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Abstract. 'The unequivocal demonstration of attosecond XUV pulse train
generation based on the synthesis of a comb of harmonics of an infrared
femtosecond laser pulse is inevitably linked to a reliable method of pulse
characterization in this temporal regime. The most commonly used method
to date relies on a cross-correlation technique between the fundamental laser
frequency and the XUV light from which a measurement of the relative phases
of the consecutive harmonics is obtained and the attosecond temporal structure
in a train of XUV pulses is inferred. Here we report on an alternative method
that renders possible the direct observation of a train of attosecond pulses in
form of a second-order autocorrelation trace. The method is an extension in the
XUV spectral range of the well-established technique commonly used for the
characterization of femtosecond laser pulses. Besides being the first direct
visualization of a periodic attosecond structure, the approach supplies quanti-
tative information on the overall pulse duration including the influence of the
macroscopic conditions of generation.

1. Introduction

According to the superposition principle in wave mechanics, spatial or tem-
poral energy localization comes about whenever mutually coherent waves are
superimposed in time and space [1]. It is the interplay between constructive and
destructive interference in a superposition of monochromatic light waves of
equally spaced frequencies which manifest themselves in temporal beating, the
underpinning process of short pulse generation. The mathematical description of
wave superposition, Fourier synthesis, indicates that the larger the number of
properly phased spectral components of comparable amplitudes, the more
pronounced is the confinement in time. In this context, the extreme ultrviolet
(XUV) harmonic emission from atoms of rare gases appears to be a most
suitable candidate for the temporal localization of light to unprecedented short time
scales [2, 3].
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In the quest for the generation of attosecond pulses two main and distinct
approaches are being presently pursued, both based on the harmonic emission
from atoms. The first approach employs many-cycle laser pulses and aims at the
production of a train of attosecond XUV pulses [4-7]. The second approach uses
few-cycle laser pulses and its goal is the direct generation of isolated attosecond
XUV pulses [8-12]. In the interaction of low frequency intense laser pulses with
atoms, the atomic potential is depressed by the electric field of the pulse so that a
bound electron can tunnel through the potential barrier thus formed. Sub-
sequently, the electron moves in the continuum while it gains energy under the
influence of the external laser field. Those electrons that return to the vicinity of
the parent ion, may recombine to emit photons with energy fiw = I, + Ex, where I,
is the ionization potential of the atom and E is the kinetic energy that the electron
gained during its excursion in the continuum. This well-known semi-classical
model [13] provides a very satisfactory picture of the physical process of harmonic
generation in atoms. The energy that the electron can gain and the corresponding
trajectory in the continuum depend sensitively on the intensity of the field and its
phase at the time of ionization. For reasons of symmetry, the periodic motion of
the electron gives rise to a spectrum consisting only of a series of equally spaced
peaks around the frequencies of the odd harmonic of the laser field frequency.
According to both the semi-classical description [13] and its extension to a full
quantum theory [14] of the interaction of an intense low frequency laser pulse with
atoms, the frequency spectrum of the generated harmonics is determined by the
evolution of specific electron trajectories in the continuum. Further, the harmonic
spectrum exhibits two characteristic regions relevant to the two approaches of
attosecond pulse generation, namely the ‘cut-off region’ and the ‘plateau region’.
The ‘cut-off’ region corresponds to the highest energy with which the electron may
recombine following one specific trajectory. In this region the emitted photon
intensity drops rapidly at energies higher than the cut-off energy given by
hwmax =1, +3.17U,, where U, = ezEL/4ma)i is the average (ponderomotive)
energy of the free electron in the laser electric field. The ‘plateau’ spectral region
at photon energies below fiwn,,, consists of a frequency ‘comb’ of approximately
equal intensity peaks at twice the laser field frequency. The near to cut-off spectral
region is used for isolated attosecond pulse generation. Few-cycle laser pulses
[15-19] are used, so that the emission ensues only during a small fraction of the
optical cycle and by the cycle with the highest amplitude within the optical pulse.
Under these circumstances, there is a single electron trajectory contributing to the
harmonic emission [9]. Using appropriate filters, the quasi-continuous spectral
distribution of the cut-off comprising highly energetic XUV radiation is separated
and isolated pulses with sub-femtosecond pulse duration are produced [10-12].
These isolated pulses have been already used for a pump—probe experiment in an
ultra fast time domain spectroscopy application [20]. A crucial parameter in this
generation mechanism is the relative phase between the carrier frequency and the
envelope of the few-cycle pulse [21] that determines the location of the highest
amplitude cycle under the pulse envelope. The reproducibility of the emission
characteristics relies sensitively on the stabilization of this relative phase; a task
that has already been achieved [22] and more recently also in amplified few-cycle
pulses [23].

