis of the dipole response of an atom to a strong few-cycle pulse.
The lower panel shows the numerically calculated dipole response. The time—frequency analysis of
the signal obtained by Fourier transforming with a Gaussian window function is given in the upper
panel. Solid lines indicate the recombination energies obtained by the classical model. Photons
with energies ~120 eV are only emitted during a few hundred attoseconds after + = 0. The total
harmonic spectrum is shown to the right.

For elliptic polarization recollision becomes suppressed, as it is impossible to fulfil
condition (6). This manifests itself in a rapid decrease of high harmonic generation with
increasing ellipticity, which was proposed as a mechanism to isolate a single harmonic pulse
from a pulse train [40, 41] or to shorten the time of a single recollision [42, 43]. A rapidly time-
dependent polarization can be obtained by superimposing fields with two different wavelengths
and orthogonal linear polarizations. A first measurement reports the expected behaviour of
the spectrum and infers a pulse duration of about 200 as [44]. Elliptically polarized pulses
can also be used to determine the background of non-recolliding electrons in a measurement
of recollision events (see section 3.1).

The simple and stringent relation between high harmonic frequencies and the generating
laser field allows partial reconstruction of the field from the harmonic power spectrum. As
phase information is lost in the power spectrum, only time differences can be recovered. It was
shown in [39] that the seemingly irregular peak structure of the harmonic spectrum generated
by a few-cycle pulse contains information on the height of field peaks in the pulse and the
time separation between them. In section 3.2 it will be shown that also detailed information
about the wavefunction of the parent ion can be extracted from the harmonic spectrum.

Efficient conversion and the generation of a collimated harmonic beam require phase-
matched propagation of fundamental laser pulse and harmonic radiation through the generating
medium. Due to the pronounced nonlinearity of the process, computer simulations were
needed to theoretically demonstrate the generation of single, smooth attosecond pulses [27].
It turns out that propagation even leads to a ‘cleaning’ of the harmonic pulses. As can be seen
in figure 2, all harmonic energies except the highest ones are generated at least twice during
each laser half-cycle, before and after the maximum energy. These energies correspond to
the so-called ‘short’ and ‘long’ electron recollision trajectories. As a result, the single atom
harmonic spectrum (cf figure 3) is rather irregular at lower harmonic frequencies. Depending
on whether the laser is focused before or after the atomic gas volume, phase matching favours
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contributions from either long or short trajectories [45], leading to a more regular spectrum of
harmonic radiation after propagation.

An important effect of propagation is that the harmonic beam is more collimated than
the laser beam. The collimated harmonic beam propagates inside the wider laser beam
(cf figure 16). This is used in experiments [1, 2, 4, 5, 46] to geometrically separate the two
beams.

2.4. Quantum mechanical models

Quantum mechanical models for ATI photoelectron emission, high harmonic generation and
attosecond measurements are all based on the so-called strong field approximation, which
is the quantum mechanical version of the classical models reviewed above. It carries its
name because the laser field is considered as strong compared to the Coulombic field for all
but the initial bound state of the system. In these models, the unbound part of the electron
wavefunction has the general form [47]

4 e o -
W (F 1) = /d3k/ dt' e I PED Ty (K, 1), (8)
—00

where

y
ok, 1) = 1/ [k — A(0)* dr, 9)
2 )
is the Volkov phase. The Volkov phase factor times a plane wave gives the Volkov solution
for a free electron with canonical momentum k in the laser field with vector potential A
(in velocity gauge). The ‘release wavefunction’ x (12, t) depends on the electron ionization
mechanism. For laser ionization, it is simply [48]

x(k, 1) = E@) - d(k) el (10)

with the field-free bound—continuum dipole moment d (lg). .

The integral (8) has a simple intuitive interpretation. The ‘release wavefunction’ y (k, )
describes how and with which quantum mechanical phase the electron wavefunction is injected
into the continuum. The Volkov solution describes its free evolution from that time on and
determines how contributions from all times add up. The laser is assumed to only affect the
unbound electron motion through the vector potential in the Volkov phase, but has no effect on
the release amplitude y (k, 7). This limits in practice the applicability of the models described
here to moderate laser field strength compared to the fields involved in the dynamics.

The dipole expectation value in the strong field approximation (SFA) is given by

dspa (1) = 2Re (W, || W), (11)

if we assume that the dipole expectation value of the initial state W is (Wo|7|W¥o) = 0 and
neglect continuum—continuum matrix elements (W.|7|¥.). Evaluation of integrals (8) and
(11) by stationary phase and saddle-point methods [32] shows that the main contributions
come from regions around the classical trajectories, thus establishing the connection between
the classical and quantum pictures.

The dominance of a single or a few classical trajectories explains the success of classical
models in the description of strong field photoelectron spectra and high harmonic generation
[49, 50]. Including a few classical trajectories in the semi-classical picture can explain
angular distributions of electron spectra [51], the influence of elliptic polarization [52, 53], or
the dependence of electron spectra on ionization potential and laser intensity [54]. Careful
analysis of the interference of several trajectories can explain properties of high harmonic
generation like coherence [55] or phase matching [56].
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Figure 4. Mapping time distributions into momentum distributions. Electrons are released between
times 7y and 7, with a certain time-dependent rate and constant initial momentum pi. The laser
field with vector potential A(z) shifts the momenta to different ﬁgal momenta p = p; + A(t),
depending on the release time ¢. For clarity, it is assumed that p || A(r) Vz.

The SFA is well suited to describe propagation after electron release. This allows one to
recover electron and harmonic spectra in great detail. Tunnel ionization, however, is incorrect
in SFA, as neglecting the atomic potential turns out to be a severe approximation. Results
obtained in SFA are of ‘exponential accuracy’, indicating that only the exponential dependence
on parameters is rendered correctly, but that multiplicative factors may be incorrect.

There are techniques available to correct SFA for the influence of the ionic potential [57].
With such techniques, quantitatively accurate high harmonic spectra can be obtained [58] and
certain asymmetries in electron spectra are explained qualitatively [35].

A variety of other processes can be described in the same framework by choosing a
suitable x (/2 , ). For laser-dressed XUV ionization with XUV pulse envelope Ex (t) and carrier
frequency €24 one chooses

xu(k, 1) = Ex(t) - d (k) e Tr =", (12)

In the absence of a laser field, inserting equation (12) into (8) leads to the standard
photoionization formula with a plane-wave continuum. A similar formula was used to describe
the laser-dressed Auger decay [5] with

xak, 1) = eahgak) e 4, (13)
where c4 (¢) is the population of the Auger state as given by a rate equation, g4 is the transition
matrix element into the continuum, and E 4 is the field-free Auger electron energy. Several
more processes, like a Fano resonance [59] or multiple resonances [60], can be described with
the same type of model.

2.5. Attosecond streaking

An important application of equation (8) is the attosecond streak camera. A classical model
is outlined in figure 4. Electrons that are set free in the presence of a dressing laser field
are accelerated to different final velocities, depending on their release time. In the simplest
case, when the initial momenta are constant during release, the final momentum distribution
provides an image of a time-dependent release rate. This case is realized for attosecond
XUV photoionization by an unchirped pulse with XUV photon energy €2, where one has
an initial momentum distribution centred around |p;| = /2(€2x — I,). The method was
generalized to include chirp [61], i.e., a time-dependent Q(#). Completely general electron
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Figure 5. Effects of measurement geometry on electron spectra. An initially isotropic distribution
of electron momenta (grey circle) is boosted (black circle) by the vector potential A. When
measuring p perpendicular to laser polarization, a finite acceptance angle 6 leads to geometrical
broadening Ap,. The effect is insignificant in the parallel direction pj.

release distributions, which may be generated by more complex release processes, can be
recovered by tomographic reconstruction from a set of streaking measurements using the
‘atomic transient recorder’ [4].

