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Attosecond pulses are central to the investigation of valence- and core-electron
dynamics on their natural timescales1–3. The reproducible generation and
characterization of attosecond waveforms has been demonstrated so far only
through the process of high-order harmonic generation4–7. Several methods for
shaping attosecond waveforms have been proposed, including the use of metallic
filters8,9, multilayer mirrors10 and manipulation of the driving field11. However, none of
these approaches allows the flexible manipulation of the temporal characteristics of
the attosecond waveforms, and they suffer from the low conversion efficiency of the
high-order harmonic generation process. Free-electron lasers, by contrast, deliver
femtosecond, extreme-ultraviolet and X-ray pulses with energies ranging from tens of
microjoules to a few millijoules12,13. Recent experiments have shown that they can
generate subfemtosecond spikes, but with temporal characteristics that change shotto-shot14–16. Here we report reproducible generation of high-energy (microjoule level)
attosecond waveforms using a seeded free-electron laser17. We demonstrate
amplitude and phase manipulation of the harmonic components of an attosecond
pulse train in combination with an approach for its temporal reconstruction. The
results presented here open the way to performing attosecond time-resolved
experiments with free-electron lasers.

The intensities and relative phases between the harmonics qωF (with
q an integer and ωF the fundamental frequency) in an extreme ultraviolet (XUV) frequency comb determine the temporal structure of
the resulting attosecond pulse train. The intensities of the harmonics
can be easily measured using a (photon or electron) spectrometer.
Phase information, which is harder to come by, is usually obtained
by observing the interference between different pathways leading to
states with the same final energy, where the phase to be characterized
is included in at least one of the pathways. With XUV pulses, the natural observable is a photoelectron, hence different pathways into the
ionization continuum are studied. The XUV frequency comb produced
by high-order harmonic generation (HHG) consists of odd-integer
harmonics of the fundamental field, and the ionization process takes

place in the presence of a near-infrared (NIR) dressing field with the
same frequency ωF. Under these conditions, additional photons may be
absorbed or emitted, producing a single sideband halfway between the
main photoelectron peaks. Each sideband can be populated through
two pathways leading to final states of the same parity and this results
in a variation in sideband amplitude as a function of the relative phase
of the two pathways. If the XUV and fundamental fields are precisely
synchronized, as they can be in HHG, then delaying the fields with
respect to each other reveals the phase information4,18.
In our study, the harmonic comb was generated by the seeded freeelectron laser (FEL) FERMI, which uses an ultraviolet pulse
(ωUV = ωF = 4.69 eV) derived from a frequency-tripled NIR pulse
(ωNIR = ωUV/3) as the seed. Three (q = 7, 8, 9) and four (q = 7, 8, 9, 10)

1
Physikalisches Institut, Albert-Ludwigs-Universität, Freiburg, Germany. 2ISM-CNR, Trieste LD2 Unit, Trieste, Italy. 3Elettra-Sincrotrone Trieste SCpA, Basovizza, Trieste, Italy. 4Istituto Nazionale di
Fisica Nucleare, Laboratori Nazionali di Frascati, Rome, Italy. 5Laboratory of Quantum Optics, University of Nova Gorica, Nova Gorica, Slovenia. 6SLAC National Accelerator Laboratory, Menlo
Park, CA, USA. 7Department of Physics, University of Gothenburg, Gothenburg, Sweden. 8Institut für Photonik, Technische Universität Wien, Vienna, Austria. 9Dipartimento di Fisica, Politecnico
di Milano, Milan, Italy. 10European XFEL GmbH, Schenefeld, Germany. 11Department of Physics, Lund University, Lund, Sweden. 12ELI-ALPS, ELI-Hu Kft, Szeged, Hungary. 13Institute of
Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai, Japan. 14Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA, USA. 15Skobeltsyn
Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia. ✉e-mail: giuseppe.sansone@physik.uni-freiburg.de

Nature | www.nature.com | 1

Article
E

H10

b 47.5

1.0

45.0

0.8

(+)
S9,10
(–)
S9,10

Energy (eV)

H9
(+)

