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Abstract

Recent developments in the generation, metrology and potential applications of XUV-attosecond (as) pulses, formed by the coherent
superposition of harmonics of an infrared femtosecond (fs) laser pulse, are reviewed. Particular emphasis is given to the recently achieved
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econd-order autocorrelation (AC) measurement of a sub-femtosecond (sub-fs) pulse train. The method is a non-trivial extension
pectral range of the well-established technique routinely used in ‘fs’ pulse metrology. Besides the direct visualization of a periodic
tructure and the quantitative information it supplies, the approach introduces a unique technique for the implementation of XUV-pu
robe type of experimental studies of ultra-fast phenomena. It further relates to the metrology and time domain application intere
dvanced XUV radiation sources, such as the XFEL-based installations. While the implementation of the method and its refine
ith laser harmonics is a challenge at the limits of the realizable, the profoundly high scheduled intensities of XFEL sources are e
ufficiently enhance its robustness and range of applicability.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Fascinating developments in optical pulse engineering
ver the last 20 years lead to the generation of laser pulses
s short as few femtosecond[1], providing a unique tool for
igh resolution time domain spectroscopy. Sound results of
ynamical studies in a large number of ultra-fast processes
aved the way to the breakthrough of femtochemistry.
owever, a number of other processes in nature evolve
ith characteristic times of the order of 1 fs or even shorter.
ime domain studies of such processes require at first place
ub-fs resolution, offered by pulses depicting attosecond
ocalization. The generation, characterization and proof of
rinciple applications of such pulses is the mission of the
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since recently debutingattoscience, attracting worldwide
the strong interest and intensive efforts of laser laborato

The physical process underlying the formation of
pulses is the non-linear scattering of intense ‘fs’ laser pu
by a medium, commonly a rare gas. The emitted super
tion of the laser frequency harmonics may, subject to pr
emission and propagation conditions, form a train of bu
of ‘as’ duration or even an isolated ‘as’ pulse. The uneq
ocal proof of this extreme temporal localization has tur
into a highly challenging problem. Both ‘as’ metrology
well as ‘as’ time domain pump–probe type applications
quire non-linear procedures combined with high resolu
dispersionless XUV devices. The limited intensity of h
monics, the extreme sensitivity of ‘as’ pulses to disper
and the lack of dispersionless, broadband XUV optics
triggered the development of a number of alternative s
approaches to the problem, giving at the same time acc
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appealing physics. Todayattophysicsis centered on two main
categories: the generation, metrology and applications of (a)
attosecond pulse trains and (b) isolated attosecond pulses.

The purpose of the present publication is to give to the
VUV/XUV and X-ray research community an overview of
the field. After a short introduction into the physical princi-
ples, we review recent progress in the generation and metrol-
ogy of‘as’ pulse trains and isolated pulses, presenting in some
more detail our very recent achievements in extending well-
known and widely used optical ‘fs’ metrology to as XUV
pulses. A restricting parameter for a generalized applicabil-
ity of this approach to any laser harmonics is at present the
intensity of the harmonic radiation, which in turn is a conse-
quence of the state of the art ‘fs’ laser technology. However,
the approach is applicable to the existing family of intense
harmonics and it further becomes highly pertinent and ap-
propriate for the metrology and non-linear time domain ap-
plication needs of other XUV sources, offering much higher
intensities.

2. Generation schemes and dynamics of attosecond
pulses and pulse trains

According to the superposition principle in wave me-
chanics, spatial or temporal energy localization comes about
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Fig. 1. The three-step model (the steps are numbered) of the single active
electron dynamics and the emission of XUV bursts (a). Periodic repetition
of the dynamics showed in (a) results in an emission of a pulse train (b).

dependent Schrödinger equation (TDSE), the generation of
harmonics of an IR ‘fs’ laser with XUV-photon-energies
higher than ionization-threshold of the generating atom is
successfully described by a quasi classical three-step model
offering rather intuitive views of the generation dynamics and
allowing coupling of the atomic emission with propagation
(Fig. 1a). The model relies on two approximations: the sin-
gle active electron approximation (SAE) assuming a single
electron interacting with the laser field and a frozen core and
the strong field approximation (SFA)[9] assuming that once
an electron is detached from the core its dynamics induced
by the laser field are not affected by the core potential. In
the classical[10] version of the model and its extension by a
full quantum treatment[11,12], the combined oscillating po-
tential of the atom and laser electric field forms a local time
dependent barrier through which a bound electron can tunnel
or escape over it at a given phase of the driving field (first
step). Subsequently, the almost free electron moves classi-
cally in the continuum gaining energy from the driving field
and eventually revisits the parent ion with a given kinetic en-
ergy that depends on the moment of its birth and its trajectory
in the continuum (second step). Upon return to the vicinity
of the parent ion (third body), the electron may recombine
to emit a burst of energetic radiation (third step). Coherent
periodic repetition of these dynamics twice per optical cycle,
leads to a discrete emission spectrum of the odd harmonics
( ser-
v t
t the
t f the
d rms
o fer-
i e to
t g
n