XUV ionization can also be understood as a process that generates an electron wave packet
that reflects energy distribution and (initially) also the time structure of the XUV pulse. The
time structure is lost during propagation over macroscopic distances because of dispersion,
i.e., wave packet spreading. In this picture, the attosecond streak camera takes a snapshot of
the electron wave packet at the moment of its release.

In the first attosecond streaking measurements of XUV pulses [46, 62] photoelectrons
were measured perpendicular to polarization direction, rather than parallel to polarization
as in the example above. With this geometry a finite electron collection angle causes extra
broadening of the electron spectra (figure 5). This purely geometrical effect must be taken
into account in data analysis.

The classical model breaks down for processes that extend over more than 1/2 optical
period, as electrons released at different times are mapped into the same final momenta
and quantum mechanical interference must be taken into account. The quantum mechanical
correspondence of a ‘release distribution’ can be defined and reconstructed by streaking [47].
In the special case of XUV photoionization, reconstruction algorithms developed for FROG
measurements can be applied to completely recover the XUV pulse and the laser field from a
series of streaking measurements [63].

3. Electron rescattering

In several recent experiments laser-controlled ‘microbunches’ of electrons were used to
obtain images of electronic and nuclear motion in molecules. These experiments exploit
the nonlinearity of tunnel ionization to release an electron wave packet at well-defined times
near peak laser field strength. An image of the parent ion is taken when the electron wave
packet returns some 1/2 cycle later. The natural time scale of these types of experiments is
~1/2 optical period, which is 1-2 fs at near-infrared wavelength. Timing can be controlled
on the scale of a few hundred attoseconds by varying the laser fundamental frequency. The
experiments are performed with moderately strong pulses (~10'* W cm~2), which may consist
of several optical cycles.
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Figure 6. The recollision electron wave packet can be considered as a current pulse when it returns
to the parent ion. A semi-classical model is used to estimate the time at which various electron
trajectories return. It is converted to an equivalent current density by estimating the lateral size of
the wave packet, and defining the current as one unit charge per unit time.

3.1. Time structure of rescattering electrons

One can estimate the temporal shape of the recollision electron wave packet by a semi-classical
calculation of electron motion in the presence of both the laser’s electric field and the Coulomb
potential of the ion [14]. Here we characterize the wave packet as it returns to a parent H}
molecule, since this molecule will be used as a ‘molecular clock’ to verify the model.

In the calculation, one follows many electron trajectories in two dimensions, each with its
own different initial position and velocity, and a weight which reflects the probability of the
initial condition. We count the number of trajectories passing through an area corresponding
to the inelastic cross section for the ¥, — X, transition in H;, within a unit time.

In the calculations, the atomic tunnelling rate is corrected for the molecular structure and
the influence of the molecular ion’s field on the free electron trajectories is included. Figure 6
is a plot of the calculated current density experienced by the molecular ion. Only electrons
with energy greater than 15 eV are included in the plotted current density.

Figure 6 shows that the recollision current consists of five microbunches. The first peak
has a FWHM duration of 1.2 fs. The current density rises in the second half-period after
ionization, reaching 8 x 10' A cm™2. Such high current densities are available only from
very large accelerators such as SLAC. The reason that the current density as seen by the parent
ion is so high, is that the photocathode which produces the electron is also the target.

The spread of the electron wave packet in the direction perpendicular to the laser
polarization is determined largely by the initial uncertainty of the lateral velocity. It can
be measured by introducing ellipticity to the polarization of the laser field. As the amount
of ellipticity increases, the electron trajectories are pushed away from the ion, reducing
the probability of recollision. An ellipticity of € = £, /€ = 0.14 reduces the recollision
probability of H, by 1/e, leading to a displacement of 7.7 A. Thus, the lateral size of the
returning wave packet is much larger than the size of most atoms and molecules.

The calculated temporal shape of the electron current can be experimentally verified by
using the motion of Hj as a clock. Figure 7 shows the relevant potential energy surfaces of HJ.
If H, is irradiated by a laser with intensity greater than 10'* W cm™2, it will be ionized. This
will create a vibrational wave packet on the X, electronic surface of H}. For single-photon
ionization, the vibrational population distribution of the excited electronic state is determined
by the Franck—Condon factors. In the present case of tunnel ionization, the radial dependence
of the ionization rate must be considered. It can be seen from figure 7 that the ionization
potential to the ground electronic state of H} decreases with increasing internuclear separation
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Figure 7. Potential energy diagram for H, and H}. The laser will ionize H, and the bond will
begin to stretch on the H} o, surface. Excitation or ionization will lead to dissociation.
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Figure 8. The kinetic energy release per proton is a measure of the time delay between ionization
of Hy and the recollision of the electron. By subtracting the spectrum with elliptically polarized
light from that with linearly polarized light, the signal due to recollision can be isolated. The
molecular axis was chosen to be perpendicular to the laser polarization to minimize coupling of
the surfaces. The experimental points are squares. The dotted lines show the contributions from
the first (largest) recollision electron peak and the third peak from the simulation.

R. This leads to preferential ionization of those parts of the ground state vibrational wave
packet that have larger R. The effect is that the average internuclear separation for H} prepared
with an intense femtosecond laser is greater than that for a pure vertical transition. This
non-Franck—Condon vibrational population in H} has been observed experimentally [64], and
is included in the modelling described herein.

If the returning electron scatters inelastically from the remaining electron in H, either
excitation or ionization will result. In either case, since all excited states of H} are dissociative,
fragmentation will occur. The kinetic energy of the fragments gives a measure of the
internuclear separation of the protons at the time of recollision. Thus the motion of the
protons on the ¥, surface acts as a clock that maps the time delay between ionization and
recollision [14, 65, 66].

In figure 8 we see the proton kinetic energy distribution. The solid line represents a
quantum mechanical simulation assuming a current density as shown in figure 6. The dotted
lines show the contributions from the first (largest) peak and the third peak. The agreement
between the model and the measurement confirms the accuracy of the calculated current pulse
shape in figure 6.

These conclusions are consistent with those of Mairesse et al [67]. Their measurement
of the emission time of high harmonics implies an electron wave packet pulse duration of
about 1.2 fs.
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Figure 9. Kinetic energy release spectra for D, were recorded for several different laser
wavelengths. By changing the wavelength, the time between ionization and recollision was
changed. It is apparent that the vibrational wave packet in D} is moving outwards, since the kinetic
energy release is decreasing. The curves are fits to the peaks.

The first experiment to utilize the femtosecond-duration recollision electron wave packet
as a probe of dynamics was by Niikura et al [65]. In conventional pump—probe experiments,
the system is excited by a pump pulse, and after a variable delay time the system is interrogated
by a probe pulse. Clearly, both the pump and probe pulse durations must be shorter than the
time scale of the dynamics being investigated.

Instead, Niikura used a laser pulse that lasted much longer than the dynamics. He relied
on the time delay between the ionization of the system and the returning electron to give the
pump—probe delay. He studied vibrational motion in D}. At some optical cycle within the
40 fs laser pulse, near the peak of the cycle, an electron was tunnel-ionized from the neutral
D, molecule. This initiated motion on the X, surface of D;, just as in the molecular clock
experiment. After about 1/3 of an optical cycle, the electron returned to the parent ion, and
could excite the ion. This again led to dissociation, and the kinetic energy of the fragments
contained an image of the vibrational wave packet projected onto the X, surface.