S8,9
(–)
S8,9

H8
(+)
S7,8

42.5

0.6

40.0
0.4

37.5
35.0

(–)
S7,8

H7

0.2

32.5
–2.0

–1.0

Ground state
0.6

ΔM7,8,9 = 0

d

U7,8,9 = +1

0.6

0.0

–0.3
–0.6
–0.6 –0.3

U7,8,9 = 0

e

0.6

0.3
P8,9

P8,9

0.3

ΔM7,8,9 = π/2

0.0

–0.3
0.0
P7,8

0.3

0.6

2.0

U7,8,9 = –1

f

0.6

0.0
P7,8

0.3

0.0

ΔM7,8,9 = 3π/2

U7,8,9 = 0

0.0

–0.3

–0.6
–0.6 –0.3

0.6

0.0

0.3

–0.3

–0.6
–0.6 –0.3

g 1.0

ΔM7,8,9 = π

1.0

0.3
P8,9

c

0
Delay, W (fs)

P8,9

a

0.0
P7,8

0.3

0.6

–0.6
–0.6 –0.3

0.0
P7,8

0.3

0.6

c

U7,8,9

0.5
0.0

d

f

–0.5
e

M0

–1.0
0

1

2

2π–M0

3
ΔM7,8,9 (rad)

4

5

6

Fig. 1 | Multi-photon sideband generation and principle of the
measurement. a, Schematic view of multi-NIR-photon sideband generation.
Shown are the energy levels of the photoelectrons generated by the harmonics
of the FEL (H7–H10; magenta arrows) and by the additional absorption and
emission of one and two NIR photons (S(±)
q, q +1 ; red arrows). b, Expected
normalized intensity of the photoelectron spectra as a function of the relative
delay τ between the train of attosecond pulses and the NIR field along the
(positive) common direction of polarization of the two fields. The

photoelectron spectra are characterized by an oscillation with a period
T = 2π/(3ωNIR). c–f, Correlation plots of the oscillating components of the
sidebands (P7,8, P8,9) for four phase differences Δφ7,8,9; 0 (c), π/2 (d), π (e) and
3π/2 (f). At the top of each plot is shown the value of Δφ7,8,9 (left) and ρ7,8,9 (right).
g, Evolution of the correlation coefficient ρ7,8,9 as a function of Δφ7,8,9, showing
the locations corresponding to the plots c–f. The intensity of the NIR pulse is
INIR = 1.5 × 1011 W cm−2.

harmonics of ωUV were generated using two different undulator configurations (see Extended Data Fig. 1 and Extended Data Table 1). To
characterize the pulses, photoionization took place in the presence of
a field with frequency ωNIR leading to the formation of two sidebands
between each pair of the main XUV peaks (see Fig. 1a). The two sidebands S(±)
q , q +1 can be each populated through two paths characterized
by a different number of exchanged NIR photons: the absorption of
one photon of the harmonic q and one (two) NIR photon, or the absorption of one photon of the harmonic q + 1 and the emission of two (one)
NIR photons. The difference in parity of the final states of the interfering pathways determines an asymmetry in the photoionization emission. If the observation is restricted along a single direction, the
intensity of the sidebands oscillates as a function of the delay τ between
the NIR and XUV pulse (see Fig. 1b)

on the intensity of the NIR pulse, and the equality defines the oscillating component of the sideband intensity Pq,q+1 under the approximations detailed in the Supplementary Information. If the delay τ could
be precisely controlled, then the relative phase between consecutive
harmonics could be estimated from the time shift between the oscillations of the sidebands.
This approach cannot be applied directly to the reconstruction of
the relative phase of multiple harmonics generated by an FEL owing
to the lack of subcycle synchronization between the harmonics and
the NIR field19, which completely washes out the delay dependence
of the sideband oscillations. The information can be still retrieved,
however, through a correlation analysis of the fluctuating sideband
intensities measured on a single-shot basis. This approach is presented
in Fig. 1c–f, which shows the simulated correlation plots of the oscillating components P8,9 and P7,8 of the sidebands for a random variation
of the delay τ in the range ±3 fs, which is the typical delay jitter measured in the experiment20. The correlation plot eliminates the explicit
dependence on τ and results in an ellipse, the shape of which depends
on the phase difference:



S(±)
q , q +1(τ ) ∝ 1 + α q , q +1 cos φq +1 − φq + 3ω NIR τ  = 1± Pq , q +1(τ )

(1)

where αq,q+1 depends on the intensity and energy of the two harmonics
q and q + 1 with phases φq and φq+1, on the photoelectron energy, and
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Fig. 2 | Correlation plots of the oscillating components of the sidebands and
retrieval of phase difference Δφ7,8,9. a–j, Evolution of the correlation plots of
the oscillating components of the sidebands (P7,8, P8,9) for increasing values of
the delay τs2 introduced by the phase shifter PS2 (Extended Data Fig. 1a). At
the top right of each panel is given the value of Δφ7,8,9. The colour scale indicates
the density of single-shot experimental points normalized to unity for each
panel. k, Evolution of the correlation coefficient ρ7,8,9 as a function of the delay
τs2 (black points and dashed line) and the sinusoidal fit (red). The Δφ7,8,9 upper x

Δφq−1, q, q+1 = φq+1 + φq−1 − 2φq

(2)

The intensity profile of the pulse train depends only on this phase
difference (apart from a trivial time shift; see Supplementary Information). Depending on the phase difference Δφ7,8,9, the plot evolves from a
linear distribution with positive correlation (Fig. 1c), to a circle (Fig. 1d),
to a linear distribution with negative correlation (Fig. 1e), and finally
back to a circle (Fig. 1f). These changes clearly indicate that the shape
of the correlated distribution is related to the synchronization of the
three harmonics (the complete evolution as a function of the phase
difference is presented in Extended Data Fig. 2). The phase information can be derived from the distribution by evaluating its correlation
coefficient ρq−1,q,q+1 (see Supplementary Information), which quantifies
the extent to which the two oscillating components oscillate perfectly
in phase (Δφq−1,q,q+1 = 0 and ρq−1,q,q+1 = +1) or out of phase (Δφq−1,q,q+1 = π
and ρq−1,q,q+1 = −1). The correlation coefficient oscillates as a function of
the phase difference Δφ7,8,9 as shown Fig. 1g, and it closely resembles a
cosine function. Two different values of Δφ7,8,9 correspond to the same
value of the correlation coefficient: φ0 and 2π − φ0. This ambiguity can
be resolved in the experiment by controlling the modulus and sign of
the phase differences between the harmonics (see Supplementary
Information). Simulations based on the solution of the time-dependent
Schrödinger equation confirmed the validity of our approach (see
Extended Data Fig. 3).

125

150

axis (red) was obtained by assigning the maxima of the fit to the values
Δφ7,8,9 = 2mπ, where m is an integer. Letters a–j show the locations
corresponding to the data shown in the panels above. The error bars are the
standard deviation of the average correlation coefficient ρ7,8,9 evaluated over
ten sets of experimental data (each set consists of 1,200 single-shot points).
The intensity of the NIR pulse was estimated to be INIR ≈ 1.5 × 1012 W cm−2. The
value of the correlation parameters, the phase differences and the
corresponding errors are presented in Extended Data Table 2.

