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High harmonic generation provides a means of producing attosecond pulses of light which are the shortest,
controllable probes available to science for time-resolving ultrafast dynamics. We review techniques based on
high harmonic generation for generating single attosecond pulses using high-power, multi-cycle laser sources,
including optical-, polarisation-, and ionisation-gating schemes as well as techniques based on field synthesis.
By significantly reducing the technical demands placed on the driving laser, these techniques have the potential to
greatly broaden the application base for attosecond pulses.
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1. Introduction

High harmonic generation (HHG) is a remarkable
frequency up-conversion process in which an ultrafast
laser pulse (typically 5-100fs) at high intensity
(>10"Wem™) interacts with a gas-phase target to
generate coherent extreme ultraviolet (XUV) radiation.
HHG has been an intensively studied research topic for
more than two decades [1-3].

In the last 10 years, it has emerged that, under the
right conditions, HHG can produce XUV pulses of
sub-femtosecond duration, i.e. of attosecond duration
(1 as =10""8s) [4-6], providing scientists with the
shortest controllable probes currently available for
tracking ultrafast dynamics. Alongside this activity, it
was discovered that the radiation emitted during HHG
encodes structural information about the emitting
molecule with sub-Angstrom resolution as well as
attosecond temporal resolution. Techniques to extract
this information have come to be known as ‘HHG
spectroscopy’ (for a review, see [7]). These two impor-
tant developments have led to an explosion of research
activity which has led to the creation of an exciting and
vibrant research field known as ‘attosecond science’,
which is already beginning to revolutionise our ability
to observe and control electronic processes in matter
[8]. Free electron lasers are sources capable of deliv-
ering femtosecond pulses with very high brilliance [9],
thereby allowing the investigation of the non-linear
behaviour of the matter exposed to high-intensity high-
frequency laser field [10]. However, Attosecond Science
currently relies on the XUV pulses produced through
HHG, and HHG-based sources seem to provide the

most direct route to resolving electron dynamics down
to the timescale of the atomic unit of time (x24 as).

One of the most important tools in the toolbox of
attosecond science is the single attosecond pulse (SAP).
As will be discussed in greater detail in following
sections, attosecond light pulses can be generated by
the HHG process in the form of attosecond pulse
trains (ATPs), i.e. multiple attosecond pulses emitted
each laser pulse (Figure 1(a)), or as SAPs, one isolated
attosecond pulse emitted per laser pulse (Figure 1(b)).
The generation of SAPs has largely been reliant on
state-of-the-art laser sources capable of generating
waveform-stabilised, high-intensity pulses of only a few
optical cycles in duration.

The relatively recent development of techniques to
produce SAPs with multi-cycle laser pulses
(see Section 3), and often without the requirement of
waveform stabilisation, has the potential to bring SAPs
within the reach of a much wider scientific community.
Furthermore, it seems likely that these techniques can
be scaled to higher laser pulse energies. The resulting
increase in the photon flux of the SAPs is expected to
unlock a range of new experiments and scientific
applications.

A number of general review articles have already
been written on attosecond science [11-15]. The goal of
this article, however, is to provide a timely review of
the techniques for the generation of SAPs using multi-
cycle laser pulses. We aim to provide a useful intro-
duction to this important topic from the perspective of
experimentalists working in the Attosecond Science
field.
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Figure 1. (a) Multi-cycle femtosecond laser pulses (electric field depicted by red line) driving the HHG process to produce
attosecond pulse trains (intensity distribution shown in blue line). (b) Few-cycle, waveform stabilised laser pulses driving the
HHG process to a produce single attosecond pulse per laser pulse. Tye,=1/frep is the laser pulse spacing (typically ~0.3—1ms),
where f,.p is the pulse repetition rate of the laser. (The colour version of this figure is included in the online version of the journal.)

The review is organised as follows. Relevant
background material is presented in Section 2,
including an introduction to the process of HHG, a
description of the main methods used to characterise
SAPs, how SAPs are generated using few-cycle sources,
and a summary of recent scientific applications of
SAPs. Section 3 describes the generation of SAPs using
multi-cycle laser pulses. It covers the techniques of
polarisation gating (PG), double optical gating (DOGQG),
generalised double optical gating (GDOG), and PG-
like schemes that use multi-colour field synthesis and
ionisation gating. While many of these techniques can
be understood at the level of the single emitter of high
harmonic radiation, propagation of the fields is now
known to play an important role in the synthesis of
stable SAPs and this is discussed in Section 4.

2. Background
2.1. High harmonic generation and attosecond pulses

HHG has been subject to a great deal of study. A
variety of approaches have been adopted to model the
process. Amongst these, the ‘three-step model’ (also
known as the ‘recollision model’) [16,17] is particularly
useful since it provides an intuitive description of the
process. Though it is a semi-classical model, it repro-
duces the main qualitative features of HHG and
provides insight into the formation of ATPs and
SAPs. As illustrated in Figure 2, the three steps are:
step 1, tunnel ionisation of the atom or molecule in the
strong laser field with a probability that depends
exponentially on the field strength; step 2, the accel-
eration of the resulting electron wavepacket in the
continuum by the laser field with the electron treated
classically and the Coulomb potential of the core
neglected; and step 3, the radiative recombination of

Step 3. Radiative
recombination

Laser
field <= - _ Step 2.
\ ~ -~ Acceleration in

N laser field
N\

XUV harmonic
emission

Step 1. Tunnel
lonisation

Distorted atomic
potential

Figure 2. The three-step model of high harmonic generation.
Note that the potential is not static during these steps. A
snapshot of the potential is shown at the moment of
ionisation. (The colour version of this figure is included in
the online version of the journal.)

the electron wavepacket with the ion resulting in the
emission of an XUV photon up to a maximum energy
Enax =1, +3.17U,, (1)

where 7, is the ionisation potential of the atom or
molecule and

270

e“E7
2
dmewy

U = 2
is the ponderomotive energy, which is the wiggle
energy of a free electron of charge ¢ and mass m, in
the laser electric field of field strength E; and
frequency wy.

For a laser pulse comprising a number of optical
cycles each of sufficient field strength for tunnel
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ionisation, these three steps are repeated a number of
times with a periodicity of 7./2, where T, = 2n/wy is
the laser period. The coherent superposition of the
bursts of radiation arising from step 3 leads to an
emission spectrum composed of discrete odd har-
monics of the driving laser frequency, w;, as is readily
understood from Fourier theory. For very short pulses
(below about 3 cycles), the symmetry can be broken,
leading to even order harmonics as well. The har-
monics form a long plateau of roughly constant
spectral intensity that ends in an abrupt cut-off at
Eax. In the time domain, the radiation emitted forms
an APT with pulses separated by 7. /2, with one such
train emitted per laser pulse [5,18] (see also Section 3).
APTs with periodicity 7, have also been generated by
two-colour driving fields (wp+2w;r) [19] where the
presence of the second harmonic breaks the symmetry
of the driving field so that only alternate half cycles are
sufficiently strong for tunnel ionisation. This effect is
also employed in optical gating schemes in which SAPs
are generated with multi-cycle fields.

The classical electron trajectories correspond to
quantum orbits in a Feynman Path Integral descrip-
tion of HHG [20]. For each harmonic order, two such
quantum orbits contribute maximally to the emission.
These are known as the ‘short’ and ‘long’ trajectories
since they correspond to electron excursion times in the
continuum of ~7';/2 and ~T, respectively. Within the
path integral description, the phase of the gth-order
harmonic field relative to the laser field is given by

_S(p.1,7)
h

where S is the semi-classical action given (in atomic
units) by

by = +qort, 3)

1

Sqnnf)zjﬂem-Aoﬁf+4)dﬂ, “

where ¢ and ¢ are the time of ionisation and recom-
bination, respectively, p=v+ A(t) is the canonical
momentum of the electron in a continuum state of
kinetic energy v>/2 and A(t) is the vector potential of
the laser field.

An important result of the three-step model is that
the classical electron trajectories exhibit dispersion in
the recombination time. For example, an electron that
is tunnel ionised close to the peak of the laser field
spends more time in the continuum than one ionised at
a later time. A full analysis shows that harmonic
emission is to good approximation linearly chirped,
with the short trajectory emission positively chirped
and the long trajectory emission negatively chirped.
In most experiments, the short trajectory emission is
selected using propagation effects. Figure 3 shows
experimental measurement of the positive linear chirp
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Figure 3. Harmonic emission time as a function of harmonic
order (which is proportional to frequency) showing an
approximately linear chirp on the emission. HHG was
carried out in Ar at a laser intensity of 1.2 x 10'*W/cm?
with 50fs laser pulses at 800 nm. Short trajectories were
selected. The crosses are from two-photon, two-colour
ionisation measurements. The points are single-atom predic-
tions. Adapted with permission from Mairesse et al. [21].
Copyright (2003) by AAAS.

on the short trajectory emission [21]. This so-called
‘attochirp’ can be troublesome in the formation of
SAPs and must be compensated to produce the
shortest attosecond pulses [22]. However, it can also
provide an accurate frequency to time mapping that
allows, for example, molecular dynamics to be probed
with attosecond temporal resolution through spectro-
scopic measurements [23,24].

