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Attosecond pulses are central to the investigation of valence- and core-electron
dynamics on their natural timescales' . The reproducible generation and
characterization of attosecond waveforms has been demonstrated so far only
through the process of high-order harmonic generation*”. Several methods for
shaping attosecond waveforms have been proposed, including the use of metallic
filters®®, multilayer mirrors'® and manipulation of the driving field". 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 millijoules'*. Recent experiments have shown that they can
generate subfemtosecond spikes, but with temporal characteristics that change shot-
to-shot™ . Here we report reproducible generation of high-energy (microjoule level)

attosecond waveforms using a seeded free-electron laser”. We demonstrate
amplitude and phase manipulation of the harmonic components of an attosecond
pulse trainin combination with anapproach 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 gw; (with
g aninteger and w; the fundamental frequency) in an extreme ultra-
violet (XUV) frequency comb determine the temporal structure of
theresulting 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
isincluded in at least one of the pathways. With XUV pulses, the natu-
ral observable is a photoelectron, hence different pathways into the
ionization continuumare 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

placein the presence of a near-infrared (NIR) dressing field with the
same frequency w.. Under these conditions, additional photons may be
absorbed or emitted, producing asingle sideband halfway between the
main photoelectron peaks. Each sideband can be populated through
two pathwaysleadingto final states of the same parity and this results
inavariationinsideband 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 information*’s,

In our study, the harmonic comb was generated by the seeded free-
electron laser (FEL) FERMI, which uses an ultraviolet pulse
(wyy = we = 4.69 eV) derived from a frequency-tripled NIR pulse
(wnr = W/3) as the seed. Three (g =7, 8,9) and four (¢g=7, 8, 9,10)
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Fig.1|Multi-photonsideband generationand principle of the
measurement. a, Schematic view of multi-NIR-photon sideband generation.
Shownarethe energy levels of the photoelectrons generated by the harmonics
ofthe FEL (H,-H,,; magentaarrows) and by the additional absorption and
emission of oneand two NIR photons (Sﬁ,ﬂm; redarrows).b, Expected
normalized intensity of the photoelectron spectraasafunction of the relative
delay rbetween the train of attosecond pulses and the NIR field along the

(positive) common direction of polarization of the two fields. The

harmonics of w,, were generated using two different undulator con-
figurations (see Extended Data Fig. 1and Extended Data Table 1). To
characterize the pulses, photoionization took placein the presence of
afield with frequency wy leading to the formation of two sidebands
between each pair of the main XUV peaks (see Fig. 1a). The two side-
bands Sfflfm can be each populated through two paths characterized
by a different number of exchanged NIR photons: the absorption of
one photon of the harmonic gand one (two) NIR photon, or the absorp-
tion of one photon of the harmonic g +1and the emission of two (one)
NIR photons. The differencein parity of the final states of the interfer-
ing pathways determines an asymmetry in the photoionization emis-
sion. If the observation is restricted along a single direction, the
intensity of the sidebands oscillates as a function of the delay T between
the NIR and XUV pulse (see Fig. 1b)

55;314-1(.[) <1l+ag ;.1 COS [%ﬂ -t 3wN,Rr} =1F, ,.(7) (0))
wherea,,,;depends ontheintensity and energy of the two harmonics
g and g +1with phases ¢, and @,.,, on the photoelectron energy, and
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photoelectronspectraare characterized by an oscillation with a period
T=21/(3wyg)- c-f, Correlation plots of the oscillating components of the
sidebands (P, Ps,) for four phase differences A, s 5; 0 (c), /2 (d), T (¢) and
3m/2 (f). At the top of each plot is shown the value of A, 54 (left) and p; 5 4 (right).
g, Evolution of the correlation coefficient p, gy as afunction of Ag, g, showing
thelocations corresponding to the plots c-f. The intensity of the NIR pulse is
har=1.5x10"Wem™2

