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Photonic streaking of attosecond pulse trains
Kyung Taec Kim1 *, Chunmei Zhang1, Thierry Ruchon2, Jean-François Hergott2, Thierry Auguste2,
D. M. Villeneuve1, P. B. Corkum1 and F. Quéré2 *
High harmonic radiation, produced when intense laser pulses interact with matter, is composed of a train of attosecond
pulses. Individual pulses in this train carry information on ultrafast dynamics that vary from one half-optical-cycle to the
next. Here, we demonstrate an all-optical photonic streaking measurement that provides direct experimental access to
each attosecond pulse by mapping emission time onto propagation angle. This is achieved by inducing an ultrafast rotation
of the instantaneous laser wavefront at the focus. We thus time-resolve attosecond pulse train generation, and hence the
dynamics in the nonlinear medium itself. We apply photonic streaking to harmonic generation in gases and directly
observe, for the ﬁrst time, the inﬂuence of non-adiabatic electron dynamics and plasma formation on the generated
attosecond pulse train. These experimental and numerical results also provide the ﬁrst evidence of the generation of
attosecond lighthouses in gases, which constitute ideal sources for attosecond pump–probe spectroscopy.

H

igh harmonic generation (HHG) in gases is a three-step
process1, in which an electron wave packet is extracted from
an atom or a molecule in each laser half-cycle, is accelerated
by the laser ﬁeld, and then recollides with its parent ion, thereby
acting as an attosecond probe. Recently, HHG in gases has been
used as a nonlinear spectroscopic technique to study the structure
of molecular orbitals2, as well as orbital dynamics in excited
systems3. For typical laser pulses, the measured harmonic spectrum
is an average over multiple laser half-cycles4,5. Consequently, not
only does the driving ﬁeld vary during the pulse, but the probed
medium can also evolve6,7. By dissecting the attosecond pulse
train, we would achieve the temporal resolution needed to study
the evolving nonlinear medium and the process of high-order harmonic generation itself.
A method to separate the attosecond pulses of a train in angle has
been demonstrated numerically8 and experimentally9 for harmonics
created from plasma mirrors. The basic principle relies on a temporal rotation of the laser-ﬁeld instantaneous wavefront10 in the
generation medium. Such a laser ﬁeld produces a train where successive attosecond pulses are launched in different directions, and
thus form spatially separated beams as they propagate away from
the source. This so-called attosecond lighthouse delivers multiple
synchronized beams consisting of isolated attosecond pulses9, and
constitutes an ideal source of spatially separated, yet mutually coherent pulses for pump–probe spectroscopy with subfemtosecond resolution11. Here, we demonstrate, numerically and experimentally,
that attosecond lighthouses can also be obtained from HHG in
gases. Then, because the lighthouse allows any attosecond pulse in
the train to be accessed, we use it as a new ultrafast temporal
measurement scheme—photonic streaking. We validate photonic
streaking by directly measuring several essential temporal features
of HHG in gases that have only previously been observed through
much more involved diagnostics or analysis12,13, and then exploit
this new, direct and simple technique for some new observations
of the dynamics of HHG in gases.

Wavefront rotation applied to HHG in gases
Laser wavefront rotation (WFR) can be achieved by inducing a
linear spatial chirp of the beam at its focus8,10, which in turn requires

applying a spectral angular dispersion on the beam before focusing.
In our experiment, where few-cycle phase-stabilized femtosecond
laser pulses are used (see Methods for experimental details), this
angular dispersion can be continuously controlled by rotating one
wedge of the pair used to optimize pulse compression, as shown
in Fig. 1a. The resulting spatially resolved spectrum of the laser
pulse measured at the focus is shown in Fig. 1b. The central wavelength l( y) of the pulse varies across the focal spot, from 680 nm
to 850 nm over the full-width at half-maximum (FWHM) of
42 mm, where y is the direction transverse to the propagation direction z, as shown in Fig. 1a.
To illustrate the consequences of WFR on harmonic generation
in gases, Fig. 1c–e presents model results (see Supplementary
Section SI for details). The wavefront rotation of the laser ﬁeld is
visualized by following the zero crossings across the focal spot
(shown as grey dashed lines in Fig. 1c). Due to this rotation, the
wavefront of the attosecond pulses generated by this laser ﬁeld
also rotates from one half-cycle to the next, leading to different
propagation directions for successive pulses, as illustrated by black
arrows in Fig. 1c. An attosecond pulse generated at an earlier time
propagates towards the top of the ﬁgure in Fig. 1d. The angular
separation d1/2 between two consecutive attosecond pulses is
directly related to the central wavelength distribution l( y) by
d1/2 ¼ dl( y)/(2dy). From Fig. 1b we predict d1/2 ≈ 2 mrad. When
the divergence of each attosecond pulse is smaller than d1/2 ,
attosecond pulses generated during each half-cycle are spatially
separated in the far-ﬁeld, forming isolated attosecond pulses as
shown in Fig. 1d. A clear signature of this effect is the observation
of a continuous spectrum for each of these multiple beamlets, as
simulated in Fig. 1e. In this simulation, the attosecond pulses
originate from the short trajectory contribution to the dipole14.
The long trajectory contribution is too weak to be seen due to its
poor phase matching (see Supplementary Section SI-A for details).
For an experimental demonstration, we ﬁrst use Ne as the nonlinear medium. For reference, the angularly resolved harmonic spectrum without any spatial chirp of the laser beam is shown in Fig. 2a.
It is a typical harmonic spectrum with peaks regularly spaced by
twice the laser photon energy, collimated in a single beam with a
divergence of 2.2 mrad (FWHM). As we rotate one wedge from
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Figure 1 | Principle of attosecond lighthouses and photonic streaking in gases. a, Schematic of the experimental set-up. Angular dispersion is imposed on
the laser beam before focusing using a misaligned pair of wedges, leading to spatial chirp at the focus. The attosecond pulses generated in each half-cycle of
the laser pulse propagate in different directions. b, The spatially chirped laser spectrum (colour coded) measured as a function of the vertical position at the
laser focus. The red line corresponds to the laser spectrum measured without spatial chirp. c–e, XUV radiation calculated with a laser beam that has the
same amount of spatial chirp as measured in b. The attosecond pulses generated in each half-optical-cycle are labelled by numbers to compare with other
panels. In c, the temporal proﬁle of the XUV radiation at the exit of the medium, |Enear
(t, y)|2, is shown, colour coded, as a function of time t and vertical
X
position y. The laser electric ﬁeld at y ¼+20 mm is shown by blue and red dotted lines. The zero crossing times of this ﬁeld are shown by grey dashed lines.
2
In d, the temporal proﬁle of the XUV radiation in the far-ﬁeld, |Efar
X (t, Q)| , is shown, colour coded, as a function of propagation angle Q. The intensity
lineouts at the peak of each attosecond pulse are shown on top of the dashed arrows in a. In e, the angularly resolved XUV spectra of the multiple XUV
beamlets in the far-ﬁeld are shown.