The strong field approximation (SFA) model of
HHG [25-27] is a widely-used quantum mechanical
model that accounts for each step in the three-step
model. It assumes (i) that the bound states of the atom
are neglected apart from the ground state; and (ii) that
the electron is driven as a free particle by the laser field
in the continuum, with no influence from the atomic
potential. Assumption (i) requires that resonant excita-
tion by the fundamental wavelength can be neglected,
which is true in most cases, especially when atoms are
considered. Assumption (ii) relies on the consideration
that the density of states in the continuum is high and
the ionising oscillating wave packet spends most of its
time outside the steepest part of the ionic potential.

Under these assumptions an analytic expression for
the induced dipole moment can be obtained. It is given
by (in atomic units)

x(1) = ir dt/Jd3pEL cos(wrt)d(p — A(Y))

x exp(—iS(p. £, {)d (P — A(D) +c.c. (5

where d, is the component of the atomic dipole matrix
element parallel to the laser polarisation,
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Figure 4. HHG for (@) a linearly polarised laser field, (b) an
elliptically polarised laser field. (The colour version of this
figure is included in the online version of the journal.)

E; cos(wpt')d(p — A(?)) give the probability for the
electron to tunnel ionise to a continuum state with
momentum p at time ¢ (corresponding to step 1 in the
three-step model); then acquiring a phase
exp(—iS(p,t,¢')) as it propagate in the continuum
between times ¢ and ¢ (step 2); and then recombining
with probability &i(p — A(?)) at time ¢ (step 3). The
dipole moment can be Fourier decomposed to obtain
the harmonic spectrum.

Of central importance to this review is the fact that
HHG is sensitive to the polarisation state of the driving
laser field. As illustrated in Figure 4(a), for a linearly
polarised laser field, the electron wavepacket is driven
along the polarisation axis of the laser and recollision
with the ion core is ensured. However, in an elliptically
polarised field the transverse field component ‘pushes’
the recolliding electron wavepacket to one side, as
shown in Figure 4(b).

An elliptically polarised laser field can be written as
EL(t) = Eycos(wi)x + e Eysin(wt)y, where ¢ is the ellip-
ticity, with € =0 corresponding to linear polarisation
along x, while ¢ =1 corresponding to circular polarisa-
tion. For the case ¢ < 1 where the dominant electron
motion is along x, the electric field component along y
displaces the maximum energy recolliding electrons
close to (3.17U,) by an amount [28] given by

SeeE
Aye =~ ==

mew? ©)
This displacement reduces the overlap of the recollid-
ing electron wavepacket with the core, thus reducing
the HHG amplitude. When Ay, exceeds the spatial
width of the wavepacket along y, HHG is effectively
terminated. Under typical conditions for HHG the
recolliding wavepacket has spread to ~10A when it

returns to the vicinity of the core [29]. According to
Equation (6), for a typical peak laser intensity of
I,=10"Wem™ and A, =800nm, an ellipticity of
£~0.2 is thus sufficient for the wavepacket to ‘miss
the core’. This estimate is broadly in agreement with
experimental measurements that show that the HHG
emission is reduced by about a factor of ten for e~ 0.2
compared to linear polarisation [15,27,30]. This strong
ellipticity dependence of HHG is harnessed usefully in
polarisation gating schemes (described in Section 3),
where a time-varying ellipticity is introduced on the
laser pulse which acts to temporally confines the high
harmonic emission to a narrow “‘gate” of near linear
polarisation, as shown in Figure 5.

APTs have pulse repetition rates typically in the
petahertz range (frep=2/1, Or frep=1/T, for symme-
try breaking schemes). For general time-resolved
measurements, SAPs are extremely useful since they
provide one isolated attosecond pulse per laser pulse
and are thus are well-suited to general pump-probe
schemes. Initially, polarisation gating schemes were
proposed to achieve SAPs via HHG [32] though
progress came first through a temporal confinement
of the HHG process brought about by reducing the
drive laser pulse duration to the few-cycle limit [6,33].
In this limit, where the laser pulse duration, 7,
becomes comparable to 7, the amplitude of consec-
utive half-cycle laser field oscillations can vary signif-
icantly. One half-cycle can be appreciably stronger
than all others in the pulse. As illustrated in Figure 6,
the electron wavepacket recollision energy from this
half-cycle is correspondingly higher and so the radia-
tion emitted from this recollision — constituting a con-
tinuum in the cutoff region of the HHG spectrum — can
be isolated by a bandpass spectral filter, for example by
passing the radiation through a thin foil or using the
reflectance bandwidth of a multilayer XUV mirror.
Foil filters (e.g. Al) have the additional advantage that
their material dispersion can compensate the attochirp
of the pulse leading to a shorter SAP [22].

An effect that becomes significant in the few-cycle
limit is the sensitivity of the electric-field waveform to
the carrier-envelope phase (CEP) [34]. The CEP is the
phase offset between the peak of the pulse envelope
and the nearest peak of the carrier wave. Writing the
electric field of a laser pulse as

EL(1) = Eo(t) cos(wrt + @), @)

where Ey(¢) is the pulse envelope, the CEP is given by
¢. A field-driven process such as HHG is particular
sensitive to the CEP in the few cycle limit [34]. Figure 7
shows the results of a Quantum Orbits simulation of
HHG [35] for the HHG signal produced within a
realistic bandpass spectral filter for four different
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Left-circularly polarized pulse

Figure 5. A pulse with a time-dependent ellipticity, (), can be synthesised from time-delayed left and right-hand circularly
polarised laser pulses. Re-collision occurs during a narrow ‘polarisation gate’ at the pulse centre where ¢ is close to zero.
Reproduced with permission from Shan et al. [31]. Copyright (2005) by Taylor & Francis. (The colour version of this figure is

included in the online version of the journal.)
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Figure 6. SAP generation in the few-cycle laser pulse regime can be achieved by band-pass spectral filtering of the continuum
radiation at the cut-off of the HHG spectrum. E,, is the XUV photon energy and AE,,, is the bandwidth of the continuum.
Note that the height of the attosecond pulses is proportional to their photon energy (right-hand axis). (The colour version of this

figure is included in the online version of the journal.)

values of the CEP, ¢ (see caption for details). The
optimal value of ¢ in terms of maximum attosecond
pulse intensity and highest contrast relative to satellite
pulses is ¢~ /2, which was found to depend on the
peak laser intensity and pulse duration.

In the HHG process, each consecutive half-cycle of
the laser pulse produces harmonic emission with a
characteristic photon energy cutoff that is related to
the instantaneous intensity of the drive pulse [36,37].
Each of these so-called ‘half-cycle cut-offs’ (HCOs) — if
isolated from plateau emission and other HCOs — can
constitute a SAP. As shown in Figure 6, usually the
highest energy HCO is selected for SAP generation,
since its higher energy spectrum is distinct from lower
energy HCOs. However, in [35] it was shown

experimentally that under the right phase-matching
conditions the HCOs become spatially separated and
can be isolated using spatial filtering. Furthermore, it
was demonstrated in [35] that the energies of the HCOs
can be tuned by varying the CEP of the drive pulse.
So far our description of HHG and the generation
of ATPs and SAPs has been a single-emitter picture
(atom or molecule). Under normal experimental con-
ditions, it is in fact the coherent superposition of the
radiation from a very large number, N, of emitters
(typically N ~ 10'?) that is responsible for the measured
HHG signal. The nature of this superposition is a
relatively complex problem known as ‘phase-matching’
that depends on the spatial and temporal variation of
the emitter density and propagation of the laser field
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Figure 7. Numerical simulations of XUV pulses from HHG (black filled curved) showing the sensitivity of SAP generation to the
CEP. The simulations were for HHG in Ne at 5 x 10" W/cm? driven by a 5fs laser pulse of centre wavelength 750 nm.
A Gaussian spectral bandpass filter of width 9eV centred at 92eV was used. For these conditions, the optimal CEP for SAP
generation is ¢ &~ /2. The insets show the laser electric field waveforms for the different CEP values. Adapted from Chipperfield
et al. [35]. (The colour version of this figure is included in the online version of the journal.)

within the interaction volume [38,39]. Due to a
mismatch between the phase velocities of the laser
and harmonic waves in the general case, the length in
the medium over which constructive interference
occurs for the qth order harmonic is limited to a
distance known as the coherence length, LI®°M = 7/Ak,
where Akq =k, —qkg is the phase-mismatch, and k;
and k, are the wave vectors of the laser and harmonic
fields, respectively. For maximum HHG efficiency, the
goal is to minimise the phase-mismatch. In HHG, there
are a number of contributions to Ak,

(HHG) __ (neutral gas) (free electrons)
Akq = Akq + Akq

+Akggeometric) + Akgldipole)’ (8)

where Ak 239 s the contribution arising from the

dispersion of the neutral generating medium (which is
usually negative); Akﬁlfree electrons) o n.qA; is the positive
contribution from the dispersion of free electrons
(density n.) produced from laser-induced ionisation
of the medium; Akf]geometrlc) is a positive geometric con-
tribution that arises from the Gouy phase shift (o q/b
on axis for loose focusing, where b is the laser confocal
parameter) as the laser passes through its focus, or
arising from waveguide dispersion (o A;/a’) in cases
where HHG is carried out in a hollow capillary (inner
radius a) that guides the laser beam [40], and Akgdip‘)le)
o—Iyz/b? (again on axis, for loose focusing), where 7 is

the peak laser intensity and z the propagation axis, is a
contribution which changes sign before and after the
laser focus that comes from the intrinsic intensity-
dependent phase of the harmonic dipole (Equation (3)).