ontheintensity of the NIR pulse, and the equality defines the oscillat-
ing component of the sideband intensity P, .., under the approxima-
tions detailed in the Supplementary Information. If the delay T could
be precisely controlled, then the relative phase between consecutive
harmonics could be estimated from the time shift between the oscil-
lations 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 field", 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 asingle-shotbasis. This approachis presented
in Fig. 1c-f, which shows the simulated correlation plots of the oscil-
lating components Pgoand P,z of the sidebands for arandom variation
of the delay rin the range +3 fs, which is the typical delay jitter meas-
ured in the experiment®. The correlation plot eliminates the explicit
dependence ontandresultsinanellipse, the shape of which depends
onthe phase difference:
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Fig.2|Correlation plots of the oscillating components of the sidebands and
retrieval of phase difference A@; 5 .. a-j, Evolution of the correlation plots of
the oscillating components of the sidebands (P, , Ps o) for increasing values of
thedelay 7., introduced by the phase shifter PS, (Extended Data Fig. 1a). At

the topright of each panelis given the value of Ag, s .. The colour scale indicates
the density of single-shot experimental points normalized to unity for each
panel.k, Evolution of the correlation coefficient p, 5 ,as afunction of the delay
7, (black points and dashed line) and the sinusoidal fit (red). The Ag, s o upperx

A1 ggn =Gt Gm 29, )

The intensity profile of the pulse train depends only on this phase
difference (apart fromatrivial time shift; see Supplementary Informa-
tion). Depending on the phase difference Ag,5,, the plotevolves froma
linear distribution with positive correlation (Fig. 1c), toacircle (Fig. 1d),
to a linear distribution with negative correlation (Fig. 1e), and finally
back to acircle (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 informa-
tion canbederived from the distribution by evaluatingits correlation
coefficient p, ;... (see Supplementary Information), which quantifies
the extent to which the two oscillating components oscillate perfectly
inphase (A@,.1441=0and p,. ., =+1) or out of phase (A, ; ; ;=T
and p, ,,+="1). The correlation coefficient oscillates as afunction of
the phase difference Ag,,as shown Fig.1g, and it closely resembles a
cosine function. Two different values of Ag, 4, correspond to the same
value of the correlation coefficient: ¢,and 2 - ¢,. 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
Schrodinger equation confirmed the validity of our approach (see
Extended Data Fig. 3).

axis (red) was obtained by assigning the maxima of the fit to the values

A, so=2mm, where misaninteger. Letters a-jshowthelocations
corresponding to the datashowninthe panelsabove. The errorbarsarethe
standard deviation of the average correlation coefficient p, 4 o evaluated over
tensets of experimental data (each set consists 0f1,200 single-shot points).
Theintensity of the NIR pulse was estimated to be /yz ~1.5x 102 W cm™. The
value of the correlation parameters, the phase differences and the
correspondingerrorsare presented in Extended Data Table 2.

Inthe 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 shifters?*, whichintroduce adelay 7,; (iindicates
the ith-phase shifter) for a selected harmonic g, affecting the phase
difference A, ; 1, through aterm qwy, 7, (see Extended DataFig. 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 7, introduced on the ninth harmonic. These
measurements indicate a periodic evolution of the correlated distri-
butions in close agreement with the theoretical prediction. A partial
broadening of the distributions s attributed to the shot-to-shot fluctua-
tions of the single harmonicintensity. The correlation coefficients p, 5,
(black points and dotted line in Fig. 2k) and the fit (red curve) clearly
follow acosine evolutioningood agreement with the simulations. The
maxima of the fit were assigned to the phase differences A@,54=0, 21t
(see upper x axis in Fig. 2k) and the curve was used to assign a phase
difference Az, to each delay 7,,. 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
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Fig.3|Complete phase and amplitude shaping of attosecond waveforms. a-
g, Photoelectronspectra(a), correlation plots of the oscillating components of
thesidebands (P,5, Pgo; b, ¢, d) and reconstructed attosecond waveforms
(e,f,g)inthe case ofindependent phase shaping for three phase differences
A@; s, (black curveand panelsb, e; red curve and panelsc, f; blue curve and
panelsd, g). The colourscaleindicates the density of single-shot experimental
points normalized to unity for each panel. The three photoelectron spectra
inawere vertically shifted for visual clarity. h-n, Photoelectron spectra (h),
correlation plots of the oscillating components of the sidebands (P, g, P o; i, , k)
andreconstructed attosecond waveforms (I, m, n) in the case of independent

the possibility of accumulating data over several single-shot measure-
ments, thus improving the signal-to-noise ratio and reducing the error
inthe temporal reconstruction. In the case of aself-amplified spontane-
ousemission FEL, pulse properties change on ashot-to-shot basis and
asingle-shot technique is therefore mandatory®.