u ¼ 08 to 208, we observe that the beam splits into multiple spatially
separated XUV beamlets (Fig. 2b). Four beamlets are detected, separated by 2.2 mrad, each weakly modulated spectrally. The 15%
modulation amplitude is consistent with a slight spatial overlap of
adjacent beamlets, which adds satellite pulses of 1% relative intensity in the time domain15. Simulations taking into account microscopic and macroscopic effects conﬁrm that each beamlet consists
of an isolated attosecond pulse, which hardly experiences any distortion compared to the case where we use the same intensity and pulse
duration, but no spatial chirp is applied on the driving laser
(Supplementary Sections SI-B, SII).

Temporal measurements by photonic streaking
Figure 3a shows how the XUV beam spatial proﬁle changes with the
carrier-envelope phase (CEP) of the laser pulse (Supplementary
Movie S1). As the CEP is scanned, we observe a continuous drift
of the propagation angle of all beamlets due to a time shift of the
attosecond pulse train under the pulse envelope when CEP
changes, which is converted into an angular shift in the presence
of WFR8,9. This effect allows CEP ﬂuctuations in the generation
medium to be measured directly (Fig. 3b,c), and could be used in
the future as a feedback signal to achieve CEP stabilization precisely
in this medium. This is also direct evidence of the time-to-angle
mapping resulting from WFR. This mapping is the core idea of
photonic streaking, and it provides a direct way to access temporal
information, as we now demonstrate.
Owing to the evolution of the laser intensity along the driving
laser pulse, the properties of the generated attosecond pulses are
different in each half-laser-cycle. So far, determining these
changes experimentally has required sophisticated techniques or
analysis12,13. However, they can be measured easily by photonic
652

streaking, as demonstrated in Fig. 2b,c. The maximum energy of
the XUV spectrum generated in a given half-cycle (known as a
half-cycle cutoff12) is observed to change from one attosecond
pulse to the next (c1–c4 and s1–s4 labels in Fig. 2b,c). As expected,
this evolution depends on the CEP. The reason is illustrated by the
electron trajectories displayed next to Fig. 2b,c: the half-cycle cutoff
is determined by the amplitude of the laser ﬁeld in the second step
of the generation process where the electron is accelerated towards
its parent ion. The highest cutoff occurs only once in Fig. 2b,
suggesting that a cosine pulse is used for the generation: this is
obtained for path ‘c2’, where the recombination occurs at the
peak of this cosine pulse. When the CEP is changed by p/2, the
highest cutoff occurs twice because of paths ‘s2’ and ‘s3’ being
driven by a sine pulse. In both cases, the variation of these cutoffs
is reproduced well by numerical simulations, as shown by the
crosses in Fig. 2b,c (see Supplementary Section SI-C for details).
In contrast to the spectral cutoff, the amplitude of the attosecond
pulse is mostly determined by the ﬁeld amplitude at the time of ionization, which sets the magnitude of the initial electron wave packet.
As a result, the most intense attosecond pulses are expected to be
emitted in the half-cycle(s) following the highest spectral cutoff(s).
This is precisely what is observed in Fig. 2b,c, where the spectrally
integrated signal plotted in the side panel provides the temporal
intensity proﬁle of the attosecond pulse train. Only one most
intense pulse is observed for the cosine pulse, for path ‘c3’, while
two are emitted for the sine pulse, corresponding to paths ‘s3’ and ‘s4’.
If ionization alone were responsible for the different peak amplitudes, they should be equal for the two pulses associated with paths
‘c2’ and ‘c4’ in Fig. 2b, as well as for those associated with paths ‘s3’
and ‘s4’ in Fig. 2c, because the ionization rate is almost identical for
these pairs of half-cycles. However, considering our short pulse
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Figure 2 | Harmonic generation in Ne probed by photonic streaking. a–c, Angularly resolved XUV spectrum (colour map) generated in Ne without any
spatial chirp of the laser beam (a) and with spatially chirped (u ¼ 208) cosine (b) and sine (c) waveforms of the laser pulse. The measured cutoffs of each
half-cycle are shown with blue (b) and red (c) circles. At the bottom of each graph, the XUV spectrum at one angle (indicated by the horizontal arrow) is
shown by the solid lines. Right panels: spatial proﬁle of the XUV beam, obtained by integrating the angularly resolved XUV spectrum for the entire energy
range. The cutoffs and spatial proﬁles obtained from the calculations are shown by black crosses and black dotted lines. Note that the reduced contrast of
the modulations in the experimental spatial proﬁle is due to residual CEP ﬂuctuations in the medium (Fig. 3). The cutoffs of each half cycle are deﬁned as the
energies where the spectral intensity drops to 1.5% of its maximum for both the experiment and the calculation. To the right of b and c, the process of
harmonic generation is illustrated for cosine and sine waveforms of the laser pulse.