In the experiment, the intensity of the harmonics was independently
controlled by tuning the undulator gaps and the dispersive section of
the electron transport optics. The phase between the harmonics was
controlled by phase shifters21,22, which introduce a delay τsi (i indicates
the ith-phase shifter) for a selected harmonic q, affecting the phase
difference Δφq−1,q,q+1, through a term qωUVτsi (see Extended Data Fig. 1).
In this respect, seeded FELs offer a superior degree of control with
respect to HHG sources, for which the intensities and phases of the
single harmonic cannot be independently controlled.
Figure 2a–j presents the experimental results for the three-harmonic
case, for different delays τs2 introduced on the ninth harmonic. These
measurements indicate a periodic evolution of the correlated distributions in close agreement with the theoretical prediction. A partial
broadening of the distributions is attributed to the shot-to-shot fluctuations of the single harmonic intensity. The correlation coefficients ρ7,8,9
(black points and dotted line in Fig. 2k) and the fit (red curve) clearly
follow a cosine evolution in good agreement with the simulations. The
maxima of the fit were assigned to the phase differences Δφ7,8,9 = 0, 2π
(see upper x axis in Fig. 2k) and the curve was used to assign a phase
difference Δφ7,8,9 to each delay τs2. The error in the estimation of the
phase difference depends on the slope of the curve (which depends
on the NIR intensity) and was typically in the range 0.05–0.1 rad for
our experimental conditions (see Supplementary Information). The
characterization of pulses with reproducible temporal structure gives
Nature | www.nature.com | 3
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Fig. 3 | Complete phase and amplitude shaping of attosecond waveforms. a–
g, Photoelectron spectra (a), correlation plots of the oscillating components of
the sidebands (P7,8, P8,9; b, c, d) and reconstructed attosecond waveforms
(e, f, g) in the case of independent phase shaping for three phase differences
Δφ7,8,9 (black curve and panels b, e; red curve and panels c, f; blue curve and
panels d, g). The colour scale indicates the density of single-shot experimental
points normalized to unity for each panel. The three photoelectron spectra
in a were vertically shifted for visual clarity. h–n, Photoelectron spectra (h),
correlation plots of the oscillating components of the sidebands (P7,8, P8,9; i, j, k)
and reconstructed attosecond waveforms (l, m, n) in the case of independent

amplitude control for three settings of the harmonic amplitudes (black curve
and panels i, l; red curve and panels j, m; blue curve and panels k, n) using the
same values of the phase shifters. The colour scale indicates the density of
single-shot experimental points normalized to unity for each panel. See
Extended Data Table 3 for additional information on the phase difference
Δφ7,8,9 and the amplitude of the harmonics F7, F8 and F9. The errors in the
reconstruction of the attosecond pulse trains are determined by the error bars
for the amplitudes and phase differences (see Extended Data Table 3) and are
indicated as shaded areas in e, f, g, l, m, n.

the possibility of accumulating data over several single-shot measurements, thus improving the signal-to-noise ratio and reducing the error
in the temporal reconstruction. In the case of a self-amplified spontaneous emission FEL, pulse properties change on a shot-to-shot basis and
a single-shot technique is therefore mandatory16.
We exploited this approach to the determination of the relative phase
of XUV harmonics to demonstrate the independent phase–amplitude
shaping capability of attosecond waveforms offered by the FEL FERMI.
Figure 3a and Fig. 3b, c and d show three photoelectron spectra and
the corresponding correlation plots for three phase differences Δφ7,8,9,
respectively. The phase change does not appreciably modify the intensities of the three harmonics (for the amplitudes Fj of the single jth
harmonic and for the phase differences see Extended Data Table 3).
The reconstructed intensity profiles I(t) are presented in Fig. 3e, f and
g. The measurements indicate a pure phase shaping of the harmonic
comb: a well-defined attosecond pulse train (Fig. 3e) obtained for
Δφ7,8,9 = 0.08 ± 0.08 rad (close to the ideal condition of harmonics in
phase, Δφ7,8,9 = 0) is transformed first into an attosecond pulse train of
lower amplitude with a satellite (Fig. 3f) when Δφ7,8,9 = 1.93 ± 0.03 rad,
and finally into an attosecond pulse train characterized by a double
structure for Δφ7,8,9 = 3.29 ± 0.24 rad (Fig. 3g), which is close to the condition of harmonics out of phase, Δφ7,8,9 = π. Figure 3h shows three
photoelectron spectra corresponding to three different settings of the