We exploited this approach to the determination of the relative phase
of XUV harmonics to demonstrate theindependent 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 A@, 5,
respectively. The phase change does not appreciably modify the inten-
sities of the three harmonics (for the amplitudes F; of the single jth
harmonic and for the phase differences see Extended Data Table 3).
Thereconstructed intensity profiles /(¢) are presented in Fig. 3e, fand
g. The measurements indicate a pure phase shaping of the harmonic
comb: a well-defined attosecond pulse train (Fig. 3e) obtained for
A@;59=0.08 +0.08 rad (close to the ideal condition of harmonicsin
phase, A, s,=0)is transformed firstinto an attosecond pulse train of
lower amplitude with a satellite (Fig. 3f) when A@,5,=1.93+0.03 rad,
and finally into an attosecond pulse train characterized by a double
structure for A@;5,=3.29 £ 0.24 rad (Fig. 3g), whichis close to the con-
dition of harmonics out of phase, A@, s, = Tt. Figure 3h shows three
photoelectronspectracorrespondingto three different settings of the
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amplitude control for three settings of the harmonic amplitudes (black curve
and panelsi, l;red curve and panelsj, m; blue curve and panelsk, 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
A@,goand theamplitude of the harmonics F,, Fyand Fo. The errorsin the
reconstruction of the attosecond pulse trains are determined by the error bars
for theamplitudes and phase differences (see Extended Data Table 3) and are
indicated asshaded areasine,f,g,I,m,n.

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 Informa-
tion). Figure 3i,jand k show the correlation plots for the same position
of the phase shifters. The phase difference Ag;, s, remains constant
within the experimental error, independent of the variations of the
single harmonicintensity. The reconstructed attosecond pulse trains
for the three configurations are presented in Fig. 31, m and n. These
data demonstrate a pure amplitude shaping of the harmonic comb:
the well-defined attosecond pulse structure (A, g, is close to zero
(2m) for the three measurements) is preserved for the three configu-
rations and the different harmonicintensities lead only to a variation
in the maxima of the intensity profiles. The energy of the attosecond
pulse train was about 16 pJ. 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 range?*.

We estimated that a pulse energy of about 50 nJ per harmonicis suf-
ficient for the acquisition of single-shot photoelectron spectra, whichis
well below the typical energy per harmonic (afew microjoules) available
at FERMI. The currently available range of seed wavelengths at FERMI
(360-230 nm) would allow amoderate control of the comb periodicity
around1fs,but arevised layout of the seed laser optimized for this task
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c;d-f;g-i). Thecolourscaleindicates the density of single-shot experimental
points normalized to unity for each panel. See Extended Data Table 3 for

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, g =6, 8,10).

We should point out that alternative FEL-based approaches have
beentheoretically proposed for the generation of a train of attosecond
pulses®?., Even though the predicted peak power levels (gigawatts)
and pulse durations (down to sub-100 as) are comparable with those
reported here, orinprinciple achievable with our approach, these meth-
ods do not offer astrategy 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 genera-
tion seeding scheme?. Numerical simulations indicate that the method
for the temporal characterization could be applied for photon energies
fromabout 20 eV up to 300 eV, using a suitable gas target.

As afirstdemonstration 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
A@,goand A@g, 0. The photoelectron spectra with (red curve) and
without (black curve) NIR are shownin Extended Data Fig.1d. Theinde-
pendent control of the two phases gives the opportunity to generate
ultrashort (chirp-free) attosecond pulse trains, as shownin Fig. 4a-c,
whichreport the correlation plots (Pg =Py, in Fig. 4aand P,g—Pg4in
Fig. 4b) in the case of maximum positive correlation (see Extended
Data Table 3 for the values of the amplitude and phase differences). The

104
E)
S
b
2 5
[0}
£
0 T T T
0.5 -1 0 1
Time (fs)
f
10+
]
s
-Ef‘
g 51
kS
0 T T T
-1 0 1
Time (fs)
i
10+
S
s
2
[
& 97
£
0 T f T
0.5 -1 0 1
Time (fs)

additional information on the phase differences Ag,s,and A@g 5,0, and the
amplitude of the harmonics F;, Fs, Fyand F,. The errorsin the reconstruction of
the attosecond pulse trains are determined by the error bars for theamplitudes
and phase differences (see Extended Data Table 3) and are indicated as shaded
areasing,fi.

