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Multi-octave, CEP-stable source for high-energy

field synthesis

Ayman Alismail’?*, Haochuan Wang'*, Gaia Barbiero'?, Najd Altwaijry’>, Syed Ali Hussain'>,
Volodymyr Pervak', Wolfgang Schweinberger', Abdallah M. Azzeer?,

Ferenc Krausz'3, Hanieh Fattahi'3*

The development of high-energy, high-power, multi-octave light transients is currently the subject of intense research
driven by emerging applications in attosecond spectroscopy and coherent control. We report on a phase-stable,
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multi-octave source based on a Yb:YAG amplifier for light transient generation. We demonstrate the amplification
of a two-octave spectrum to 25 pJ of energy in two broadband amplification channels and their temporal com-
pression to 6 and 18 fs at 1 and 2 pm, respectively. In this scheme, due to the intrinsic temporal synchronization
between the pump and seed pulses, the temporal jitter is restricted to long-term drift. We show that the intrinsic
stability of the synthesizer allows subcycle detection of an electric field at 0.15 PHz. The complex electric field of
the 0.15-PHz pulses and their free induction decay after interaction with water molecules are resolved by electro-
optic sampling over 2 ps. The scheme is scalable in peak and average power.

INTRODUCTION

Controlling, shaping, and measuring the electric field of light at
terahertz frequencies opened new possibilities for a variety of ap-
plications from fundamental science to real-world applications (1).
Their extension to petahertz frequencies has enhanced the depth of
our insight into microscopic ultrafast dynamics at femtosecond and
attosecond time scale. It was the controlling of the slippage of the
electric field of light relative to its envelope [carrier-envelope phase
(CEP) stability] that paved the way for isolated attosecond pulse
generation (2). Nowadays, attosecond extreme ultraviolet (XUV)
pulses are generated routinely in laboratories and allow control and
observation of electron dynamics (3-7). Nevertheless, attosecond
metrology and spectroscopy have been restricted to the use of low-
energy attosecond XUV pulses in combination with strong few-cycle
near-infrared (NIR) fields (8). Pushing the frontiers of attosecond
spectroscopy to new areas such as XUV-pump/XUV-probe spectros-
copy (9, 10) or attosecond x-ray diffraction (11) to capture the four-
dimensional microscopic dynamics of electrons outside the atomic
core (12) calls for isolated XUV or x-ray attosecond pulses with suf-
ficient yield. Recently, there has been growing interest in the devel-
opment of high-energy, long-wavelength, few-cycle lasers (13, 14), as
the cutoff energy in high-order harmonic generation (HHG) scales
linearly with the peak intensity and quadratically with the wavelength
of the driving pulse. However, the harmonic yield at longer wave-
length is markedly reduced due to the higher quantum diffusion and
lower recombination probability (15-18).

In parallel, many research studies have focused on enhancing the
photon flux in HHG by optimizing the shape of the driving field
(19-21). It has been theoretically shown that light transients are
superior to few-cycle pulses in pushing the frontiers of HHG toward
x-rays with higher harmonics yield (4, 22, 23). Here, the presence of
the longer wavelengths in the driving field furnishes the recolliding
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electrons with more energy. As the multi-octave field is confined
to a single field cycle, the pre-ionization of the atoms is reduced (24).
Moreover, tailoring the spectral chirp of the light transient allows bet-
ter control of tunneling ionization and subsequent electronic motion.

Light transients with tens of microjoules of energy have been gen-
erated by spectral shaping or field synthesis of multi-octave pulses
(25-27). However, increasing their energy to multi-millijoule at sev-
eral kilohertz repetition rates calls for a power- and energy-scalable
scheme (28, 29). Optical parametric chirped-pulse amplifiers (OPCPAs)
are capable of delivering few-cycle pulses, scalable in peak and aver-
age power. Therefore, coherent combination of few-cycle pulses from
multiple broadband OPCPAs allows the generation of light tran-
sients with a higher peak and average power (28-31). Here, the en-
ergy of few-cycle pulses at different central frequencies is boosted in
OPCPA chains before the synthesis of super-octave waveforms via
phase-coherent superposition of few-cycle pulses of different carrier
frequency. Realizing such a concept requires high-energy lasers to
pump and seed several OPCPA chains at different carrier frequencies.
Direct generation of the multi-octave, CEP-stable seed spectrum from
the pump laser allows intrinsic temporal synchronization between
(i) the pump and seed pulses at the OPCPA stages and (ii) different
OPCPA channels.

On the basis of this scheme, in 2018, Rossi et al. (32) boosted the
energy of the light transients to nearly 1 m]J by using a 20-m]J, 1-kHz,
150-fs Ti:Sa amplifier to (i) generate multi-octave seed pulses and
(ii) pump the two parallel OPCPA channels. In a follow-up experi-
ment, Mainz et al. (33) demonstrated the effect of the shape of the
generated light transients on HHG yield. However, boosting the en-
ergy and average power of light transients beyond this value calls for
a different frontend due to the limitations of simultaneous energy
and power scalability in Ti:Sa amplifiers (34).

Yb:YAG lasers in thin-disk and slab geometries are capable of
delivering pulses at high energy and average power simultaneously
(35-37). Between the two, the simultaneous scaling is more optimum
in thin-disk lasers due to the efficient heat removal from the typically
100-um-thick gain medium, which is mounted on a water-cooled di-
amond substrate. These unique properties in combination with the
reliability of industrial diode pumps make Yb:YAG lasers potential
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drivers for high-energy, high-average power light transients. How-
ever, their narrowband emission cross section (38), in addition to the
gain narrowing, limits their pulse duration to around 1 ps at hundreds
of millijoule energy and tens of picoseconds at joule energy (37, 39).
Their long pulse duration makes the direct generation of multi-
octave, CEP-stable pulses from Yb:YAG more challenging in com-
parison to Ti:Sa technology.

