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Single isolated attosecond pulse from
multicycle lasers
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We propose a new experimental scheme to produce clean isolated pulses lasting a few hundreds of attosec-
onds. It is based on high harmonics generation and uses the polarization gating technique combined with
the ionization dynamics and the spatial filtering provided by the three-dimensional field propagation. The
proposed method is easy to implement, robust against laser parameter fluctuations, and shows to be effec-
tive up to a 25 fs pulse duration. © 2008 Optical Society of America
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The availability of a single isolated attosecond pulse
(SAP) [1] has paved the way to what has been called
attoscience [2]. So far subfemtosecond pulses have
been mainly generated by means of high harmonic
generation (HHG) in gas, which can be described by
the three-step model [3]. In the first step the electron
tunnels through the Coulomblike potential barrier
that is lowered by the laser electric field, then gains
kinetic energy moving in the laser ponderomotive po-
tential, and finally returns to the vicinity of the ionic
core, where it recombines and emits an extreme ul-
traviolet (XUV) photon. It turns out that SAP can be
obtained only if one is able to select the HHG emis-
sion within half a cycle of the laser field. With few-
cycle laser pulses this can be achieved either by se-
lecting spectrally [1] or spatially [4] the harmonics
generated in a half cycle by linearly polarized pulses
or by using the polarization gating technique, which
exploits the fact that a nonlinear elliptical polariza-
tion prevents the electron from recolliding [5,6].

A huge breakthrough for obtaining an SAP would
be represented by the use of multicycle, rather than
few-cycle, laser sources owing to their much higher
energy per pulse and possible commercial availabil-
ity. To this end several schemes have been proposed,
although in most cases the required laser pulse is
still short ��15 fs� [7] compared to the typical perfor-
mance of standard laser system ��25 fs�. Recently, a
polarization gating technique based on the interfero-
metric modulation of the ellipticity of a 50 fs long
driving pulse has been put forward [8] leading to a
continuum XUV spectrum, which might be possibly
associated with SAP. Besides its complexity, this
scheme generates the linear polarization gate only in
the central part of the driving pulse, thus imposing
severe limitations both on the duration and the en-
ergy of the driving pulse since medium ionization has
to be kept as low as possible before HHG occurs.

In this Letter we propose a new approach to
achieve SAP from multicycle pulses delivered by com-
mercial laser systems (Ti:sapphire sources), which
combines a polarization gating generated on the lead-

ing edge of the driving pulse with a subsequent ion-
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ization gating [9,10] whose role is to prevent the
emission of additional attosecond pulses from the
rest of the pulse. Such a method shows to be effective
with pulse durations up to 25 fs and can be used with
peak intensities as high as �1015 W cm−2 or poten-
tially more. A key role in the effectiveness of our
method is played by field propagation that acts as a
spatial filtering and contributes to the generation of a
clean SAP [11,12].

The key idea to produce XUV SAP with multicycle
optical pulses is to induce a single half optical cycle
(o.c.) time window of nearly linear polarization in the
leading edge of the driving pulse. This window must
happen at the maximum possible laser intensity for
HHG to take place before the significant medium ion-
ization occurs. This is achieved with the superposi-
tion of two crossed polarized pulses properly chirped
and delayed. A layout of the scheme is illustrated Fig.
1. A linearly polarized input beam is split by a 50–50
beam splitter (BS), which is large enough to allow the
recombination in a different area. The large area is
required by the need to rotate the polarization of one
of the two beams, which is achieved by crossing only
once the half-wave plate (HWP) while the phase ad-
juster (PA) allows one to adjust the relative phase of
the two beams.

A robust self-phase modulation (SPM) provides the
required chirp (solid curves in Fig. 1) and broadens

Fig. 1. (Color online) Principle of the experimental

scheme.
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the initial spectrum centered at 800 nm toward the
infrared/visible in the leading/trailing edge of the
pulse. In view of the role played by the ionization gat-
ing only the first half of the pulse needs to preserve
its spectral and temporal attributes. The main effect
to be concerned about is the group velocity dispersion
(GVD) occurring in all the crossed optics, which
would lead to pulse lengthening. Since in our method
the SAP is generated in the leading edge of the
chirped pulse, we can neglect GVD contribution be-
cause its importance tends to vanish for wavelengths
longer than 800 nm in most materials (e.g., Ga:La:S
glasses). Possible residual positive GVD can be cor-
rected through negative dispersive systems.

Eventually, the output of the interferometer is a
superposition of two crossed linearly polarized
beams, Ex and Ey, the latter being chirped and de-
layed,

Ey�t,z� = E0y exp�− 1.39� t − Td

�p
�2�sin�− �0�t − Td�

+
2�L

�
n2I�t − Td� − ��z� + �0y� . �1�

In Eq. (1) E0y=E0 /�2 with E0 being the input elec-
tric field amplitude, Td is the relative delay between
the output pulses, �p is the input pulse duration
[FWHM of the intensity I�t�], �0 is the main oscilla-
tion frequency, L and n2 are the thickness and the
nonlinear refractive index, respectively, of the glass
where SPM takes place, ��z� is the Guoy phase, and
�0y is the carrier to envelope phase (CEP). Similarly,
Ex is described by Eq. (1) without the SPM term with
E0x=E0 /�2 and setting Td=0.

The maximum SPM-induced phase variation expe-
rienced by the electric field has been assumed to be
9 rad. It can be easily realized by a laser beam with
an intensity of �50 GW/cm2 crossing a 2-mm-thick
slab of high n2 glasses, such as SF59 or Ga:La:S �n2
=50–100	10−16 cm2/W�. We neglect here a possible
spatial variation of the induced SPM owing to radial
modulation of the pulse intensity. Such an assump-
tion relies on the possibility to enlarge the beam size
and then select only its central part. The value of
9 rad for the SPM-induced phase variation is a trade-
off between a higher value that would generate more
linear polarization windows and a lower value that
would broaden the single time window. In both cases
multiple attosecond pulses would be produced.