In contrast, when laser pulses comprising many cycles are used, the harmonic
emission occurs over many cycles within the laser pulse envelope. In this case, a
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number of electronic wave packets are unleashed into the continuum following
different trajectories. Theoretical work has shown that from all the interfering
quantum paths two trajectories prevail contributing to a given photon energy
below the cut-off [24]. Both of them have return times less than a laser period, but
one is almost twice as long as the other so one speaks of a ‘long’ and a ‘short’
trajectory. As far as the attosecond pulse generation is concerned, it is the relative
phase between consecutive harmonics that plays a decisive role. Only when the
phases of the harmonics in the frequency comb are ‘locked’, i.e. if the phase
difference between all the neighbouring harmonics is common and constant at any
given time in the pulse, Fourier-transform-limited (FTL) spikes of attosecond
duration would appear in the time-domain as a result of frequency beating. To that
effect, the ‘short’ trajectory displays less total phase accumulation during the
excursion in the continuum and thus it contributes more significantly to the
formation of temporal spikes. According to simulations in which the propagation
through the medium is taken into account, only the ‘short’ trajectory survives [24].
This is a fortuitous effect ultimately leading to a well-defined train of attosecond
pulses emerging from the interaction volume. Nonetheless, experiments indicate
that this ‘cleansing’ effect appears to occur only at the central part of the harmonic
beam [25].

In the pursuit for the generation of attosecond pulses, both the many- and the
few-cycle pulse routes presently are being vigorously pursued [4—12]. Although
attosecond structures have been previously reported, due to lack of nonlinear XUV
autocorrelators, all methods used so far for their investigation [4-6, 10-12] are
based on sophisticated cross-correlation approaches with the fundamental laser
field. While they have decisively contributed to the development of attoscience in
its early stage, the interpretation of the data and their use in extracting quantitative
results inevitably requires modelling based on appropriate approximations and/or
use of theoretically calculated parameters. The recent debut of attosecond pulses in
pump—probe applications [20] also relies on such cross-correlation techniques. In
this case, the accuracy with which the laser field is known and that of the model
used determine the temporal resolution of the technique. As attoscience is
maturing, direct high-resolution time-domain metrology approaches become of
paramount importance.

In this report we give a comprehensive account of the work we have performed
on gaining access to attosecond time-scales and observe ultra fast processes in this
temporal regime. A brief account of this work has already been communicated in
[7, 26]. Our approach is based on nonlinearly autocorrelating attosecond XUV
radiation through its interaction with an atomic system and it thus represents a
non-trivial extension of a well-established approach for many years successfully
used in optical femtosecond metrology. Short wavelength second-order auto-
correlation has been previously limited in measuring the duration of individual
XUV [27, 28] or UV [29] harmonics in the temporal regime of a few tens of
femtoseconds. The present work is pivotal in expanding the applicability of this
nonlinear technique to the broadband radiation of a coherent superposition of
harmonics and thus to the attosecond regime. While the unique capabilities of the
new approach are demonstrated here in performing the first direct pulse duration
measurement of the individual ‘wagons’ of an attosecond pulse train, the method
itself initiates the XUV pump—XUV probe studies in sub-femtosecond scale
dynamics. In principle, it is a model-independent method that provides a direct
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temporal resolution of the order of the width of the attosecond wavepacket. Apart
from its importance to the characterization, optimization and time-domain appli-
cations of harmonic attosecond fields, the method becomes highly pertinent in
connection with novel nonlinear pump—probe experiments using the up-coming
XUV free electron laser sources which have recently opened up a new and exciting
field of nonlinear physics [30].

2. The methodology

The mapping of phase-amplitude distributions of an ultra-short pulse or an
ultra-fast process relies on a nonlinear process. Thus, in the well-established
femtosecond metrology, the most widely used methods rely on a nonlinear effect
induced solely by the radiation to be characterized. Already a second-order
autocorrelation (AC) is sensitive to the spectral phase distribution of the radiation
to be analysed. In pico- and femtosecond laser laboratories, the pulse duration has
been for many years routinely extracted to a satisfactory degree of accuracy from a
measurement of the second-order AC trace.

The extension of the approach to sub-femtosecond XUV pulses poses several
formidable problems since attosecond pulses are: (a) spectrally much broader and
in the UV-XUYV spectral range marked by a complete lack of refractive optical
components and even reflective optics is either of low reflectance or narrow
bandwidth and (b) orders of magnitude weaker, thus requiring ultra-sensitive
nonlinear detectors with a flat broadband response. In the present work, we report
a direct measurement that surmounts these obstacles. The key factors to this
progress have been (i) the technique of the dispersionless volume autocorrelation
and (ii) the demonstration of the two-photon non-resonant ionization process in
helium as an appropriate flat response detector [31]. The experimental results [7]
bear direct evidence that a synthesis of five harmonics results in the formation of
a train of XUV pulses each one having a duration of ~780 as.