reconstruction (Fig. 4c) returns aduration (FWHM) of the single pulse
of about 210 + 4 as. Figure 4d and e present the results corresponding
respectively to Agg ;0 =0.20 + 0.15 rad (close to the configuration of
harmonicsin phase, A@gg;0=0) and A@,5,=1.23 + 0.06 rad (harmon-
ics 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 attosec-
ond pulse train (Fig. 4f). Finally, Fig. 4g and h present the results when
A@g910=2.89+£0.08rad and A@;5,=2.95+0.09 rad (thatis, both phase
differences are close to ), respectively: the four harmonics are divided
into two groups (harmonics 7 and 8, and harmonics 9 and 10), each pair
of whichis (approximately) in phase, with an additional phase jump of
mtbetween the two groups. This condition leads to adouble 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 arevised 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 sub-
100-asregime.

Ourtechnique also offers the possibility of determining with subcycle
resolution the relative phase of the XUV and NIR pulses, enabling phase-
resolved pump-probe experiments at FELs based on attosecond pulse
trains (see Supplementary Information and Extended DataFig.4). The
high intensities in the XUV and X-ray spectral region reached by FELs,
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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 ultra-
fast nonlinear electronic processes. The design of future seeded FEL
sources at other facilities such as LCLS®, FLASH? and SINAP*° could be
modified to optimize them for the mode of operation described here,
whichis at present possible at FERMI” and DALIAN?'. In solid samples,
attosecond shaped waveforms could be used to promote electrons
from the inner-valence to the conduction band, giving the possibil-
ity of investigating diffusion and relaxation effects with attosecond
resolutionand 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 sche-
matically presented in Extended Data Fig. 1. Two different configura-
tions 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
Table1. The seeding parameters (seed laser power and strength of the
dispersive section) were carefully optimized in order to produce a suf-
ficiently high bunching that could be preserved along the whole set of
undulators tuned at the various harmonics. Tuning the first undula-
tors 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 preserveit up to the end of the undulator chain.
Second, the diffraction at longer wavelengths was larger thus ashorter
propagation pathwas preferable. For a properly optimized setup each
undulator group produced a coherent, ~50-fs-long FEL pulse centred
at the resonant wavelength®2. 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 Eyz =45 1, duration FWHM, = 60fs,
intensity /yz =1.5 x 10 W cm™) were temporally and spatially over-
lappedintheinteractionregionwith aresidual shot-to-shot delayjitter
of Ar=+3fsusing arecombination 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 interac-
tion region (see Extended Data Fig. 1e). Only photoelectrons emitted
inthe upward hemisphere were collected, as shown by the detection
efficiency (see Extended Data Fig. 1f) as afunction of the angle between
the emission direction and the spectrometer axis (which coincides
with the (vertical) direction of polarization of the FEL pulses (see Sup-
plementary Information)). For each machine setting, single-shot har-
monic spectra (without NIR field) were measured. 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. Theintegral 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 beamline”.

The datawere accumulated typically for about10,000-12,000 shots
foreachmachine and phase setting. For each setting, the meanintensi-
ties of the main photoelectron peaks/,(g=(7,8,9) org=(7,8,9,10))
were determined.

The total energy of the FEL pulse was measured (on a single-shot
basis) with anionization 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 p,_, , .., for the simulations presented in
Fig.1c-fis shownin Extended DataFig. 5a-d, respectively. The agree-
ment between the input data (black curves) and the reconstructed
profiles (red (Extended Data Fig. 5a), blue (Extended Data Fig. 5b),
green (Extended Data Fig. 5¢), and magenta (Extended Data Fig. 5d))
indicates the validity of our reconstruction method based on the value
of the correlation parameter p, .. We also performed time-dependent
Schroédinger 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) withasmall shift of 0.157 rad, which resultsin only

minor corrections in the reconstruction of the intensity profile of the
attosecond pulses. This shift was takeninto accountin the reconstruc-
tions presented in the manuscript.