In general, all of these contributions can be
minimised through a combination of using a relatively
low gas density for the generating medium, employing
laser intensities below the ionisation saturation inten-
sity for the medium, and using loose laser focusing
(such that 5> L, where L is the length of the
generating medium), while still maintaining an inten-
sity above ~10""Wecem ™2 Component phase mis-
matches of different sign can also be balanced against
each other to minimise AkleHG) [42]. Under carefully
optimised phase-matching conditions, HHG beams
can exhibit very high beam quality [43,44] and near
perfect transverse spatial coherence [45,46], which
means that APT and SAP sources can, in principle,
have the spatial and coherence properties of high
quality laser beams.

The phase-matching conditions also provide a
means for the experimentalist to select quantum
trajectories associated with the single emitter response
[20]. For example, short trajectories can be isolated by
ensuring the driving laser is focused slightly before the
generating medium and using an on-axis aperture
downstream of the interaction volume to pass the
lower divergence HHG emission.
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2.2. Characterising SAPs

‘Attosecond streaking’ is the most widely used
technique for the temporal characterisation of SAPs
[33,47,48]. The basic principle of attosecond streaking
(illustrated in Figure 8) can be likened to an atomic
version of the electro-optical streak camera [49]. An
electron pulse is first created by photoionisation of a
gas target by the XUV SAP. This electron pulse is
assumed to be a temporal replica of the SAP. The
electrons are then ‘streaked’ (i.e. they pick up momen-
tum) from the electric field of the driving laser pulse.
This results in a shift of their kinetic energy that
depends of the value of the laser vector potential at the
moment of ionisation. By streaking with the laser field
of the pulse used to generate the SAP, this technique
takes advantage of the intrinsic attosecond synchroni-
sation between the SAP and the laser field.

From a semi-classical analysis [33], the final
streaked electron kinetic energy Wjis given by

Wi~ Wy — Uy(1) + Uy(1) cosawr 7)
+4Uy(7) cos” Osin*(w; 1)
+ /8WoU,(1) cos Osin(w, 1), )
where Wy = hiwsap — I, is the initial energy of the
photoelectrons following photoionisation by a XUV

SAP of frequency wsap, T is the delay time between the
SAP and the laser pulse,

272
e"ky

U,(t) = s
o) dm,w;

and 0 is the detection angle with respect to the laser
polarisation.

In a streaking measurement, the SAP and the
driving laser field are focused into a gas target and the
photoelectron energies are typically measured using a
time-of-flight spectrometer. Their energy spectra are
recorded as a function of delay, 7, over a range of
several laser half-cycles. The delay between the SAP
and driving pulse is scanned using a piezo-actuated
split mirror [33] or a Mach—Zender interferometer
[50,51]. Due to low photoelectron count rates, a
complete delay scan requires a large number of laser
shots (usually =10°) which even at 1kHz laser pulse
repetition rates necessitates scan times of order ~0.5h,
during which time CEP stabilisation must be
maintained.

For photoelectron detection along the laser polar-
isation axis (#=0°) the intensity distribution of the
SAP is mapped onto the streaked photoelectron
distribution, allowing the SAP profile to be deter-
mined. Figure 9(a) shows streaking data with 6=0°
obtained using 5fs, 750 nm CEP stabilised laser pulses
to streak photoelectrons produced in Ar by SAPs

Ap(ts) =0

Figure 8. The basic principle of attosecond streaking. Atoms
are single-photon ionised by the XUV SAP in the presence of
the time-delayed laser electric field. The initially isotropic
photoelectron momentum distribution is ‘shifted’ by the laser
field leading to a modification of the detected kinetic energy
(W) spectrum (illustrated as histograms). Here Ap is the field
induced momentum change and ¢, ¢, and #; are three delay
values corresponding to the peak of the SAP coinciding with
a zero crossing (maximum positive momentum shift), a
maximum (zero momentum shift), and zero crossing of
opposite slope (maximum negative momentum shift) of the
laser electric field, respectively. The laser polarisation is in
the x direction and the detection axis is perpendicular to this
along z. Reproduced with permission from Hentschel et al.
[6]. Copyright (2001) by Nature Publishing Group. (The
colour version of this figure is included in the online version
of the journal.)

at 36eV. The SAPs were generated via HHG in Ar
using polarisation gating [51]. Streaking at 6 =90° is
also possible [33]. In this geometry, the last two terms
in Equation (9) vanish. Without the last term, the
streaking amplitude, W;— W), is independent of the
initial photoelectron energy, W,. This is beneficial for
characterising very short SAPs whose broad band-
width leads to a significant spread in the initial
photoelectron energy.

Though initially used to obtain just the temporal
intensity distribution of the SAP, streaking data, such
as Figure 9(a), can contain sufficient information to
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Figure 9. SAP generation in Ar using polarisation gating.
(a) Streaking data; (b) SAP reconstruction using the FROG-
CRAB technique. The solid line is the pulse intensity, the
dashed line is the temporal phase. Reproduced with permis-
sion from Sansone et al. [S1]. Copyright (2006) by AAAS.
(The colour version of this figure is included in the online
version of the journal.)

allow a complete reconstruction of the SAP electric
field. This is because the streaking field acts as an
attosecond phase modulator on the electron
wavepacket. The two-dimensional streaking data
(photoelectron data versus delay) thus can be treated
as a spectrogram, given by [48]

00 2

s(w,r):“ G()Esap(t — D)e™dt| . (10)

—00
where Egap(?) is the electric field of the SAP to be
characterised and G(7) is a ‘phase-gate’ given by
G(t) =exp[i®(¢)]. Within the SFA framework, the
phase modulation is given by [48]

> Up(9)

<I>(t):—J Uy(t)dr' — 2 sinRwy 1)
1 L
+7‘8W0[]p(l)cosecos(wd). (11)

wr

It is possible to extract the phase and amplitude of
the SAP field by applying frequency resolved optical
gating (FROG [52]) retrieval algorithms [53] to the
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Figure 10. Calculated energy bandwidth (left axis) of the
FROG-CRAB technique as a function of streaking intensity
for electron detection parallel (6=0°) and perpendicular
(6=90°) to the laser polarisation. The minimum SAP
duration that could be characterised (~1/bandwidth) is
shown on the right axis. The calculations are for a 100eV
SAP and a 800 nm streaking field. Reproduced with permis-
sion from Quéré et al. [54]. Copyright (2005) by Taylor &
Francis.

spectrogram s(w, t). This characterisation technique is
known as FROG-CRAB [48,54], where CRAB stands
for complete reconstruction of attosecond bursts.

Figure 9(h) shows the intensity profile and the
temporal phase of a SAP that was reconstructed using
the FROG-CRAB technique from the streaking data
in (a) of this figure. The use of FROG-CRAB to
measure the SAP phase enables phase distortions to be
corrected and the SAP duration to be reduced towards
the transform limit. The observed quadratic temporal
phase (linear chirp) seen in Figure 9(b) is due to the
attochirp. In the same experiment this was compen-
sated for by passing the SAP through a 300 nm thick
Al foil. The resulting temporal phase of the SAP
became almost flat and the pulse duration was reduced
by more than a factor of two to 130 as.

The bandwidth, [0®/dt|,.x, of the electron phase
modulation provided by streaking increases with the
intensity of the streaking field and is significantly
greater for the 6 =0° geometry, as shown in Figure 10
for a 100eV SAP and a 800 nm streaking field [54]. The
temporal resolution of FROG-CRAB (~1/bandwidth)
is seen to be <50 as for a streaking field intensity of
more than ~2 x 10"*Wem ™2 for the 6=0° case, but it
is worth noting that high streaking fields can lead to
unwanted ionisation.

2.3. SAPs generated by few-cycle lasers

To achieve peak laser intensities of greater than
~10"*Wcem ™2 required for HHG using femtosecond
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pulses (given the requirement for relatively loose
focusing) typically demands millijoule level laser
pulses. For pulse durations greater than ~25fs, these
can be obtained from commercially-available
Ti:sapphire chirped pulse amplification lasers that
operate in the near infrared (NIR) at A;~800nm
(for a review, see [55]). To produce high-power pulses
in the few-cycle limit (less than ~6fs at 800nm)
requires external “‘pulse compression’ techniques to be
applied to reduce the pulse duration by a factor greater
than ~5. Since the laser pulses direct from the laser are
typically close to transform limited, the standard way
of achieving this is by spectrally broadening the pulse
by a factor greater than ~5 in a gas-filled hollow fibre
[56-59] followed by pulse compression using dielectric
chirped mirrors [60]. The chirped mirrors compensate
the chirp on the pulse, allowing near transform limited
pulses to be attained, now more than ~5 times shorter
than the original laser pulse. State-of-the-art parame-
ters for hollow fibre pulse compression are pulse
durations below 4fs [61-63] and pulse energies up to
Sml [64].

Though optical gating schemes (see Section 3) can
relax the requirements for waveform stabilisation, in
general CEP stabilisation is necessary for stable SAP
generation and represents an important enabling
technology for attosecond science. CEP-stabilisation
is achieved by employing ‘f=2f" interferometry [65] to
measure the CEP drift of the laser pulses and using
feedback to the laser to stabilise the CEP [66,67].