duration (≤10 fs), non-adiabatic effects also contribute: once
ionized, the electron wave packets corresponding to ‘c2’ and ‘c4’
are driven by signiﬁcantly different ﬁelds, and the corresponding
probabilities of recollision with the core are affected. For instance,
when the ﬁeld amplitude decreases between ionization and recollision, in the trailing edge of the pulse, fewer electrons can be
brought back to the parent ion by the laser ﬁeld, and this reduces
the amplitude of the emitted attosecond pulse. These non-adiabatic
effects, observed experimentally here for the ﬁrst time, are accounted
for in our model, which reproduces fairly well the measured pulse
amplitudes, and in particular predicts an asymmetry of the train
as shown with dotted lines in the side panels of Fig. 2b,c
(Supplementary Section SI-C).
We now turn to a different generation gas, N2 , which has a lower
ionization potential that allows us to explore different regimes of
HHG. Each XUV spectrum shown in Fig. 4a–c is obtained in a
single laser shot at a different peak intensity. At the lowest intensity
(2.4 × 1014 W cm22) shown in Fig. 4a, the result is analogous to
what was observed for Ne (Fig. 2b,c). However, the divergence of
the half-cycle beams is a little larger because the jet is placed
closer to the laser beam focus than before, resulting in a greater
spatial overlap of beamlets and hence greater spectral modulations.
We observe that the energy spacing between the resulting

interference fringes is larger at the beginning of the harmonic
pulse (2v0 ¼ 3.6 eV) than at the end (2v0 ¼ 3.1 eV), as highlighted
in Fig. 4a by the yellow double-sided arrows. This variation reveals
that the time spacing between adjacent attosecond pulses varies
across the laser pulse. Such a variation is expected for HHG in
gases, and leads to the well-known femtosecond chirp of individual
harmonics16,17. Photonic streaking enables us to directly follow the
associated shift of the pulse train period in time over multiple
cycles of the laser pulse. The measured modulation period varies
by 0.5 eV over 2TL , which corresponds to a chirp of 0.25 eV/TL ,
in good agreement with our theoretical estimate of 0.27 eV/TL
(Supplementary Section SI-D).

Ionization gating probed by photonic streaking
As we have demonstrated by studying the well-understood
dynamics of HHG at low intensity, photonic streaking encodes
the temporal dynamics of the nonlinear medium onto a spatial
dimension. We now apply photonic streaking to the less well understood regime of HHG, where ionization plays a major role. In N2 ,
we can saturate ionization (.95%) with a peak intensity of
5 × 1014 W cm22 for the 8.5 fs pulse duration. As the medium
ionization becomes signiﬁcant, isolated attosecond pulses can be
produced through ionization gating18–23. Two effects can contribute
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Figure 3 | Time-to-angle mapping in photonic streaking. a, The colour code shows the spatial proﬁle of the XUV beam (averaged over 30 laser shots),
in the presence of wavefront rotation, as a function of the CEP of the driving laser pulse. The CEP was varied by slightly translating one wedge of the pair
shown in Fig. 1 with respect to the other. Right panel: two lineouts at two particular CEPs differing by p/2 (same data as in the right panels of Fig. 2b,c).
The drift of the spatial proﬁle with CEP originates from the drift in time of the emitted attosecond pulse train. b,c, The colour map (b) shows 150 successive
single-shot spatial proﬁles of the XUV beamlets. The black line with dots shows the shot-to-shot ﬂuctuations of the central position of one of the beamlets,
and reveals the residual CEP jitter in the generation medium. This effect provides a direct way of determining the CEP statistics in this medium (c), leading to
a standard deviation of the CEP of 500 mrad in our experiment.

