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Strong-field coherent control of isolated attosecond
pulse generation
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Attosecond science promises to reveal the most fundamental electronic dynamics occurring
in matter and it can develop further by meeting two linked technological goals related to high-
order harmonic sources: improved spectral tunability (allowing selectivity in addressing
electronic transitions) and higher photon flux (permitting to measure low cross-section
processes). New developments come through parametric waveform synthesis, which pro-
vides control over the shape of field transients, enabling the creation of highly-tunable iso-
lated attosecond pulses via high-harmonic generation. Here we demonstrate that the first
goal is fulfilled since central energy, spectral bandwidth/shape and temporal duration of
isolated attosecond pulses can be controlled by shaping the laser waveform via two key
parameters: the relative-phase between two halves of the multi-octave spanning spectrum,
and the overall carrier-envelope phase. These results not only promise to expand the
experimental possibilities in attosecond science, but also demonstrate coherent strong-field
control of free-electron trajectories using tailored optical waveforms.
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ttosecond pulse generation via high-order harmonic

generation (HHG)!2 is undoubtedly a milestone in the

development of laser technology which elucidated fun-
damental mechanisms in light-matter interactions®. Over the last
three decades, this technological breakthrough enabled the
exploration of charge dynamics occurring in atoms, molecules
and solids on their natural sub-femtosecond timescales. A few
examples include real-time observation of valence electron
motion in atoms, electron charge migration in molecules and
ionization-induced attosecond time delays*-11.

To date, attosecond pulses (isolated or pulse trains) have been
generated either by means of HHG!2-1° or free-electron lasers
(FELs)!%17. Currently the majority of attosecond science experi-
ments are performed with HHG-based sources due to their broad
availability in university-scale laboratories. Moreover HHG-based
attosecond pulses are intrinsically synchronized to the pump laser
and exhibit lower intensity fluctuations than FEL-based sources.

For HHG!8-20 in gaseous media, an intense laser field first
ionizes the atoms and then coherently drives the motion of the
liberated electrons. Once the electrons recombine with the parent
ions, high-harmonic photons are generated up to the extreme
ultraviolet (XUV) or even the soft X-ray spectral region?1-22. The
entire HHG process takes place within the driving laser optical
cycle and repeats every half-cycle, leading to a train of high
harmonic bursts each with a sub-femtosecond pulse duration. In
order to isolate a single HHG event and to obtain an isolated
attosecond pulse (IAP), different gating-techniques were
developed?3-2>. The direct generation of IAPs by optical drivers
with sub-cycle durations was more recently demonstrated?°.

Despite these important achievements, contemporary attose-
cond sources impose considerable constraints on experiments,
mainly due to the relatively low photon-flux, that prevents the
observation of low cross-section processes and complicates the
use of low-density samples. The low flux also results in limited
spectral tunability achieved by conventional HHG sources, since
the use of either a monochromator or an absorbing bandpass
filter is in many cases impractical as it would further reduce the
photon-flux. This negatively impacts the possibility of selectively
addressing specific electronic transitions in atoms and molecules.
Solving these problems will improve the applicability of HHG-
based sources to a broader range of attosecond science
experiments.

Synthesized Waveforms

To significantly increase the possibility of tunability of the
attosecond pulses though, a possible path lays inside the HHG
process itself. The electric field-dependent nature of ionization,
electron excursion, and therefore, also electron recombination
enables the control of the HHG-emission characteristics via
shaping of the driving optical waveform. Previous studies already
suggested that specific optical waveforms can greatly enhance the
HHG conversion efficiency, therefore enabling higher photon-
flux27-28, The possibility of modifying the attosecond pulse central
energy, spectral shape/bandwidth and pulse duration by con-
trolling the driver waveform with sub-cycle resolution remains
though experimentally unexplored.