The very short pulse durations available from
hollow fibre pulse compression (~1.5 cycles) are very
effective in isolating a SAP in the HHG process.
Analysis of classical electron trajectories indicates that
the minimum SAP duration attainable using spectral
selection of the HHG cutoff continuum is given by [41]

ALY 2 3000N/ Esap (12)

where At(s”:;) is in attoseconds, Esap is the photon

energy of the SAP in electron-volts and N, is the
number of optical cycles in the full width at half
maximum of the laser pulse. Note that this transform
limited pulse duration can only be reached if any chirp
on the SAP, including the attochirp can be fully
compensated. In [68], CEP stabilised, ~3.3fs laser
pulses (A; =720nm) were used to drive HHG in Ne.
SAPs of 80as centred at ~80¢V were measured using
FROG-CRAB (see Figure 11), which is the shortest
SAP so far reported. For No=1.5 and E,,=80¢eV,
Equation (12) gives AZ(S“:E)%M fs, in good agreement
with the measured pulse duration. In this experiment, a
Zr foil filter was used for attochirp compensation.
Since N. has a minimum value of ~1, Equation (12)
tells us that SAP generation from spectral filtering of

the cutoff will only yield pulses significantly below 80
as by using higher photon energies.

Tonisation and phase-matching effects that occur
during the HHG process have been used to enhance
SAP generation. lonisation of the generating medium
on the rising edge of the laser pulse leads to an electron
density n.(f) that increases rapidly and monotonically
in time during the pulse. As ne(7) increases, Ak{H)(r)
can sweep through a minimum as the positive contri-
butions to the phase-mismatch from the free electrons
transiently offset negative phase-mismatch contribu-
tions. Since the HHG intensity is proportional to
sinc®(AkMHO()L/2), where L is the length of the
generating medium, this effect can provide a tempo-
rally narrow gate of enhanced phase-matching.
Through careful choice of phase-matching parameters,
this ‘phase-matching gate’ has been shown to be able to
isolate a SAP even for somewhat longer laser pulses
than used typically for SAP generation in the few-cycle
regime. In [69], a 430 as SAP was generated using 8 fs
laser pulses (~3 cycles). In [70], SAP generation was
reported using 15 fs pulses (~6 cycles) to drive HHG in
a capillary waveguide.

Ionisation on the rising edge of the pulse can also
deplete the ground state population of the generating
medium if the peak laser intensity exceeds the
ionisation saturation intensity, /g of the medium.
Once the ground state population is depleted HHG is
terminated. This provides an ‘ionisation gate’ which
opens when the instantaneous laser intensity is suffi-
ciently high for tunnel ionisation (and hence HHG)
and closes when the ground state becomes depleted.
Provided the pulse is sufficiently short to begin with,
this can be used to isolate a SAP, as discussed
theoretically in [71,72].

Recently ionisation gating above [, has been
demonstrated experimentally using 5 fs, CEP stabilised
laser pulses of peak intensity 2.3 x 10"°°Wem™ to
drive HHG in Xe [73]. This intensity is ~17 x higher
than I, for Xe at this pulse duration. For the correct
CEP value, the ionisation gate under these conditions
is sufficiently narrow that the entire HHG spectrum
was observed to become continuous (including plateau
region). Similar behaviour was reported for Kr, Ar and
Ne [73]. In Xe, a ~160 as SAP centred at 30eV was
measured using FROG-CRAB. Since spectral filtering
was not required to isolate a cutoff XUV continuum,
the SAP energy was ~2nJ/pulse (~5 x 10® photons/
pulse) which is more than two orders of magnitude
higher than previous SAP pulse energies at a similar
photon energy [74]. The authors of [73] point out that
if such a SAP could be focused to a ~2.5um spot, a
peak intensity of ~7 x 10"*W cm™ could be achieved,
well above the threshold for two photon transitions in
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Figure 11. 80 as SAP generation from HHG in Ne using 1.5 cycle NIR laser pulses. (a) Streaking data; (b)) FROG-CRAB
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line) and spectral phase; note residual positive chirp. Reproduced with permission from Goulielmakis et al. [68]. Copyright (2007)
by AAAS. (The colour version of this figure is included in the online version of the journal.)

the XUV. This seems to open the door for attosecond
nonlinear optics.

In Ne a continuous HHG spectrum extending from
65-160eV was observed [73], which has sufficient
bandwidth to support a SAP of duration ~20 as.
We note that the ionisation gating technique appears
to allow much shorter SAPs than the limit imposed
by Equation (12). However, chirp compensation over
such a broad spectrum is likely to represent a formi-
dable challenge.

2.4. Applications of SAPs

The early research in attosecond science was heavily
focused on developing the technology and techniques
for the generation and characterisation of APTs and
SAPs. This pioneering work developed the tools of
attosecond science and has laid the foundation for
recent experiments in which attosecond pulses are
being used to measure ultrafast dynamics in matter on
an unprecedented timescale. In fact, attosecond streak-
ing that was originally developed for characterising
SAPs has proved to be an important technique for
making attosecond-resolution measurements. In this

section, we briefly review some recent experimental
applications of SAPs.

The first application of a SAP was a time-domain
measurement (Figure 12) of the lifetime of an inner-
shell electron vacancy in Kr using attosecond streaking
[75]. The short lifetime of the vacancies under study
(few fs) mandated the use of an XUV pulse of sub-fs
duration to produce the hole. In this experiment, a
~100¢eV, 900 as duration SAP was used. The resulting
Auger electrons were streaked by a time-delayed 7fs,
750 nm NIR pulse allowing the lifetime of the M(d5/2)
vacancy to be measured. A lifetime of ~8fs was
obtained, in good agreement with an earlier energy-
domain measurement [76]. In [75] the authors point out
that time-domain measurements of inner-shell electron
dynamics using SAPs are advantageous for systems in
which the interference of multiple relaxation pathways
make an energy-domain analysis problematic.

SAPs of ~250 as duration and photon energy of
~90eV were used to make the first real-time observa-
tion of light-induced electron tunnelling in an atom
[77]. In this pump-probe experiment, the XUV SAP
created Ne™ ions with electrons in excited, so-called
‘shake-up’ states. These were then preferentially tunnel
ionised by a CEP-stabilised, time-delayed 5.5fs NIR
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Figure 12. The first time-domain measurement of inner shell
electron dynamics using attosecond streaking. («) The Auger
electron signal in Kr (corresponding to the lowest energy
M, sN N> 5 Auger line) as a function of delay with respect to
NIR streaking pulse. Fitting an exponential delay curve
allows the lifetime of the M-shell vacancy to be determined.
(b) Spectral broadening of the 4 p photo-line recorded at the
same time from which information about the sampling
function required for the deconvolution was obtained.
Reproduced with permission from Drescher et al. [75].
Copyright (2009) by Nature Publishing Group. (The colour
version of this figure is included in the online version of the
journal.)

pulse at an intensity of ~7 x 10'*Wem™2. The Ne?*
yield as a function of delay was found to increase in a
series of steps spaced by 77;/2, thus following the field
oscillations of the NIR pulse. This observed behaviour
is consistent with field-induced tunnelling of the Ne™
shake-up states.

As well as the gas-phase experiments described
above, SAPs have also been applied to the study of
ultrafast physics in condensed-matter systems and on
surfaces. SAPs of 300 as duration and photon energy
~91eV together with time-delayed CEP stabilised 5fs,
750 NIR pulses were used in an attosecond streaking
experiment to time-resolve the electron-transport step
in photoelectron emission from single-crystal tungsten
[78]. As can be seen in Figure 13, a delay of 110470 as
was measured between photoelectrons from localised
4f states of the metal and those from delocalised
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Figure 13. Attosecond streaking data that measures a delay
of 11070 as between the emission of 4f and conduction
band electrons from a single-crystal tungsten surface by a 300
as SAP. (a) The streaking spectrogram; (b) the energy shifts
of the 4f (blue curve) and conduction-band (red curve)
electrons obtained by considering electron kinetic energies in
the spectrogram in the intervals 47-66eV and 66-110eV,
respectively. Reproduced with permission from Cavalieri
et al. [78]. Copyright (2007) by Nature Publishing Group.
(The colour version of this figure is included in the online
version of the journal.)

conduction-band states, with the delocalised photo-
electrons appearing first. The authors attributed this
delay to a higher mean velocity (x2) of the conduction-
band electrons and the fact that the ‘slower’ 4f
electrons originated from ~1A deeper in the metal
surface.

A similar type of experiment also using attosecond
streaking was conducted in gas-phase Ne atoms to
measure the delay between the photoemission of
electrons from 2s and 2p states following the absorp-
tion of a SAP of <200 as duration and 106 eV photon
energy [79]. In the non-resonant case, the delay would
be typically presumed to be close to zero. However, a
delay of 21+£5 as was measured, some 15 as larger
than the ~6 as maximum delay predicted by a multi-
electron model of the system under study. In view of its
important implications, the true time origin for pho-
toemission has motivated subsequent efforts towards
the characterisation of the electron release as well as
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Figure 14. (a) Interference trace of the APT generated from Ar gas (top row) and a magnified view (bottom row). Cross markers
correspond to the sampling points of scanned delay. (b) Magnitude of the Fourier transform of the APT interferometric trace,
where the intensity has been arbitrarily normalised. Inset: observed intensity distribution in the XUV spectrograph. Reproduced
with permission from Nabekawa et al. [82]. Copyright (2009) by the American Physical Society. (The colour version of this figure

is included in the online version of the journal.)

the influence of the measurement process, the latter
being invoked e.g. in [80]. The disentanglement of the
single-photon ionisation time (Wigner time) and the
delay inherent to the measurement process has been
attained by means of an interferometric technique
leading to a very satisfactory agreement between
theory and experiment at high electron kinetic energy
[81], where the influence of the core potential plays a
minor role.