to ionization gating in the rising part of the laser pulse: (i) groundstate depletion of gas molecules19 or (ii) destruction of phase matching by the free electrons20,21.
As we increase the intensity of the laser pulse to 3.4 × 1014 W cm22,
Fig. 4b shows that the angular separation between the central
beamlets widens from 2.4 mrad (Fig. 4a) to 3.4 mrad (see beamlets
around 0 mrad in Fig. 4b), and the spectral modulation amplitude
decreases, while the opposite occurs for the ﬁrst beamlets. These
effects can be attributed to the rapid plasma formation in the fewcycle laser pulse, which results in a time- and space-dependent
phase shift fl(t,y,j ) ¼ vp[ne(t,y,j )]2l( y)j/(4pc 2) on the laser
ﬁeld, where j is the propagation distance and vp is the plasma frequency. Thus, the wavefronts of the laser beam change depending
on both the instantaneous free electron density ne(t,y,j ) and the
spatially dependent wavelength l( y), making the wavefront rotation
time- and space-dependent. This change of the wavefront can
modulate the angular separation between successive attosecond
pulses compared to the low-intensity case, showing that the timeto-angle mapping, while preserved, does not necessarily remain
purely linear in this regime.
As we increase the intensity further to 4.5 × 1014 W cm22, as
shown in Fig. 4c, XUV emission beyond 50 eV photon energy
654

only occurs for the ﬁrst few half-cycles. The angular separation
between these beamlets is very narrow, indicating the rapid phase
variation at the beginning of the driving laser pulse. The last
strong emission near 7 mrad has a continuous spectrum beyond
67 eV, as marked with a black arrow. This provides the ﬁrst experimental evidence that, in this spectral range, a single attosecond
pulse is generated in the rising part of the driving pulse, selected
by ionization gating. The progressive inﬂuence of ionization on
the pulse train proﬁle, eventually leading to this single attosecond
pulse, is clearly observed on the spatial proﬁles displayed in the
side panels of Fig. 4, obtained by integrating the spatially resolved
spectra around the cutoff. In our generation conditions, both
depletion and phase matching contribute to this gating. With
photonic streaking, the interplay between these two effects can be
investigated in the future by varying both the laser intensity and
the gas density.

Conclusions
We have demonstrated a new scheme for ultrafast measurements—
photonic streaking—that can probe the temporal dynamics of HHG
in a nonlinear medium with unprecedented simplicity. By applying
this technique to HHG in gases, we have thus been able to provide
NATURE PHOTONICS | VOL 7 | AUGUST 2013 | www.nature.com/naturephotonics
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Figure 4 | Ionization gating probed by photonic streaking. a–c, Angularly resolved XUV spectra measured in N2 in a single laser shot with a spatial chirp
(u ¼ 208). The peak intensities of the laser pulses are estimated to be 2.4 × 1014, 3.4 × 1014 and 4.5 × 1014 W cm22 for a, b and c, respectively. In a, the
yellow double-sided arrows show the energy spacings corresponding to six photons, at the beginning and end of the laser pulse, respectively. The energy
spacing for two photons (2v0) changes from 3.6 eV to 3.1 eV. The curves in the right panels show the normalized spatial proﬁle of the XUV beam in each
case. These proﬁles were obtained by integrating the angularly resolved XUV spectra around the cutoff, over the energy ranges indicated by the black arrows,
which correspond to energies higher than 60% of the cutoffs expected from the peak intensities of the laser pulse. From the blueshift of the spectral fringes,
the change in electron density in the rising part of the laser pulse can be estimated as dne ¼ 1.4+ 0.2 × 1017 cm23 in the case of Fig. 4b.

the ﬁrst direct experimental evidence of the inﬂuence of non-adiabatic effects in electron dynamics, and of the restriction of XUV
emission to the early part of the laser pulse when ionization
becomes signiﬁcant. More generally, photonic streaking will
provide direct access to strong-ﬁeld dynamics in any HHG
system, without the need for pump–probe experiments. It will be
a key tool for studying and optimizing the phase-matching
response, which is critical for the efﬁcient generation of highenergy (keV) photons22,24,25. It also opens the way to probing
the structure2 and ultrafast dynamics of polar molecules26 in molecular gases, because photonic streaking spatially encodes attosecond pulses generated from opposite recollision directions.
We have also provided the ﬁrst experimental evidence of an attosecond lighthouse generated in a gas medium, showing that, under
appropriate conditions, the general concept proposed in ref. 8 is
robust against propagation and phase-matching effects. This
approach for isolating attosecond pulses has many advantages
over previously demonstrated techniques27–30. While retaining the

simplicity of spectral ﬁltering at the cutoff27, it can produce isolated
pulses over the full XUV spectral bandwidth, as in the case of polarization gating28, but without sacriﬁcing generation efﬁciency. Like
this last technique, it can be combined with other schemes such
as v–2v mixing to obtain isolated attosecond pulses with longer
laser drivers29. Such light sources, delivering a collection of beamlets
consisting of isolated attosecond pulses, provide a natural scheme
for attosecond pump–probe experiments, and should therefore
become a major asset for the development of attosecond science.