3. Apparatus for the XUV second-order autocorrelation measurements

In the present experiment, the 10Hz Ti:sapphire laser system at Max-
Planck-Institut fiir Quantenoptik, ATLAS II, delivering 130fs pulses, with
energy up to 300m]J and carrier wavelength at 790 nm, was used. A schematic
of the experimental set-up is shown in figure 1.

The annular-shaped [32] input laser beam, with 2 cm outer diameter and about
~10m] energy, is focused with a 1.5m lens into a piezoelectrically pulsed xenon
gas jet (N—Xe) where the harmonic generation takes place. The annular input laser
beam was employed at higher laser intensities to reduce the amount of infrared
light (IR) reaching the filter. The laser intensity at the Xe gas jet is estimated to be
in the range of 5 x 10"% to 1 x 10'* W cm ™2, which is below the saturation intensity
value of about 3 x 10" W cem ™2 for Xet. The laser beam focus was placed ~6 mm
before the Xe gas jet, at a position for which theoretical calculations predict
optimum spatial and temporal harmonic phase locking [33]. For the laser inten-
sities used, harmonics of up to the 15th are produced. An aperture is placed after
the Xe gas jet position in order to block the annular part of the fundamental laser
beam, while it leaves the central part, which contains the harmonic beam, to pass
through. Directly after it, a 0.2 um indium filter, positioned at a distance of ~1m
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Figure 1. Schematic of the experimental set-up of the second-order XUV volume
autocorrelator. The laser beam is focused by the lens (L) into a Xe nozzle (N-Xe)
where up to the 15th harmonic of the laser frequency is generated. The 7th to 15th
harmonics are selected by the indium filter (F) and enter the volume autocorrelator.
Instead of a beam splitter, the second-order XUV autocorrelator consists of a split
spherical mirror (SSP) serving as a focusing wave-front divider. The XUV pulse train
is split into two replicas as shown in the upper left inset. The autocorrelator delay is
introduced by the relative motion of the two halves of the mirror. As a nonlinear
detector a two-photon ionized He gas (N-He) is used, and the He ion yield, analysed
by a time-of-flight mass spectrometer (‘TOF), and recorded by a micro-channel plane
detector (MCP), provides the AC signal. The lower right inset shows, for zero and
Ty /2 delay (D = A/2 displacement), T, being the period of the laser, the calculated
and measured cross-sectional laser intensity distribution at the focal plane.

from the Xe gas jet, selects a group of harmonics from the 7th to the 15th and
blocks the fundamental part of the beam. A wavefront splitting arrangement [34—
36] consisting of a gold spherical mirror (SSM) with 30 cm radius of curvature cut
into two halves (see figure 1) was used to focus the harmonic radiation. One of
these halves is mounted on a piezo-crystal translation unit and its positioning can
be controlled with a resolution of ~6 nm over a total travel of ~12 um. The two
parts of the bisected XUV pulse train (see inset in figure 1) are brought into a
common focus in a second gas jet produced by a nozzle (N-He) of the same type as
the first, but filled with helium at a backing pressure of ~2 atm. This gas jet has an
orifice of 1 mm diameter and was equipped with a flow collimator tip 15 mm long
with 1 mm inner diameter. The XUV beam focus was located at 2 mm below the
collimator tip in order to have high atomic density at the interaction region.
Having the same type of gas jet (LLasertechnics LPV) as the one characterized in
detail in [37], we can estimate that the atomic density at the interaction region is
~ 10'® atoms cm ™. The ionization products are analysed by a ~50 cm long time-
of-flight (TOF) mass spectrometer and detected by a micro-channel plate (MCP)
detector. The collimator of the He gas jet is placed almost at the centre of the TOF
accelerating region, and it is connected to a voltage supply that allows adjustment
of its potential so that the extraction field in the acceleration region remains
homogeneous. The harmonic radiation was monitored by a XUV spectrometer
(SP) coupled to the harmonic radiation through a gold-coated spherical mirror
(SM) with 60 cm radius of curvature. The spectrometer was operated with narrow
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entrance and exit slits in order to measure the spectral bandwidth of the har-
monics. For the second-order AC, the ionization products are detected as a
function of the delay At corresponding to a total displacement D (twice the actual
separation) between the two half mirrors. The focal spot produced by the split
mirror exhibits an intricate pattern as a function of the relative displacement, but
at a displacement of multiples of A/2 the well-known Airy pattern is divided into
two equal spots, each one having about half the maximum intensity. The pattern
has been calculated for the fundamental frequency and it is shown for two
displacements in the lower inset of figure 1 along with the measured one using
the fundamental laser frequency. The double spot shape is used prior to an
experimental run to adjust the orientation of the movable half of the mirror and
position the fine travel of 12 pm in the middle of the 40 um extent of the laser pulse
where the intensity is maximum. In addition, it provides the means of positioning
the laser beam centrally within the spherical mirror aperture by adjusting the two
spots to exhibit the same brightness. This ensures a 50% splitting of the incident
laser beam.