3. SAPs from multi-cycle driving sources

As described in Section 2, the time structure of the
HHG signal when using multi-cycle driving pulses
normally consists of attosecond pulse trains (APTs)
with a period of half an optical cycle of the funda-
mental radiation (see experimental data in Figure 14).
This makes it necessary to implement some type of
gating technique if one would like to end up with a
SAP from such a long driving field.

Using commercially available multi-cycle driving
fields to generate SAPs represents a great advantage
because such laser sources are found in many labora-
tories all over the world, and are relatively easily
operated. With no need to run complicated few-cycle
femtosecond laser sources involving complex schemes
for extreme pulse compression and CEP-stabilisation,
the attosecond science community could be enor-
mously broadened to reach well beyond the borders
of what is usually referred to as ultrafast/nonlinear

physics, to include also teams involved in ultrafast
chemistry and biology.

These considerations have concentrated attention
over the past five years on the possibility of SAP
generation from multi-cycle fundamental sources.
A number of schemes have been proposed and some
of these also experimentally demonstrated. The most
promising schemes and interesting and successful
experiments are reviewed hereafter.

3.1. Double optical gating (DOG) and generalised
double optical gating (GDOG)

If a second harmonic field is added to the fundamental
frequency, it has been shown that the time-symmetry
of the overall electric field is broken for specific relative
phases between the two fields [83-85]. As a conse-
quence, HHG can take place just once each full optical
cycle of the fundamental field [19]. Double optical
gating (DOGQG) [86] can be realised by combining the
polarisation gating (PG) technique [72,74] with a two
colour scheme [87], which has the advantage of
relaxing the requirements for the minimal required
temporal duration of the gate, from 7;/2 to T,
(see Figure 15).

By utilising such a scheme, based on a Mach—
Zender interferometric combination of the driving
beams [88] and on a collinear setup [89], a HHG
continuum spectrum has been observed in the
26-36 nm range in argon and in the 20-28 nm range
in neon [88] using a 9 fs NIR pulse. Similar results have
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gate width. Here, the filled curves are the attosecond pulses
emitted when the driving fields alone are applied. The
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ionisation probability of an argon atom in the field of PG
pulses is compared with that in the field of DOG. The longest
pulses that can be used are those at which the probability
reaches one. Reproduced with permission from Mashiko
et al. [88]. Copyright (2008) by the American Physical
Society. (The colour version of this figure is included in the
online version of the journal.)

been obtained with an improved version of the setup
[89]. Essentially the setup is based on the use of a
birefringent quartz plate followed by an achromatic
quarter-wave plate to produce the fundamental PG
pulse. A BBO crystal placed in the other arm of the
interferometer generates the second harmonic (SH)
field. In these experiments the driving field needed to
be CEP-stabilised, thus leading to the generation of
continua of sufficient bandwidth to support the
formation of 130 as long SAPs at the Fourier limit.
In [88] it is demonstrated that PG also works under
similar conditions to those used in the DOG scheme,
but, interestingly, due to the much lower ionisation
probability of the atom in the DOG scheme compared
to the corresponding PG experiment (see Figure 15(c)),
much higher effective intensities can be reached in the
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Figure 16. Comparison of the laser field components for
polarisation gating in DOG (a) and GDOG (b). In both (a)
and (b), the driving field and gating field are plotted in solid
red line and dashed blue line, respectively, whereas the
ellipticity is plotted in dash-dotted green line. Reproduced
with permission from Feng et al. [90]. Copyright (2009) by
the American Physical Society. (The colour version of this
figure is included in the online version of the journal.)

gating for generating SAPs with DOG. This fact,
together with the consequent reduction of the ground
state depletion, results in a signal for the DOG which is
23 times higher than that of the corresponding PG,
indicating a more intense SAP generation with DOG.
It is worth noting that this SAP intensity enhancement
has been achieved at the relatively moderate peak
intensity of ~3 x 10"*Wcm™.

A considerable step forward has been achieved
through an important refinement of the DOG tech-
nique, known as generalised double optical gating
(GDOG) [90], which allows one to generate SAPs from
much longer multi-cycle pulses. Using the GDOG
scheme (HHG in Ar) the generation of SAPs of 260 as
duration from 20 fs laser pulses and 148 as pulses from
28 fs laser pulses, has been demonstrated [90]. The idea
of GDOG is to relax the upper limit duration of the
laser input pulse for efficient SAP isolation. In fact, if
the laser pulse is too long, the atoms will be fully
ionised by the leading edge, leaving no neutrals to emit
attosecond pulses inside the polarisation gate, which is
necessarily located at the peak of the overall pulse for
DOG/GDOG schemes. Thus, to relax the requirement
on the laser pulse duration, depletion of the atomic
ground state has been reduced in GDOG by synthe-
sising a polarisation gating field from two counter-
rotating elliptically polarised pulses having ellipticity
equal to e, rather than circularly polarised pulses as in
the DOG scheme. For a gate formed from elliptically
polarised fields (see Figure 16), it can be shown that, if
T, is the time delay between the two field components,
emn the so-called upper threshold ellipticity at which
HHG is effectively terminated [91,92], and 7, the laser
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pulse duration, the polarisation gate width, 8¢5, can be
expressed as [88,93]:

2

EnT
Stg ~ L.
¢ Q) Ty

(13)

Thus, for instance, if one chooses ¢&,,=0.2
(as discussed in Section 2), for which the intensity of
attosecond pulses generated outside the gate is
expected to be at least 10 times lower than that
of the main SAP, and sets 7,=20fs, then §t5, equal to
one optical cycle can be obtained by two combinations,
i.e. e=1(DOG) and T;,=48fs or e =0.5 (GDOG) and
T,=24fs. The latter case is shown in Figure 16, where
the driving field amplitude inside the gate is kept the
same for both cases.

Thus, in Figure 16 it is clear that while the gate
width and the effective amplitude of the driving field
are the same in DOG and GDOG, the amplitude of the
overall field on the leading edge is much higher in
DOG (Figure 16(a)) rather than GDOG (Figure 16(b)),
with the advantage of a much reduced ionisation and
ground state depletion of the generating medium in
GDOG compared to DOG. As a consequence of the
different gating scheme, the ellipticity outside of the
gate is just 0.5 for GDOG versus 1 for DOG, but 0.5
should be sufficiently high to suppress SAP formation,
possibly aided by the effects of harmonic field prop-
agation through the medium (see Section 4).

The measured energy of the generated 260 as SAP
was 0.23nJ, and the SAP spectral bandwidth was
30-40eV. FROG-CRAB was used to temporally
characterise the SAP. The final measured pulse dura-
tion was consistently longer than the Fourier limit, due
to a residual positive chirp of 7850 as?, obtained from
phase retrieval. A second attempt to generate SAP was
also successful, when using 28 fs laser pulses directly
from the chirped pulse amplifier, with no hollow fibre
compressor stage. Even in this case, with suitable
values of 7, a 148 as SAP was characterised by
FROG-CRAB. Moreover, by using the FROG-CRAB
technique to characterise SAP satellites with half-cycle
[94] and full-cycle [95] periodicity it was demonstrated
that satellite pulses had an intensity 3 and 2 orders of
magnitude lower than the main SAP for 20 fs and 28 s
driving pulses, respectively. This feature is very impor-
tant since other methods to generate SAPs seem to
have a much lower main pulse-to-satellite pulse con-
trast ratio [68], which may seriously compromise the
usefulness of such light source to probe sub-fs
dynamics.

An important recent work based on the GDOG
scheme [96] reports on the possibility of making the
gate sufficiently narrow to make SAP generation
insensitive to the CEP value of the driving laser.

This is a great advantage in practice since relatively
long-pulse multi-cycle lasers are often not CEP-
stabilised. This result has been obtained by using
23 fs driving pulses and shaping a gate width of 1.4fs, to
be compared with 2.5-3fs as used in [88]. As a con-
sequence of such a short gate width, the CEP value only
affects the SAP photon flux, not the pulse duration or
contrast. It has been shown that the SAP photon flux
can change by a factor of about 10 when the CEP value
freely fluctuates in the 0—2m range. The duration of the
SAPs obtained in this case is about 180 as.

In concluding this section on DOG and GDOG
methods, we stress that an intrinsic limitation here is
due to the fact that the gate is always open at the peak
of the overall driving pulse. The exciting results
discussed so far, which indicate DOG/GDOG are
very efficient methods to generate SAPs with long
pulses, seem to be limited to peak intensities at focus in
the 2-5x 10"*Wcem™2 range, which are lower than
those achievable with multi-cycle driving lasers that
typically have higher pulse energies in the several
millijoules range. Higher laser pulse energy allows one
to employ a larger interaction volume for HHG to
optimise the phase-matching of the process. This can
lead to a strong increase of the overall SAP signal from
multi-cycle drive pulses. Therefore, the field is still
open to the find a configuration which makes the best
possible use of the high pulse energies available from
multi-cycle lasers.

3.2. Polarisation gating and polarisation gating-like
schemes with multi-cycle lasers

DOG and GDOG setups are relatively complicated, as
one has to add a pump/probe two colour apparatus to
the ordinary PG technique based on quarter wave-
plates [97]. Despite huge advances made using the
GDOG technique in terms of the longest possible laser
pulse duration able to generate SAPs (which is now
compatible with ~30fs commercial laser sources) and
in terms of relaxing the constraint of using CEP-
stabilised systems, GDOG is still limited by the
requirement to wait for the top of the pulse to be
reached, where SAP formation takes place. A solution
to the above puzzle has been recently proposed in two
schemes both based on the idea of mixing PG with
interferometric techniques. A first attempt, which has
been also experimentally demonstrated [98], is based
on the use of a double Michelson interferometer
(see Figure 17(a)).