Methods
For the experiments, we used a CEP-stabilized laser pulse post-compressed to
5 fs (without spatial chirp) in a Ne-ﬁlled hollow-core ﬁbre. A spatial chirp is
imposed at the focus by rotating one wedge of the pair (BK7, 88 wedge angle). The
duration of the laser pulse at the focus increases when the spatial chirp is imposed.
From the variation of the half-cycle cutoffs shown in Fig. 2b,c, we estimate the
duration of the spatially chirped laser pulse to be 8.5 fs at the focus. The vertical
beam size (FWHM) is also increased from 32 mm (without spatial chirp) to 42 mm
(with spatial chirp). The laser beam is focused by a spherical mirror with an
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f-number of 45, leading to a Rayleigh length of zR ¼ 12 mm on the gas jet placed
at 2–3 mm before the focus (Ne shown in Fig. 2) and at the focus z ¼ 0 (N2 shown in
Fig. 4). The peak intensity of the laser pulse is deduced from the measured
cutoffs in Fig. 2 and Fig. 4a. For Fig. 4b,c, the peak intensity is deduced from that in
Fig. 4a by considering the change in laser pulse energy. The nozzle diameter of
the gas jet is 250 mm with a backing pressure of 4 bar. A vertical slit is located 30 cm
from the gas jet, with its direction parallel to the plane of angular dispersion of
the attosecond lighthouse. The angularly resolved XUV spectrum is horizontally
dispersed in wavelength with a variable-line-spacing grating, and recorded by
a microchannel plate coupled to a phosphor screen imaged by a charge-coupled
device camera.

Received 9 January 2013; accepted 29 May 2013;
published online 7 July 2013
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17. Varjú, K. et al. Reconstruction of attosecond pulse trains using an adiabatic
phase expansion. Phys. Rev. Lett. 95, 243901 (2005).
18. Christov, I. P., Murnane, M. M. & Kapteyn, H. C. High-harmonic generation
of attosecond pulses in the ‘single-cycle’ regime. Phys. Rev. Lett. 78,
1251–1254 (1997).
19. Kim, K. T., Kim, C. M., Baik, M. G., Umesh, G. & Nam, C. H. Single sub-50attosecond pulse generation from chirp-compensated harmonic radiation using
material dispersion. Phys. Rev. A 69, 051805 (2004).
20. Abel, M. et al. Isolated attosecond pulses from ionization gating of
high-harmonic emission. Chem. Phys. 366, 9–14 (2009).
21. Ferrari, F. et al. High-energy isolated attosecond pulses generated by
above-saturation few-cycle ﬁelds. Nature Photon. 4, 875–879 (2010).
22. Popmintchev, T. et al. Bright coherent ultrahigh harmonics in the keV X-ray
regime from mid-infrared femtosecond lasers. Science 336, 1287–1291 (2012).
23. Sansone, G., Poletto, L. & Nisoli, M. High-energy attosecond light sources.
Nature Photon. 5, 655–663 (2011).
24. Geissler, M., Tempea, G. & Brabec, T. Phase-matched high-order harmonic
generation in the nonadiabatic limit. Phys. Rev. A 62, 033817 (2000).
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In this supplementary information, we provide a more detailed numerical analysis of
photonic streaking and of the different effects discussed in the manuscipt. To this end, we
use two different theoretical approaches.
In Sec. I, we use a simple model for high harmonic generation. XUV radiation is calculated using atoms distributed in 2-D space along the vertical and propagation directions.
We assume Gaussian envelopes in space and time for the driving laser pulse. The spatial
chirp of the laser pulse is described by changing the central wavelength along the vertical
direction in the medium. The single atom dipole moments are calculated, both in amplitude
and phase, by using the strong field approximation (SFA) [1] with the Yudin-Ivanov ionization model [2] for two main (short and long) quantum paths. The interference between these
dipoles, leading to the macroscopic build-up of the harmonic signal, is accounted for. However, the propagation effects of the laser and XUV pulses in the medium are not taken into
account: these propagations are the same as in vacuum (which includes the Gouy phase).
As a result, the effect of plasma formation, that can deform the laser pulse itself, is not
considered. The refractive index of the gas medium is not taken into account either. This
simple model provides a computationally efficient way to analyse effects of photonic streaking. The experimental observations are very well reproduced when ionization is negligible.
We use this simple model in Sec. I to support the arguments that we made in the main text
about the contributions of the different quantum paths (Sec. I A), the space-time couplings
of attosecond pulses generated by WFR (Sec. I B), the time structure of the pulse trains
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generated with different CEP’s (Sec. I C) and the temporal chirp of the harmonics (Sec. I D).
All these effects are analyzed in the presence of WFR, leading to photonic streaking.
In Sec. II, we use a more sophisticated simulation code. In this case, all effects are taken
into account, including the full propagation of both the laser and XUV field in the ionized
medium. Since we consider a spatially chirped laser pulse for high harmonic generation,
one might think that this space-time coupling of the laser pulse could destroy the temporal
structure of the attosecond pulses along the propagation. In order to show that the temporal
profile of the attosecond pulse is preserved after the propagation, we use this more elaborated
code, which is described more precisely in Sec. II.