Here we report on the generation of tunable IAPs whose
spectral-temporal characteristics can be coherently controlled via
parametric waveform synthesis, which allows for shaping the
HHG driving optical field on a sub-cycle time scale. Differently
from previous studies?®, that focused on tuning the central
photon-energy via macroscopic HHG parameters, such as gas
pressure, gas cell position or driving pulse energy, here we con-
centrate on the control attainable by shaping the driving wave-
form. The tailored waveform with octave-spanning bandwidth is
obtained via coherently merging two optical pulses from different
spectral regions. The shape of the optical waveform is controlled
via two synthesis parameters, the relative-phase ¢ (RP) among
two portions of the synthesized optical spectrum (i.e., the two
channels of our parametric waveform synthesizer) and the overall
carrier-envelope phase y (CEP). By scanning the two phases, we
can produce in a reproducible way a large set of waveforms and
record the HHG spectra corresponding to each (¢,y;) pair. In
addition, attosecond streaking measurements were conducted for
selected waveforms to reveal the temporal structure of the
underlying IAPs. Simulations of the HHG process qualitatively
support our key experimental findings and allow us to better
understand the impact of the optical waveform on the IAP-
characteristics.

Results

Tailored driver fields via parametric waveform synthesis. The
optical waveforms utilized in our experiments are generated by
our recently demonstrated parametric waveform synthesizer
(PWS)26, The PWS is based on optical parametric amplifiers
(OPAs, see Fig. 1), pumped by a cryogenic Ti:Sapphire laser
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Fig. 1 Experimental set-up. (On the left) Parametric waveform synthesizer, consisting of a cryogenic Ti:Sapphire pump laser (red beam), a CEP-controlled
seeding front-end (olive-green), two spectral channels (NIR in green, IR in orange, shaded VIS-channel under construction) and a multi-phase meter that
allows to measure the RP (¢) among the spectral channels and the CEP (y) of the synthesized output (orange/green). A feedback system acting on

multiple delay-lines allows to stabilize and control (¢, w), and therefore the output waveforms. The waveforms entering the attosecond beamline (on the
right) are focused into an HHG gas target. The generated HHG radiation (blue) is separated from the driving optical field via a metallic filter and refocused
by an Au-coated toroidal mirror into the electron collecting volume of a Kaesdorf ETF11 electron time-of-flight spectrometer, used for attosecond streaking
measurements. The spectra of the HHG emission are measured by a McPherson 25TMX grating spectrometer, equipped with an Andor Newton 940 CCD

camera.
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amplifier, where different spectral regions of a multi-octave
spanning CEP-controlled seed pulse are individually generated,
amplified in three consecutive OPA-stages and coherently
recombined after compression. The two spectral channels
employed in this experiment, namely near-infrared (NIR) and
infrared channel (IR), span the spectral regions of 650-1000 nm
and 1200-2200 nm, and support pulses with full-width half-
maximum (FWHM) durations of ~6 fs and ~8 fs and with pulse
energy up to 0.15m] and 0.6 m]J respectively. The 1.7 octave-
spanning waveforms can be shaped by acting on the RP ¢ (or
relative delay) among the NIR and IR pulses and the CEP y of the
combined pulse. The relative phase ¢ can be locked and con-
trolled over a range of ~200rad (~100fs) with residual noise
of <0.1 rad rms, where the CEP y can be varied over a ~10 rad
range with residual noise of <0.25 rad rms. For ¢ = 0, where the
temporal envelopes of NIR and IR pulses overlap, the FWHM
duration of the synthesized waveform reaches below 3 fs, that
corresponds to less than one optical cycle (sub-cycle duration).
The control system that stabilizes the RP and CEP jointly with
multi-beam pointing stabilization ensure stable and reproducible
synthesis over many hours’.

Inside the attosecond beamline (Fig. 1), the synthesized pulses
are split into two arms, the more intense replica drives the HHG,
the other one is used as streaking-field. The pulse energy of each
channel at the HHG interaction point measures 70 J (NIR) and
170 4J (IR) resulting in a synthesized waveform whose most
intense cycle has a half-period (distance between neighboring
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electric field zero crossings) ranging from 1.3fs to 3.2fs
depending on the RP and CEP setting. Such waveforms, when
focused by a spherical mirror (f=375mm) into a ~2 mm long
gas cell, reach a maximum peak intensity (for ¢ =0, y=0) of
2-3x 1015 W/ecm? in the finite HHG gas cell. These conditions
apply to all experimental data presented here. Before focusing, the
IR beam size is set to be two times of the NIR beam size to ensure
the two beams share the same waist size at focus.

