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Interplay between group-delay-dispersion-induced
polarization gating and ionization to generate
isolated attosecond pulses from multicycle lasers
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We implemented a new experimental scheme for the generation of single-shot extreme-UV continua that exploits
a combination of transform-limited 15 fs, 800 nm pulses and chirped 35 fs, 800 nm pulses with orthogonal po-
larizations. Continua are interpreted as the formation of a single attosecond pulse and attributed to the interplay
between polarization, ionization gating, and trajectory selection operated by suitable phase-matching

conditions. © 2010 Optical Society of America
OCIS codes: 020.2649, 190.4160, 320.7110.

Different techniques have been demonstrated until now
for generating single attosecond pulses (SAPs) that ex-
ploit high-order harmonic generation (HHG) by carrier-
envelope phase (CEP) stabilized, few-cycle laser sources
[1,2]. Recently, some efforts have been devoted to the ex-
tension of time-gating techniques to driving pulses in the
multicycle regime [3,4]. In [3] the gate was formed just at
the top of the overall field obtained by superposition of
four field components with separately controlled phase
and intensity and it led to the generation of a continuum
extreme-ultraviolet (XUV) spectrum with 50 fs driving
pulses. The scheme used in [4] exploits the combination
of polarization and two-color gating and demonstrated
generation of isolated attosecond pulses with 28 fs driv-
ing pulses. Another approach that has recently been pro-
posed consists in HHG by a driving electric field with two
orthogonally polarized components properly chirped and
delayed [5]. In this case the gating is due to a combination
of the driving electric field ellipticity, ionization, and tra-
jectory selection operated by suitable phase matching.
The tailoring of the driving pulse is such that it presents
a time window of nearly linear polarization in the leading
edge, corresponding to the maximum accessible laser in-
tensity before ionization could deplete the gas target.
This is a great advantage over the technique used in [3],
as there is no need to wait for the top of the pulse, which
imposes a severe limitation over the highest intensity that
can be actually used for SAP generation. Width and time
position of the gate window are controlled by the delay
and the relative chirp of the two components and can be,
in principle, positioned in any desired time location along
the overall pulse. With respect to the previously men-
tioned techniques, the approach reported in [5] presents
advantages such as easy implementation and robustness
against laser-parameter fluctuations [6].

In this Letter we propose and experimentally demon-
strate a significant improvement of our approach to SAP
generation from multicycle driving lasers [5]. In fact, here
the chirp of one of the two beams needed to realize sui-
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table polarization gating was obtained by means of group
delay dispersion (GDD), as in [7], rather than self-phase
modulation (SPM), as suggested in [5]. This allowed us to
relax the demand of a high SPM, which is not easy to
achieve without significant temporal and spatial pulse
distortion along the radial direction [6]. We also have car-
ried out the experiment at higher intensity than that hy-
pothesized in [5]; as a consequence, because the medium
depletion takes place earlier, this leads to a narrower
time window for harmonic generation.

Starting from a Ti:sapphire laser source (800 nm,
2 mJ), we achieved spectral broadening by filamentation
in an Ar-filled gas cell and generated short pulses by
chirped mirror compression. Typical duration and energy
for these pulses are of the order of 15 fs and 1 mJ, re-
spectively. We sent the pulses to a Michelson interferom-
eter equipped with a computer-controlled delay line
(minimum temporal resolution of 0.28 fs). In one arm
of the interferometer we placed a broadband half-wave
plate to rotate the polarization of the beam by 90° and
a variable amount of glass for providing GDD and fine
tuning of the gate window. This led the chirped pulse
to a final duration of about 35 fs. Through a numerical
simulation of the field propagation, we have estimated
linear chirp and GDD coefficients as a = 2.7 x 10~3 fs—2
and S~ 140 fs2, respectively. For a chirped Gaussian
pulse, the relation between a and S is given by

K*p

213 + ) W

a =

where T is the chirp-free pulse duration (FWHM) and
k=4 In2. For Ty = 15 fs, Eq. (1) provides a maximum
a =3 x 1073 fs~2, which is in fair agreement with our es-
timation for a, corroborating the evidence of optimal
conditions in our experiment.