Pulses from a 50fs, 800 nm, 10 Hz repetition rate
laser are split into two replicas by a first beam splitter.
One replica enters a Michelson interferometer that
introduces a delay 7, between the two arms so as to
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Figure 17. () Dual Michelson interferometer device. BS, beam splitter; M, flat mirrors, TS1,2,3: piezoelectric translation stages.
A: intensity attenuator. First and second MI: first and second Michelson interferometer. (b) Solid blue line: ellipticity of the
polarisation-modulated pulse used for the generation of XUV continua radiation. Black dashed-dotted line: normalised intensity
of the two pulses, which partially overlap to form a pulse with a destructive interference minimum in its central part (black dotted
line). Red dashed line: intensity distribution of the pulse showing the constructive interference maximum. For e =0.15 a time gate
width of ~5fs is obtained. Reproduced with permission from Tzallas et al. [98]. Copyright (2007) by Nature Publishing Group.
(The colour version of this figure is included in the online version of the journal.)

induce a constructive interference maximum at the
peak of the output pulse. The second replica enters a
second Michelson interferometer which introduces a
delay close to the initial pulse duration (~50fs) so as to
obtain destructive interference at the peak of the
output pulse. The intensity of the first pulse can be
adjusted by a variable attenuator whereas the polarisa-
tion of the second pulse is rotated by 90° by means of a
half waveplate. Finally, the two pulses are recombined
by a final beam splitter to give the time-dependent
ellipticity, &(z), shown in Figure 17(b) as the blue solid
line. For £=0.15 a time gate of nearly linear
polarisation and 8¢5 =>5fs results in the present case,
located at the centre of the overall envelope. Under
such conditions the authors observed in Ar the
generation of XUV continua between 32nm and
S55nm which is sufficient bandwidth to support a
transformed limited SAP of 340 as. This approach has
two substantial limitations to-date: (i) due to the lack
of CEP stabilisation, it has not been possible to control
XUV spectra on a single shot basis, and more
importantly, (i) since the gate is located at the centre
of the final envelope, a strong, unavoidable ground
state depletion occurs due to significant optical field
ionisation on the leading edge of the pulse. This latter
drawback, which also occurs when using DOG/GDOG
schemes, implies that only a small fraction (*10-20%)
of the initial pulse energy can be actually used for SAP
production.

The second recently proposed interferometric PG
(IPG) scheme [99,100] has been predicted to efficiently
work with NIR pulses as long as 20-25fs. It relies on
a single Michelson setup, but exploits the effect of

a frequency chirp induced by self phase modulation
(SPM) taking place in a nonlinear material located in
one of the two interferometer arms (see Figure 18(a)).

The final pulse exhibits two gates of linear
polarisation, having a width of ~2fs, located in the
leading and trailing edges of the pulse at about 70% of
the peak intensity, as illustrated by the dashed blue line
in Figure 18(b). Figure 18(c) shows the square of the
electric field amplitude of the pulses coming from both
the interferometer arms. As expected, the gates of
linear polarisation correspond to times when the two
fields are in phase. The second gate in the trailing edge
cannot contribute to the final XUV signal when using
an intense driving pulse, since ionisation depletes the
atomic ground state, as shown by the solid green curve
in Figure 18(b). This scheme offers a number of
advantages over the former IPG scheme; the gate is
very efficient, its duration can be modulated by
imparting different amounts of SPM, and it is no
longer open at the peak of the final pulse. In particular,
the time location of the gate can be chosen whenever it
is desired along the pulse: for instance, it can be placed
to coincide with the highest possible intensity before
ionisation can deplete the medium. For relatively long
multi-cycle driving fields this is advantageous since the
medium is no longer exposed to the long leading edge
‘waiting’ for the gate to open. This method has been
predicted to produce ~370 as SAPs in the 2040 nm
spectral range. Propagation of driving and XUYV fields
plays a crucial role in the clean up the final XUV signal
and the production of a SAP, as it will be discussed in
Section 4 (and as illustrated in Figure 18(b)). The
method is CEP-dependent, but its stability is found to
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Figure 18. (a) Principle of the experimental scheme to realise
interferometric polarisation gating. (b) Ellipticity (blue
dashed line), ionisation fraction (solid green line), single
dipole emission (red solid line), and near field emission
(dashed black line) versus time for an initial pulse duration of
20 fs. The spectral filter adopted to select the SAP spectrum
corresponds to window between the 20th to the 44th
harmonic of the fundamental. (¢) Chirped (Ey, solid red
line) and chirp-free (Ey, dotted blue line) squared electric
fields. Reproduced with permission from Altucci et al. [99].
Copyright (2008) by OSA. (The colour version of this figure
is included in the online version of the journal.)

be relatively robust against CEP fluctuations. The
SAPs obtained are predicted to be chirped, with a
transform limited duration of ~150 as, and six times
more intense [99] than SAPs obtained with few-cycle
pulses [49,72].

An experimental implementation of the scheme
proposed in [97] has been recently reported [101].
Single shot XUV continua in the 35-55eV spectral
range have been obtained in krypton by combining
transform-limited 15fs, 800nm and orthogonally
polarised chirped 35fs, 800 nm pulses (see Figure 19).
Continua are interpreted as the signature of the
formation of a SAP and attributed to the interplay
between polarisation, ionisation gating [102,103] and
trajectory selection operated by suitable phase-match-
ing conditions (see also Section 4).

A significant improvement achieved in [99] com-
pared to the scheme proposed in [97] is the possibility

of chirping one of the two beams in order to realise
polarisation gating by group delay dispersion (GDD)
(rather than SPM) through the insertion of a suitable
thickness of fused silica, as shown in Figure 20. This
relaxes the requirement for significant SPM, which is
not easy to achieve without significant temporal and
spatial pulse distortion along the radial direction
(orthogonal to propagation axis).

The right amount of chirp to be imparted in one of
the arms of the interferometer corresponds to the best
compromise between the need for a sufficiently steep
polarisation gate, on the one hand, and not lengthen-
ing the chirped pulse too much, on the other hand.
In this case the estimated linear chirp and GDD
coefficients were a~2.7x 1073fs™ and B~ 140fs’,
respectively. Then, by assuming a Gaussian temporal
shape for the driving pulses, the relation between « and
B is given by:

2
o= L, (14)
2(11‘,‘ + k2,32>

where k=4In2. Thus, for 7,=15fs Equation (14)
predicts a maximum a~ 3 x 107> fs~2, which is in fair
agreement with the estimation for «, confirming
optimal conditions in the experiment.

Moreover, high peak intensities (~8 x 10'*W cm ™)
at the peak of the pulses have been used in [99], thus
implying a very high intensity in the gate, estimated to
be ~55x10"Wem™, ie. twice as high as that
typically used in GDOG experiments.

The mechanism for SAP formation at work in the
approach used in [99] is illustrated in Figure 21, which
shows results of a simulation based on the strong field
approximation [25], corresponding to the above exper-
imental parameters. In particular, in Figure 21(b) it can
be seen that a gate appears on the leading edge of the
driving pulse, owing to the interplay between time
modulation of the total electric field polarisation and
ionisation depletion of the medium. As shown in
Figure 21(c) both the single dipole response and final
SAP are peaked in the gate located between 28 and
30 optical cycles. The gate is formed (see Figure 21(b))
by polarisation gating on the leading edge and by
ionisation medium depletion, (i.e. ionisation gating) on
the trailing edge. Interestingly, the ellipticity never falls
below 0.4 within the gate, thus suggesting that in this
scheme the usually accepted idea that the ellipticity in
the gate must be in the range 0 <e&(7) <g,,~0.2, does
not hold anymore. It is possibly the ellipticity variation
within the gate, Ae~ 0.4, rather than the value of &(¢)
that is responsible for temporal confinement in this
case.

Figure 21(c) clearly indicates the formation of
a SAP, lasting approximately 900 as after propagation
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Figure 19. (a) Measured single-shot harmonic spectra in krypton for different delays between the short (15 fs) and the long (35 fs)
pulse. (b) Single-shot harmonic spectra generated in krypton for dealys of 15fs (solid curve) and 15.5fs (dashed curve),
respectively between short and long driving pulse (short pulse ahead). Reproduced with permission from Altucci et al. [101].
Copyright (2010) by OSA. (The colour version of this figure is included in the online version of the journal.)

delay line

15 fs

Figure 20. Layout of the experimental setup used in [101].
BS corresponds to beam splitter, A/2 corresponds to half-
wave plate. (The colour version of this figure is included in
the online version of the journal.)

of the signal to the far field. Again a key role in the
SAP formation mechanism is played by propagation
through the target. In absence of propagation, the
single dipole response is made of three distinct pulses
associated with the recombination originating from
three different electron trajectories [100]. It is impor-
tant to note that this method requires a CEP
stabilisation within ~150-200 mrad rms for robust
SAP formation.