4. The characterization of the harmonic comb

In figure 2 (a), the recorded harmonic spectrum is shown before and after the In
filter. The spectral width of the harmonics was found to be close to the resolution
of the spectrometer which in this spectral region is ~1nm and the In filter
transmission was measured to be 20% at 88 nm (9th harmonic). The relative
intensity amplitudes of the harmonics after the corrections of the reflectivity of
the gold mirror and the efficiency of the spectrograph and detector were
7th:9th:11th:13th:15th — 0.32:1.0:0.30:0.11:0.01. Under these experimental con-
ditions the total harmonic energy after the reflection from the split gold mirror
is estimated to be ~5 n]J [38]. The synthesis of these five harmonics between the
7th and 15th is the object of our characterization. Using the knife-edge technique
at far field [39], we found that the spatial profiles of the harmonics (figure 2 (b)) are
close to Gaussian with divergence (half-angle) @ ~ 1.6 mrad for the 7th and
O ~ 1.3 mrad for all other harmonics at the 1/¢* of the beam intensity. As a result,
the XUV beam diameter on the split mirror is Dxyy & 4.0 mm. Given that the
laser beam is about two times diffraction limited and assuming an effective order of
nonlinearity for the harmonics of p ~ 6 [40], one obtains a spot size at the
generating nonlinear medium of 220(})(UV ~ 60 um and using the measured diver-
gence, an average M?> ~ 1.7 factor for the harmonics in the superposition. Using
this value for the M?, the diameter of the focal spot of the XUV radiation produced
by the split mirror at the He jet is estimated to be 2wyxyy &~ 8um. This is
close to the directly measured value of 10 um for the spot size of the 13th and
15th harmonic generated and focused under very similar experimental conditions
[39].

Despite the small number of harmonics and the unequal amplitudes between
them, an ideal phase-locking of the harmonics (all phase differences equal to zero)
would produce an attosecond train with full-width-half-maximum (FWHM)
‘wagon’ duration of txyy = 315as. This is depicted in figure 3 (b) where the
resulting field and intensity of the individual ‘wagons’ for the experimentally
measured harmonic intensity amplitudes are shown. It is interesting to note that
for equal harmonic intensity amplitude, the corresponding ‘wagon’ duration would
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Figure 2. 'The harmonic ‘comb’. (a) The higher order harmonic generation spectra
produced in the Xe jet. The red-line yellow-shaded spectrum corresponds to the
harmonics as measured without the In filter and the blue-line green-shaded to the one
transmitted through the In filter. Both spectra are normalized to unity. The relative
intensity amplitude of the harmonics after the corrections for the reflectivity of
the gold mirror and the efliciency of the spectrograph and detector is
0.32(7th):1.0(9th):0.30(11th):0.11(13th):0.01(15th). (b) The spatial profile of the 7th,
9th, 11th and 13th harmonic. For all harmonics the beam profile was very close to
Gaussian while the divergence was found to be ~1.6 mrad for 7th and ~1.3 mrad for
9th—13th at l/e2 of the harmonic intensity. In all diagrams, the zero of the divergence
axis is arbitrarily chosen.
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Figure 3. 'The electric field amplitude (red line) and the intensity (blue-shaded line) of a
comb of five odd harmonics (7th to 15th) for two cases. For (a) equal intensity ratios
and (b) with relative intensity ratios of 0.32(7th):1.0(9th):0.30(11th):0.11(13th):
0.01(15th). Assuming for both cases zero initial phases for all the harmonics (Fourier
transform limited pulses), the duration of each ‘wagon’ in case (a) is 237 as whereas for
the experimentally measured intensity ratio it is 315 as.

be 237 as (see figure 3 (a)). This is reasonably close to the theoretical value for the
FTL case txuy =~ T1,/2N = 263 as for the duration of each sub-cycle pulse
resulting from the synthesis of N = 5 equal amplitude harmonics of the laser
field with period T7y,. It appears that the influence of unequal harmonic intensities
on the duration of the individual pulses in the train is rather weak.



328 P. Tzallas et al.

5. The nonlinear detector

The combination of He as an ionization medium and In as a filter material for
the selection of a group of harmonics is a judicious choice presenting several
advantages. This becomes clear if one considers the possible ionization channels
due to the available photon energies in relation to the ionization potential (IP) of
24.6 eV for He. These channels are schematically shown in figure 4. On the high
frequency side, only harmonics higher than the 15th (17th, 19th, ...) can give rise
to single photon ionization. As can be seen in figure 2 (a) where the transmitted
spectrum through the 0.2 um In filter is shown, there is no measurable signal
corresponding to the 17th harmonic at 46.5 nm. On the low frequency side, the 7th
harmonic is transmitted, but all lower harmonics are practically filtered out.
Moreover, all harmonics below the 9th can only induce in the non-mixing
combination three-photon ionization with yields of many orders of magnitude
less than that of the two-photon ionization process. The harmonics in the super-
position used can only induce two-photon ionization , either by two photons of the
same energy (with the exemption of the 7th harmonic) or by any combination of
the photon energies in the superposition (see figure 4).