But how to vary the pump—probe delay time, when the optical cycle determines the
electron’s trajectory? By varying the frequency (or wavelength) of the laser. Using an optical
parametric amplifier, Niikura recorded the kinetic energy spectra for a range of wavelengths,
as shown in figure 9. As the wavelength was increased, and hence as the pump—probe delay
time was increased, the kinetic energy release became smaller. Due to the projection onto
the X, surface (figure 7), lower kinetic energy corresponds to greater internuclear separation.
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Figure 10. From the kinetic energy peaks of the previous figure, the internuclear separation of
D} is inferred. The time delay is chosen as the time from the peak of the optical field cycle to
the centre of the first returning electron wave packet. The velocity of the nuclear vibrational wave
packet is self-consistently determined from the slope of the curve, and is solved for iteratively. The
line is from a time-dependent Schrodinger calculation of the motion of D} on the X, surface. The
time resolution of this measurement, given as the separation between time points, is less than 1 fs.
This demonstrates that a 40 fs, 800 nm laser pulse can give sub-femtosecond time resolution and
sub-0.02 A spatial resolution.

The peaks of figure 9 were fitted with a Gaussian shape to characterize the most probable
kinetic energy release. Using the shape of the potential energy surfaces (figure 7), this was
translated into a most probable internuclear separation for each pump—probe time delay. This
procedure does not take into account the kinetic energy due to the motion of the nuclei
themselves. To correct for this, the velocity of the nuclei was determined from the change in
the separation as a function of time.

The inferred motion of the vibrational wave packet is shown in figure 10. The nuclei
can be seen to be moving apart at each time step. The solid line indicates a time-dependent
Schrodinger equation calculation for the wave packet motion on the two surfaces in the laser
field. Since the two middle points are separated by less than 1 fs, it can be claimed that this is
an attosecond measurement. At the same time, the internuclear separation resolution is better
than 0.02 A. Thus, using a 40 fs laser pulse from an 800 nm wavelength laser, we can achieve
resolutions of attoseconds and sub-dngstroms. This is an example of the power of recollision
electrons.

3.2. Imaging of molecular orbitals

The process of tunnel ionization followed by recombination leads to the emission of high
harmonic radiation. The spectrum and phase of the emitted radiation contain information on
the electronic orbital that is ionized. In the case of a molecule, which has a spatial structure
that can be oriented, the shape of the highest occupied molecular orbital (HOMO) can be
imaged in three dimensions under certain circumstances.

Techniques have been developed in the last few years to align gas-phase molecules using
laser pulses. Adiabatic alignment is achieved using aligning pulses that are long relative to the
rotational time scales of the molecule of interest, typically hundreds of picoseconds [68—71].
Molecules can be aligned in 3D [72] or oriented if they have a dipole moment [73].

An experimentally simpler technique can be used to align molecules using a femtosecond
laser pulse, called impulsive alignment [74]. A 100 fs pulse of non-ionizing intensity applies
an angular impulse to the molecules that depends on their orientation relative to the laser
polarization axis. This produces a superposition of rotational eigenstates that evolve in phase
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after the laser pulse has disappeared. Periodical rephasings of the rotational wave packet result
in brief periods when the molecules come into alignment. The advantage of this technique is
that the alignment occurs in the absence of the laser field, i.e., field-free. It is then just a matter
of delaying the probe pulse for a few picoseconds for it to interact with an aligned sample of
molecules.

Above, we have estimated the temporal amplitude and spectral phase of the wave packet.
Here, however, we will make no assumptions about the returning electron wave packet and
instead describe it as an expansion of plane waves. In particular, we will assume that they are
plane waves travelling parallel to the laser field, although that assumption is not necessary.
When restricted to polarization direction x, equation (8) can be written in the form

Velx) = [ dk ay, e**. (14)

Phase and spectral amplitude of the wave packet a; are given by equations (9) and (10).
The signal emitted by a single atom is obtained from the second derivative of the dipole
equation (11) resulting in the spectral amplitude

S(@) = w*lag (Olx k). 15)

Here, |k) is a plane wave of momentum k = ,/2(w — I,,) and (0| is the ground electronic state
that has been ionized.

We do not need to evaluate the coefficients a;. Instead, we use a reference atom whose
orbital shape we know. In order to assure that the returning electron wave packet is the
same for both, the reference atom and the molecule to be studied, we choose an atom
whose ionization potential is very close to that of the molecule. This ensures that they ionize at
the same laser intensity. Then the transition dipole moment of the unknown molecular orbital
is given in terms of the known reference atom’s,

1(0; O1x k)| = (S(w; 0)/ Sre (@))/*(Oreg|x |K)]. (16)

Here it is assumed that the rescattering wave packets do not depend on the structure of the
parent atom or molecule. This is true to a large extent because the tunnel through which the
electron wave packet must escape the parent molecule acts as a spatial filter to remove details
of the original wavefunction. In the case of molecules with a 7 orbital nodal plane, this nodal
plane can persist into the continuum. For example, benzene is known to have a node in its
continuum electron wave packet [75], as does oxygen. Furthermore, there is an orientation
dependence of the ionization rate that contributes to the overall magnitude of the continuum
wave packet. This can be calculated, e.g. [24], or it can be measured [76].

The relative phases of the transition dipoles can be separately determined, either by
directly measuring the phase of the high harmonic emission [77] or by interfering the two
signals from a mixed gas. In this way, the amplitude and phase of the transition dipole moment
for an unknown aligned molecular orbital can be determined relative to that of a reference
atom. In principle the simplest atom, hydrogen, could serve as the reference.

By changing the relative angle between the polarization axes of the pump (aligning) laser
and the probe (ionizing) laser, one can build up a set of projections of the molecular orbital.
This can be inverted by using an algorithm based on computed tomography [78], resulting in
an image of the molecular orbital. This has been done [3] for di-nitrogen using argon as the
reference. Experimental high harmonic spectra were recorded at 19 angles of the molecular
axis relative to the laser polarization axis. These spectra were normalized to the recollision
electron wave packet complex amplitude versus energy, including the orbital shape of the
reference argon atom. The normalized spectra are seen in figure 11. The image in figure 12
shows the 30, orbital that was unfolded from this set of spectra.
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Figure 11. High harmonic spectra were recorded at 19 different angles of the molecular axis
relative to the laser polarization direction, only some of which are shown here. The spectra shown
have been normalized to the spectrum from the reference argon atom, including the dependence of
the transition dipole matrix elements on the orbital shape of the argon 3 p, orbital.
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Figure 12. The orbital shape of the 30, HOMO of N is imaged by recording the high harmonic
spectra from Ny aligned at 19 different angles relative to the laser polarization direction. By
applying a tomographic algorithm, the orbital wavefunction shape is determined. Note that this is
not the orbital density, but a wavefunction to within a global phase.

The technique of molecular orbital tomography uses laser pulses with durations of 25 fs
or less. Molecular dynamics can then be resolved in pump—probe schemes, by observing
changes to the orbital structure with time. It can also be extended to observe true attosecond
bound state dynamics in atoms [79]. First, an electron wave packet must be excited in the
atom, using a short wavelength laser pulse. Then, a few-cycle laser pulse, which is phase
locked to the excitation pulse, ionizes the atom. Since tunnel ionization is selective to the
highest electronic state, it is the excited state that is ionized. In the semi-classical picture,
recombination occurs to both the excited state and the ground state, leading to an interference
term. The HHG spectrum will be modulated. The modulation period contains information
about the temporal period of the bound state electronic wave packet.

We know that the recollision electronic wave packet is chirped in momentum and that
different harmonics are emitted at different times. This maps time onto frequency, much like a
streak camera (cf section 2.5). Different spectral components probe different times during the
motion of the bound state wave packet. By introducing a time delay between the excitation
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and probe pulses, the motion of the bound state electronic wave packet can be mapped out.
This offers the first method to observe bound state motion within an atom or molecule.

3.3. Double ionization

Almost all of strong field physics makes the assumption that only one electron is involved in
the interaction of the laser field with the atom or molecule. All other electrons are assumed to
be passive spectators. This is the single active electron approximation and is generally a good
one.