I.
A.

PHOTONIC STREAKING CALCULATED BY A SIMPLE MODEL
Quantum path analysis of XUV radiation with photonic streaking

XUV radiation obtained through high harmonic generation originates from two main
quantum paths -long and short paths. In order to see how these two quantum paths contribute to the XUV spectra observed at the far-field, we calculate four different XUV spectra
as shown in Fig. S1. First, the XUV radiation is calculated using a zero-length medium with
an artificial temporal window that allows the ionization only for short quantum paths in one
half optical cycle near the peak of the laser pulse. This allows us to see only one beamlet
at the far-field in which only short quantum paths contribute as shown in Fig. S1a. Second,
the duration of the artificial window is increased so that both short and long quantum paths
are allowed as shown in Fig. S1b. Short trajectory components are concentrated near a
propagation angle of 1 mrad, while long trajectory components are diverging more. XUV
radiation generated through these two paths interfere, leading to spatio-spectral fringes.
Third, XUV radiation is calculated using a zero-length medium without any artificial temporal window as shown in Fig. S1c. The diverging long trajectory components of each
beamlet overlap with other beamlets, showing very complicated XUV spectrum. Finally,
XUV spectrum is calculated with a 250-µm-long medium as shown in Fig. S1d. Since the
long trajectory components are more sensitive to the phase and intensity variation of the
laser pulse along the propagation direction, they almost disappear due to the poor phase
matching when the medium length is taken into account in the calculation. The calculated
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XUV spectrum (Fig. S1d) well reproduces the one observed in the experiment, showing that
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FIG. S1: XUV spectra calculated at the far-field. The far-field XUV spectra obtained from
Ne are calculated using a 8.5 fs Gaussian laser pulse with an intensity of 4.8 × 1014 W/cm2 . The
central wavelength of the laser beam varies from 680 nm to 850 nm across the beam size of 40 µm
full width at half maximum (FWHM). a, XUV spectrum calculated with zero medium length.
An artificial temporal window that allows the ionization only for short quantum paths in one half
optical cycle is applied to see only one beamlet. b, The same XUV spectrum as in a, but both short
and long quantum path are considered in one half optical cycle. c-d, XUV radiation calculated with
(c) zero medium length and (d) 250-µm-long medium. No artificial temporal window is applied.

B.

Space-time coupling of attosecond pulses produced by photonic streaking

Attosecond pulses generated by spatially chirped laser pulses can be used as a light source
for ultra-fast pump-probe experiments. For those experiments, the attosecond pulses are refocused on a second target, e.g. to produce photo-electrons or ions. In this section, we
compare temporal profiles of the attosecond pulses calculated with and without wave front
rotation (WFR) of the laser beam, to see the possible distortion (space-time couplings)
induced by WFR on the attosecond pulses at the second target.
The temporal profiles of the attosecond pulses at the second target are shown after the
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spectral filtering from 50 eV to 80 eV in Fig. S2a and b. In Fig. S2b, the temporal profiles
of the attosecond pulses progressively get tilted for each half cycle. One would think this
makes the duration of the attosecond pulse longer. However, each pulse propagates in
different directions. When it is viewed along its own propagation direction, the duration
of each pulse is not different from the duration of the pulse obtained without WFR. We
compare the pulse profile averaged along the vertical direction near 1fs that propagates on
axis (near y = 0) as shown in Fig. S2c. The pulse shapes are almost identical and their
durations are similar (140 ± 1 as). This shows that the space-time coupling of the isolated
attosecond pulse induced by the spatial chirp of the laser pulse is negligible.

FIG. S2: Intensity profiles of the attosecond pulses at the second target calculated
with and without spatial chirp of the driving laser. The XUV radiations are calculated for
Ne driven by a 8.5 fs Gaussian sine laser pulse with an intensity of 4.8 × 1014 W/cm2 . Spectral
filtering from 50 eV to 80 eV is applied. a, Intensity profile (color code) of the attosecond pulses
generated without spatial chirp as a function of the vertical position at the second target. The
central wavelength of the laser pulse is fixed to be 765 nm. b, Intensity profile (color code) of the
attosecond pulses generated with spatial chirp as a function of the vertical position at the second
target. The wavelength of the laser pulse varies from 680 nm to 850 nm. c, The spatially-integrated
intensity profiles of the attosecond pulse in the middle of the train obtained from (a) and (b).

C.