x

w
a
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henever mutually coherent waves are superimposed in
nd space. In the simplest case of monochromatic wav
qually spaced and properly phased frequencies, the
eld depicts a temporal beating with a repetition rate e
o half of the frequency spacing. As in mode locked ‘fs’ las
his is the basic principle underlying ‘as’ pulse train gen
ion [2–4]. The degree of localization is inversly proportio
o the number of the phase locked frequency componen
or an ‘as’ pulse train the entire IR, visible or UV spec
ange is not sufficient, such pulses can only be gene
n the VUV/XUV or X-ray spectral regions. Indeed, in t
arly 1990s it was recognized[3] that the already 30 yea
nown non-linear process of higher-order harmonic gen
ion, occurring when an intense laser field interacts wit
tomic gas, offers promising prospects for the generatio

as’ pulses. If the spectral distribution of the phase loc
requencies is not discrete, but smoothly continuous, th
ulting temporal distribution may have the form of an isola
as’ pulse. In this context, the harmonic emission from at
ppears to be a most suitable candidate for the achieve
f temporal localization of light to these unprecedented s

ime scales. Indeed, in the two approaches, successful
ized so far for the generation of ‘as’ pulses, the under
ing process is harmonic generation from atoms. The
pproach aims at the generation of isolated ‘as’ pulses[5,6]
elying on driving laser pulses of few optical cycles, while
he second one many-cycle laser pulses are exploited f
roduction of ‘as’ pulse trains[7,8].

While the harmonic emission can be fully described
alculating the atomic dipole acceleration solving the ti
t

in accordance with angular momentum and parity con
ation) of the driving laser field (Fig. 1b). The energy tha
he electron gains in its trajectory in the continuum and
ime of recombination depend sensitively on the phase o
riving field at the moment the electron is ejected. In te
f Feynman’s path integrals, an infinite number of inter

ng quantum paths leading to recombination contribut
he harmonic spectrum[12,13]. The time dependent emittin
on-linear dipole moment is given in atomic units by[13]

(t) = i
∫ t

−∞
dt′
∫

d3pE(t′)d∗
x [p − A(t)]dx[p − A(t′)]

exp(−iS(p, t, t′)] + c.c. (1)

hereE(t) is the driving electric field polarized along thex-
xis,A(t) its vector potential,p the canonical momentum,dx

he dipole matrix element of the bound-free transitions
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S(p, t, t′) the quasi-classical action

S(p, t, t′) =
∫ t′

t

dt′′
(

[p − A(t′′)]2

2
+ IP

)
(2)

IP being the ionization potential of the atom. Due to the
rapidly varying phase−iS(p, t, t′), the contribution of most of
the trajectories vanishes upon integration. Only those having
constant phase (i.e.∂S/∂p= ∂S/∂t= ∂S/∂t′ = 0) survive. From
these saddle-point conditions it turns out[11,12] that essen-
tially only two trajectories contribute to the generation of
a harmonic, all others interfering destructively. These two
are known as the “long” and “short” trajectories due to the
different durationτexcof the electron excursion in the contin-
uum. Furthermore, proper propagation conditions are shown
to eliminate the long trajectory[14]. The surviving short tra-
jectory determines the ‘as’ generation dynamics. An illustra-
tion of the described dynamics is given inFig. 1.

A decisive parameter for the attosecond pulse generation
is the phase of each emitted individualqth harmonic. It is
given byθ =−S(p, ti , tr) +qωL tr, whereωL being the laser
frequency andti , tr are the ejection and the recombination
times of the electron.