Waveform-dependent attosecond continua. To fully showcase
the variety of HHG emissions that results from controlling the
driving waveform, HHG spectra were recorded for a large set of
waveforms, which were obtained by systematically scanning
through both RP and CEP. The following measuring procedure
was used: First, we concentrated on the generation of harmonics
in argon and their detection in the range 30-70 eV (Fig. 2). After
determining the conditions favorable for HHG (~300 mbar of
pressure, gas-cell positioned a few mm after the focus), we started
the waveform scanning procedure. Initially the control system
moved the RP toward a given negative value (IR pulse ahead of
NIR pulse). Then the CEP was scanned periodically (T = 4 s) with
a linear ramp function over a range of ~10 rad. After two complete
CEP scans, the RP was incremented step-wise (with 0.8 rad steps).
The procedure was repeated until a certain positive value of RP
(IR pulse behind NIR pulse) was reached. Once the measurement
was completed, a resorting algorithm rearranged all HHG-spectra
into an N x M matrix, according to the corresponding (¢;, ;) pair.
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Fig. 2 Dependency of HHG spectra on RP and CEP in argon. The HHG process is driven in argon by the synthesized pulses and the XUV spectra are
recorded with a grating XUV spectrometer. Depending on the spectral range, the spectra are dispersed by either a grating with 300 groove/mm (low
photon energy) (a, ¢, d, g, h) or with 1200 groove/mm (high photon energy) (b, e, f, i, j). With the CEP fixed, XUV-spectra vary significantly with changing
RP (a, b), where negative relative phase means the IR pulse arrives first. A CEP shift by z/2 completely changes the XUV spectra (¢, e). On the other hand,
XUV-spectra vary with CEP and the landscape of the CEP-dependent variation appears different when the RP is fixed at another value. (d, f, g, i and h, j)
correspond to the XUV spectrum CEP-dependent variation with the RP fixed at 13.5rad, O.1rad and —16.4 rad, marked with dashed line in (a, b),
respectively. The integration time for each spectrum is 200 ms and a thin metallic filter is applied to block the driving laser beam (500 nm thick beryllium).
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The RP bin-size was chosen to be equal to its step-size during the
scan. The CEP instead is a linear function and the CEP-bin size
was chosen as a compromise between CEP-resolution and
redundancy/completeness of the dataset. This approach allows us
to obtain a complete dataset of 100 x 16 HHG-responses (RP/CEP
steps) with 3-10 HHG spectra per matrix element in less than an
hour (see Supplementary Information S6).

Since the resulting four-dimensional matrix (HHG photon-
energy, spectral intensity, RP and CEP) cannot be visualized
directly, we present, in Fig. 2, cuts through the dataset for either a
fixed RP or fixed CEP value. In Fig. 2(a) and (b) it is possible to
observe the rich tuning potential of the HHG spectra that can be
generated by changing the RP while keeping the CEP constant.
One can observe that almost all spectra are free of spectral-fringes
and therefore likely correspond to IAPs (as we will verify in the
next section). This result, which may seem surprising at first
glance, is explained by the asymmetric and non-sinusoidal nature
of the synthesized waveforms. In fact, although the waveforms
can reach a sub-cycle FWHM duration only for RP-values close
to 0, the superposition between the two channels leads to a single
field oscillation being significantly higher than the others for a
much wider range of RP values. In addition to this, there is a
unique property of these extremely broadband waveforms, where
each optical half-cycle exhibits a unique, non-sinusoidal field
shape that is different from the preceding and subsequent ones.
For example, the duration of such half-cycle can vary between
1.3 fs and 3.2 fs, greatly affecting the electron excursion time and,
therefore, the probability of HHG emission. Furthermore, the
exact shape of the electric field contained in a certain portion of
the cycle will favor specific electron trajectories, resulting in a
wide range of observed HHG spectra. The attosecond continua
generated in argon span the 35-110 eV range and the highest IAP
energy is measured to be ~500p] while the broadband IAPs
energy is ~100 pJ. Narrowband continua with different photon-
energies can be found, for instance for ¢ =—28rad (~5eV
bandwidth peaked at 42 eV) or ¢ = —16rad (~15 eV bandwidth
peaked at 60 eV), as well as broadband continua such as the one
around ¢ = 0 rad (spanning 1.5 octaves, from ~36 eV to ~101 eV,
peaked at 75eV). Interestingly the highest cut-off energy,
occurring around ¢ = 0 rad, does not coincides with the highest
yield region, that instead appears around ¢ = —5 rad, suggesting
that the additional control obtained by shaping the waveform
may also help improving HHG conversion efficiency beyond
what is possible by pure pulse compression.