The properties of this nonlinear detector have been investigated in detail in a
previous experiment and the yields for the same harmonic superposition calculated
from the time-dependent Schrédinger equation for He in a polychromatic laser
field [31]. These calculations have revealed a relatively flat detector response for
the harmonics used. Moreover, as shown in figure 3, any fluctuation in the yield of
each individual harmonic has very small influence on the electric field of the
harmonic superposition. In order to asses whether the 17th harmonic is sufficiently
suppressed so as not to cause single photon ionization, we have performed
measurements with the present experimental set-up of the ion yield versus har-
monic intensity for three ions (Het, H,O" and Xe™). Figure 5 (a) shows a typical
TOF mass spectrum produced by the harmonic superposition at two different
XUV intensities having a ratio of two. As can be seen, the He™ peak increases four
times while the rest of the peaks simply double. The three graphs in figure 5 (b)
give the ion yield variation as a function of the 9th and 11th harmonic intensity

He

24.6eV

1:3 1:1 1:3 1:10 <<1:20

Figure 4. Schematic diagram of the ionization process by the harmonic comb. The
ionization of helium occurs primarily through two-XUV-photon non-resonant
absorption from all possible combinations of the 7th to 15th harmonic.
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Figure 5. Characterization of the nonlinear detector. (a) The measured XUV time-
of-flight mass spectrum for two different harmonic intensities. In the time-of-flight
spectrum, two of the mass peaks can be assigned to single photon ionization of H,O
and Xe and one to the two-photon ionization of the He atoms. The blue-cyan shaded
spectrum corresponds to a harmonic intensity twice as high as the one which is red-
yellow shaded. (b) The XUV intensity dependences of some of the masses. In log-log
scale the slope of the He ion yield as a function of the intensity of the 9th harmonic
and the 11th harmonic is 2.3 + 0.2 and 2.0 4= 0.2, respectively. In contrast, the slope of
the ion yield dependence on the intensity of the 11th harmonic for H,O and Xe is
found to be 0.9 £0.1 and 1.1 £ 0.1, respectively.

for the Het ions and of the 11th harmonic for H,O" and Xe™ ions. The fact that
the intensity dependence for Het (IP =24.6 eV) is very nearly quadratic while for
H,O0" (IP=12.6eV) and Xe™ (IP=12.1¢eV) it is linear, provides clear evidence
that the influence of the 17th harmonic is negligible and that the He™ ionization
signal is due to two-photon absorption and thus ideally suited for a second-order
AC measurement.

Additionally, assuming a pulse duration of 7, = 1./p'/? = 50fs for the gth
harmonic (with p = 6) and taking into account that the XUV spot diameter at the
focus is ~10pum, we can estimate the intensity at the interaction region as
~ 10" Wem ™2, Using the known He two-photon absorption cross-section [31],
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the calculated ion vyield is consistent with the observed number of
~90 ions pulse .

6. The volume autocorrelation technique

A thorough understanding of the volume AC technique is necessary in order to
be able to extract from the ionization AC trace the duration of the individual
‘wagons’ in the attosecond pulse train. The detected signal is due to two-photon
ionization of the helium gas resulting from the coherent superposition of the two
split parts of the attosecond train (see upper left inset in figure 1). Assuming that
the generated XUV radiation possesses cylindrical symmetry, it represents a
second-order autocorrelation. There are two points that distinguish this technique
from the conventional Michelson interferometer based on a nonlinear crystal or a
nonlinear photodiode. (a) The signal produced emanates from the interaction of
the XUV pulse with the He atoms within a volume defined by the focusing
properties of the spherical mirror and not from a plane as in the case of a nonlinear
crystal. (b) Unlike the amplitude splitting arrangements, the split mirror technique
is a wavefront splitting device and as such, a delay variation results not in a change
of the energy reaching the detector, but simply in spatial redistribution of the
energy in the focal volume according to the diffraction principle.

For a given wavelength, a displacement of D = 1/2 (delay At = T',/2) between
the two half mirrors has the effect of dividing the focal spot for zero displacement
(Airy spot) with peak intensity I, into two having approximately the same size as
the original (see lower right inset of figure 1). Since the total energy in the
interaction volume remains constant and independent of the relative delay, the
splitting of the focal spot into two means that the maximum light intensity in each
one of them is I &~ I,,./2. If the detector were linear, the signal S in both cases
would be Sp—o X Imax & Sp=yj2 X 2(Imax/2), i.e. no modulation of the signal with
the relative delay would be observed. If instead a nonlinear detector were used, the
rearrangement of the local intensity inside the interaction volume according to
diffraction would produce a modulation in the measured signal.

