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ABSTRACT We characterize the temporal structure of high-
order harmonic radiation on both the femtosecond and attosec-
ond time scales. The harmonic emission is characterized by
mixed-color two-photon ionization with an infrared femtosec-
ond laser using a Mach—Zehnder interferometer where both
pump and probe arms travel completely separate paths. In a first
experiment, we measure the duration and chirp of individual
harmonics. In a second experiment, we resolve, for the first
time with this type of setup, the attosecond beating of several
harmonics generated under conditions similar to the first experi-
ment. We suggest that the results of both measurements can be
combined to determine the full attosecond time structure of the
harmonic emission.

PACS 32.80.Rm; 42.65.Ky

1 Introduction

A unique property of the extreme ultraviolet
(XUV) radiation obtained through high-order harmonic gen-
eration (HHG) is its ultrashort pulse duration [1-4]. This
underscores the necessity of extending the techniques already
used in the visible range, both for manipulating and charac-
terizing ultrashort laser pulses, to the XUV window of the
electromagnetic spectrum. The practical application of HHG
in metrology experiments of fast electronic processes requires
reliable methods for precise reconstruction of the temporal
harmonic field, on both the femtosecond [5, 6] and attosecond
time scales [3, 7, 8].

The broad coherent spectrum contained in an ultrashort
laser pulse implies that the evolution in time of its constituent
frequencies (frequency chirp) must be determined in order to
accurately reconstruct its temporal shape. FROG [9] and SPI-
DER [10] are examples of already established techniques that
are successful in mapping out the time—frequency distribution
of femtosecond pulses in the optical frequency domain. The
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best method currently available for characterizing ultrashort
pulses in the XUV domain is two-photon ionization (TPI)
using a known infrared (IR) reference pulse [11, 12]. It is par-
ticularly well suited for XUV pulses obtained through HHG
since the same laser driving the generation process can be
used for the nonlinear photoionization and is perfectly syn-
chronized to the XUV emission. The method consists in ana-
lyzing the TPI signal due to absorption of the XUV radiation
and the known IR reference pulse delayed in time. This al-
lows one to track the temporal evolution of the different XUV
frequencies with respect to the phase of the infrared laser field.

2 Time—frequency characterization
of high-order harmonic emission

Performing TPI measurements on XUV radiation
obtained through HHG presents additional challenges that
are directly related to the nature of the generation process it-
self. The laser-driven electron recollision picture proposed by
Schafer et al. [13] and Corkum [14] is capable of reproducing
many aspects of HHG. According to this picture, harmonics
are generated by a sequence of collisions between the atom
and electron wave packets formed by tunnel ionization near
the peaks of the driving laser electric field. Measured HHG
spectra emerge through the time-integrated interference of all
the single encounters within the incident laser pulse duration
and propagation of the generated XUV radiation through the
target gas. This underlines the shortcomings of TPI in pro-
viding a full reconstruction of the temporal structure of HHG
spectra: the amount of temporal information that can be recov-
ered using this technique ultimately depends on the span of
harmonic frequencies that can be sampled at the same time.

2.1 Duration and chirp of individual harmonics

If one samples the frequencies around each har-
monic peak, by recording the TPI signal with a sufficiently
short reference pulse one can successfully retrieve the tempo-
ral envelope and frequency chirp of singly isolated harmonic
pulses [5]. The downside of this approach is twofold. First, in
order to avoid having overlapping TPI signals from adjacent
harmonics appearing in the photoelectron spectrum, it is de-
sirable to use areference pulse with a different frequency from
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that of the driving laser field, thus imposing additional con-
straints on the already demanding experimental realization of
such a technique [15, 16]. The other limiting aspect of this
type of TPI measurement is the restricted spectral window of
observation that allows the monitoring of only one harmonic
pulse at a time, therefore making it impossible to retrieve any
information concerning the interference in time between sev-
eral harmonics.

2.2 Attosecond beating of several harmonics

Alternatively, if one expands the experimental win-
dow of observation to encompass several harmonics, one can
trace the synchronization of emission of central harmonic
frequencies within each half-cycle by recording the TPI sig-
nal with a reference pulse that is in phase with the driving
laser field (i.e. a fraction of the driving laser field itself). The
harmonic relationship between the frequency of the refer-
ence pulse and the harmonic frequencies (separated by twice
the frequency of the reference pulse field) means that two
consecutive harmonics can contribute to producing the same
TPI signal. The observed oscillations in the TPI signal, as
a function of delay (phase difference) of the reference pulse,
reflect the difference in absolute phase of the two harmon-
ics considered. By comparing the oscillations of the con-
secutive TPI signals in the total photoelectron spectrum, one
can reconstruct the relative delay in emission of successive
pairs of harmonics. In general, individual harmonics gener-
ated with pulses containing more than 10 cycles (FWHM) can
be well resolved spectrally. Since the spectral amplitude drops
quickly away from the central frequency, it is safe to concate-
nate the phase differences in order to get the relative phase
difference between all the harmonics observed. Of course, the
long duration of the reference pulse with respect to that of
each individual harmonic pulses does not allow one to resolve
the time-dependent frequency variation of the TPI signal, and
thus the measurement only provides an average attosecond
beating of the harmonic emission for all the oscillations of the
driving laser.