The emitted frequency spectrum is given by the
Fourier transform (FT) of the non-linear dipolex(ω) =∫∞

−∞dt x(t) exp(iωt), with an harmonic emission rate[15]
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cle with the highest field amplitude, during which the ejected
electron gains the highest possible energy. An appropriate fil-
ter selects this spectral interval, transmitting isolated pulses
with sub-fs duration[22,23]. A crucial parameter here is the
stability of the relative carrier frequency—envelope phase
[24,25]of the few-cycle pulse. Stabilization of this so-called
“absolute phase” has been achieved by measuring and feed-
back compensating the drifting of the off-set in the frequency
comb of the modes of an oscillator[25] and amplifier[26].
An alternative approach for isolated pulse generation relies
on the so-called polarization gating method[27]. Although
substantial spectral broadening, sufficient for the Fourier syn-
thesis of an isolated sub-fs pulse, has been achieved by this
method[28], no temporal confinement has been proven in
these experiments.

As for the generation of pulse trains, many cycle laser
pulses excite periodically a number of electron wave packets
into the continuum. Following different trajectories they fi-
nally recombine emitting the “plateau” harmonics. The two
dominant trajectories that contribute to a given photon energy
below the cut-off[29] have different return times, resulting in
to two different phases for this energy. If the phase difference
between neighbouring harmonics and within the spectral dis-
tribution of each harmonic is constant at any given time and
proper, spikes of attosecond duration would appear in the
time-domain spectrum as a result of frequency beating twice
i uld
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his spectrum consists of equally spaced maxima aroun
requencies of the odd harmonics of the fundamental ca
requency as a consequence of the symmetry of the a
otential and the periodicity in the electronic motion. Two
ions of the spectrum are relevant to the dynamics desc
bove: (a) the “cut off” region around the maximum emi
hoton energy resulting when the two trajectories dege
te to a specific one. It corresponds to the highest en
max= 3.17UP + IPF(IP/UP) (atomic units)[11] with which

he electron may revisit the core, whereUp = E2
L/4ω2

L is the
verage (ponderomotive) energy of the electron in the
eldEL. The tunnelling and diffusion termF(Ip/Up) has val-
es close to unity and is commonly ignored, following
lassical treatment[10]; (b) the “plateau region” at photo
nergies belowωmax, where different harmonics have appr

mately equal intensities, indicative of the non-perturba
haracter of the phenomenon. Experimental demonstra
f these ‘as’ electron re-scattering dynamics have bee
ently implemented in molecular fragmentation experim
16]. For harmonics lower than the “plateau”, energies
elow the ionization potential of the atom and the genera
an be described by lowest order perturbation theory (LO
he “cut-off” and “plateau” regions associate with the g
ration of isolated ‘as’ pulses and pulse trains, respectiv

In the generation of isolated pulses utilizing few-cy
aser pulses[17–21], a quasi-continuum part of the cut-
pectral region is used. The emission in this spectral re
omes about only during a small fraction of the optical
n a laser period. Additionally, propagation conditions sho
urther maintain phase locking. Elimination of the long tra
ory [14] through propagation improves substantially pro
hase locking.

. On the metrology of attosecond pulses

Well-established ‘fs’ metrology relies on a non-linear
ect induced solely by the radiation to be characterized
eady a second-order (AC) allows the determination o
ulse duration to a satisfactory degree of accuracy. Th
hy it has been routinely used for many years in ‘ps’

fs’ laser laboratories. Its extension to sub-fs XUV pulse
ar from trivial as they are orders of magnitude weaker
he laser radiation, spectrally much broader and in the
oriously most difficult spectral region to handle. No be
plitters are available for the autocorrelator and the frag
f the pulses requires highly dispersionless optical arra
ents. The non-linear detector has to rely on a two-ph

or higher-order) process, such as two-photon ionizatio
ross-section requires high intensities and a detector
flat response over the broad frequency spectrum. T

re the obstacles that prevented for several years a su
ul measurement of a second-order AC of ‘as’ pulses
ave forced the diagnostics to cross-correlation base
roaches between the IR laser field and that of the X
adiation.

Thus, isolated ‘as’ pulses are measured with the so c
as’ streak camera[30] IR–XUV cross-correlation approac
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Fig. 2. Interfering channels contributing to a side band.

Here, an XUV pulse ionizes isotropically an atom. The
released photoelectron is deflected by the field of a spa-
tiotemporally overlapping IR pulse, acting as the ultra-fast
ramping voltage of the streak camera. The net momentum
transfer from the field to the electron depends sensitively on
the phase of the few cycle pulse at which ionization occurs.
The information about the duration of the XUV pulse is
available in the modulation depth of the cross-correlation
trace from which it can be deduced through its modelling
[6,23,24].