When changing the CEP by /2, the landscape of the RP-
dependent XUV-continua changes completely as shown in
Fig. 2(c) and (e), where for instance the HHG yield greatly
reduces around ¢ =0 when compared to Fig. 2(a, b). In Fig. 2(d,
f), (g, 1) and (h, j) instead we plot the CEP dependency for three
different RP values. For all three RP values we observe the typical
CEP dependency of HHG continua in the cut-off region, but here
extended to the entire observed spectral range. This verifies that
IAPs can be generated over broad spectral ranges without the need
for additional gating techniques, such as double optical gating®3 or
by filtering the cut-off emission3! (amplitude gating), but shaped
solely by choosing an appropriate optical waveform. Moreover, it
is interesting to notice how the three continua evolve differently
when changing the CEP: in (df) the overall intensity drops
without a significant change in spectral shape; in (g,i) instead the
change in CEP is accompanied by a central photon-energy shift;
finally in (h,j) the central energy does not vary considerably but
the spectrum broadens and forms a double-hump structure. These
observations suggest the vastness of the possibilities introduced by
electron trajectory coherent control via waveform synthesis.

We repeated a similar RP and CEP scan in neon to reach
higher photon energies. All the macroscopic parameters stayed

the same as in the previous case, including the gas pressure
(~300 mbar), only the gas target position was optimized (moved
closer to the laser focus). Remarkably, the neon HHG was
sufficiently intense to be properly detected without increasing the
integration time of the spectrometer when compared to the argon
case (200 ms).

Figure 3 shows that the tunability of attosecond continua can
be extended into the soft-X ray region up to ~200eV in neon.
Controlling the RP (see Fig. 3(a)) allows once more to tune the
central photon-energy and the bandwidth, as highlighted in
Fig. 3(c) where three exemplary spectra are extracted from
Fig. 3(a) and are centred at 120eV, 145eV and 170eV
respectively. In Fig. 3(c), several exemplary spectra of HHG in
argon (dashed line) are also shown, joining the neon HHG
spectra, to showcase the wide tuning range of the generated HHG
continua. The CEP dependency shown in Fig. 3(b) supports that
the continua observed here corresponds to IAPs as well.

The waveform control demonstrated here allows generating
attosecond continua with tunable central energy and bandwidth
over an impressive 30-200 eV range simply replacing the gas type
and optimizing the gas target position without modifying any
other macroscopic HHG parameters.

Tunable isolated attosecond pulse characterization. So far, we
have characterized the spectral magnitude of the attosecond
continua, but to gain insights on the temporal profile of the IAPs
it is necessary to perform attosecond streaking measurements.
Here, the HHG beam overlaps with the optical laser pulse at a gas
target and the momenta of the HHG-ionized photoelectrons are
modulated by the optical streaking field. The photoelectron
spectrogram is acquired by varying the delay between the optical
streaking field and the HHG pulses. By feeding the measured
spectrogram to an iterative phase-retrieving algorithm, the spec-
trotemporal information of HHG radiation and of the streaking
field can be obtained.

Given the complexity of our streaking waveforms and the
broad bandwidth of the generated attosecond continua, we
decided to use the Volkov Transform Generalized Projection
Algorithm (VTGPA)3? for the pulse retrieval. VTGPA has
advantages over conventional attosecond pulse reconstruction
methods?3-3> as it does not rely on the central-momentum
approximation, therefore allowing us to precisely retrieve broad-
band XUV spectra, and it has better immunity to detection noise.
Moreover, the VIGPA code is ideal for achieving a correct
retrieval in the presence of complex streaking waveforms since it
is less restrictive on the intensity and bandwidth of the streaking
field. For the sake of experimental repeatability and statistics, we
repeated the acquisition of each streaking trace several times. As a
result, the data-acquisition of a few different streaking traces with
systematically scanned synthesized waveforms could take up to
two hours. It is only feasible to conduct such extensive
characterization for a few selected cases, as shown in Fig. 4.

