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The applications of isolated attosecond pulses reported to date, which have demonstrated the great potential of
attosecond technology in the investigation of ultrafast electronic processes, have been limited by the low photon flux
of the available attosecond sources. We report on the generation of isolated sub-160-as pulses (at a photon energy of
∼30 eV) with a pulse energy, on target, of a few nanojoules. The efficient generation of isolated attosecond pulses in
noble gases is produced by 5-fs driving pulses with controlled electric field and peak intensity beyond the gas saturation
intensity. The availability of attosecond sources with high peak intensities has potential in opening new avenues for
attosecond-pump/attosecond-probe studies of electronic processes in atomic and molecular physics, with interesting
prospects in the field of coherent control of electronic motion in complex systems in the attosecond temporal regime.

A
lmost ten years after the first experimental demonstration
of the generation of isolated attosecond pulses1, attosecond
technology has become an important branch of ultrafast

science, with important technological and scientific breakthroughs2,3.
Isolated attosecond pulses have been generated using three different
approaches based on high-order harmonic generation (HHG) in
gases, and produced by few-optical-cycle driving pulses. The first
approach is based on the use of sub-5-fs pulses with a stabilized
carrier-envelope phase (CEP) and spectral selection of the cutoff
portion of the harmonic spectrum4. Pulses as short as 80 as at a
photon energy of �80 eV were generated with this method in
2008 (ref. 5). The second approach makes use of phase-stabilized
few-cycle driving pulses in combination with the polarization
gating technique6–9, resulting in the generation of completely
characterized pulses as short as 130 as at a photon energy of
�36 eV (ref. 10). The third method relies on a temporal gating tech-
nique based on the ionization-induced phase mismatching between
the fundamental and harmonic fields. Using this technique, 430-as
pulses at �90 eV were generated (ref. 11). Isolated attosecond pulses
have also been generated using multi-optical-cycle pulses (with dur-
ations up to 28 fs) by taking advantage of the generalized double
optical gating (GDOG) method, which is a generalized polarization
gating technique based on the use of a two-colour driving field12,13.
In parallel with the development of attosecond science based on iso-
lated attosecond pulses, remarkable advances have also been
achieved in the generation and application of trains of attosecond
pulses, with important progress in attosecond metrology14–16 and
the demonstration of experimental techniques based on the use of
trains of attosecond pulses17.

To date, measurements with attosecond temporal resolution have
been performed by using an isolated attosecond pulse as pump and
an infrared (IR) femtosecond pulse as probe, or vice versa. A real
breakthrough in attosecond science would be the ability to probe
with isolated attosecond pulses the electron dynamics initiated by
an attosecond pump pulse. The crucial limitation that has so far pre-
vented the demonstration of attosecond-pump/attosecond-probe
spectroscopy is the extremely low pulse energy of the available atto-
second sources. By using the technique of spectral selection of the
cutoff harmonics in combination with the use of almost single-cycle
excitation pulses, �1 × 108 photons/s (photon energy, �80 eV) on

target have been reported (by using neon as the generating
medium), which corresponds to a pulse energy of �0.5 pJ (ref. 5).
In this case the pulse energy at the output of the gas cell used for
HHG (�0.5 nJ) is reduced by three orders of magnitude by the mul-
tilayer mirror used for spectral selection and by the zirconium foil
used to eliminate the fundamental and lower harmonic orders. By
using the polarization gating (PG) technique, �70-pJ (on target)
attosecond pulses at �35 eV photon energy have been generated
in argon8.

Here, we demonstrate a technique for the generation of isolated
attosecond pulses with energy up to 2.1 nJ on target, thus showing a
pulse-energy enhancement from one to three orders of magnitude
compared with the generating methods demonstrated so far. The
key elements of the technique are (i) the use of few-optical-cycle
driving pulses with a controlled electric field, linear polarization
and peak intensity above the saturation intensity of the gas used
for HHG, defined as the peak intensity leading to an ionization
probability of 1, and (ii) a careful design of the interaction geometry
in terms of gas pressure, position and thickness of the gas cell. We
will demonstrate that such a method is based on the combined
action of complete depletion of the neutral atom population on
the leading edge of the few-cycle excitation pulse18 and efficient
spatial filtering in the extreme ultraviolet (XUV) beamline.