2.3 Experimental progress in Lund

In this communication, we report the progress
made in Lund in combining the measurement of individual
harmonic duration and chirp together with that of attosec-
ond beating between a bunch of harmonics in view of fully
reconstructing the attosecond time structure of the harmonic
spectrum. The advantage of the experimental setup is that the
properties of the laser pulse driving the HHG process can be
manipulated independently of those of the reference pulse.
In a first experiment, we observe that it is possible to some
extent to control the chirp of the individual harmonics gener-
ated in Argon by imposing a chirp on the driving laser pulse.
We examine how the driving laser chirp is actually trans-
ferred to the different harmonics. In a second preliminary
experiment, we could resolve the attosecond beating of sev-
eral harmonics generated in Argon under conditions similar
to the first experiment. This allows us to reconstruct the aver-
age shape of the attosecond pulse train generated around the
peak of the driving laser pulse. Both measurements are com-
plementary since a set of specifically synchronized harmonic

wave packets with their individual amplitude and frequency
chirp uniquely determines the temporal structure of the har-
monic spectrum observed. It is easy to understand that within
the field-driven recollision picture behind the HHG process,
the attosecond time structure of the resulting harmonic emis-
sion will be directly affected by any change in oscillation
frequency of the driving laser field. This offers promising
prospects concerning the tailoring of the attosecond XUV
emission.

3 Measuring the duration and chirp of harmonics
13 to 23 generated in Argon
3.1 Narrowband TPI signal

In this experiment (Fig. 1), we measure the dura-
tion and chirp of harmonics 13 to 23 generated in Argon using
a variably chirped driving laser pulse (35 fs transform-limited
duration). The TPI signal for these harmonics is obtained in
Argon using a 12 fs reference pulse generated with a fraction
of the same driving laser pulse [18].

As shown in Fig. 2, the TPI signal is made up of contri-
butions from two neighboring harmonics and, unavoidably,
the information extracted from the signal will be an average
of the two contributing harmonics. Nevertheless, the dura-
tion and chirp of harmonics generated under these conditions
are found to vary little between consecutive pairs of harmon-
ics [15, 16], and one can decide to arbitrarily assign one TPI
signal in the photoelectron spectrum to a particular neighbor-
ing harmonic peak. Under the present experimental condi-
tions, the frequency- and delay-dependent intensity of the TPI
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FIGURE 1 Experimental setup used to measure the duration and chirp of
individual harmonics generated in Argon. The variably chirped infrared driv-
ing laser pulses (35 fs Fourier-transform limit at 815 nm) are focused into
a 3 mm static Argon gas cell (30 mbar) with a 50 cm spherical mirror. The
generated harmonics are filtered out from the remaining IR light and prop-
agated in a vacuum to a magnetic bottle electron spectrometer (MBES) in
which they are focused by a gold-coated spherical mirror with 20 cm focal
length. A 12 fs reference pulse is generated through self-phase modulation
of a fraction of the driving laser pulse in a gas-filled hollow-core fiber fol-
lowed by recompression using chirped mirrors [18]. The reference pulse is
then made to propagate parallel with the harmonic beam (flat mirror) and fo-
cused into the MBES at an angle of 2°. The TPI signal is recorded in the
photoelectron spectrum of Argon as a function of delay between the har-
monics and the reference pulse. The chirp rate of the driving pulse is varied
by introducing material (chirping plates) in the driving beam and/or in the
reference beam (prior to hollow fiber). By analyzing the driving and refer-
ence pulses online using SPIDER [19], we ensure that the reference pulse is
always kept transform limited and that the driving pulse has the desired chirp
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FIGURE 2 Origin of the TPI signal in the photoelectron spectrum: two
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signal can be expressed as:

2
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where w is the energy of the TPI signal, At is the delay be-
tween the harmonics and the IR pulse, Erer(?), the complex
electric field amplitude of the reference pulse, and, Exyy (?),
the combined total complex electric field amplitude of the two
adjacent harmonics.