This is because for a quadratic detector like the two-photon ionization process
in helium the corresponding response would be: Sp—g X Ifmx # Spyjp X
2(Imax/2)2. For the quantitative analysis of the signal, a more accurate estimation
of the signal evolution with the delay is necessary. As an example, we consider the
harmonic superposition consisting of four harmonics with equal amplitude (7th,
9th, 11th and 13th). For this harmonic ‘comb’, we have calculated for various
displacements between the two mirror halves the time-averaged field distribution
ED,x,y,3) = Z}l; E,(D,x,y, =) at the focal spot of our spherical mirror. The
intensity distribution I(D,x,y, ) = E(D,x,y, 2)E*(D, x,y,2) for six particular
values of the displacement perpendicular and parallel to the propagation direction
are shown in figure 6 in the form of colour contour plots. As is schematically
shown at the top inset of figure 6, the ionization signal seen by the TOF detector
is due to the total contribution from the entire interaction volume AV, therefore,
for a given displacement this would be S(D) o fffAVlz(D, x,y,2)dxdydz.

The result of this numerical simulation is depicted in figure 7. The points
are the results of the numerical integration of the square of the intensity distri-
bution over a box with transverse sides six times the Airy spot radius and length
six times the Rayleigh range of the focusing mirror for discrete values of the
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Figure 6. 'Three-dimensional colour contours depicting in logarithmic scale over
three decades the calculated intensity distribution at the interaction region of the
volume autocorrelator for the indicated delays corresponding to a given mirror
displacement. In the x—y plane, the Airy spot for zero delay becomes a double
maximum distribution for 77,/2 delay corresponding to D = A/2 displacement (7',
is the period of the laser).

displacement D. The smooth red curve through the points represents the inter-
ferometric equivalent of the volume autocorrelation for the superposition of the
four harmonics. The delay At in periods of the fundamental frequency 77,
corresponds to the overall displacement D between the two half mirrors. We
have compared these results to those obtained from a hypothetical collinear
(conventional) interferometric autocorrelation given by the expression
S(t) = f{:f [Ev(t)+ Ev(t — 1)]*|> dt, where Et is the total electric field of the
same harmonic superposition of plane waves having equal amplitudes and ideal
phase locking. The volume AC trace exhibits exactly the same structure (compare
solid red and blue curve in figure 7), but due to coarse sampling used in the
calculation (open circle points), not all the peaks within a period are visible (there
should be 13 oscillations corresponding to the highest frequency in the super-
position). The background level is two times the contribution of only one half of
the mirror. The corresponding intensity distribution in this case is the last panel in
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Figure 7.  Comparison of the interferometric and intensity autocorrelation traces for the
case of a collinear and a volume autocorrelator. For both cases the total field is that
corresponding to the superposition of the 7th to the 15th harmonics with equal
amplitudes.

figure 6 for At = 00. The main difference compared to the conventional inter-
ferometric AC trace is the peak-to-background ratio, which instead of 8:1 is only
~2.75:1 for the volume AC.

The corresponding intensity autocorrelation is obtained from the interfer-
ometric by cycle-averaging the fast oscillations (dashed red yellow shaded and
dashed blue green shaded lines in the same graph of figure 7). Again, we observe
a reduction of the peak to background ratio from 3:1 (conventional) to ~2:1
(volume). It becomes apparent that although the contrast of the signal is reduced,
still it should be possible to observe modulation with the delay using the volume
AC technique.

7. Direct measurement of trains of attosecond XUV pulses

The results of the first genuine second-order autocorrelation measurement
of a train of XUV pulses offering direct observation of attosecond temporal light
confinement are summarized in figures 8 and 9.

In particular, figure 8 gives the results of a scan over ~130fs in which the
ion signal due to two-photon ionization of He and that due to single photon
ionization of Xe as a function of a coarse variation of the delay At is plotted.
These results represent a further confirmation that the He gas acts as a two-
photon detector for the XUV radiation in the harmonic superposition. Whereas
the He signal exhibits a modulation according to the degree of overlapping of
the two XUV pulses (see figure 1), the signal corresponding to singly ionized
Xe stays constant. From the He results we deduce an overall duration for the
XUV macro-pulse comprising the harmonic superposition in frequency and the
pulse train in time. The solid line in figure 8 shows the best fit of a Gaussian
pulse to the measured He data. The measured peak-to-background ratio is
close to 2 in accordance to our numerical simulations for the intensity AC of
the volume autocorrelator. The resulting full width at half maximum (FWHM)



Second-order autocorrelation measurements of attosecond XUV pulse trains 333

Figure 8.