Results
Spectral and temporal characterization of the attosecond pulses.
We used 5-fs driving pulses with a controlled electric field to
generate XUV radiation by HHG in a 2.5-mm-long cell filled with
xenon at static pressure (�2.5–3 torr). Figure 1a shows the XUV
spectra obtained at a laser peak intensity of I ≈ (2.3+0.3) ×
1015 W cm22 in the beam waist position: well-resolved harmonic
peaks are clearly visible, ranging from the 13th harmonic up to
the 23rd harmonic (note that the saturation intensity of xenon is
�3.7 × 1014 W cm22 for 5-fs excitation pulses). Upon changing
the CEP of the driving pulses by Dc¼ p/2, a clear transition
from the harmonic structure shown in Fig. 1a to a continuous
spectrum is observed (Fig. 1b). This is a strong evidence that, in
the temporal domain, by changing the CEP of the driving pulses
it is possible to confine the XUV generation process to a single
event. Continuous spectra can be generated within a broad range
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of CEP values, much larger than the residual CEP fluctuations after
stabilization. The spectral shapes periodically change for a CEP
variation Dc¼ p. Indeed, both Fig. 1a and 1b show two XUV
spectra acquired for a CEP variation Dc¼p. The energy of the
XUV pulses in the case of the continuous spectra was 2.1 nJ, after
a 100-nm-thick aluminium filter used to block the fundamental
radiation and the low-order harmonics. Therefore, this is the
XUV energy on target, which can really be used in an experiment.
Such an energy corresponds to �5.3 × 108 photons/pulse
(or �5.3 × 1011 photons/s). Continuous XUV spectra were
obtained in a relatively broad interval, Dz ≈ 2 mm, of gas cell
positions from the focus of the laser beam. The optimal gas
pressure was below the maximum value leading to absorption of
the XUV radiation. We have also used krypton, argon and neon
as generating media. In such cases a clear transition from
modulated to continuous XUV spectra was observed upon
changing the CEP of the driving pulses. In particular, in neon it
was possible to generate continuous spectra extending from 65 eV
to 160 eV, with a maximum energy of 230 pJ on target.

To measure the temporal characteristics of the attosecond pulses,
we used the method of frequency resolved optical gating for com-
plete reconstruction of attosecond bursts (FROG CRAB)19. The
XUV pulses transmitted by the aluminium plate were focused
onto an argon gas jet, where they ionized the gas atoms in the pres-
ence of an IR pulse (hereafter called the streaking pulse), which
acted as an ultrafast phase modulator on the generated electron
wave packet. By measuring the temporal evolution of the photo-
electron spectra as a function of the delay between the XUV pulse
and the streaking pulse it is possible to retrieve the temporal charac-
teristics of the attosecond pulse. Figure 2a shows a portion of the

FROG CRAB trace measured for XUV pulses generated in xenon
by 5-fs pulses with a CEP value leading to the production of a con-
tinuous spectrum. The retrieved FROG CRAB trace, shown in
Fig. 2b, reproduces the experimental trace; the corresponding
error, evaluated as the root-mean-square error per element of the
trace20, is �1 × 1023. In the reconstructed temporal intensity
profile of the XUV pulses, reported in Fig. 2c, the pulse duration
was 155+5 as (the transform limit was �130 as). Such pulses corre-
spond to only 1.1 optical cycles of the carrier frequency.

Physical mechanism: nonadiabatic saddle-point simulations. The
physical mechanism underlying the confinement of XUV generation
to a single event by using high-peak-intensity driving pulses with few-
optical-cycle duration is related to the ionization dynamics in the
generating medium. The role of ionization in the generation of
isolated attosecond pulses has already been investigated for 8-fs
(ref. 11) and 15-fs (ref. 21) driving pulses with different
experimental setups. In both cases, the confinement of the XUV
generation process to a single event was restricted to the cutoff
region of the XUV spectrum, and it was explained by the very
rapid loss of phase matching occurring on the leading edge of the
excitation pulses. The use of intense CEP-stabilized few-cycle pulses
for the generation of broadband, continuous XUV radiation has
been discussed in earlier theoretical works22,23. In both cases, the
generation of isolated attosecond pulses required a suitable spectral
selection of the high-frequency components of the XUV spectrum.
In contrast, in our experimental configuration, both the plateau and
cutoff regions of the XUV spectrum are continuous. The
fundamental radiation and the low-order harmonics have been
blocked by a thin metallic filter.
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Figure 1 | CEP-dependence of measured XUV spectra. XUV spectra

generated in a 2.5-mm-thick xenon cell by 5-fs pulses at a peak intensity

I ≈ (2.3+0.3) × 1015 W cm22 for different CEP values: c1, c1þp (a),

c2, c2þp (b), where c1¼c2þp/2. The spectra were measured after

the aluminium filter used to block the fundamental radiation and the

low-order harmonics.
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Figure 2 | FROG CRAB measurement of isolated attosecond pulses.