Thevalidity of the temporal reconstruction of the attosecond pulse
train from the shift of the oscillations of the sidebands Sf;'_)Lq (Sf,'_)lyq)
ands{)., (Sf,‘,fﬁ1 is shown in Extended Data Fig. 5e, which reports the
input (blacklines) and reconstructed (blue dotted lines) intensity pro-

files 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
1.3**. With the undulator set in the condition reported in Extended
Data Fig. 1a, the resonant wavelength to be followed by the FEL code
isdifferentin the three sets of undulators. Given the fact that GENESIS
1.3 only tracks arelatively narrow band field this requires that different
simulations are performed for the different sets of undulators. This
optionis 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 compli-
cated 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 oneundulator set to the next. After theinteraction with the exter-
nal seed laser is simulated, and the energy modulation at the 260 nm
wavelengthisimprintedinthe beam, the particle phase-spaceis used to
simulate the emission process at the ninth harmonicin 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 harmonicin the
second group of undulators. The same is done with fields and electrons
entering the third group of undulators. Finally, three fields are pro-
duced 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
electronbeamand 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 summarizedin
Extended Data Table 4.
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Extended Data Table 1| XUV experimental parameters

Harmonic Photon energy (eV) Energy (pJ) Duration (fs) Intensity (W/cm?)

7 32.88 + 0.03 421+0.58 50%5 (1.1 £ 0.2) x 10

Three 8 37.57 = 0.04 529+0.58 505 (1.5 £ 0.2) x 10

harmonics 9 42.27 + 0.04 6.7 1.2 50+ 5 (1.9 £ 0.4) x 10

7 32.88 + 0.03 1.01+£0.12 50%5 (2.8 £ 0.4) x 1013

Four 8 37.57 + 0.04 0.95+0.12 50%5 (2.6 £ 0.4) x 1013

harmonics 13
9 42.27 + 0.04 0.67+0.11 50%5 (1.9 £ 0.4) x 10

10 46.96 + 0.05 0.40+0.50 50%5 (1.1 £ 0.3) x 103

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. %2,
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Extended Data Table 2 | Experimental correlation coefficients

Panel a b c d e
P7,8,9 0.83 +£0.02 0.74 £ 0.01 0.32 +0.03 -0.20 + 0.02 -0.62 + 0.03
A7 (rad) 921 +0.12 0.50+0.05 1.21 £0.05 1.91+0.03 2.62 £ 0.05
Panel f g h i j

P7,8,9 -0.75 + 0.02 -0.46 + 0.01 0.14 + 0.03 0.67 £ 0.01 0.86 + 0.01

AQsgo (rad)  3.33£0.20 4.04 £ 0.03 4.74 £ 0.03 5.45+0.02 6.16 = 0.02

Correlation coefficients p;5 o and phase differences A, 44 for the measurements presented in the panels of Fig. 2 in the main text.




Extended Data Table 3 | Amplitudes and harmonic phase differences

Figure Fio Fo Fg F7 AQg g,10 (rad) A, gq (rad)
3b,e - 0.95+0.06 1.00+0.03 0.89+0.06 - 0.08 +0.08
3c,f - 0.94+0.07 1.00%0.03 0.87+0.06 - 1.93 +0.03

Three 3d,g - 0.92+0.07 1.00+0.03 0.88+0.06 - 3.29+0.24
harmonics  3;| - 0.75+0.06 1.00+0.04 1.06+0.06 - 6.08 +0.07
3j,m - 0.78+0.08 1.02+0.04 0.80+0.06 - 6.09 +0.40

3k,n - 0.85+0.09 0.83+0.05 0.82+0.07 - 6.18 £0.12

4ac  059+007 0.76+0.06 1.00+0.05 1.03+0.05 020+0.15 594 +0.04

haanggrgiCS 44d-f 0.58+0.07 0.77+0.07 1.04+0.05 1.07+0.05 020+0.15 1.23+0.06
4g-i 0.57+0.08 0.77+0.08 1.03+0.06 099+0.05 2.89+0.08 2.95+0.09

Amplitudes F,q, Fg, Fgand F; and phase differences Apg g0 and Ag,4 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 |). 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 A, 4 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

Undulator parameters

U,-U, resonant wavelength 28.889 nm
U,-U, resonant wavelength 32.500 nm
Us-Ug resonant wavelength 37.143 nm
Undulator polarisation linear
PS;-PS, 0 rad
Dispersion 60 um
Seed laser parameters
Wavelength 260 nm
Power 40 MW
Pulse length (FWHM) 110 fs
Electron beam parameters
Energy 1.2 GeV
Energy spread 110 keV
Normalized emittance 1 mm rad
Peak current 700 A
Beam size 50 - 70 um

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