XUV spectra calculated with cosine and sine laser pulses

The spectral features of the XUV radiation produced through high harmonic generation,
such as cut-off energies and XUV intensities of each half cycle, are different depending on
the instantaneous laser intensity. In this section, we compare the single atom responses
obtained by cosine and sine laser pulses. We also show the far-field XUV spectra calculated
with cosine and sine laser pulses in the presence of WFR, to demonstrate how photonic
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streaking can be used to map these spectral features.
The high harmonic generation process can be described by the three step model; ionization, acceleration, and recombination. The process occurs over two half-cycles of the
fundamental laser pulse for short quantum paths. In the first half cycle of the laser field,
the electron is liberated and it moves away. At the second half cycle of the laser field, the
electron is driven back and recombines with its parent ion, leading to the generation of an
XUV photon whose energy corresponds to the sum of the kinetic energy of the electron and
the ionization potential of the atom. The maximum energy of the XUV radiation – cutoff –
is determined by the amplitude of the second half cycle where the electron gains its kinetic
energy.
Figure S3a shows the energy of the XUV radiation as a function of recombination time
calculated by a single atom SFA model [1]. The maximum energies of the XUV radiation
emitted at each half cycle – half cycle cutoffs – are 100.5, 104.7, 98.9, 85.1 eV for paths c1
to c4, respectively, showing one stronger peak for path ’c2’ because a cosine laser pulse is
used for high harmonic generation. On the other hand, the cut offs are 95.0, 103.9, 103.0,
92.7 for path s1 to s4, respectively, showing two higher energies for the sine laser pulse as
shown in Figure S3b. The calculation confirms that the cutoff energy is determined by the
intensity of the half cycle where the recombination occurs.
While the half cycle cut-off is determined by the field amplitude where the recombination
occurs, the XUV pulse intensity is mainly determined by the intensity of the half cycle where
the ionization takes place. The ionization, the first step of the high harmonic generation, is
very sensitive to intensity variation of few cycle laser pulses. The strong ionization occurs
only near the peak of the laser pulse as shown with blue lines in Fig. S3c-d. Since the
ionization rate at the peak of the laser pulse is much stronger than others, the strongest
XUV signal should appear through path ‘c3’ for cosine and ‘s3’ and ‘s4’ for sine laser pulses.
For the accurate analysis on the XUV intensities, however, electron trajectories also need to
be taken into account.
The electron can be ionized at any time as shown in Fig. S3c-d. However, the electron
ionized early in each half optical cycle (before the local maximum of the laser field) does
not recombine to its parent ion. For example for path ’c2’, the electron ionized from -0.75
TL to -0.5 TL does not recombine with its parent ion. The electron ionized from -0.50 TL to
-0.45TL (shaded with a grey colour) recombines to the ion through the long quantum path.
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FIG. S3: Spectral features obtained from a Ne atom with cosine and sine laser pulses.
The XUV energy and ionization rate are calculated for cosine and sine 8.5-fs Gaussian laser pulses
with an intensity of 4.8 × 1014 W/cm2 . The single atom response is calculated by the strong field
approximation. The ionization rate is calculated by the Yudin-Ivanov model. a-b, Energies of
XUV radiation as a function of recombination time for cosine (a) and sine (b) laser pulse EL (t).
XUV energies are shown with black lines as a function of recombination time. EL (t)2 is shown
with red dashed line. c-d, Ionization rate for cosine (c) and sine (d) laser pulses. The electron
population that recombines through long quantum paths is shaded with a grey colour. The one
that recombines through the short quantum path is shaded with a green colour. e-f, Half cycle
cut-offs and population of recombining electron for cosine (e) and sine (f) laser pulse. The amount
of recombining electron is estimated by integrating the ionization rate for short quantum paths
(i.e. green areas for each half cycle) in c and d.

The electron ionized from -0.45 TL to -0.25 TL (shaded with a green colour) recombine
through short quantum paths. As we show in the Sec. I A, these short quantum paths
mainly contribute to the XUV radiation when the phase matching is taken into account.
Although the ionization rate is almost identical for ‘c2’ and ‘c4’ as shown in Fig. S3b,
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their electron trajectories are different due to the intensity of the laser pulse where the
recombination takes place. For the path ‘c2’, the recombination takes place at the peak of
the laser pulse. The green area – where the recombination occurs through short trajectory
– under the ionization rate is larger. For the path ‘c4’, the recombination occurs when the
laser field is weak. So, the green area is smaller. Thus, the analysis of the quantum path
explains why the XUV intensity is stronger for the rising part of the laser pulse.
These results are summarized in Fig. S3e-f for cosine and sine laser pulses. The cut-off
energies of XUV radiation generated at each half cycle are shown with black bar graphs,
showing that the cutoff follows the intensity of the laser pulse at each half cycle. The electron
population that recombines with the parent ion through the short trajectory is estimated
by calculating the green area in Fig. S3c and d. The result show that the maximum XUV
intensity is obtained a half cycle later than the half cycle where the maximum cutoff obtained.
Also, the XUV intensity is stronger for the rising part of the laser pulse than the falling
part.

FIG. S4: XUV spectra calculated with cosine and sine laser pulses at the far-field. The
XUV spectra obtained from 250-µm-long Ne medium are calculated using a 8.5-fs Gaussian laser
pulse with an intensity of 4.8 × 1014 W/cm2 . The central wavelength of the laser beam varies from
680 nm to 850 nm across the beam size of 40 µm FWHM. a-b, XUV spectrum calculated with
cosine (a) and sine (b) laser pulses. The black crosses show the cut-off of each half cycle where
the XUV intensity is 1.5 % of the maximum XUV intensity. In the right panel, the XUV signals
integrated along the horizontal direction are shown with a dotted line.
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In order to see how photonic streaking maps cut-offs and XUV intensities generated at
each half cycle at the far-field, we show XUV spectra calculated with cosine and sine laser
pulses in Fig. S4. These should be compared with the experimental measurements presented
in Fig.2 of the main text. For a cosine laser pulse shown in Fig. S4a, the highest cut-off is
obtained at a propagation angle of 1 mrad. This is the beamlet for which the recombination
occurs at the peak of the laser pulse. In the right panel, the horizontal integrations of XUV
radiation are shown with dotted lines. The maximum signal is obtained at −1 mrad for
which the ionization takes place at the peak of the laser pulse. For a sine laser pulse shown
in Fig. S4b, there are two maximum cut-offs. The maximum XUV intensity is also observed
half optical cycle later than the first maximum cut-off. These cut-offs (black crosses) and
the XUV intensity (black dotted lines) are shown along with the experimental results in Fig.
2 of the main text.

D.