There is a number of observations in strong field physics that are clearly two-electron
effects. Double ionization of atoms is an example. When double ionization was first seen,
it was realized that it was occurring at a rate much too high to be explained by a sequential
process, where first the atom is singly ionized and a second electron is removed from the ionic
ground state. One of the first attempts to explain the results was to invoke a process that is
well known in XUV inner-shell photoionization—shake-up or shake-off.

Shake-up is the process by which the outgoing photo-detached electron collides with
another electron on its way out, thereby causing an excitation. In the presence of a strong
laser field, this excited state is likely to field-ionize. Shake-off is the same process that results
in an immediate double ionization.

Since that time, it has become apparent that enhanced double ionization of atoms can
be explained by the recollision model. However, it is only recently that an estimate of the
contribution of shake-up to double ionization has been made [80].

In that experiment, the molecular clock is used as a timer to look for two ionization events
that occur within a short period of time of each other. Deuterium is used as the clock. A
40 fs circularly polarized laser pulse induces ionization in D,. This immediately launches a
vibrational wave packet in D}. If shake-up were to occur, it is most likely to be to the first
excited state, X,. The excited molecular ion will then field-ionize, at the latest when the
internuclear separation reaches the enhanced ionization region.

In order to find a weak signal among many single ionization events, the experiment was
designed to look for coincident deuterons. Only shake-up events could produce correlated
fragments of high kinetic energy, because the molecular ion would be promoted early to the
dissociative state (figure 7). The kinetic energy release spectra are shown in figure 13. The
events with energy greater than 8 eV are taken to be due to almost instantaneous double
ionization by shake-up. The experiment established an upper limit to the shake-up branching
ratio of 1070 at 3 x 10'* W cm™2 and 2 x 1073 at 10> W cm™2. Therefore it is safe to say that
excitation of atoms and small molecules is relatively unlikely at these intensities. Excitation
may be more significant for larger molecules, in which the excited states are lower lying.

A recent experiment to study the double ionization of neon revealed evidence of sub-
femtosecond electron correlations [16]. The apparatus was a COLTRIMS machine (cold target
recoil ion mass spectrometry) [81], in which the three-dimensional velocities of electrons
and ions could be measured. The device included a cooled supersonic nozzle from which
the gas of neon was emitted. The laser beam was focused at right angles to the atomic
beam. Ions produced by the laser pulse were accelerated by an electric field to a delay-
line anode imaging microchannel plate. At the same time, electrons were accelerated in the
opposite direction to a second detector. The electrons were also guided by a magnetic field.
Since the detectors could register both the position and time of each event, it is possible to
determine the three-dimensional momentum of each particle.

The laser was based on a Coherent RegA regenerative amplifier system. This laser
is pumped by a continuous laser source, so that its repetition rate is limited only by the
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Figure 13. Kinetic energy release per D fragment is a measure of the time delay between
ionization and second ionization. Those fragments with greater than 8 eV are due to almost
simultaneous double ionization due to shake-up processes. There is no evidence for shake-up at
the lower intensity and at 10> W cm~2 the branching ratio is 2 x 107>,

gain lifetime of the Ti:sapphire laser medium. Repetition rates up to 250 kHz are possible,
although 30 kHz was used due to limitations in the detection electronics. This high repetition
rate was invaluable because many more events could be recorded compared with a kilohertz
laser system. The pulse energy was only 4 uJ per pulse, and was focused with an on-axis
parabolic mirror, achieving intensities of 2 x 10'* W cm™2. Pulse duration was 40 fs at 800 nm
wavelength.

The laser intensity corresponds to a ponderomotive energy U, = 11 eV. The maximum
kinetic energy of an electron as it returns to the parent ion is about 41 eV. The ionization
potential of the neon ion, Ne*, is 41 eV. The lowest excited state of Ne* is 27 eV. Thus the
returning electron will have sufficient energy to excite the ion, but not to remove another
electron directly.

The momentum of each electron in double ionization events was recorded. Figure 14(a)
shows the two-electron momentum correlation in the plane parallel to the laser electric field
axis. It can be seen that the electrons are preferentially emitted in the same direction.

Figure 14(b) shows the perpendicular momentum correlation for those electrons that were
emitted in the same direction, labelled as regions A in the top panel. The first electron’s
momentum was rotated so that it pointed up in the graph, and the distribution shows the
relative momentum of the second electron. The distribution can be seen to be about 0.1 au
below the origin, indicative of repulsion. In contrast, panel (c) shows that electron pairs from
regions B do not show repulsion.

What does this tell us about the time at which the electrons are liberated? Panel (a) tells
us that the two electrons are freed during the same optical half-cycle, i.e., within about 1.3 fs
of each other. Panel (b) shows that the two electrons feel each other’s electric field, and repel
each other. Both electrons must squeeze through the tunnel produced by the laser field and
the ion’s potential in less than 1 fs. The actual time difference can be modelled to estimate the
average time difference between each electron emerging from this tunnel. The conclusion of
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Figure 14. Results of double ionization of Ne using an 800 nm laser with intensity of 1.9 x
10'* W cm~2. Panel (a) shows the relationship between each electron’s momentum component
parallel to the laser polarization direction. Events in quadrants labelled A mean that both electrons
are detected going in the same direction. It can be seen that most electron pairs do travel in the
same direction. Panel (b) shows the momenta in the plane perpendicular to the laser polarization
corresponding to those events only from quadrants A. The first electron is defined as going upwards.
The distribution is shifted downwards, indicating that the electrons repel each other. In panel (c),
with events from quadrants B, there is no such repulsion. This measurement suggests that the two
electrons are ionized at almost the same instant.

this work is that the recolliding electron briefly creates a double excited state in Ne, and that
both electrons are then ionized by the field at about the same time.

4. Attosecond pulses

The high harmonic radiation generated by an intense laser pulse passing through a dilute gas
has an attosecond time structure. These pulses have been used in a variety of experiments
first to measure properties of the XUV pulse itself, to produce an image of the laser pulse, to
generate ultra-short electron wave packets and to time-resolve an Auger relaxation process.
In all these experiments the XUV pulse was cross-correlated with the generating laser pulse.

4.1. Trains of attosecond pulses

The first unambiguous measurement of attosecond structures in the harmonic radiation
generated by a multi-cycle laser pulse [82] was based on laser-dressed photoionization by
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the harmonic radiation. As explained in section 2.3, harmonic radiation generated by a long
pulse has clearly defined peaks at odd multiples of the fundamental frequencies. The harmonic
field can be written as

00
&n(t) =Re Z exp(i(2n + Dot + @opi1) |azp41l, a7
n=0

where the power spectrum |ay,.|> is measured directly. Linear dependence of the phases
@on+1 ON 7 translates into a time shift ¢+ — ¢ + Az. The time structure is determined by the
second phase differences 52(pn = 20041 — Qon—1 — Pon+3-

Photoionization by the harmonic radiation produces a sequence of photoelectron energy
peaks that are separated by twice the laser photon energy. When one dresses photoionization
by the generating laser field, a two-photon (laser plus XUV) process produces sidebands
between the photoelectron peaks. The intensity of the side-bands beats with the relative
delay between harmonic and laser pulses at twice the laser frequency. The beating is due to
the interference of two alternate paths leading to the same side-band peak, adding one laser
photon to a harmonic photon (2n — 1)w + w or subtracting one laser photon from the next
higher harmonic photon (2n + 1)w — w. It was found in [83] that there is a phase difference
between the beats of subsequent side-bands, which is equal to the second difference §°¢, of
the relative phases of the three nearest harmonic peaks (up to a well-known phase due to the
XUV ionization process).

In [82] the laser and the harmonic pulse train were cross-correlated in an Ar gas jet.
The observed side-band beats allowed us to determine the phase shifts between subsequent
harmonics, from which a duration of 250 as for the individual peaks of the XUV pulse train
was deduced.