amplitudes of the three harmonics (see Extended Data Table 3). The
amplitude of the single harmonic was modified by about 25% using the
dispersive section and the undulator gaps (see Supplementary Information). Figure 3i, j and k show the correlation plots for the same position
of the phase shifters. The phase difference Δφ7,8,9 remains constant
within the experimental error, independent of the variations of the
single harmonic intensity. The reconstructed attosecond pulse trains
for the three configurations are presented in Fig. 3l, m and n. These
data demonstrate a pure amplitude shaping of the harmonic comb:
the well-defined attosecond pulse structure (Δφ7,8,9 is close to zero
(2π) for the three measurements) is preserved for the three configurations and the different harmonic intensities lead only to a variation
in the maxima of the intensity profiles. The energy of the attosecond
pulse train was about 16 μJ. Table-top-based HHG sources yield much
lower energies (in the nanojoule range), and only a few experimental
groups have reported total pulse energies on target approaching the
microjoule range23,24.
We estimated that a pulse energy of about 50 nJ per harmonic is sufficient for the acquisition of single-shot photoelectron spectra, which is
well below the typical energy per harmonic (a few microjoules) available
at FERMI. The currently available range of seed wavelengths at FERMI
(360–230 nm) would allow a moderate control of the comb periodicity
around 1 fs, but a revised layout of the seed laser optimized for this task
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Fig. 4 | Synthesis of complex attosecond waveforms. a–i, Correlation plots of
the oscillating components of the sidebands P8,9, P9,10 (a, d, g) and P7,8, P8,9 (b, e, h)
and retrieved attosecond waveforms (c, f, i) for the four-harmonic experiment
and three different combinations of the phase differences Δφ7,8,9 and Δφ8,9,10 (a–
c; d–f; g–i). The colour scale indicates the density of single-shot experimental
points normalized to unity for each panel. See Extended Data Table 3 for

additional information on the phase differences Δφ7,8,9 and Δφ8,9,10, and the
amplitude of the harmonics F7, F8, F9 and F10. The errors in the reconstruction of
the attosecond pulse trains are determined by the error bars for the amplitudes
and phase differences (see Extended Data Table 3) and are indicated as shaded
areas in c, f, i.

could increase the spike separation to tens of femtoseconds. Shorter
separations can already be achieved by using only odd or only even
harmonics (for example, q = 6, 8, 10).
We should point out that alternative FEL-based approaches have
been theoretically proposed for the generation of a train of attosecond
pulses25,26. Even though the predicted peak power levels (gigawatts)
and pulse durations (down to sub-100 as) are comparable with those
reported here, or in principle achievable with our approach, these methods do not offer a strategy for controlling the relative amplitudes and
phases of the single harmonics, that is, for attosecond pulse shaping.
Extension of our approach to wavelengths as short as 4 nm (300 eV)
appear feasible if combined with the echo-enabled harmonic generation seeding scheme27. Numerical simulations indicate that the method
for the temporal characterization could be applied for photon energies
from about 20 eV up to 300 eV, using a suitable gas target.
As a first demonstration of complex attosecond waveform shaping,
we considered the case of four harmonics (see Fig. 4), for which the
attosecond temporal structure depends on the two phase differences
Δφ7,8,9 and Δφ8,9,10. The photoelectron spectra with (red curve) and
without (black curve) NIR are shown in Extended Data Fig. 1d. The independent control of the two phases gives the opportunity to generate
ultrashort (chirp-free) attosecond pulse trains, as shown in Fig. 4a–c,
which report the correlation plots (P8,9–P9,10 in Fig. 4a and P7,8–P8,9 in
Fig. 4b) in the case of maximum positive correlation (see Extended
Data Table 3 for the values of the amplitude and phase differences). The