3.3. Other two-colour schemes and synthesised fields

Besides the DOG and GDOG methods, other schemes
have been recently implemented aimed at SAP gener-
ation, which are based on a two-colour ultrashort laser
source having multi-cycle pulse duration. For example
in [87], a two-colour laser field consisting of a sub-10 fs
fundamental wavelength and its parallel-polarised

Electric fields
(arb. units)

Qe =
o ®o

lonization

Ellipticity
(arb. units)
fraction

Dipole amplitude
(arb. units)

26 28 30 32 34
Optical cycles

Figure 21. (a) Calculated perpendicularly polarised compo-
nents of the electric field: 15fs 750 nm pulse (dashed curve)
and chirped 33 fs 750 nm pulse (solid curve). (b) Calculated
ellipticity of the total driving field (solid curve, left vertical
scale) and ionisation fraction in krypton based on non-
adiabatic ADK rates [104] (dashed curve, right vertical scale).
(¢) Calculated single dipole response (dashed curve) and
propagated harmonic field in the far field (solid curve). The
parameters of the simulations are: a delay of 15fs between
the two pulses with the short pulse ahead, a CEP value of
w/8rad and —n/8rad for the short and the long pulse,
respectively, a peak intensity of about 8 x 10"*Wcm™> for
both pulses and a GDD of =180 s> for the chirped pulse.
As for the gas jet the local pressure is 25 mbar, the length
0.6mm, the jet being positioned 1 mm after focus in the
diverging beams with a confocal parameter of 2.4mm.
Reproduced with permission from Altucci et al. [101].
Copyright (2010) by OSA. (The colour version of this
figure is included in the online version of the journal.)

second harmonic was used to drive HHG in argon.
A ~9nm wide continuum spectrum centred at 30 nm
was obtained on a single shot basis, carrying an overall
energy as high as 10 nJ. The observation was restricted
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Figure 22. Temporal profile of the fundamental, second
harmonic and synthesised electric fields and the square of the
synthesised electric field. The amplitudes of the fundamental
and second harmonic fields are 0.9 and 0.1 arbitrary units,
respectively. Reproduced with permission from Oishi et al.
[87]. Copyright (2006) by OSA. (The colour version of this
figure is included in the online version of the journal.)

to the single-shot regime (as in the IPG method
described above), since this SAP generation mecha-
nism is expected to require CEP stabilisation, and the
laser source was not CEP-stabilised in [87]. The
Fourier limit of the generated continuum corresponds
to ~200 as. Due to symmetry breaking in the presence
of the second harmonic field, the HHG spectrum
consists of both even and odd harmonics. For sub-10 fs
driving pulses, the bandwidth of these is sufficiently
broad for them to overlap to form a quasi-continuum.
The time counterpart of this can be understood as a
reshaping of the electric field, resulting in a shortening
of the effective pulse duration that contributes to HHG
[105,106]. This is illustrated in Figure 22 for first and
second harmonic field amplitudes in the ratio 9:1, as
used in [87].

Recently, another two-colour schemes has been
implemented in which an 800 nm, 30 fs pulse was mixed
with a 1300nm (mid-IR, tuneable in principle), 40 fs

pulse [107]. The intensity ratio used in the experiment
between the main 800 nm and the 1300 nm field was
1:0.15, 1.15x 10"Wem™2 being the overall peak
intensity. The idea of the authors here is that by
adjusting the wavelength of the supplementary
1300 nm field a suppression is obtained of the multiple
burst pulse of the overall two-colour field so as to
successfully generate a SAP. Moreover, an extension of
the HHG cut-off is achieved due to the addition of the
mid-IR field, while still keeping low the ground state
depletion of the atomic target. In fact, the cut-off
energy becomes in this case [108]

Enne ~ Ip + 3.17UP0(1 + 1.6\/—5-600/0)1) +3.17Upy,
(15)

where & is the intensity ratio between the 1300 nm/
800 nm fields, and w, and w; are the frequencies of the
main and the mid-IR field, respectively. Thus,
compared with Equation (1), two new terms appear
in Equation (15), by adding the mid-IR field,
3.17Upg - 1.65/Ewy/w; + 3.17Up;, which increases the
cut-off energy thus making possible shorter SAPs.
Moreover, the authors claim that there is no need for
CEP stabilisation of the laser source since CEP
fluctuations only affect the SAP intensity and not the
SAP formation. Simulations based on single dipole
calculations followed by propagation of the driving
and the harmonic fields indicate that satellite attose-
cond pulses are generated as well, but their peak
intensity does not exceed 6% of the main peak
intensity under optimised conditions. The generation
of SAPs of ~500 as is predicted, corresponding to the
59-67 eV bandwidth.

Another very interesting gating technique to pro-
duce SAPs has been recently proposed [109] which
relies on the mixing of two or three multi-cycle laser
pulses at incommensurate frequencies. In such a way
the sub-cycle shape of the overall electric field is
modified so as to lead to SAP generation. The idea,
theoretically proposed in [110,111], is based on the fact
that the addition of a second, w», and possibly a third
optical field whose frequency is not commensurate
with the primary field, w;, can create additional
frequency components, 2. Depending on the frequency
ratio between the fields, this can result in a quasi-
continuous spectrum in the harmonic plateau region,
according to the following selection rules [109]:

Q=nw; +mwy, n+n=2k-1, n,mkeZ
(16)

where n;, n, are the photon numbers in the primary
and second field, respectively, producing the XUV
component. An example of the creation of the new
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Figure 23. Schematic of the positions of the frequency
components predicted by the model [109]. The horizontal
axis here is the emitted XUV frequency normalised to the
intense OPA laser frequency w;. Thus, n, =0 (green vertical
lines) corresponds to the usual single-frequency case which
gives the odd harmonics of w;. The dark blue slightly tilted
lines and the light blue tilted lines correspond to the n, =1
and n, =2 cases, respectively. Reproduced with permission
from Bandulet et al. [109]. Copyright (2010) by the American
Physical Society. (The colour version of this figure is included
in the online version of the journal.)

frequencies is shown in Figure 23 where the w,-field is
chosen to be a relatively weak 800 nm component and
the wavelength corresponding to the w;-field is the
intense output field of an optical parametric amplifier
(OPA), variable in the range 1200—1500 nm.

It is predicted [109] that the density of peaks will
increase as the two laser frequencies become closer to
one another, w, — w;. The case experimentally inves-
tigated in [107] corresponds to w»/w; =0.81, which is
obtained by combining the OPA signal at 1450 nm with
an intensity of 3x 10"™W cm™? and the idler at
1785nm with an intensity of 1.5x 10"*Wem™2. It is
reported [107] that with no delay between signal and
idler a continuous spectrum is measured for Q/w; in
the range 15-32.

Another attempt combined three fields together, a
strong harmonic-generating field at 1325 nm with two
weak fields at 800 and 2020 nm, to tailor an overall
field which is more efficient for SAP generation. Even
in this case the spectrum becomes quasi-continuous.
The OPA used in [107] was seeded by superfluores-
cence, thus the three frequencies were not phase-locked
and their combination cannot yield SAPs. However,
OPAs that use white light generation to produce the
seed for the signal wavelength can have all three
frequencies phase-locked [66]. It should thus be pos-
sible to produce SAPs from multi-cycle pulses by
employing this method, as shown by the single dipole
calculation reported in Figure 24 [107], where three
fields centred at 800, 1300, and 2080 nm are combined
with correct relative phases so as to produce a SAP.
Physically, SAPs here are generated because of electric
field time-symmetry breaking.

3.4. Ionisation gating
The idea to use an ionisation gating mechanism to
produce continuum emission of high-harmonics on the
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Figure 24. Electric field resulting from the combination of
three fields corresponding to 800, 1300 and 2080 nm (blue
solid line). Each field has a Gaussian envelope with an
intensity FWHM of 24 fs and an amplitude of 0.02 a.u. The
dashed red line (vertically shifted) shows the calculated XUV
intensity by solving the time-dependent Schrédinger equation
with a smoothed hydrogen-like potential. The relative phase
was such that all three fields are sine-like at the peak of the
envelope, which resulted to be the optimum condition for
SAP generation. Propagation was not accounted for.
Reproduced with permission from Bandulet et al. [109].
Copyright (2010) by the American Physical Society. (The
colour version of this figure is included in the online version
of the journal.)

leading edge of the driving laser pulse, indicative of a
SAP formation, was originally presented in [112].
It was first observed that laser-induced ionisation can
be used to shorten the harmonic pulse duration for a
single harmonic order [113,114]. More recently, it has
been found that a gating mechanism driven by a strong
ionisation of the medium on the leading edge of the
pulse can also lead to the generation of XUV continua,
associated with SAP formation [101,115]. The essential
idea is to restrict the harmonic emission to only one or
two half-cycles on the leading edge of an intense
driving pulse, because of ionisation gating which
depletes the medium along the rest of the pulse, thus
enabling SAP production. However, as introduced in
Section 2, a deeper analysis of the results showed that
the basic mechanism is due to ionisation-induced
phase-mismatching between the fundamental and the
harmonic beams [101]. This finding turns attention to
macroscopic rather than microscopic effects, highlight-
ing the extremely important role played by harmonic
propagation through the medium in SAP formation
when using multi-cycle driving pulses. By this method,
continuous harmonic spectra between 90 and 100eV
have been observed [101] when a 7fs, 800 nm intense
pulse (7 x 10W cm2) was focused in a neon target.
Theoretical predictions [111] indicate that the scheme
should work also with much longer 21 fs pulses having
a peak intensity as high as 2 x 10> Wcm 2.
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This method is found to be strongly CEP-depen-
dent, thus requiring a CEP-stabilised source to operate
properly. Recently, under conditions similar to the
those cited above and used in [101] it has been
demonstrated that the temporal structure of the XUV
signal consists of a main attosecond pulse preceded by
a smaller satellite [116]. The contrast ratio between the
amplitude of main/satellite pulse is found to be CEP-
dependent as well and measured to be 2.7£0.3 in the
best possible case for CEP =0, 7 rad.