4.2. Single attosecond pulses

4.2.1. Phase-stabilized few-cycle pulses. ~As discussed in section 2.3, few-cycle laser pulses
with well-defined carrier—envelope phase are a prerequisite for generating single, isolated
attosecond XUV pulses. While there are several different methods of generating phase-
stabilized laser pulses, e.g., in OPAs [13], a very straightforward method can be used to
upgrade existing oscillator and amplifier laser systems [8, 84—88] as follows. Because of the
difference between phase and group velocity, the carrier—envelope phase of subsequent pulses
from an oscillator with repetition frequency wy, drifts from shot to shot by

A@cg = 2TerE/qur (18)

To measure wcg one generates the second harmonic of an octave-spanning frequency comb
spectrum and brings the low frequency modes of this spectrum in interference with the high
frequency modes of the fundamental. The resulting signal beats at carrier—envelope frequency:
wcg = 2(Nwrep + wcE) — (2nwrep + wce) [89]. As an octave-spanning spectrum is not available
from a typical mode-locked oscillator or a chirped-pulse amplifier, a medium with a third-order
nonlinearity has to be employed for white-light generation. For nJ pulses a photonic crystal
fibre can be used, whereas for amplified pulses a split-off of less than 1% can be sufficient
for white-light generation in a sapphire plate. The output of this  f-to-2 f interferometer’
(figure 15) can be used for a feedback loop to stabilize the carrier—envelope phase [84]. For
an amplifier system one employs one feedback loop for the oscillator and a second loop which
addresses the same actuator (e.g., an acousto-optic modulator in the oscillator pump beam) to
pre-compensate for the slow phase drift introduced in the amplifier [13].
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Figure 15. Schemes for measurement of CE phase drift. (a) Nonlinear Mach—Zehnder
interferometer for characterization of low energy mode-locked oscillators. (b) Set-up for phase
characterization of amplified pulses by nonlinear spectral interferometry. MO1, 2: microscopic
objective lenses. VND: variable neutral density filter. SFG: sum frequency generator. WLG:
white-light generator. A/2: half-wavelength wave plates.

4.2.2. Characterization of single attosecond pulses. Attosecond pulse characterization is
based on the streaking method introduced in section 2.5. The experimental realization of
this technique falls within a class of experiments that began with the work of Schins and
co-workers [90-94]. Here, the XUV pulse is ‘cross-correlated’ against a short visible pulse.
An XUV photon excites a bound atomic electron into a positive-energy state in the presence
of a laser field. Laser-induced transitions from this state or a laser-induced shift in its energy
(Stark shift) provide the nonlinearity linking the XUV to the laser pulse. The spectral width
of XUV pulses that can be analysed by these methods is limited by the laser photon energy to
<2 eV, as laser generated side-bands must be distinguishable.

The streaking method avoids this difficulty, as the cross-correlation is with the sub-laser-
cycle variations of the electric field rather than with the average intensity during a complete
laser cycle. As discussed above, the time structure of the XUV pulse is transformed into a
modulation of momentum spectra obtained from laser-dressed XUV photoelectron emission.

The experimental set-up for the generation of sub-femtosecond XUV pulses by
high harmonic generation (HHG) and attosecond metrology (by laser-assisted XUV
photoionization) [4, 46, 62] is displayed in figure 16.

Harmonics are generated in a Ne gas jet. The central part of the laser beam is blocked
by a Zr foil that is transparent for the harmonic beam. Cross-correlation between laser and
XUV pulses occurs in a second gas jet. The time delay between the co-propagating XUV
and laser pulses is controlled by a split mirror, whose inner part is movable in steps of
10 nm, generating time-delay steps of ~2 x 30 as. A multi-layer mirror on the movable part
filters a maximal bandwidth of ~10 eV around a photon energy of 90 eV. The kinetic energy of
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Figure 16. The schematic of the experiment. The focused 7 fs laser beam interacts with neon
atoms to produce high harmonic radiation. The laser and the highly collimated XUV beam co-
propagate collinearly through a 2 m beam line towards the measurement. In the beam line the
laser and harmonic beams pass through a 200 nm thick, 3 mm diameter zirconium foil placed on a
5 pm thick nitrocellulose pellicle to cover a hole of 2 mm diameter. The energy transported by the
resulting annular beam can be adjusted with a motorized iris between a fraction of a microjoule
and a few tens of microjoules. The Mo/Si multi-layer consists of an annular part having an outer
diameter of 10 mm with a concentric hole of 3 mm diameter hosting a miniature mirror of slightly
smaller diameter. Both parts originate from the same substrate, ensuring identical radii of curvature
(R = 70 mm). The miniature central mirror is mounted on a wide range, nanometer precision
piezo-stage, allowing alignment and translation with respect to the external part.

the photoelectrons is determined from their time-of-flight distribution measured with a micro-
sphere plate detector and a multi-channel analyser. Integrating over 40 000 shots gives good
enough statistics for evaluatable spectra. With this apparatus single pulses as short as 250 as
have been measured [4].

4.3. Time-resolved measurement of an Auger decay

Pump/probe experiments are the most direct approach to tracing fast dynamics in the time
domain. The extension of time-resolved (pump—probe) spectroscopy to ultrafast electronic
processes taking place deep inside atoms has so far been frustrated by the simultaneous
requirements of short wavelengths (i.e., high photon energy) and sub-femtosecond pulse
duration. In addition, for a straightforward interpretation of spectroscopic data isolated single
pulses [95, 96] were needed. With single attosecond pulses and a precisely timed laser pulse,
the streak-camera concept can be extended for sampling the emission of secondary (Auger)
electrons. In that way, one can time-resolve an atomic inner-shell process with attosecond
accuracy.

The principle of the measurement is illustrated in figure 17. The sub-femtosecond XUV
pulse excites a core electron and produces a short-lived inner-shell vacancy. This is rapidly
filled by an electron from a higher energy level (outer shell). The energy lost by the electron is
carried away either by an energetic (XUV /X-ray) photon or by a secondary (Auger) electron.
The emission time of this Auger electron corresponds exactly to the lifetime of the inner-
shell vacancy. Hence, sampling the Auger electron emission with the oscillating laser field
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Figure 17. Schematic and temporal evolution of the Auger process.

in the same way as we sampled the photoelectron emission gives us direct time-domain
access to inner-shell atomic processes with attosecond resolution. The first proof-of-principle
experiment was recently demonstrated [5]. As the decay time measured in this experiment
can also be inferred from energy-domain measurements, it served as a benchmark for the new
methods of attosecond time-resolved spectroscopy.

5. Future short pulse sources

Attosecond physics so far has relied on pulses from high harmonic generation. The minimum
pulse duration from the harmonic process may be as low as 50 as or less when very high
intensities are combined with pulse compression schemes [97] or when pulses with time-
dependent polarization are used [98]. The major drawback of the harmonic pulses is their
intrinsically low intensity due to the close connection between harmonic generation and
ionization. Therefore, in addition to the generation of shorter harmonic pulses, we briefly
discuss alternative short pulse sources that employ Raman scattering, plasma mirrors, or a
combination of two or more phase-locked lasers.

5.1. XUV pulse compression

Harmonics generated by recollision are chirped. For short trajectory harmonics, which are
used in most experiments, the chirp is positive, i.e., higher frequencies are generated at later
times (cf figure 3). The measured frequency dependence of harmonic emission times [67]
fully confirms the theoretical prediction. The positive chirp can be compensated by sending
the harmonic beam through a medium with negative dispersion. In [17] an attosecond pulse
train was sent through a slab of aluminium, which reduced the duration of the spikes in the
pulse train from 450 as to 170 as, which are the shortest measured harmonic pulses at present.