The two pulse components were recombined after the
interferometer and sent to the generation chamber for
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HHG. We focused the driving pulses on a synchronized
gas jet with a spherical mirror having a 150 mm focal
length. Characterization of harmonic emission was per-
formed by means of a soft x-ray spectrometer and a mi-
crochannel plate coupled to a phosphor screen and a
CCD camera. Because the laser source used in this ex-
periment is not CEP stabilized, we acquired single-shot
harmonic spectra in order to be able to observe the gat-
ing effects. The two pulse components separately gener-
ated harmonic emission in Kr with comparable spectral
extension.

To illustrate the mechanism at work in our approach,
we show in Fig. 1 the results of a simulation based on the
strong field approximation [8] corresponding to our ex-
perimental parameters. The two components of the driv-
ing electric field are shown in Fig. 1(a). The GDD-induced
phase term in the longer component was properly ac-
counted for in the spectral domain. Figure 1(b) shows
the total electric field ellipticity (solid curve) and the
ionization fraction in krypton calculated with non-
adiabatic Ammosov-Delone-Krainov (ADK) rates [9]
(dashed curve). As can be seen, a gating window appears
along the leading edge of the driving pulse, owing to the
interplay between the modulation of the overall electric
field polarization and the medium ionization depletion. In
Fig. 1(c) the calculated single-dipole response (dashed
curve) and the propagated harmonic field in the far field
(solid curve) are depicted. The single-dipole response
and the integration of the fundamental and harmonic pro-
pagation equations were performed in the time domain.
Results reported in Fig. 1(c) clearly indicate the forma-
tion of a quasi-SAP, lasting =900 as after propagation in
the far field, in correspondence of the timing of the gating
scheme. A key role in the mechanism underlying SAP
generation is played by both fundamental and harmonic
field propagation through the target [10], which acts as a
spatial filter contributing to temporally clean the final
SAP. In fact, in the absence of propagation, the single-di-
pole response is made of three distinct pulses associated
to the recombination originating from different electron
trajectories [6].

Figure 2(a) shows a sequence of experimental harmo-
nic spectra recorded as a function of the delay between
the two driving pulses. The reported delay scan was ob-
tained on a statistical basis, because the pulse CEP was
not under control. In spite of CEP fluctuations, one can
clearly see that a quasi-periodic modulation was induced
in the harmonic yield for large delays; such modulation is
due to the delay-dependent modulation in the polariza-

Fig. 2.
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Fig. 1. (Color online) (a) Calculated perpendicularly polarized
components of the electric field: 15 fs, 750 nm pulse (dashed
curve) and chirped 33 fs, 750 nm pulse (solid curve). (b) Cal-
culated ellipticity of the total driving field (solid curve, left ver-
tical scale) and ionization fraction in krypton based on
nonadiabatic ADK rates [10] (dashed curve, right vertical
scale). (¢) Calculated single dipole response (dashed curve)
and propagated harmonic field in the far field (solid curve).
The parameters of the simulations are a delay of 15 fs between
the two pulses with the short pulse ahead; a CEP value of
7/8 rad and -z/8 rad for the short and the long pulse, respec-
tively; a peak intensity of about 8 x 104 W cm2 for both pulses;
and a GDD of ~180 fs~2 for the chirped pulse. As for the gas jet,
the local pressure is 25 mbar, the length 0.6 mm—the jet being
positioned 1 mm after focus in the diverging beams with a con-
focal parameter of 2.4 mm.