Assuming both harmonics and IR pulses have Gaussian
temporal shapes, the time duration of the harmonic can be
extracted from the energy-integrated TPI signal (Fig. 3) by de-
convolving it with the IR duration, tr, according to
XUV = T%PI - flzR - ngeo’ 2
where T4, is a geometrical factor accounting for the slightly
noncollinear geometry of our experiment (estimated to be
about 18 fs). Due to the finite duration of the reference pulse,
the harmonic chirp has to be calculated from the observed fre-
quency chirp, brpy, of the TPI signal (Fig. 3). The TPI signal
is generated at the point of best temporal overlap between the
two pulses, and the TPI energy measured at a certain time de-
lay will therefore not correspond to the instantaneous energy
of the harmonic pulse at that particular delay. The real chirp
value for the harmonic is then given by

2 2
TR+T,
bxuv =bm |1+ —) |- 3)
Xuv
3.2 Transfer of driving laser chirp to the harmonics

Figure 4 presents the experimental TPI signal for
harmonics 17 and 19 generated in Argon obtained for dif-
ferent chirp values imposed on the driving laser pulse while
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FIGURE 3 Left: Experimental TPI signal for harmonics 17 and 19 as
a function of delay and energy. Right: energy-integrated TPI signal (squares)
presented together with a Gaussian fit (solid line), and energy of the TPI
signal maxima as a function of delay (circles) with a linear fit (dashed line)
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FIGURE 4 Experimental TPI signal for harmonics 17 and 19 as a function
of delay and energy for different input chirps on the driving laser pulse (see
Table 1)

maintaining a Fourier-transform limited reference pulse.
An increase in chirp of the driving laser pulse necessarily
stretches the pulse in time and leads to an undesired decrease
of peak intensity. This can be partially compensated for by
increasing the driving laser beam aperture prior to harmonic
generation such that harmonics are generated with the same
driving laser intensity. The compromise made here is that
there might also be time-dependent changes in the phase-
matching conditions contributing to the overall measured
harmonic chirps shown in Table 1.

The transfer of driving chirp to the harmonics seems to
be quite large, with harmonic chirp rates being at least one
order of magnitude larger than those observed for Fourier-
transform driving pulses. The degree of control that can be
achieved on the individual harmonic chirp is beautifully il-
lustrated by the way the chirp rates follow qualitatively the
variation of the driving pulse chirp rate from negative to
positive.

Figure 5 shows how the variation of chirp rate as a func-
tion of harmonic order depends on the chirp that is imposed
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TABLE 1 Driving laser pulse parameters (intensity, duration, and chirp mirror

rate) and extracted harmonic durations and chirp rates from the TPI signal
corresponding to harmonics 17 and 19
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FIGURE 5 Measured harmonic chirp rates as a function of harmonic order
for different input driving laser chirps (cases (a), (c), and (e) in Table 1)

on the driving laser. Harmonics generated with transform-
limited or negatively chirped pulses exhibit a negative chirp
rate decreasing with order, while adding a positive chirp on the
driving pulse leads to harmonics with a positive chirp rate that
is almost constant with order.

4 Recovery of an attosecond pulse train
generated in Argon

4.1 Broadband TPI signal

The nature of the measurement is essentially the
same as that of the method of RABBITT (reconstruction
of attosecond beating by interference of two-photon transi-
tions) proposed by Muller [17]. In this experiment (Fig. 6),
we measure the beating on an attosecond time scale of har-
monics 13 to 23 generated in Argon under conditions similar
to those described in Sect. 3. Here, the harmonics are gen-
erated using transform-limited driving infrared pulses (35 fs
at 800 nm), and the broadband TPI signal for all six harmon-
ics is monitored using a fraction of the driving laser pulse
itself as the reference pulse (35 fs). The collinear geometry
of this experiment implies that we can now resolve the rela-
tive modulations of the individual TPI signal for each pair of
harmonics on the time scale of the oscillations of the laser
field.

Asshownin Fig. 7, the broadband TPI signal appears at in-
termediate energies between adjacent harmonic energy peaks
in the photoelectron spectrum, each separated by 2w, where
wrr s the frequency of the infrared laser field. The origin of
the interference in each individual TPI subpeak can be clearly
seen if (1) is rewritten to explicitly show all phase terms con-