—— He' Tyoy =551s
= 10{ o He' B |
E ‘ Xe"
~ 0.9 ® -
@©
S I

T = S
2 081 ~ERES 1
[
-7 ‘.‘9\ 0’ L. 4 . Q]
.. (03
80 60 -40 20 0 20 40 60 80
delay {(fs)

Measured autocorrelation traces of the total XUV pulse resulting from the

superposition of the 7th to 15th harmonics. The circles correspond to the He™ while
the rhombi to the Xe™ signal.

0.14

-
=
© K
— 0.12
~ ]
3 c
< R
= & 0.10
5
g d c
2 " e Be:
ToosLio L 0.08I
9 6 -3 0
delay At (fs) delay At (fs)
Figure 9. Measured nonlinear volume AC traces. The upper trace in the left panel is

the higher-order AC trace of the fundamental laser field. For this acquisition, the
harmonic generation was turned off and the In filter was removed. The period of the
observed oscillation is equal to the laser period, i.e. 2.63 fs. The trace at the bottom of
the left panel is a measured ~18 fs long second-order volume intensity AC trace of the
superposition of the five harmonics 7th—15th while the trace to the right is a blow-up
of the green-shaded region covering a delay range of about 3 laser cycles. The grey
points are the measured data (10 points are accumulated per each position). The
yellow points are their average and the error bars shown correspond to one standard
deviation. A clear modulation with half the laser period is observable in the entire
trace. The red curve is the best fit of an analytical function given by the sum
of a sequence of Gaussian distributions. The common temporal width 75c of the
distributions is the fit parameter, with a best value being 1.1 fs, which corresponds to a
duration of txyy = 780as for each XUV pulse in the train. The blue lines in
the expanded area are the individual (not superimposed) Gaussian distributions. As
the shaded area indicates, the scatter in the experimental points give an estimate for
the individual ‘wagon’ duration in the XUV synthesis of the five harmonics as
XUV = 780 = 80 as.

of the AC trace is T&™

=78 £ 7fs and thus using the well-known formula for

Gaussian pulses, the duration of the envelope of the macro-pulse encompassing

the individual ‘wagons’ in the train is TR

macro

= tacro /212 ~ 55fs. Compared

to the values predicted by the lowest-order perturbation theory (LOPT) for the
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130 fs long harmonic generating laser pulses, this value is 12-64% larger than
the values for the different harmonics of the superposition and approximately
27% larger than the value for the most intense harmonic (9th harmonic). This
is compatible with the well-known lower-order nonlinearity of the harmonic
generation process compared to the order of the process obtained by means of
multiphoton LOPT.

The attosecond structure becomes visible when a fine scan in the delay is
performed. This is illustrated in the graphs of figure 9 where the traces of the
ion signal, for a total temporal overlap of ~18fs near the peak of the laser pulse
and as a consequence of the XUV macro-pulse in steps of ~37as, are shown.
For each position of the piezo-crystal, ~10 data points were accumulated (grey
dots). To reduce the fluctuations in the signal, the running average over 15 data
points for the ion yield and the corresponding standard deviation were
calculated (yellow point with errors bars). This has, as a consequence, an
increase of the delay step to 56 as, but also the unveiling of an important feature
in the signal that provides the evidence for an attosecond pulse train. In
particular, in the lower left panel of figure 9 and in the magnification in the
right panel, a distinct modulation comprising two peaks within an optical cycle
of the fundamental frequency is clearly perceived. The double peak per laser
period is the result of having a frequency comb with twice the laser frequency
between successive peaks. A reliable in situ calibration of the optical period is
afforded by recording the signal due to multi-photon ionization of He using
laser light. This higher-order AC trace is shown in the upper left panel of
figure 9 and it is acquired with the same experimental set-up, but with a solid
laser beam instead of an annular one, without the In filter and with the Xe jet
turned off. Theoretically, our micro-positioning device provides enough resolu-
tion to obtain the interferometric XUV trace. With a step size of 20as (6 nm),
about 14 points can be acquired within the period of the 9th harmonic, which
is the most dominant. However, the shot-to-shot fluctuations inherent in the
ionization signal do not allow this acquisition. T’he data averaging procedure we
have used vyields instead the equivalent of the intensity AC trace.