3.5. Summary

As a summary of Section 3 we would like to group
the essential features of the illustrated methods to
generate SAPs from multi-cycle fundamental lasers
in Table 1 which could be useful for researcher to help
them choose the best possible option according to
their specific requirements. We summarise the
reviewed methods reporting their characteristics as
found in the literature. Where no mention is made
in the literature of a specific parameter we leave it
blank.

4. Role of propagation

Initially it was thought that the essential physical
mechanisms for SAP generation were all contained in
the single atom response to an ultrashort and intense
driving field. This was also believed to be the case when
using PG schemes on the basis of previous tests with
multi-cycle fundamental pulses [117] until it became
clear that propagation of both the fundamental and the
XUV fields through the nonlinear gaseous target plays
an essential role in the attosecond pulse formation
[91,118] (see also [119] for a review on macroscopic
aspects of attosecond pulse generation).

The role of propagation is particularly striking
when looking at PG applied to few-cycle driving fields
as demonstrated in [120]. In fact, in this case the
ellipticity of the driving field changes significantly on
the single optical cycle time-scale which implies a much
longer single atom response than expected, as shown in
Figure 25(a) for conditions similar to those used in
[51,74]. For both the investigated CEP values, 0 and
/2, the single atom emission consists of a complicated
sequence of bursts lasting about two optical cycles
(=5 fs for a carrier wavelength of 800 nm), which is a
much longer window than the corresponding
Stg~1.1-1.2fs for g4, ~0.2, and should not allow
SAP formation. Nevertheless, the corresponding final
XUV signal delivered as a macroscopic emission from
the whole gas target (thus reflecting the effect of

fundamental and harmonic field propagation),
is a short SAP, as shown in Figure 25(h) and (¢).
In Figure 25(b) the on-axis final signal is plotted versus
time, whereas in Figure 25(c) the temporal behaviour
of the overall XUV pulse is reported. For a CEP of
¢ =m/2, the final signal is a SAP lasting approximately
a quarter of a cycle (=300 as), whereas for ¢ =0 two
attosecond pulses separated by slightly less than half a
cycle are generated. Three-dimensional propagation of
the NIR and the harmonic field acts as an efficient
filter that “kills” a number of electron trajectories
which contribute to the single atom emission, as first
reported in [121] for ‘conventional’ HHG driven by
few-cycle pulse with no use of PG. The key point is that
these radiation contributions to the XUV field vary in
phase depending on where in the medium and when
during the driving pulse they have been emitted and
thus, during propagation, they are not efficiently
phase-matched and finally cancel out.

A classical trajectory study of the active electron
reveals the existence of superlong trajectories in this
specific case, which are responsible for the surprisingly
long-lasting single atom emission. An example of such
a trajectory [120] is reported in Figure 26 for ¢ =0, but
similar superlong trajectories can be found also for
other CEP values.

The active electron in Figure 26 was born in the
continuum at f,;, =0.038 optical cycles, when the
ellipticity has a value &(fpir) =0.032. The electron
recollides at ... = 1.44 optical cycles (corresponding to
3.67fs at a carrier wavelength of 800 nm) when the
instantaneous ellipticity is very large, Dbeing
&(tree) =0.83. The final energy of the recolliding elec-
tron is about 28 ¢V, which corresponds well with the
spectral window of the generated SAP. The trajectory
exhibits a large overall spatial excursion of more than
2nm in the x- and about 1.5nm in the y-direction and
starts with zero initial velocity. The dashed red line
shows the classical trajectory one would obtain under
the same conditions, but with a constant ellipticity of
0.032. Thus, with a slowly changing ellipticity, even a
small value of & ensures that the electron never
recombines, whereas with an ellipticity changing on
the optical period time-scale, recombination is possible
even for ¢~0.5-0.6, giving rise to superlong trajecto-
ries. Fortunately, propagation filtering makes possible
the generation of well-behaved SAPs even in this
context.

Propagation plays an essential role even for SAP
generation from multi-cycle sources. This has been
clearly shown in [100] for a PG scheme which makes
use of 20 fs, 800 nm pulses, based on the experimental
scheme proposed in [99] and realised in [101]. In this
case, the analysis of the single dipole response along
the propagation axis indicates that emitted radiation
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Figure 25. (a) Time behaviour of argon single dipole emission filtered within the 25-45eV spectral range for CEPs of 0 (black,
thick solid line) and 7/2 rad (red, dashed line). The laser pulse time-dependent ellipticity is reported (blue, solid line). (b) Near-
field, on-axis propagated harmonic intensity obtained in the same conditions of dipole emission as (). (¢) Same as in (b) but 3D
integrated. The CEP values are Orad and z/2rad for solid and dashed lines, respectively. Reproduced with permission from
Altucci et al. [120]. Copyright (2007) by the American Physical Society. (The colour version of this figure is included in the online

version of the journal.)
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Figure 26. Superlong classical trajectory of an Ar electron
which tunnels out through the Ar dynamic potential barrier
at x=0.25nm, y=0 with zero initial velocity (solid black
line). The laser pulse parameters in the simulations are 5fs,
800nm, and a peak intensity of ~5 x 10'*W cm ™ The red-
dashed line displays the trajectory that the active electron
would follow if the ellipticity were frozen on the optical cycle
time scale at the ionisation time value of £ =0.032. The final
energy of the recombining electron is 28 ¢V in both cases.
Reproduced with permission from Altucci et al. [120].
Copyright (2007) by the American Physical Society. (The
colour version of this figure is included in the online version
of the journal.)

consists of three main bursts, labelled as Bl, B2, and
B3 in the time interval (—47}, —2Ty). At the entrance
of the gas medium the emission is confined in this time
interval because of the combined effect of a polarisa-
tion gate and ionisation. Indeed, near the entrance of
the medium the ground state is fully depleted towards
the pulse centre. For inner regions of the gas target, the
dipole response changes and these modifications are
roughly proportional to the distance travelled into the
medium, which is an indication of the importance of
propagation effects.
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Figure 27. Phases of the trajectories generating H23, on-axis,
versus the propagation direction. Short and long trajectories
contributing to the Bl-burst, emitted at r=—3.17,, and to
the B2-burst, emitted at t=—2.6T, are included. The inset
shows the extension of the trajectories generating the
harmonics from H11 to H41. Reproduced with permission
from Tosa et al. [100]. Copyright (2009) by OSA. (The colour
version of this figure is included in the online version of the
journal.)

A quantum trajectory calculation [102,122] per-
formed within the saddle-point approximation [100],
reveals the detailed mechanism of SAP formation,
helping to understand the burst selection during
propagation and the dependence of this process on
the birth time of the radiation burst. In Figure 27 the
phases of classical trajectories are plotted versus the
propagation distance, z, for the 23rd order harmonic
(H23). Both trajectories contributing, originating from
B1 and B2 bursts, are plotted. One can immediately see
that only the phases of the short trajectories [123] in the
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B1 burst fulfil the condition for good phase-matching
for propagation of H23. The coherence length, L.,
(see Section 2), is initially 0.4 mm, but for z in the range
0.5-2mm is larger than 2 mm which indicates that Bl is
well phase-matched. In addition, quantum trajectory
analysis clarifies the origin of different bursts. The B1-
burst is built from short trajectories which survive
along the whole propagation distance and this explains
its high intensity. The B2-burst develops only in a
limited range of the gas target from short trajectories
which have larger phase variation, this being the
reason why it is weaker in intensity.

5. Conclusions

In this paper we have reviewed the principal techniques
available to date to generate and characterise single
attosecond pulses (SAPs). The SAP sources described
in this paper are those based on the high harmonic
generation in noble gases driven by femtosecond lasers.
We considered SAP generation schemes using few-
cycle, CEP stabilised drive pulses and schemes based
on multi-cycle pulses. Few-cycle schemes lead to the
generation of the shortest SAPs (~80 as), but require
complex laser systems that are currently found in only
a relatively small number of laboratories. The gener-
ation of SAPs from multi-cycle lasers, including those
without CEP-stabilisation, has been demonstrated
through a variety of approaches, and pulses lasting
approximately 200-300 as have been generated. Such
lasers are less complex and far more widespread than
their few-cycle counterparts and usually offer higher
pulse energies. This has the potential to open up
attosecond science to a much broader community of
scientists, and to unlock applications that require
higher SAP fluxes.

We have reviewed the main methods of SAP
generation from multi-cycle lasers, concentrating on
techniques that have been experimentally demon-
strated. This included two-colour schemes such as
DOG and GDOG, PG and PG-like experiments, the
ionisation gating extension to the multi-cycle regime,
and recent attempts based on the use of synthesised
fundamental fields. We stressed the fundamental role
that collective effects, such as phase-matching through
the medium, have in generating clean single attosecond
pulses; in fact, although single atom response can
properly account for many features of the final XUV
pulse (e.g. the spectrum), it is only when the contribu-
tions arising from the several atoms in the medium are
added up and their phase is considered that the
experimental findings and the efficiency of the process
are well reproduced.
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