FIGURE 6 Experimental setup used to measure the attosecond beating of
harmonics 13 to 23 generated in Argon under conditions similar to those
described in Fig. 1. In this case, the driving laser pulses generating the har-
monics are kept Fourier-transform limited (35 fs at 815 nm). The reference
pulse is taken as a small fraction (equally transform limited) of the driving
laser pulse itself (same frequency and phase). Prior to focusing into the elec-
tron spectrometer (MBES), the harmonics are passed through the hole in the
middle of a spherical mirror placed under vacuum. This mirror is used to re-
combine both reference and harmonic beams and to make them propagate
collinearly toward the MBES. The curvature of the spherical mirror is chosen
such that the wavefront of the reference beam matches that of the harmonic
beam at the point of focus inside the MBES. The TPI signal is then recorded
in the photoelectron spectrum of Argon as a function of the phase difference
between the harmonic and reference beams
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FIGURE 7 Origin of the broadband TPI signal in the photoelectron spec-
trum: consecutive pairs of harmonics contribute to generating a series of
single TPI peaks spaced by twice the laser frequency wir

tributing to the generation of the TPI signal, such that
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where |Exuv(t — Af)| and |ER(f — Af)| are the envelopes
of the XUV and infrared electric field amplitudes, ¢, and
@q+2 are the absolute phase of the adjacent harmonics that
contribute to generating the TPI subpeak measured at (g +
Dwrr. The phase terms can be factorized, leading to an
oscillatory term proportional to cos(2wir At + Ag), where
Ap = @442 — @ is the relative phase difference between the
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FIGURE 8 Experimental broadband TPI signal obtained for harmonics 13
to 23 as a function of delay and photoelectron energy

23

consecutive harmonic waves. This oscillatory behavior can be
seen in the experimental TPI signal in Fig. 8, recorded for har-
monics 13 to 23 generated in Argon. Each TPI subpeak varies
between 0 and its maximum value with a periodicity of twice
the reference laser frequency.

4.2 Harmonic spectral phase

The measured time shift between the individual
TPl interference patterns allows one to extrapolate the relative
phase difference between consecutive pairs of harmonics and,
hence, to reconstruct the spectral phase of the sampled har-
monics, albeit at intervals of 2wr [17]. This measurement will
actually only give access to the relative variation, A(Ag), of
the phase difference between two consecutive harmonics from
one pair of harmonics to another, which leads to an ambiguity
in the absolute timing of emission of the harmonics with re-
spect to the driving laser field. An absolute time reference with
respect to the driving laser field is then required in order to lift
this ambiguity [20, 21].

Figure 9 shows the different harmonic frequencies sam-
pled in the broadband TPI measurement together with the
reconstructed spectral phase (Yann Mairesse, private commu-
nication). The quadratic phase relationship observed between

K. ‘
S
8 30 10
2 * 3
A
S 20 Y
o a
g 10
0
&
13 15 17 19 21 23

Harmonic order

FIGURE 9 Harmonic spectrum spanning harmonics 13 to 23 generated in
Argon and spectral phase (circles) reconstructed from the broadband TPI
measurement

the sampled harmonics implies a constant delay in the time
of emission (linear chirp) between consecutive harmonics es-
timated to be about 80as, in good agreement with recent
broadband TPI measurements performed in Argon [21]. As
a consequence, the coherent superposition of all six harmonic
frequencies will not lead to pulses with the shortest duration
allowed by the their combined total bandwidth.

4.3 Recovered attosecond pulse train

The recovered shape of the attosecond pulse train
resulting from the beating of these harmonics is presented in
Fig. 10. The duration of each individual XUV burst in the
train is calculated around 250 as, which is close to the Fourier
limit of 202 as. The reconstructed pulse train shown here rep-
resents only an average of the attosecond time structure of the
total harmonic field since there are many frequency compo-
nents (with nonzero amplitude) around each central harmonic
peak for which the spectral phase is not recovered by the
broadband TPI measurement. The complete characterization
of the attosecond time structure of the harmonic field would
therefore require combining the results from both broadband
and narrowband TPI measurements performed on harmonics
generated under the exact same conditions. One way to ac-
complish this would be to use a short enough reference pulse
to resolve the temporal structure of individual harmonics with
a phase that can be controllably locked to that of the driv-
ing laser field. This puts severe (but not impossible) require-
ments on the stability of the experimental setup. Neverthe-
less, if these experimental requirements were to be fulfilled,
the time-frequency distribution of all the individual TPI sig-
nals would contain sufficient information about the spectral
phase to accurately reconstruct the electric field of the XUV
radiation.
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FIGURE 10 Temporal intensity profile of the attosecond pulse train recov-

ered from the broadband TPI measurement. The duration of each individual
XUV burst is approximately 250 as

5 Conclusion

In conclusion, we demonstrate the experimental
implementation of two complementary TPI measurements in
order to fully characterize high-order harmonic emission in
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Argon using femtosecond pulses. We can control and char-
acterize the duration and chirp of individual harmonic pulses
and measure the synchronization of the central frequencies of
different harmonic pulses without significantly changing the
generation conditions. Combining the above measurements
highlights the possibility of accurately controlling the attosec-
ond temporal structure of harmonics in potential applications
in time-resolved spectroscopy. To our knowledge, the obser-
vation of the attosecond time scale beating of harmonics using
this type of Mach—Zehnder interferometer is the first of its
kind.
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