reconstruction (Fig. 4c) returns a duration (FWHM) of the single pulse
of about 210 ± 4 as. Figure 4d and e present the results corresponding
respectively to Δφ8,9,10 = 0.20 ± 0.15 rad (close to the configuration of
harmonics in phase, Δφ8,9,10 = 0) and Δφ7,8,9 = 1.23 ± 0.06 rad (harmonics only partially in phase). In the temporal domain, this condition
translates into a partial broadening of the peaks (FWHM = 220 ± 5 as)
and the appearance of small satellites in the reconstructed attosecond pulse train (Fig. 4f). Finally, Fig. 4g and h present the results when
Δφ8,9,10 = 2.89 ± 0.08 rad and Δφ7,8,9 = 2.95 ± 0.09 rad (that is, both phase
differences are close to π), respectively: the four harmonics are divided
into two groups (harmonics 7 and 8, and harmonics 9 and 10), each pair
of which is (approximately) in phase, with an additional phase jump of
π between the two groups. This condition leads to a double attosecond
pulse structure, which is visible in the reconstruction presented in
Fig. 4i. The availability of six undulators at FERMI would in principle
allow for the generation of six harmonics. This configuration may,
however, require a revised and optimized setup. Simulations indicate
that the experimental technique demonstrated in this work could be
extended to the characterization of pulses with durations in the sub100-as regime.
Our technique also offers the possibility of determining with subcycle
resolution the relative phase of the XUV and NIR pulses, enabling phaseresolved pump–probe experiments at FELs based on attosecond pulse
trains (see Supplementary Information and Extended Data Fig. 4). The
high intensities in the XUV and X-ray spectral region reached by FELs,
Nature | www.nature.com | 5
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combined with the capabilities offered by seeding to independently
control and shape the amplitudes and phases of attosecond pulses,
will open new possibilities for the investigation and control of ultrafast nonlinear electronic processes. The design of future seeded FEL
sources at other facilities such as LCLS28, FLASH29 and SINAP30 could be
modified to optimize them for the mode of operation described here,
which is at present possible at FERMI17 and DALIAN31. In solid samples,
attosecond shaped waveforms could be used to promote electrons
from the inner-valence to the conduction band, giving the possibility of investigating diffusion and relaxation effects with attosecond
resolution and with temporally sculpted electronic wave packets. More
generally, our results give unprecedented access to programmable
attosecond waveforms at high intensities.
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Methods
Experimental setup
The experiment was performed at the seeded FEL FERMI and is schematically presented in Extended Data Fig. 1. Two different configurations of the undulators were implemented for the generation of three
(Extended Data Fig. 1a) and four (Extended Data Fig. 1b) harmonics.
The parameters of the FEL harmonics are reported in Extended Data
Table 1. The seeding parameters (seed laser power and strength of the
dispersive section) were carefully optimized in order to produce a sufficiently high bunching that could be preserved along the whole set of
undulators tuned at the various harmonics. Tuning the first undulators to higher harmonics (shorter wavelengths) and the later ones to
the lower harmonics had a twofold motivation. First, the bunching at
higher harmonics was more prone to degradation and it would have
been more difficult to preserve it up to the end of the undulator chain.
Second, the diffraction at longer wavelengths was larger thus a shorter
propagation path was preferable. For a properly optimized setup each
undulator group produced a coherent, ∼50-fs-long FEL pulse centred
at the resonant wavelength32. The phase between the electric field of
each harmonic was determined and controlled by the phase shifter
available at FERMI at each undulator break.
The XUV and NIR pulses (energy ENIR = 45 μJ, duration FWHMNIR = 60 fs,
intensity INIR = 1.5 × 1012 W cm−2) were temporally and spatially overlapped in the interaction region with a residual shot-to-shot delay jitter
of Δτ = ±3 fs using a recombination mirror for collinear propagation. The
single-shot photoelectron spectra, with (red lines) and without (black
lines) the NIR pulse for the three and four harmonics configurations
(see Extended Data Fig. 1c, d, respectively), were measured in neon
using a magnetic bottle electron spectrometer placed in the interaction region (see Extended Data Fig. 1e). Only photoelectrons emitted
in the upward hemisphere were collected, as shown by the detection
efficiency (see Extended Data Fig. 1f) as a function of the angle between
the emission direction and the spectrometer axis (which coincides
with the (vertical) direction of polarization of the FEL pulses (see Supplementary Information)). For each machine setting, single-shot harmonic spectra (without NIR field) were measured33. From these data
we estimated a typical shot-to-shot fluctuation (standard deviation)
for the intensity of each harmonic of about 5%–8%. The energy of the
single harmonic was proportional to the integral of the corresponding
peak of the photoelectron spectrum. The integral was corrected for the
response function of the magnetic bottle spectrometer for different
photoelectron energies, the cross-section of the target gas, and the
transmission of the XUV beamline17.
The data were accumulated typically for about 10,000–12,000 shots
for each machine and phase setting. For each setting, the mean intensities of the main photoelectron peaks Iq (q = (7, 8, 9) or q = (7, 8, 9, 10))
were determined.
The total energy of the FEL pulse was measured (on a single-shot
basis) with an ionization monitor placed upstream of the transmission
and focusing XUV beamline.
Reconstruction of attosecond pulses
The temporal reconstruction of the attosecond pulse train using
the correlation parameter ρq−1,q,q+1 for the simulations presented in
Fig. 1c–f is shown in Extended Data Fig. 5a–d, respectively. The agreement between the input data (black curves) and the reconstructed
profiles (red (Extended Data Fig. 5a), blue (Extended Data Fig. 5b),
green (Extended Data Fig. 5c), and magenta (Extended Data Fig. 5d))
indicates the validity of our reconstruction method based on the value
of the correlation parameter ρ7,8,9. We also performed time-dependent
Schrödinger equation (TDSE) simulations which confirmed the validity
of our reconstruction protocol. The correlation curve obtained using
the TDSE simulations reproduces that obtained by the strong field
approximation (SFA) with a small shift of 0.157 rad, which results in only