The superposition of the two fields given by Eq. (1)
leads to an electric field with a linear polarization
quite close to the peak intensity, elliptical at maxi-
mum intensity, and again linear after the peak. This
is shown in detail in Fig. 2(a), where the ellipticity

=Ey�t� /Ex�t� is reported for a laser pulse with �p
=20 fs. In this simulation the delay between the two
pulses is Td=−0.32 fs (chirped pulse ahead), while
the CEP is 0.4� rad. The two pulses are in phase �

=0� only for approximately half a cycle, thus realizing
the single emission, which is the main requirement

for the generation of SAP. This condition takes place
once in every time window centered at cusp points

=0, in the leading edge of the laser pulse; however,
the recollision events leading to harmonic emission
in the spectral interval H20–H44 occur mainly in the
time window at t�−3.5 o.c., since in the former �t
�6.3 o.c.� the pulse intensity is still too low for an ef-
fective HHG. The central part of the pulse is intense
enough to fully ionize the medium while the condi-
tion Td=−0.32 fs assures that the ellipticity is quite
high ��0.7� at the peak of the combined pulse. The
above two factors impede further contributions to the
harmonic field from the rest of the pulse. Such a de-
scription is supported by the single dipole emission,
shown in Fig. 2(a), calculated within the strong field
approximation generalized for a field with time-
dependent ellipticity [13].

Nonadiabatic three-dimensional (3D) propagation
of fundamental and harmonic fields through to the
gas target has been accounted for by extending the
model described in [14] to the case of two fields and
by numerically integrating the corresponding propa-
gation equations for both fundamental and harmonic
fields. Medium ionization has been calculated by us-
ing the nonadiabatic Ammosov–Delone–Krainov
model. Throughout our simulations we have assumed
a pulse peak intensity at a focus of 8	1014 W cm−2

and a 1-mm-long Ar jet of 3.3	103 Pa local pressure
placed at 1.7 mm in the diverging beam, 3.5 mm be-
ing the confocal parameter.

Our method to generate SAP from multicycle high-
energy optical pulses has been found to be very ro-
bust against CEP fluctuations. Specifically, in Fig.
3(a) the total near-field emission is reported as a
function of time for three different CEP values show-
ing that a very clean SAP lasting about 380 as is ob-
tained at t�−3.5 o.c. with CEP equal to 0.4� rad.
When CEP shifts by ±0.2� rad an additional satellite
[not shown in Fig. 3(a)] appears, having an intensity
eight times smaller than the main pulse. The tempo-
ral structure degenerates to a double-pulse structure

Fig. 2. (Color online) (a) Ellipticity (blue dotted curve),
ionization fraction (green thin solid curve), single dipole
emission (red thick solid curve), and near-field emission
(black dashed curve) versus time for a �p=20 fs pulse. The
spectral window is H20–H44 of the fundamental, while
other conditions are specified in the text. (b) Chirped (Ey,
red solid curve) and chirp-free (Ex, blue dotted curve)
squared electric fields.
when CEP shifts by more than ±0.3� rad from the
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optimum value. Due to its high divergence, the sec-
ond emission occurring approximately 7 o.c. later is
completely removed in the far field [Fig. 3(b)] by sim-
ply inserting an appropriate on-axis aperture. Our
simulation reveals that this spurious emission at
7 o.c. after the main one [see Fig. 3(a)] comes from
off-axis contributions as a result of an incomplete pe-
ripheral depletion of the medium and of an additional
time gate of nearly linear polarization occurring in
the trailing edge of the pulse. Further analysis of the
near field shows that such contributions are charac-
terized by high angular divergence (more than
4 mrad against 1–2 mrad of the main pulse). This is
demonstrated by the far field calculation carried out
assuming a 0.7 mm diameter aperture placed at
0.5 m from the gas-jet and reported in Fig. 3(b); in
fact, the aperture, while it only slightly chokes the
main pulse, completely cuts the subsequent peak.
The SAP generation finds its counterpart in the fre-
quency domain as shown in Fig. 4; the best case, for
CEP=0.4� rad, gives rise to a supercontinuum spec-

Fig. 4. (Color online) Spectra of the near-field emission re-
ported in Fig. 3(a).

Fig. 3. (Color online) (a) HHG emission in the near field
versus time for �p=20 fs, Td=−0.32 fs (chirped pulse
ahead), and CEP=0 rad (blue dotted–dashed curve), CEP
=0.4� rad (black solid curve), and CEP=0.75� rad (red
dashed curve). (b) Corresponding far field emission assum-
ing a 0.7 mm diameter aperture placed at 0.5 m from the
interaction region.
trum while strong spectral modulation occurs when
the double peak structure arises in time.

Our analysis has also evidenced a robust stability
against pulse peak intensity �I0� and pulse delay �Td�
fluctuations. Indeed, SAP generation with a contrast
ratio better than 1:4 still takes place when �Td
�0.20 fs and �I0 /I0�2.2%. These tolerances are
fully achievable in practice with currently available
technology. We also checked the performances with
�p=25 fs finding SAP with a contrast ratio better
than 1:10 in the best conditions.

In conclusion, our method leads to high brightness
SAP generated thanks to a novel physical interplay
among polarization and ionization gating combined
with 3D transient phase matching. The experimental
scheme is easy to implement in a typical ultrafast la-
ser facility and therefore represents a crucial step to
enable the access to attoscience to a wide scientific
community.
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