a, Portion of an experimental FROG CRAB trace as a function of the

temporal delay between the attosecond and streaking pulses.

b, Reconstruction of the FROG CRAB trace after 8 × 105 iterations of the

retrieval algorithm. c, Reconstruction of the temporal intensity profile and

phase of the attosecond pulses.
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To obtain a first direct physical interpretation of the physical pro-
cesses underlying the experimental results, we used the nonadiabatic
saddle-point method24,25, which analyses the XUV generation
process in terms of the complex trajectories (quantum paths) fol-
lowed by the electrons from the ionization instant to the recombina-
tion with the parent ion. It is well known that on-axis emission is
predominantly related to the so-called short quantum paths, charac-
terized by an electron return time of the order of one-half an optical
period of the fundamental radiation26. We calculated the contri-
bution to the total XUV emission rate of each individual short

quantum path, taking into account the ground-state depletion by
using Ammosov, Delone and Krainov (ADK) theory27, as described
in ref. 28. Figure 3a shows the XUV emission rates associated with
the first three quantum paths for a CEP value of c¼ 0.1p. As a
result of the particular temporal evolution of the ionization rate
(inset, Fig. 3a), two quantum paths contribute to the total emission
rate (red curve in Fig. 3a), which was found to be spectrally modu-
lated. In such a case, two attosecond pulses are generated. On chan-
ging the CEP value to p/2, the fast depletion of the neutral atom
population (inset, Fig. 3b) leads to the confinement of the gener-
ation process to a single quantum path (thus giving rise to an iso-
lated attosecond pulse), as is clearly shown in Fig. 3b. We then
verified that the XUV generation process was not affected by mul-
tiple ionization of the generating medium (see Supplementary
Information). Of course, the saddle-point method does not consider
the propagation effects and the radial intensity variation of the
driving field. Because the generation mechanism being used is cru-
cially determined by the evolution of the neutral atom population
density, which is directly related to the driving intensity, it is par-
ticularly important to use a nonadiabatic three-dimensional
numerical propagation model29.

Nonadiabatic three-dimensional propagation model. The single-
atom response was used in a three-dimensional propagation
model, which takes into account both temporal plasma-induced
phase modulation and spatial plasma-lensing effects on the
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Figure 3 | Quantum path contributions to the XUV emission rate by

saddle-point simulations. a,b, XUV emission rates associated with the first

three short quantum paths (blue curves) and total XUV emission rate

produced by coherent superposition of all short electron quantum paths (red

curve) for two CEP values: c¼0.1p (a) and 0.6p (b). The contribution of

the aluminium filter has been taken into account. Insets electric field of the

driving pulses and corresponding ionization rates. Parameters used in the

nonadiabatic saddle-point simulations: laser central wavelength, 750 nm;

pulse duration, 5 fs; pulse peak intensity, 2.5 × 1015 W cm22; xenon gas.
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Figure 4 | Calculated spectral and temporal characteristics of XUV

radiation. a,b XUV spectra in the focal plane of a toroidal mirror (target

position) calculated using the three-dimensional numerical model (discussed

in the text), for the same driving pulse parameters and interaction geometry

used in the experiment and two different CEP values: c¼p/2 (a) and (b).

Solid blue curves are the calculated spectral phases; dashed blue lines are

parabolic spectral phases with a positive group-delay dispersion

f′′ ¼ 3 × 103 as2. Inset to panel b: calculated temporal intensity profile of

the isolated attosecond pulses for c¼0. A pulse duration of 160 as was

calculated, taking into account the contribution of a 120-nm-thick

aluminium filter.
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fundamental beam. In agreement with the experimental results, the
spatial reshaping of the driving pulse was found to be weak, also
considering multiple ionization of the generating medium, as a
result of the very low pressure used in the experiment. Figure 4
shows two XUV spectra calculated in the focal plane of the
toroidal mirror used to focus the XUV radiation (hereafter, such a
position will be called the target position), for the same driving
pulse parameters and interaction geometry used in the
experiment. In agreement with the experimental results, the
XUV spectra display an evolution from a modulated behaviour
(c¼ p/2, Fig. 4a) to a continuous one (c¼ 0, Fig. 4b) on
changing the CEP value. We checked that such spectral features
were not dramatically influenced by the gas cell position in a
relatively large range Dz ≈ 2 mm from the focal plane of the
driving radiation. The calculated spectral phases f(v) (also shown
in Fig. 4) are characterized by an almost parabolic shape with a
positive chirp f′′ ¼ 3 × 103 as2 (the dashed lines are parabolic
fitting curves).