Pulse compression is only effective for harmonics below the cutoff. These harmonics are
generated repeatedly and therefore come in pulse trains. The single harmonic pulses produced
in the cutoff region were found to be nearly transform limited and cannot be compressed by
means of linear optics. Recently, it was proposed to generate single harmonic pulses from
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harmonic radiation generated below the recollision cutoff energy [97]. The idea is to use a
short and very strong laser pulse, such that the medium is completely ionized during a single
laser half-cycle in the rising flank of the pulse. A single burst of high frequency radiation
is generated with a broad spectrum and nearly linear chirp, but all further bursts after that
are suppressed because of the destruction of the atom. If the chirp can be compensated by
a suitable material pulses as short as 50 as result. For this scheme, pulse intensities and the
atomic species must be carefully selected in order to avoid harmonic generation from multiple
ionization.

5.2. Single-cycle pulses in the visible and UV from molecular modulators

Searching for efficient nonlinearities which can lead to nearly complete conversion of the
incident energy into new radiation, one inevitably comes across Raman scattering.

High-order stimulated Raman scattering has long been known to lead to very efficient
conversion of incident radiation into Raman side-bands. Early theoretical studies of the
propagation of intense femtosecond pulses in a Raman-active medium include predictions of
attosecond pulse generation [99—101]. Reference [102] (see also [103]) suggested the use of
multi-component Raman spectra for femtosecond time scale pulses. References [104—107]
demonstrated extremely broad spectra with discrete lines from the far IR to the extreme UV,
including rotational side-bands from droplets of solid hydrogen [105, 106]. References [108,
109] suggested that high-order Raman scattering can lead to the formation of attosecond
Raman solitons.

Recently, several experiments demonstrated very efficient compression of incident near-
IR or visible/UV pulses down to one- or two-cycle duration with spectra extending from
near-IR to near-UV, with nearly 100% efficiency. The experiments were performed in two
completely different interaction regimes. In the first regime, a pair of long pulses is tuned near
resonance with the Raman transition [107, 110-112]. The two pulses excite the medium as
they propagate along and are modified by the interaction with the medium during propagation.
The second regime is the pump—probe regime of impulsive excitation of the Raman medium
[113-116]: first a short pulse with spectral bandwidth exceeding the frequency of the Raman
transition ‘hits’ molecules in the medium and leaves Raman excitation in its wake, and then a
delayed probe pulse scatters off the prepared excitation in the medium. Significant broadening
of the spectrum accompanied by pulse compression has also been observed in this regime in
[117-120].

Generation of ultra-short optical pulses involves two major steps. First, new frequency
components should be generated. Second, phases of different spectral components should
be adjusted (linearized) to obtain a short pulse. A unique aspect of the approach which
uses a Raman-active medium is that both steps can occur simultaneously, and the pulse
can be compressed automatically during propagation by dispersion, both in the adiabatic
[103, 107, 110] and the impulsive [113-115, 121-125] regimes.

In the adiabatic excitation regime, hydrogen and deuterium molecules were used as the
Raman-active medium. The observed Raman spectrum spans four octaves or more, extending
from 3 wm in the near-infrared to at least 195 nm in the ultraviolet [126], converting nearly
100% of the input energy into the Raman spectrum, and capable of supporting pulses of about
600 as. Using both manual and electronic techniques to control the phases of a small subset
of these side-bands, single-cycle 2 fs pulses in the visible were made and measured.

In the impulsive regime, various molecules have been used, including CO, and SFg.
The shortest pulses produced were below 4 fs in the near-UV, with central wavelength around
400 nm [115]. The possibility of optimizing the interaction for automatic self-compression of
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the probe pulse during propagation in the pump—probe regime has been studied in [121, 122,
124], where it was shown that tunable nearly single-cycle pulses can be produced in a broad
frequency range, from mid-IR to UV.

In a mixture of D, and Hj, sets of side-bands with incommensurate frequencies will be
produced: wxy = ® + Kwramu + N®ram,p, Where wram i and wram p are the frequencies
of either vibrational or rotational excitation of the H, and D, molecules. Selecting different
side-band subsets from multiplicative or additive side-band spectra allows one to engineer
very complex waveforms, with single-cycle main pulses separated by long time intervals
[126-128].

Let us consider the key physics behind these results. The discussion below draws upon
theoretical analysis of side-band generation in [103, 107, 110, 126] for the adiabatic regime
and [121-124, 129] in the pump—probe (not necessarily impulsive) regime.

Let us start with the adiabatic regime. In [103, 107, 110-112], two ns pulses are detuned
in frequency by Q2 =~ wram, Where wran, i the frequency of either vibrational or rotational
excitation of the molecule. The pulses are sent collinearly into a cell of molecules H, (and/or
D,) at liquid nitrogen temperature. The molecules only react to the intensity beat between the
two close frequencies, as the carrier oscillations are too fast. For the sake of argument, let us
assume that the Raman excitation is tuned to vibrations in H,. The intensity beat forces the
molecules to vibrate, stretching and compressing periodically. If the beat frequency is slightly
lower than the vibrational frequency, the molecule will be forced to vibrate in phase with the
intensity beat: high intensity will coincide with maximal stretch of the molecular bond. If
the beat frequency is slightly higher than the vibrational frequency, the molecule will vibrate
out of phase: high intensity will coincide with maximal compression of the molecular bond.
As the molecule contracts, its polarizability decreases and so does the refractive index in the
medium. As the molecule stretches, the refractive index increases. Thus, incident pulses ride
oscillating refractive index n(z).

Propagation in the medium with a time-dependent refractive index shifts the frequency
of the laser field. In the simplest zero-order picture, propagation of the wave sin(wt — kx),
k = nw/c over the length L introduces a time-dependent phase shift A¢(t) ~ —n(t)wL/c.
This implies a frequency shift & ~ —nA(f)wL/c. In a medium with periodic modulation
of n(t), say n(t) = no + Ansin Qt, the derivative takes both positive and negative values,
broadening the pulse.

Turning to automatic pulse compression in the Raman medium, consider the regime where
the maxima in the beat pulse propagate above the minima in the refractive index n(¢). The part
of the beat pulse arriving just before the minimum, i.e., at earlier times, experiences negative
n(t) and hence positive frequency shift. The part of the pulse propagating over the minimum
in n(t) experiences no frequency shift. The tail of the pulse sees positive 71(¢) and acquires
negative frequency shift. As aresult, the front of the beat pulse will have higher frequency than
its tail. In a medium with normal dispersion higher frequencies propagate slower, allowing
the tail of the pulse to catch up, automatically compressing the pulse.

In the pump—probe regime, the physics is similar, but the preparation of n(z) by the
pump is decoupled from the compression of the probe. This allows one to tune the
medium excitation, the timing and the chirp of the probe pulse to optimize the compression
[121, 122, 124].

5.3. The plasma mirror

At present, generation of attosecond pulses via HHG with an atomic gas as nonlinear
medium has one significant drawback—the conversion efficiency of the incident radiation
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into harmonics is very low. Despite numerous attempts to optimize the process using phase
matching in hollow fibres [130], or improving phase matching by optimizing the focusing
geometry of the fundamental beam [131-135] or using a self-guided beam [136], the best
conversion efficiencies in VUV today stand around 107> per harmonic peak. The very
nonlinearity used for harmonic generation is intimately related to ionization of the nonlinear
medium and hence leads to its destruction whenever pushed too hard.

It is therefore attractive to use nonlinearity in a medium which the strong driving field
cannot destroy. A plasma is such a medium where the relativistic nonlinearity can be used
for harmonic generation. This mechanism is predicted to give much higher conversion
efficiency (per cent to tens of per cent level), as well as shorter pulses than conventional
HHG [137-140]. Experimental evidence to support these predictions is still lacking, however.