Blue- and red-shift of the XUV radiation

XUV bursts are generated in every half optical cycle of the laser pulse. Due to the
intensity variation along the laser pulse, the time interval between successive XUV bursts of
a given frequency varies. This time interval is shorter than a half optical cycle TL /2 during
the rising part of the pulse envelope, while it is longer than TL /2 in the falling part.
In the frequency domain, this variation leads to what is known as the femtosecond chirp
of individual harmonics [3]. In the experiment, this chirp is determined by measuring the
evolution, along the laser pulse, of the period of the spectral modulations resulting from
the overlap of adjacent beamlets. According to Fig. 3a of the main text, this energy
interval varies by 0.5 eV over 2 TL , corresponding to a chirp of 0.25 eV/TL . We have
calculated the emission time of the XUV radiation generated in N2 with an intensity of
2.4 × 1014 W/cm2 at the photon energy of 35 eV, as shown in Fig. S5. The interval in
emission time changes from 0.451 TL to 0.554 TL between the beginning and the end of
the pulse, corresponding to an harmonic frequency that varies from 3.59 eV to 2.93 eV.
The calculated chirp (0.67 eV/2.5 TL = 0.27 eV/TL ) is thus in good agreement with the
experimental observation.
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FIG. S5: Emission time of the XUV radiation calculated for N2 atoms with a 8.5 fs
Gaussian laser pulse. XUV photon energies are shown with curves for every half cycle as a
fuction of the emission time. The emission times for 35 eV photon are marked with red crosses.
The time intervals between successive emissions, in units of TL , are shown above the arrows.
II.

FULL PROPAGATION CALCULATION OF XUV RADIATION WITH
PHOTONIC STREAKING

For simulating the macroscopic contribution of the gas target, we developed a twodimensional (2D) non-adiabatic model in which the deformation of the laser pulse in the
ionizing medium is included. We solve the wave equation for the fundamental and the harmonic fields in the slowly evolving wave and paraxial approximations. Note that reducing
the problem to 2D allows for drastically saving computational time without losing the generality of the model. A detailed description of the approach used in this code is given in
Refs [4, 5]. We briefly outline here the main steps underlying the model.
We first solve the wave equation on the fundamental field, which is then used for calculating the source term in the wave equation on the harmonic field. The atomic dipole moment
entering the source term is calculated in the strong field approximation, using the model
described in Ref. [6]. The optical-field-ionization of the gas, responsible for the depletion
of the ground state atom as well as the refraction of the fundamental field and the electron
dispersion on the harmonic field, is calculated with Ammosov-Delone-Krainov (ADK) tunneling rates [7]. Atomic dispersion and absorption of the gas (as a function of wavelength)
are also taken into account in the wave equation on the harmonic field for photon energies
greater than 10 eV [8]. The coupled wave equations are solved in the frame moving with the
laser pulse, using a finite-difference scheme in space. Time derivatives are eliminated from
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the equations by a Fourier transform of the fields. We assume an initial fundamental field,
with a spatial chirp ξ, given at focus by:
E(y, t) = E0 (y, t) × cos[φ(y, t)],

(S1)

with
E0 (y, t) =







2I0
y2
t2
× exp − 2
× exp − 2
,
0 c
w0 [1 + (ξR/τ )2 ]
τ [1 + (ξR/τ )2 ]

(S2)

and
φ(y, t) = ω0 t + φ0 +

w0

−2ξRyt
.
+ (ξR/τ )2 ]

τ 2 [1

(S3)

E0 (y, t) and φ(y, t) are the space and time varying field envelope and phase, respectively.
w0 =

λ0 f
πR

is the beam waist at focus. R, τ , f , λ0 , y and t denote the beam waist of the

incident beam on the focusing optics, the (unchirped) pulse duration, the focal length of
the focusing optics, the fundamental wavelength, the transverse coordinate and the time.
I0 is the peak intensity at focus, ω0 = 2πc/λ0 the input pulse central frequency and φ0 the
carrier-envelope phase.
Figure S6 shows the angularly-resolved temporal intensity profile of the multiple attosecond pulses that are produced in the far field. For the calculation, the laser pulse propagates
through a 100-µm-thick gas slice with 10-mbar neon pressure. The longitudinal initial atomic
density profile is super-Gaussian. The incident laser beam parameters are the following: R=
25-mm, τ = 5-fs (FWHM), λ0 = 760-nm, ξ= 0.175-fs/mm and φ0 = π/2. The peak intensity
of the laser pulse is chosen to be 5.0×1014 W/cm2 in order to remain below the saturation
intensity of neon gas which is 8.6×1014 W/cm2 . The beam is focused 200-µm in front of
the gas target with a 1-m focal length lens. We used 213 points in time, 300 points in the
transverse direction and 100 points in the propagation (longitudinal) direction. This simulation shows that pulses of attosecond duration are indeed still generated in the presence
of laser wavefront rotation, even when taking into account propagation effects. In addition,
these multiple attosecond pulses are well separated angularly, leading to multiple beamlets
consisting of isolated attosecond pulses.
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FIG. S6: Angularly resolved temporal intensity profile of the attosecond pulses in the
far-field, calculated with the full propagation code, in the presence of WFR.
III.

SUPPLEMENTARY MOVIE

Angularly-resolved XUV spectrum generated in Ne as a function of the CEP
of the laser pulse. This movie shows the evolution of the multiple angularly-resolved XUV
spectra measured from Ne in the experiment as the CEP of the laser pulse is scanned. The
CEP is controlled from 0 to 4π with 58 steps by adjusting the position of the wedge. Each
spectrum is averaged for 30 laser shots. (AVI movie).
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