All attosecond streaking retrievals confirm that the observed
HHG continua indeed correspond to IAPs. Moreover, these
measurements show that the demonstrated tunability extends also
to the attosecond pulse duration. In the argon case, the IAP in
Fig. 4a(iii) shows a duration of 240 as, while the IAP in Fig. 4b(iii)
only 80 as. This control over the IAP duration also applies to the
case of neon, where different (¢;y;) pairs lead to different
continua bandwidths, and the attosecond pulse duration
decreases from 140 as to 80as. Here it is worth noticing that
the measured photoelectron spectrograms a-d(i) and the
reconstructed ones a-d(ii) not only match each other well, but
are also in substantial agreement with the independently
measured XUV spectra, demonstrating the fidelity of our
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Fig. 3 Dependency of HHG spectra on RP and CEP in neon. The XUV spectrum is dispersed with a 1200 groove/mm grating. With the CEP fixed, XUV
spectra vary by changing the RP in (a). CEP-dependent XUV spectra at fixed RP = 0.7 rad, marked with a black line in (a), is shown in (b). Four spectra of
HHG in argon (dashed, from Fig. 2) and three spectra of HHG in neon (solid) are presented to showcase the spectral tuning range (c). The integration time
for each neon HHG spectrum is 200 ms and a Zr filter (300 nm) is used to block the driving laser beam.
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Fig. 4 Isolated attosecond pulses characterized via attosecond streaking. The photoelectron spectrograms (a-d)(i) are obtained with HHG from argon
(a, b) and neon (¢, d). The VTGPA reconstructed traces (a-d)(ii) are shown along with the experimental traces (a-d) (i). The retrieved temporal profiles
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stated (iii). The retrieved XUV spectrum (red) and spectral phase (blue) are shown in (a-d)(iv). The independently measured XUV spectra (black) (with
grating XUV spectrometer) are also shown for each case (iv) to compare with the retrieved ones.
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measurements. These measurements showcase that, by shaping
the HHG-driving waveform, we can not only control the spectral
properties of the IAPs, but also gain control on their pulse
durations. This represents a significant advance in attosecond
source technology, since different gating techniques can either
deliver narrowband or broadband IAPs, but do not allow to easily
switch between them?3®.

HHG simulations with tailored waveforms. Attosecond pulse
generation driven by complex waveforms was also investigated
theoretically by means of classical trajectory analysis and quan-
tum single-atom response simulations. We started by calculating
the HHG obtained during a RP-scan (with fixed CEP) similar to
the experimental RP-scan shown in Fig. 2. In the calculations we
started with the individual NIR and IR pulses of our PWS
characterized via two-dimensional shearing spectral inter-
ferometry (2DSI%7, see Supplementary Information S1). Then we
calculated the overall synthesized field for RP values between
—11rad and 11rad. Finally, we use these waveforms as HHG
driving field in a single-atom response simulation (based on
HHGMax38, see Fig. 5a). Despite the quantitative differences
observed between experiment and simulation results, the main
features observed experimentally are reproduced by the simula-
tion. In particular, we observe the overall asymmetry of the RP-
scan (RP >0 vs. <0) as well as the periodic appearance of bright

HHG-continua alternating with low-yield regions. For certain RP
values the continua appear to be broadband (close to ¢ =0,
where the envelope peak of the NIR and IR pulses overlap) while
for other values narrowband (¢ = —6.8 rad) or with intermediate
bandwidth (¢ =5.7 rad). Moreover, the HHG spectra exhibit
spectral-fringes only for few RP values and the fringes are located
in the low photon-energy region, similar to the experimentally
observed ones.