tion state of the overall driver, induced by the interplay
between the tails of the two pulse components. One can
also see that, for a delay of 15 fs (with the short pulse
ahead in time) the generation of a continuous spectrum
was obtained, whereas discrete and suppressed harmo-
nics were observed just 0.5 fs later. This behavior is due
to the fact that, in this range of delays, a tiny modification
of the delay or of the CEP values of the pulses strongly
affects the single electron dynamics, thereby switching
close trajectories into open ones and vice versa. Around
the delay of 15 fs, when the recollision is confined within
the gate and the electric field triggers ionization deple-
tion, one can observe the emission of a continuum spec-
trum in the 35-55 eV spectral region.
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(Color online) (a) Measured single-shot harmonic spectra in krypton for different delays between short and long pulse. (b)

Single-shot harmonic spectra generated in krypton for delays of 15 fs (solid curve) and 15.5 fs (dashed curve), respectively, between
the short and the long driving pulse (short pulse ahead) in conditions similar to those simulated in Fig. 1.



2800 OPTICS LETTERS / Vol. 35, No. 16 / August 15, 2010

Intensity (arb. un.)

Photon energy (eV)

Fig. 3. (Color online) Simulated harmonic spectra in krypton
for delays of 15 fs (solid curve) and 15.5 fs (dashed curve), re-
spectively, between the short and the long driving pulse (short
pulse ahead) in conditions similar to those used for Fig. 1 and
corresponding to the measured spectra reported in Fig. 2(b).

Figure 2(b) shows in detail two XUV spectra acquired
for a time delay of 15 fs (solid curve) and 15.5 fs (dashed
curve) respectively, with the short pulse ahead in time.
These spectra correspond to the maximum intensity of
the electric field in the gate window, in a condition similar
to that simulated in Fig. 1. A broad continuum is obtained
in the former case, whereas discrete harmonics corre-
sponding to several emission events are clearly visible
for adelay of 15.5 fs. Similar effects, not shown, have been
observed in argon. It is worth stressing that, as the pulse
CEP changed from shot to shot, and the success of our
scheme depends on the pulse CEP, we could not observe
continua each time for a selected delay between the two
pulses. Thus, for some configurations and specific delays,
such as the one reported in Fig. 2(b), we acquired several
consecutive shots observing continua in about 3%-5% of
the cases, which reflects the statistical fluctuations of in-
itial pulse CEP value. Our simulations indicate that CEP
needs to be stabilized within =150-200 mrad to yield a ro-
bust SAP formation. The continuum bandwidth of the
spectrum shown in Fig. 2(b) is wide and would support
an SAP duration much shorter than the one of 900 as that
we calculated. This pulse lengthening is due to a consis-
tent chirp of the XUV pulse, which causes pulse lengthen-
ing, as predicted for analogous conditions [6].

Figure 3 shows the calculated spectra corresponding
to the same conditions of the measurements reported
in Fig. 2(b). In the simulations, the CEP values of the in-
itial pulses, as well as all the other parameters, were cho-
sen to be the same as for the simulations shown in Fig. 1.
The agreement between measured and theoretical spec-
tra (calculated in the experimental conditions) is very
good, strongly corroborating our theoretical analysis. It
turned out that our approach to generate SAPs from mul-
ticycle lasers not only depends on the CEPs of the initial
pulses but also requires us to properly work a difference
of about 7/4 between the CEP values of the two pulses,

regardless of the sign of such a difference. This CEP dif-
ference is likely due to the phase cumulated, in corre-
spondence of the carrier wavelength, by one of the
two pulses that crossed the fused silica wedges to be
properly chirped.

We mentioned that similar results were obtained also
in argon, but continua were, in that case, less regular and
spectrally extended and statistically more rare compared
to what was observed in krypton. This is likely due to the
fact that argon is harder to ionize compared to krypton;
thus, the time confinement due to heavy ionization of the
medium that acts as the rising arm of the time gate is, for
argon, less efficient.

In conclusion, we have experimentally demonstrated
that our method leads to XUV continuum generation,
thanks to a novel physical interplay among polarization
and ionization gating, strictly combined with 3D transient
phase matching, starting from multicycle commercially
available laser sources. The experimental scheme is easy
to implement in a typical ultrafast laser facility and there-
fore represents a crucial step to enable the access to at-
toscience to a wide scientific community.
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