In cross-correlation measurements of pulse trains, the
atom is ionized by the mixing of the XUV and the IR
waves. To the measured photoelectron peak contribute two
subsequent harmonics through sum (ωq−2 +ωIR) and dif-
ference (ωq−ωIR) frequency mixing (Fig. 2). The resulting
four interfering channels through LOPT give an ionization
yield Iq,q−2 ∝ cos(2ωIRτ + θq− θq−2 + θatom). Provided that
the atomic phaseθatom is negligible or known, the relative
phase between subsequent harmonicsθq− θq−2 can be re-
trieved. Treating each harmonic as a monochromatic wave,
the ‘as’ pulse train can be synthesized and the phase of the
fundamental at which the ‘as’ burst is emitted can be extracted
as recently experimentally demonstrated[8]. An alternative
mode selective cross-correlation approach[31] that accounts
for the chirp within the bandwidth of each harmonic has been
proposed and theoretically assessed but not yet implemented
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pulses and thus of interest to the entire VUV/XUV and X-ray
community. For this reason its principles will be illustrated
to some extent in the next section.

4. The second-order AC of an attosecond pulse train

The experimental runs have been performed at the
ATLAS facility of the Max Planck Institut f̈ur Quantenoptik.
The harmonic generation occurs in a xenon gas-jet using up
to 10 mJ, 130 fs laser pulses atλ = 790 nm from the 10 Hz
Ti:sapphire laser. For optimum phase locking[14], the annu-
lar laser beam[34] focus was placed 6 mm before the Xe gas
jet generating harmonics of up to the 15th. The combination
of the annular geometry, a 0.2�m thick In filter and the
laser intensities used selects harmonics from 7th to 15th
with relative intensity amplitudes 0.32:1.0:0.30:0.11:0.01,
respectively. The XUV pulse radiation is focused in a
helium gas jet through a spherical gold mirror cut into two
halves, with a 30 cm radius of curvature. He atoms can be
ionized only via two-photon absorption occurring through a
multitude of two-XUV-photon combinations. The harmonic
radiation is monitored by a XUV monochromator. The ion-
ization products are detected by a time of flight (TOF) mass
spectrometer.

The experimental evidence of observed two-XUV-photon
i rent
i -
t 2.6
a IP of
H mi-
n , the
i le
f red
s n of
H

e-
q nt. Its
s inves-
t onic
s cally
s ar-
m st,
t f the
o
d rified
b ces.
T the
d
T t the
t mea-
s Note
t valid
f igor-
o tional
s

ross-correlation measurements of the chirp within one
onic have also been reported[32].
Cross-correlation is a powerful metrology tool but an in

ect approach, based on appropriate modelling that corr
escribes the correlation process. This becomes rather
licated in the presence of the strong IR field. The first
essful direct observation of a sub-fs pulse train by m
f a second-order AC has been achieved recently. The
ey factors towards this accomplishment have been: (i
evelopment of the split-mirror volume autocorrelation te
ique and (ii) the demonstration of the two-XUV-photon

onization non-linear detector[33]. The method is exten
ble to different spectral regions by an appropriate choi

he ionizing atomic (or ionic) medium. Extension to isola
ulses is in principle possible, but upon substantial increa

he currently available XUV fluencies. The two-XUV-pho
onization process founds further the basis of XUV-pu
UV-probe applications of intense ultra-short XUV puls
s such the method is highly relevant to the metrology
pplications of any source of intense, short XUV and X
.

onization is given by the measurement of the three diffe
ons (He+, H2O+ and Xe+) yields as a function of the XUV in
ensity. H2O and Xe have low ionization potentials (IPs), 1
nd 12.1 eV respectively, as compared to the 24.6 eV
e and thus for the given XUV wavelengths ionize predo
antly through single photon absorption. In log–log scale

ntensity dependence for He+ is very nearly quadratic whi
or H2O+ and Xe+ is linear. Based on LOPT, the measu
lopes provide clear evidence of a two-photon ionizatio
e.
This two-XUV-photon detector further fulfils all r

uirements relevant to a second-order AC measureme
pectral and temporal response has been theoretically
igated. The energy resolved yields for the same harm
uperposition have been ab initio calculated by numeri
olving the TDSE of He in the polychromatic field of the h
onic superposition[33]. For the spectral region of intere

he maximum deviation from an entirely flat response is o
rder of 30% and for its largest part less than 10%[35]. This
eviation does not affect the measured duration, as ve
y further quantum calculations of second-order AC tra
he retrieved pulse durations from the AC are identical to
urations of the superpositions used in the calculation[35].
hese calculations further provide clear evidence tha

ime response of the detector is also not distorting the
ured durations, at least at the temporal level of 100 as.
hat an instantaneous temporal response is not a priori
or the two photon process at this temporal scale. This r
us assessment of the detector indicates optimal opera
pecifications.
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Fig. 3. The transmission grating interferometer. The principle (a). Dispersionless geometry imaging the grating on the detector (b). Dispersion characteristics
(difference in arrival time between 31st and another harmonic (c)) (see also Ref.[36,37]).