To begin with, let us consider the simplest one-dimensional (1D) model of a planar
plasma mirror and a plane wave hitting the mirror at normal incidence (see, e.g., [141-145]).
The discussion below follows [139] and discussions presented to one of the authors (MI) by
J Meyer-ter-Vehn and S Gordienko. Light pressure (the Lorentz force) pushes the mirror
(electrons in the plasma) back, the Coulomb force tries to restore it. This results in periodic
oscillations of the plasma mirror with some law X (7). If the light hits the mirror at some
moment ¢’, the extra phase acquired by the reflected wave is A® = w2X(t')/c, where w is
the frequency of the incident light. If at the field-free boundary x = O the incident wave
is o¢ sinwt, then the reflected wave at the same boundary is sinw (¢ + 2X (t')/c)), with the
relationship between ¢ and ¢’ given by ' = t + X (¢')/c. Ultra-relativistic motion of the
mirror surface X (¢) results in a very large number of harmonics in the Fourier spectrum of
sinw(t+2X(t")/c)) falling off as N~>/2 where N < N. is the harmonic number and the cutoff
is N, ~ 4)/rfil and Y] = max [1 /v 11— X2 / cz] is the maximum value of the relativistic factor
[139]. In the ultra-relativistic regime of £/wc ~ 20 the number of emitted harmonics exceeds
103. It is also clear that all sufficiently high harmonics are emitted in a very short time interval
when the mirror velocity is close to the speed of light c, i.e., during a fraction of the laser
cycle.

Conversion efficiency is determined by reflection efficiency; full reflection means that all
incident light is converted into the train of ultra-short pulses.

High intensity of the driving field required by the ultra-relativistic interaction regime
means that in practice the laser field has to be tightly focused. The limit is the so-called
13 regime, where a single-cycle pulse is focused down to the wavelength [137, 138, 140].
Tight focusing conditions add important new physics to the simplified picture above. In a
focus, the incident pulse has components normal to the surface that fall onto the plasma
boundary at oblique angles and the electric field of the incident pulse has normal component
to the surface. If the intensity of the laser light is not too high, these components play an
important role. They lead to asymmetry in the laser-induced motion of the plasma, which
develops a complicated anisotropic surface structure [140]. As a result, attosecond pulses are
reflected at various angles, in specular and non-specular directions. These pulses also have a
highly asymmetric structure of carrier oscillations under the envelope and look like half-cycle
pulses—but in the XUV rather than THz domain [137, 140].

This physical picture appears as a result of particle-in-cell simulations, and its main
features can be summarized as follows [140]. (i) The A3 regime reduces instabilities. (ii) A
tight focus produces strong alternating slopes in the plasma density, deflecting subsequent half-
cycles in different directions and favouring formation of half-cycle pulses. (iii) Reflections
from near-critical density surfaces remain efficient. Simulations show that almost 20% of
incident energy can be reflected into a single attosecond pulse. One crucial requirement is



Topical Review R27

stabilization of the carrier—envelope phase of the incident pulse. Without it, the attosecond
pulses will not be reproducible, neither in their intensity nor in the direction of propagation.

5.4. Phase-locking several lasers

An extension of locking ¢cg of a single laser is to lock the relative phase of two or more fs
lasers. Various experiments can profit from such a set-up, the most prominent of them will
be pump—probe experiments, especially when two different wavelengths are used (two-colour
experiments). Combining phase-locked lasers with broad overlapping spectra would also
provide a highly controllable and very broadband coherent source. The first important step
towards this goal is to synchronize the repetition rate of two lasers such that the remaining time
jitter is less than the oscillation period of the optical carrier wave. The most common techniques
available for synchronization are cross-phase modulation to synchronize passively two mode-
locked lasers that share the same intra-cavity medium [146—148] and an all-electronic active
stabilization [149, 150] which can be further improved by using an error signal generated by
an optical cross-correlation [151].

Apart from the synchronization of the repetition rate, coherent locking of the CEP of two
separate fs lasers requires measurement and stabilization of the phase difference between the
two optical carrier waves. After the repetition rates have been matched (wrep1 = wrep2) the
carrier—envelope offset frequencies have to be locked. The condition that both lasers have
the same phase drift Apcg; — Agpcg; = 0 implies that the carrier offset frequencies are equal,
t00: wcg12 = wcg) — wcg2 = 0. wcgr2 can be measured by a heterodyne beat signal between
frequency comb components of the two lasers [152-154].

6. Outlook

The imaging and pump—probe techniques described above are being further refined and applied
to a larger variety of systems. Apart from that, new variations of the techniques are being
investigated in two directions: (i) to improve spatial resolution and the amount of geometric
information that can be extracted and (ii) to investigate processes on significantly shorter time
scales, as for deeply bound electrons or in nuclear physics.

6.1. Laser-induced electron diffraction

There have been substantial efforts towards creating sub-picosecond electron beams so that
molecular dynamics can be imaged by looking at the time dependence of the diffraction
pattern created by the electron pulse [155, 156]. In typical electron diffraction experiments,
the electron kinetic energy is 50 keV to 300 keV, with corresponding de Broglie wavelengths
of 0.05 A to 0.02 A. With typical bond lengths in the range of 1 A, there will be a number
of diffraction orders, making spatial reconstruction simpler and more accurate. The main
limitation is that electron pulses will disperse, even in vacuum, due to their mutual repulsion
and velocity dispersion. As a result, the time resolution in such diffraction experiments is a
few hundred femtoseconds to a picosecond.

Intense laser pulses can also generate a diffraction image of a molecule by recollision with
the molecule’s own electrons [14, 157-161], with about 1 A spatial and nearly 1 fs temporal
resolution. The basic conditions for the recollision were introduced in section 2.2. Elastic
scattering then takes the diffraction image of the parent molecule (figure 18).

From the ion’s perspective, during the recollision the electron current density exceeds
10'° A cm™? and is concentrated within a small fraction of the laser cycle (<1 fs) [14],
exceeding the characteristics of conventional approaches to ultrafast electron diffraction
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Figure 18. Qualitative idea behind laser-induced electron diffraction imaging: laser field induced
recollision between a freed electron and the parent molecular ion. The inset shows the initial
electronic state in momentum space with its characteristic diffraction-like structure: the recolliding
wave packet carries the imprint of the initial state already prior to the recollision.

by many orders of magnitude. A laser pulse can also be used to align molecules [162],
emphasizing the diffraction pattern.

However, the kinetic energy of the electrons is considerably less than is desirable. The
maximum kinetic energy of the returning electron is 3.17U, (see section 2.3). At intensity
5 x 10 W cm™2 and wavelength of 800 nm it is just under 100 eV, with a de Broglie
wavelength of only 1.3 A, barely sufficient for resolving a single diffraction order. This
problem can be ameliorated by using a long wavelength laser, since the de Broglie wavelength
scales as A~!. Intensity cannot be increased indefinitely—it is limited by multiple ionization
of a molecule. Still, it can be increased somewhat by going to nearly single-cycle pulses.

Advantages of laser-induced electron diffraction in terms of time resolution do not come
for free: the nature of the electron pulse and the presence of the strong laser field lead to
several interesting effects, each of which requires careful consideration.

First of all, the electronic wave packet carries (through the pre-exponential factors) the
imprint of the initial state (cf section 2.1 and figure 18, inset). Tunnelling ionization allows one
to minimize these original structures by imposing an effective Gaussian filter [32—35]. Forlarge
molecules, where the electron can emerge from any one of many atoms, such minimization
can be very useful. Further, the typical recollision energies in A = 800 nm light are ~100-
150 eV. Deflection with relevant transverse velocities v, ~ /R corresponds to large
scattering angles 6. Quickly decreasing cross sections do (6) distort the diffraction image and
weaken the signal. The problem can be remedied by increasing the wavelength of the laser
radiation, since recollision energy scales with A2. Thirdly, the laser field induces distortions
after scattering by further accelerating or decelerating the electron (‘post-acceleration’). This
clearly affects only velocities in the polarization direction. Therefore, for given recollision
energy, the electron’s final energy after ‘elastic’ scattering depends on the deflection angle:
the angle-resolved spectrum for a fixed energy does not correspond to a fixed scattering
energy. The latter effect can be corrected for by taking proper cuts through the energy and
angle-resolved electron spectra [161].