minor corrections in the reconstruction of the intensity profile of the
attosecond pulses. This shift was taken into account in the reconstructions presented in the manuscript.
The validity of the temporal reconstruction of the attosecond pulse
(−)
train from the shift of the oscillations of the sidebands S(+)
q −1, q Sq −1, q
(+)
(−)
and Sq, q+1 Sq, q+1 is shown in Extended Data Fig. 5e, which reports the
input (black lines) and reconstructed (blue dotted lines) intensity profiles for the simulation shown in Fig. 1b.

(

)

(

)

Simulations for attosecond pulse generation
The emission process for the configuration emitting harmonics 7, 8
and 9 can be simulated with the new version of the FEL code GENESIS
1.334. With the undulator set in the condition reported in Extended
Data Fig. 1a, the resonant wavelength to be followed by the FEL code
is different in the three sets of undulators. Given the fact that GENESIS
1.3 only tracks a relatively narrow band field this requires that different
simulations are performed for the different sets of undulators. This
option is normally used for harmonic generation FEL schemes and has
been largely used in the study of the high-gain harmonic-generation
operation mode implemented at FERMI. The problem is here complicated by the fact that consecutive undulators are tuned to wavelengths
that are not integer multiples of one another. The recent upgrade of
GENESIS 1.3 allows tracking of each single electron in the beam. The
simulation can be performed if one carefully manages the transition
from one undulator set to the next. After the interaction with the external seed laser is simulated, and the energy modulation at the 260 nm
wavelength is imprinted in the beam, the particle phase-space is used to
simulate the emission process at the ninth harmonic in the first group
of undulators. The electric field produced here is then propagated
in free space to the exit of the whole radiator, while the electrons are
used for simulating the emission process at the eighth harmonic in the
second group of undulators. The same is done with fields and electrons
entering the third group of undulators. Finally, three fields are produced representing the emission from each undulator set at the exit
of the radiator. The result of the simulation is presented in Extended
Data Fig. 6a, b that shows the femtosecond envelope (Extended Data
Fig. 6a) and the attosecond structure (Extended Data Fig. 6b) of the
XUV pulse obtained using the combination of the three harmonics. The
resonance condition, phase shifts between sets of undulators, and other
parameters can be adjusted as usual. Simulations rely on the standard
electron beam and seed laser for FERMI. Seed laser power and strength
of the dispersive section are used as an optimization parameter to
maximize the bunching and keep emission balanced between various
harmonics. The parameters used in the simulation are summarized in
Extended Data Table 4.
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Extended Data Fig. 1 | Free-electron laser configuration for the generation
of multiple harmonics and experimental setup. a, b, Configurations of the
six undulators (U1–U6) for the generation of three (a) and four (b) harmonics. In
the first case, two undulators per harmonic were used, while in the second case,
each harmonic was generated by one undulator only. The phase-shifters
(PS1–PS5) used to control the relative phase between the harmonics are
indicated in yellow for the two configurations. c, d, Typical single-shot
photoelectron spectra without (black lines) and with (red lines) the NIR pulse,

measured for the three (c) and four (d) harmonic cases. e, Schematic, halfsection view of the spectrometer, including the ion flight tube (bottom) and
electron flight tube (top). f, Normalized simulated geometrical collection
efficiency as a function of polar emission angle for 2–42 eV electrons, using a
cylindrical magnet configuration with the pole placed 5 mm away from the
interaction region. Electrons were simulated using steps of 5 eV. An emission
angle of 0° (180°) corresponds to the axis of the spectrometer in (away from)
the direction of the electron detector.