We then analyze the three particular waveforms corresponding
to these continua, one leading to a narrowband continuum
(Fig. 5¢), one to a broadband one (Fig. 5d) and the third to an
intermediate bandwidth (Fig. 5e). In the first case the half-cycle
peaked at t = —2fs is by far the most intense one and therefore
the only significant contributor to strong-field ionization.
The following half-cycle is weaker and the accelerated electrons
only gain a moderate amount of energy, leading to narrowband
IAPs with low photon-energy and a duration of 278 as, when
accounting for the dispersion due to the 2 mm thick, 300 mbar,
neutral gas column. The IAP spectrum and duration are in
relatively good agreement with the narrowband IAP presented in
Fig. 4a(iii). The second waveform instead leads to a broadband
emission. Here an intense half-cycle peaked at t = —1 fs ionizes a
certain fraction of the atoms. The electrons are then accelerated
by the following half-cycle, in this case more intense than the
preceding one. As underlined by the classical trajectory analysis,
these electrons, depending on their precise ionization time, gain
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Fig. 5 HHG single-atom response simulations for argon. a Dependence of XUV spectrum on RP between the NIR and IR channels, using a common CEP
fixed at /2. The Lewenstein integral?C considers short trajectories only and is solved using synthesized driving fields E;(t) built upon the combination of
the actual NIR and IR channel temporal profiles of the PWS. The synthesized peak intensity was fixed to 2.5 x 1014W,/cm? for RP = 0 and CEP = 0. Linear
1D propagation of the resulting single-atom XUV pulse through the gas target (2 mm, 300 mbar) is implemented. b Lineouts of the XUV spectra at

different RP values (corresponding to red, blue and black vertical lines in a) and their corresponding FTL pulse durations. c-e classical electron trajectories
(purple) and emitted XUV attosecond bursts (shaded areas) are shown for different optical waveforms (black solid lines) resulting from the RP values
indicated in (a). The trajectory color-coding is based on the re-collision energy and the transparency level is based on the ionization rate at the trajectory

birth time (see Supplementary Information S5).
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significant momentum leading to a broadband emission that
extends to higher photon-energies than in the previous case.
Given that the accelerating half-cycle also leads to a significant
strong-field ionization, one would expect the appearance of a
second attosecond pulse. Interestingly however, the following
half-cycle (peaked at t =4.7 fs) has a significantly longer period
and lower field amplitude, which may dramatically reduce the
emission probability. This reduction in emission probability leads
to the suppression of the second attosecond pulse and, therefore,
to the appearance of a well-isolated broadband attosecond pulse
with a duration of 112 as. For the third waveform, which falls
between the two previous cases, the cycle that provides the
dominant contribution to the HHG arrives after t = 0. Electrons
contributing to HHG originate mainly from the half-cycle peaked
at t=2fs, since the half-cycle just before t=0 is too weak to
significantly jonize the atoms. The field strength of the
accelerating sub-cycle is intermediate, which leads to a less
extended cut-off energy.

These simulations, though far from being exhaustive, allow us
to shed light on some of the fundamental mechanisms, which
allow us to generate tunable IAPs by controlling the optical
waveform via the pulse synthesis parameters.

Discussion
We have experimentally demonstrated that the spectrotemporal
characteristics of IAPs can be controlled in myriad ways by
shaping the sub-cycle features of the broadband HHG driving
pulses. The capability to shape the waveform was achieved by
adjusting both the RP among two halves of the optical spectrum
and the total CEP of the synthesized field. For the similar mac-
roscopic HHG-conditions, we generate continua across the
30-110 eV range in argon and extend it up to 200 eV in neon.
The bandwidth and duration of the generated attosecond pulses
are substantially varied solely by changing the RP and CEP set-
tings. This unprecedented spectral tunability for an attosecond
source is achieved without the use of any additional gating or
spectral filtering technique. HHG simulations help elucidate some
of the underling physical mechanisms, unambiguously linking the
IAP tunability with the shape of the HHG-driving waveform. We
believe that parametric waveform control will allow attosecond
light sources to leap into a new era of development, with enor-
mous benefits for attosecond science experiments.

The strong-field coherent control experiments presented here
offer a glimpse of upcoming technologies enabled by waveform-
controlled light-matter interactions.

Data and code availability
The experimental data and computer codes used in this paper are available at https://
zenodo.org/record/5564933.
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