Another effect is interference between diffraction images taken at different energies.
Recollision energies vary in time between 0 and ~3.17U,,. In the absence of the laser field
energy-resolved spectra would allow one to discriminate between the diffraction images taken
at different energies. However, in the presence of a laser field, electrons recolliding with
different energies at different times may end up with the same final velocity due to post-
acceleration. The effect is similar to the interference between long and short trajectories, well
known in high harmonic generation.
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Figure 19. The results of a time-dependent Schrodinger calculation are shown in 2D momentum
space. (a) Electron spectrum |y (vx, vy)| for a 1.25 cycle laser pulse, I = 6 x 10 W cm~2 and
A = 800 nm. (b) A spectral cut for a fixed moment of recollision, wpt & 4.4. (c) and (d) The same
as (a) and (b) except they are for a 5 fs duration pulse.

A different type of interference occurs between multiple ionization and rescattering events.
In a longer laser pulse, the same electron wave packet may return to the ion several times (cf
figure 6) and each laser cycle produces a new wave packet. Diffraction images from each
recollision interfere, making interpretation of the diffraction patterns even more complicated.
As in the case of XUV pulse trains versus single XUV pulses, these problems disappear, when
a very short (ideally single cycle) laser pulse is used [160, 161]. One particularly interesting
configuration [163, 164], which also eliminates interference of long and short trajectories, is to
use two counter-rotating, circularly polarized single-cycle laser pulses with frequencies w and
2w. This ensures a single return only, and should make the diffraction images much simpler.

In spite of these complications, one can demonstrate that, under suitable conditions, a
diffraction pattern of a diatomic molecule is observed. Spanner et a/ [161] have studied the
problem both numerically and analytically. They show that, in the case of a 5 fs laser pulse
with a wavelength of 800 nm, it is possible to observe a diffraction pattern from an aligned
diatomic molecule when proper directions and energies are selected (figure 19). In addition,
they observed a holographic-type pattern that resulted from the interference of the diffracted
electron wave with the ‘reference’ that avoided the molecule. It may be possible to use this
pattern to learn about the molecular structure.

The real power of this technique may not lie in determining the molecular structure, but in
its sub-femtosecond resolution. Because with a very short laser pulse the individual half-cycle
electron pulses can be resolved, the temporal resolution might be as good as half an optical
cycle.

6.2. Time-resolving the ionization process

The pump—probe method of [5] is currently being extended to other systems. The first process
to study is the dynamics of strong field laser ionization itself. Here the laser, rather than
serving as a weak probe, causes strong ionization. An XUV pulse is used to monitor the
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depletion of the neutral state and the restructuring of the bound state spectrum from neutral to
the ion with sub-laser-cycle time resolution.

A primary goal of the experiment is to observe the depletion of the atomic ground state by
the laser field. In the quasi-static picture (cf equation (2)) ionization is expected to be strongly
modulated during the laser cycle with rapid decreases of the ground state population near
field peaks and constant population near the nodes. The signature of dynamics in the proper
sense is deviations from the quasi-static picture. A detailed analysis shows that excited bound
state dynamics as well as adiabatic distortions of the ground state by the strong field cause
deviations from the quasi-static picture [165]. First experiments were performed using Xe gas,
as it ionizes at lower laser intensities. While significant sub-laser-cycle time structures were
found, their interpretation remains difficult due to the many electrons in the Xe atom. With
He the interpretation is expected to be simpler, but a variety of theoretical and experimental
questions need to be resolved. High quality vacuum is required to suppress background
ionization at laser intensities 5 x 10'* W cm™2. First of all, in this type of measurement laser
streaking of the XUV electrons leads to a severe distortion of the spectra. To retrieve spectral
information reliable theoretical understanding of the streaking process beyond the strong
field approximation is needed. Further, a single-electron picture of the ionization process is
very likely inadequate, both because the second electron contributes to the ionization yield
and because of electron correlation. Spectral information may help to distinguish the origin
of photoelectrons but correlation must be considered as a separate dynamic process on the
attosecond time scale. This was pointed out in a recent calculation, where the dependence
of single-electron two-photon ionization peaks of helium on pulse duration was studied:
‘correlation times’ in the range of 1 fs were found [166], consistent with recent experimental
results [15].

6.3. Time-resolved nuclear physics

Recollision measurements may be extended to much higher energies and shorter time scales
by using very high intensity lasers. Since at intensities around 10'® W cm~2 electrons are
accelerated to near the velocity of light, Lorentz forces become comparable to the electric
forces exerted on an electron. The resulting acceleration of the electron in the propagation
direction suppresses recollision. It was pointed out that in circular polarization and with a
second counter-propagating beam recollision can be recovered [167]. In that configuration the
magnetic field remains parallel to the electric field and, instead of suppressing recollision,
magnetic trapping enhances recollision currents. Classical trajectory simulations (cf
section 3.1) show that current densities may be as large as 10'© A cm™2, electron energies
may reach into the 10 MeV range, and pulse durations down to 100 as may be reached. It
was reported that by exploiting correlations between the electron pulse and the laser field,
time resolution may be pushed to near 1 as [167]. This may allow the direct observation of
many-body relaxation processes, dissipation and viscosity in nuclei.

6.4. XUV-pump-XUV-probe

Nonlinear optics experiments in the XUV range are exceedingly difficult due to extremely small
two-photon cross sections. To date, the only successful autocorrelation measurement using
attosecond XUV pulses exploited a specific range of relatively long harmonic wavelength for
the two-photon ionization of He [168]. The method in principle is limited to photon energies
below the ionization potential of the chosen atomic species. An autocorrelation measurement
that is not subject to this limitation was reported recently [169]. Purely XUV pump—probe
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experiments, which can be considered a special class of nonlinear optics measurements, cannot
be performed with present XUV intensities. This is one of the motivations in the quest for more
intense short pulse sources. Once such pulses become available, a new stage of attosecond
physics is reached and the whole range of methods of pump—probe technology becomes
available. In particular, specific inner-shell excitations might be addressed and perturbations
of the system by the probing field could be greatly reduced. It might allow, for example, to
monitor the evolution of the electronic wavefunction in photochemical reactions near a conical
intersection, where the Born—Oppenheimer picture breaks down.

7. Conclusions

Only five years ago, full control over the light field, control of light—matter interaction on a sub-
laser-cycle time scale, attosecond pulses, or the time-resolved observation of valence electron
dynamics were put forward as (long term!) goals of the development of few-cycle laser pulses
[9]. Now, with all those goals achieved, a large variety of applications is being developed.
Time-resolved observations on several different levels have been realized, are being prepared
for experiments, or are being intensively studied theoretically. Several of the experiments and
techniques were introduced in this review: extremely rapid nuclear motion, the evolution of
electronic valence orbitals, and the dynamics of electronic relaxation are being observed with
sub-fs and sub-angstrom resolution. The continued development of experimental possibilities
is likely to inspire many more techniques of time-resolved imaging on the molecular, atomic, or
even nuclear scale. Nuclear and atomic physicists are challenged to reconsider many processes
that have been extensively studied by classical spectroscopic methods in a time-domain setting.
The prospect of simultaneously observing nuclear and electronic motion in molecules may
make non-Born—Oppenheimer processes like the dynamics at conical intersections accessible
to direct observation for the first time. Attosecond physics is becoming a reality.
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