Article

Extended Data Fig. 2 | Simulated correlation plots. Shown are simulated correlation plots (P8,9, P7,8) for different values of Δφ7,8,9 from 0 to 2π in steps of π/4:
Δφ7,8,9 = 0 (a), π/4 (b), π/2 (c), 3π/4 (d), π (e), 5π/4 (f), 3π/2 (g), 7π/4 (h) and 2π (i). The intensities of the three harmonics are equal.

Extended Data Fig. 3 | Simulated correlation parameter ρ7,8,9. Evolution of the
correlation parameter ρ7,8,9 as a function of the phase difference Δφ7,8,9
simulated using the SFA (red) and the TDSE (blue). The black curve indicates a
cosine evolution.
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Extended Data Fig. 4 | Phase reordering of single-shot sideband intensities.
(−)
a, b, Intensity of the sidebands S(−)
8,9 (a) and S 7,8 (b) (black points) as a function of
the relative phase 3ωNIRτ between the attosecond pulse train and the NIR field.
The red curves show sinusoidal fits of the distributions. c, Comparison of the
reconstructed attosecond pulse train using the correlation parameter method

ρ7,8,9 (black curve) and the ‘reconstruction of attosecond beating by
interference of two-photon transitions’ method (red curve) based on the phase
differences extracted from the sinusoidal fits. The second method is typically
used for the characterization of attosecond pulse trains produced by HHG. The
error in the reconstructions is indicated by the shaded areas.

Extended Data Fig. 5 | Reconstruction of attosecond pulses for multi-NIR
photon transitions. a–d, Input (black line) and reconstructed (a, red line;
b, blue line; c, green line; and d, magenta line) intensity profiles of the
attosecond train, corresponding to Fig. 1c–f for phase differences Δφ7,8,9 = 0 (a),
π/2 (b), π (c) and 3π/2 (d). e, Reconstruction of attosecond pulses from

sideband oscillations for multi-NIR photon transitions for the trace presented
in Fig. 1b (input (black line) and reconstructed (blue dotted line) intensity
profiles). The intensity of the NIR pulse is INIR = 1.5 × 1011 W cm−2. The relative
phases between the harmonics are: φ10 − φ9 = 108°, φ9 − φ8 = 160° and φ8 − φ7 = 8°.
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Extended Data Fig. 6 | GENESIS 1.3 simulations. Shown is the attosecond pulse train simulated using the GENESIS 1.3 code: a, complete temporal evolution of the
train, and b, magnified view of the attosecond pulses in the train.

Extended Data Table 1 | XUV experimental parameters

Measured harmonic order, photon energy, energy of the single harmonic and intensity of the single harmonic for the three- and four-harmonic experiments. For the duration of the single
harmonic, we used the values reported in ref. 32.
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Extended Data Table 2 | Experimental correlation coefficients

Correlation coefficients ρ7,8,9 and phase differences Δφ7,8,9 for the measurements presented in the panels of Fig. 2 in the main text.

Extended Data Table 3 | Amplitudes and harmonic phase differences

Amplitudes F10, F9, F8 and F7 and phase differences Δφ8,9,10 and Δφ7,8,9 for the three- (Fig. 3) and four-harmonic cases (Fig. 4). For the phase (amplitude) shaping in the three-harmonic case, the
photoelectron spectra were rescaled to the area of the peak corresponding to the eighth harmonic in Fig. 3b and e (Fig. 3i and l). For the four-harmonic case, the photoelectron spectra were
rescaled to the area of the eighth harmonic in Fig. 4a–c. For the pulse reconstruction, the measured Δφ7,8,9 phases were corrected for the shift of 0.157 rad obtained by the TDSE simulations.
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Extended Data Table 4 | Parameters for the GENESIS 1.3
simulations

Parameters used in the GENESIS 1.3 code for simulating the generation of the train of
attosecond pulses.