An average duration over all the ‘wagons’ in the train can be inferred from
our AC data by extending the standard procedure employed in second-order
AC measurements of single pulses and performing fitting of the sum of a
sequence of Gaussian pulses with their common duration Thc as a single fit
parameter. This tacitly assumes that the analytic representation of each of the
attosecond pulses in the train also has the form of a Gaussian. This is common
practice in second-order AC measurements, where a pulse form has always to
be assumed in order to extract the pulse duration. The amplitudes for the
individual XUV pulses are taken from the peaks in the AC data and the
measured background level at ~50% of the signal (see also figure 8). The red
curve in the lower left panel of figure 9 is the best fit obtained for tac = 1.1fs.
The average pulse duration of the ‘wagon’ in the attosecond train is thus
xuv = Tac/2'? = 780 as. In the magnified section in the right panel of figure 9,
we have plotted, in addition to the best fit, the AC trace for txyv = 700 as and
860 as. The modulation is accordingly enhanced or reduced so that it encom-
passes the breadth of the scatter in the data points thus giving an estimate of
wxuv = 780 £ 80 as for the average duration range of the attosecond peak.
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8. Discussion and conclusions

Although the second-order autocorrelation technique provides a direct dura-
tion measurement, the result depends on the pulse shape assumed and in cases of
complex pulse shapes as those encountered in this experiment, the task of a more
rigorous deconvolution becomes rather formidable. Due to the limited region
around zero delay covered by the scan we have performed, no information can
be ascertained as to whether the individual ‘wagons’ have variable duration and/or
spacing between them. Nevertheless, within the accuracy limitations of the
second-order AC technique, the simple deconvolution procedure we have adopted
here gives an average duration, which is more than double the F'T'LL value.

The considerable deviation of the individual ‘wagon’ duration from its FTL
value of 1’%2151\‘ = 315 as (see figure 3) can be attributed to either systematic errors
or to physical reasons. We have estimated the broadening effects of a number
of possible systematic errors. For example due to: (a) deviation of the detector
spectral response (He) from perfect flatness, (b) detector retardation effects due to
virtual states being close to resonant lines of the He atom and (c) geometrical
smearing effects [41] arising from the two non-collinear XUV beams emanating
from the split mirror. In all cases the estimated error amounts to 5-10% of the
FTL value and thus is inadequate for explaining the large deviation from the
measured value.

This points to phase correlated spectral components but with imperfect phase
locking of the harmonics. It has been recently indicated [6] that the harmonics
generated in rare gases possess an inherent linear chirp due to a lack of synchro-
nization during their generation process. Quantitatively, for a superposition of the
harmonics this can be expressed as a quadratic dependence of the relative spectral
phase on the harmonic frequency, i.e. for the ¢gth harmonic the corresponding
spectral phase is given by ¢(w,) = Atwy (g — q0)2/4, where At is the temporal drift
(harmonic chirp) between harmonics and qq is the first harmonic in the super-
position. According to the results reported in [6], the harmonic chirp At depends
on the rare gas and the laser intensity and for Xe and laser intensities 5 x 10'3—
10" W em ™2 (close to the intensities used in our experiments), At varies between
150 and 250as. For our superposition of five harmonics generated in Xe, we
have calculated the temporal structure of the XUV intensity for three values of A¢.
The results are shown in the upper panel of figure 10. As can be seen, for higher
harmonic chirp values the ‘wagons’ in the attosecond pulse train become broader
and skew and for even higher values they acquire multiple peaks. For At = 350 as,
we have calculated the corresponding autocorrelation trace and in the lower panel
of figure 10 compared it to our experimental results. Within the accuracy of the
experimental measurement, the agreement is excellent. However, the value of At
used in this comparison is rather high and not compatible with the measured
values of 150-250 as reported in [6]. A possible reason is that the spectral phase
of the low-order harmonics in our composition (in particular of the 7th) exhibit
larger deviations than the one predicted assuming quadratic phase dependence and
the measured values for the harmonic chirp At [42]. Another factor is the intensity
dependence of the temporal drift Az o 1/1;, [6] resulting in a spectral phase
variation within the laser pulse envelope. In addition to the temporal variation,
the spatial intensity variation at the laser focus is found to play an even more
important role. Whether the observed deviation from the FTL wvalue is due to
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Figure 10.  The effect of the harmonic chirp. Top panel: the intensity of the superposition
of the five harmonics with relative intensity ratios 0.32(7th):1.0(9th):0.30(11th):
0.11(13th):0.01(15th) for a phase spectral difference At =0, 127 and 350as. The
pulse duration in this case is 315 as. Lower panel: comparison of the experimental AC
to the collinear AC trace of the pulse train with At = 350 as.

temporal or spatial harmonic phase variation cannot be inferred from these
measurements.

The method employed of direct second-order XUV autocorrelation makes
perceptible how precarious it is to infer pulse durations indirectly from partial
knowledge of some of the parameters involved. However, the method described
here can be used to perform detailed parametric studies under various settings and
thus optimize the phase-locking conditions. Moreover, it can be refined to include
a second-order frequency resolved XUV gating by employing energy resolved
photoelectron detection [43], a full temporal characterization method analogous
to the frequency resolved optical gating (FROG). These improvements, comple-
mentary to the cross-correlation SPIDER [44, 45] or FROG type [46] approaches,
will constitute a crucial step in the quest for ever-shorter well-characterized and
intense light pulses thus providing the potential for scientific advances in the field
of attoscience.
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