In the quest of a solution to the problem of the disper-
sionless broadband XUV autocorrelator two different set-ups
have been designed, developed and tested. Although the first
one could not be used in the second-order AC measurement
of higher harmonics at their present intensity level, its ex-
cellent properties offer a valuable tool to the metrology and
applications of the XUV radiation of brighter sources and
thus it is worth outlining its operation here. It is a Michel-
son type interferometer arrangement in which the beam split-
ter/combiner is a free standing transmission grating (Fig. 3).
Zero- and first-order diffraction rays of the same frequency
are retro-reflected and recombined at the grating through first-
and zero-order diffraction, respectively. Correlation mea-
surements can be performed by translating one of the two
spherical mirrors (M1 or M2). For the ideal case of a single
ray it becomes immediately apparent that equal optical paths
guarantee dispersionless operation. For the realistic case of
extended and diverging beams, ray tracing analysis[36] has
shown that by imaging the grating on the detector, the set-up
is dispersionless down to the 1 as regime. The interferometer
has been tested in the ‘fs’ regime in measuring a second-order

autocorrelation of the third harmonic[37] of the Ti:Sapphire
laser system of FORTH-IESL (800 nm, 2 mJ, 50 fs, 1 kHz rep.
rate). The set-up has a flat spectral response for a very large
energy range, with lower and upper limits set by the grating
constant and the absorption edge of the grating material. At
the same time it allows for wavelength selection using slits
or knife edges in the parts where the radiation is spatially dis-
persed. A serious drawback is its lower than 1% throughput,
due to the double diffraction. Thus this arrangement is only
appropriate for cross-correlation measurements of higher har-
monics with the IR fundamental frequency or for non-linear
AC measurements of intense XUV radiation like that fore-
seen for the advanced XUV/X-ray sources based XFELs.

A more efficient autocorrelator design is that of the slit
spherical mirror[38] (Fig. 4a). This arrangement can be
used for a second-order AC measurement by piezoelectri-
cally translating one of the two mirror halves. Unlike the
amplitude splitting arrangements (conventional Michelson),
this technique is a wavefront splitting device[39]. As such,
a delay variation results not in a change of the total energy
reaching the detector, but simply in a spatial redistribution

F Attose urati
(

ig. 4. The second-order AC measurement. Autocorrelator set-up (a).
b).
cond pulse train constructed from the measured pulse and envelope don values
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of the energy in the focal volume. This local intensity rear-
rangement induces a modulation in the measured signal. For a
quantitative analysis of the AC traces a thorough study of the
volume intensity autocorrelator is presented elsewhere[38].
The main result of this study is that its peak to background
ratio is reduced to two as compared to the ratio of three of a
conventional AC, but is still high enough to observe a modu-
lated signal from which the mean value of the ‘as’ individual
train pulses (“wagons”) is extracted.

Applying this technique to the superposition of the
7th–15th harmonics, a mean pulse duration of 780± 80 as
has been extracted[38]. Using the same technique at lower
temporal resolution and a larger delay interval, the duration of
the train envelope has been determined to be 55± 5 fs. From
the measured values of the pulse and envelope durations and
assuming Gaussian distributions for both the pulse train has
been roughly constructed (Fig. 4b). The total number of pho-
tons in the train is∼1014 and in each burst∼1013. The fo-
cused intensities reached are of the order of 1011 W/cm2. This
measured duration of the individual pulses is more than twice
its Fourier transform limited (FTL) value ofτXUV = 315 as.
An estimation of this duration, from the phases resulting
by the short trajectory[12] including the additional spa-
tiotemporal chirp of each harmonic originating from the
spatiotemporal laser intensity distribution at the generation
volume is in reasonable agreement with the measurement
[
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pumps an electronic wave packet in the virtual state of the
two-photon ionization process. The temporal evolution of
this wave packet is probed through the ionization step of the
two-photon process. Since the evolution of the wave packet
follows theE-field of the harmonic superposition[35], ion-
ization reveals the temporal characteristics of the radiation
field.
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