We then investigated the spatial characteristics of the XUV radi-
ation. The spatial distribution of the driving laser intensity could
give rise to XUV pulses with inhomogeneous temporal character-
istics across the beam transverse profile. Figure 5 displays the tem-
poral evolution of the XUV pulses as a function of the radial
coordinate, calculated in the target position for two CEP values;
the colour scale represents the XUV peak intensity. We calculated
the propagation of the XUV beam from the gas cell to the target pos-
ition by taking into account the effects of the toroidal mirror and a
200-mm-diameter pinhole used for spatial filtering of the XUV radi-
ation. For the case of c¼ p/2 (Fig. 5a), the XUV emission is

characterized by two attosecond pulses, for which the relative
peak intensity changes with the radial coordinate; this is in agree-
ment with the observation of a modulated XUV spectrum for
such a CEP value. For the case c¼ 0 (see Fig. 5b), isolated attose-
cond pulses are generated, with a constant pulse duration across
the transverse profile of the beam (�200 as without chirp compen-
sation), thus demonstrating the excellent spatial characteristics of
the generated attosecond pulses. The inset in Fig. 4b shows the cal-
culated temporal intensity profile of the isolated attosecond pulses.
A pulse duration of 160 as was calculated when considering the con-
tribution of a 120-nm-thick aluminium filter (we assumed a con-
stant group delay dispersion f′′ ¼23 × 103 as2, according to the
experimental results reported in ref. 30. To obtain experimental
information about the spatiotemporal characteristics of the XUV
pulses we placed a horizontal slit with a 200-mm aperture in front
of the XUV spectrometer (�40 cm after the target position) and
moved it across the XUV beam in the vertical direction. When
choosing the CEP value for a continuous spectrum, we observed
that the spectral characteristics of the XUV pulses were the same
for each position of the slit. This is strong experimental evidence
of the excellent spatial quality of the generated XUV radiation.

Discussion
The energy of the attosecond pulses reported in this work was
limited by the energy of the few-cycle driving pulses. With appropri-
ate choice of the interaction geometry (for example, by loose focus-
ing of the excitation pulses), the technique might be scaled to higher
energies. Moreover, to increase the peak intensity of the isolated
attosecond pulses it is possible to optimize the focusing geometry
of the XUV radiation. Indeed, by using a platinum-coated ellipsoi-
dal mirror, Others were able to focus intense coherent light in the
spectral region 25–40 nm into a 2.4-mm spot size31. Assuming
such a focusing geometry for the attosecond pulses reported in
this work, a XUV peak intensity of 7.2 × 1013 W cm22 could be
obtained on target, which is larger than the minimum peak intensity
required to induce two-photon transitions in the XUV region
(�1012 W cm22)16. We can foresee various important applications
of such intense attosecond pulses. Attosecond metrology based on
nonlinear XUV optics18 would greatly benefit from an increase in
the energy of isolated attosecond pulses. A significant breakthrough
would be the realization of attosecond-pump/attosecond-probe
measurements, to obtain direct information on the subfemtosecond
dynamics initiated by attosecond pulses focused on atomic, molecu-
lar or solid samples. Of particular interest are applications for the
observation and control, on an attosecond temporal scale, of elec-
tron wave-packet dynamics in biomolecules32. The use of the attose-
cond-pump/attosecond-probe scheme could allow the development
of experimental techniques designed to achieve coherent control of
electronic motion in complex systems on a purely electronic scale.
The investigation and control of attosecond electron dynamics in
biomolecules has the potential to open new avenues in the field of
biophysics, because the electron migration process in large mol-
ecules forms the basis of fundamental reactions in biology. A
crucial step in this regard is the generation of an isolated attosecond
pulse with energy at least in the nanojoule range, as has been
demonstrated in this work.
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