In what follows, we demonstrate an all-Yb:YAG multi-octave,
frontend to pump and seed two OPCPA channels and their temporal
compression to few-cycle pulses. We show that the intrinsic synchro-
nization in this scheme reduces the temporal jitter only to long-term
drift. The spatial and temporal stability of the synthesizer are con-
firmed by resolving the electric field of the free induction decay (FID)
of water molecules with subcycle temporal resolution.

RESULTS

Mid-infrared and near-infrared OPCPAs

A schematic of the frontend is depicted in Fig. 1. A homebuilt, Kerr-lens
mode-locked Yb:YAG thin-disk oscillator, delivering 2-uJ, 350-fs
pulses at 15 MHz, is used to seed a homebuilt, Yb:YAG thin-disk
regenerative amplifier (40). The amplifier operates in chirped-pulse
amplification configuration. Therefore, the seed pulses are tempo-
rally stretched to 2 ns in a pair of gold gratings before amplification
and compressed to their Fourier transform limit after the amplifica-
tion. The laser delivers 20-m], 1-ps pulses at 5-kHz repetition rates
and serves as the only laser in the synthesizer.

Pump energy (1.8 mJ) is used to generate a CEP-stable, multi-
octave, broadband spectrum (41). The resultant supercontinuum
spans from 500 to 2500 nm (red curve in Fig. 2A) with 90-mrad root
mean squared CEP fluctuations over 100-min measurement time.
A broadband dielectric beam splitter (42) is used to divide the seed
spectrum into two portions: (i) NIR region from 700 to 1400 nm and
(ii) mid-infrared (MIR) region with spectral coverage from 1600 to

' XN , A

2500 nm. The remaining energy of the Yb:YAG amplifier is frequency-
doubled in a 0.5-mm-thick type I barium borate (BBO) crystal at a
peak intensity of 80 GW/cm?. The second-harmonic module delivers
9-m] pulses at 515 nm. Thereafter, the second-harmonic pulses are
separated from the fundamental using a dielectric beam splitter.

A single-stage, noncollinear OPCPA containing a 4-mm-thick
lithium triborate [LiB3;O5 (LBO)] crystal is used to amplify the NIR
region of the spectrum. The pump pulses (0.8 m]J) at 515 nm are
focused to an 850-um beam diameter [full width at half maximum
(FWHM)], slightly larger than the 650-um (FWHM) seed beam. Pump
and seed beams are crossed at an internal angle of 1.05° inside the
LBO crystal with the phase-matching angle of ¢ = 15° in type I con-
figuration. The amplified spectrum with 20 puJ of energy is shown in
Fig. 2A (orange curve). Afterward, the amplified beam is collimated
and sent through a custom-designed chirped-mirror compressor. The
compressor consists of 16 double-angle chirped mirrors with a group
delay dispersion of —30 fs* per bounce and a pair of thin fused-silica
wedges at the Brewster angle for fine dispersion control. A second-
harmonic frequency-resolved optical gating (SH-FROG) containing
a 10-um-thick BBO crystal is used to characterize the compressed
pulses. Figure 2B shows the measured and retrieved spectrograms
and the retrieved temporal intensity profile and phase of the com-
pressed pulses to 6 fs (FWHM).

After separation using the dielectric beam splitter, the MIR seed
pulses pass through an acousto-optic programmable dispersive filter
(Fastlite, Dazzler) and amplified in a single-stage degenerate OPCPA
containing a 2-mm-thick periodically poled lithium niobate crystal
with a poling period of 30.64 pm. Pulses (180 puJ) at 1030 nm with a
peak intensity of 70 GW/cm? are used to pump the MIR-OPCPA
stage. The angle (1°) between the seed and pump beams is induced
to facilitate the separation of the signal beam after amplification.
Figure 2A (brown curve) shows the spectrum of the 5-uJ amplified
MIR pulses. The amplified pulses were compressed to 18 fs by using
a 2-mm-thick silicon in combination with the introduced phase by
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Fig. 1. All-ytterbium frontend for high-average and peak power light transient generation. The setup is based on a Yb:YAG thin-disk amplifier, seeded by a Kerr-lens
mode-locked thin-disk oscillator. The laser energy (1.8 mJ) is used to directly generate multi-octave, CEP-stable seed pulses. Thereafter, the broadband spectrum is divided
into two channels: NIR channel spanning from 700 to 1400 nm and MIR channel covering 1600 to 2500 nm. Each channel is amplified in a single-stage OPCPA pumped by
fundamental or second harmonic of the laser and compressed to its Fourier limit. The energy of few-cycle pulses can be increased by adding consecutive OPCPA stages
in each channel. Coherent synthesis of the two few-cycle pulses results in generation of light transients. BS, beam splitter; CMs, chirped mirrors; PPLN, periodically poled

lithium niobate.
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Fig. 2. The laser specifications. (A) CEP-stable, multi-octave spectrum of seed pulses (red). Amplified spectra of NIR (orange) and MIR (brown) OPCPAs. Retrieved tem-
poral intensity profile and phase of the compressed pulses in (B) NIR and (C) MIR channels. Inset: Measured (top) and retrieved (bottom) FROG spectrograms.

Dazzler. Figure 2C shows the measured and retrieved spectrograms
and the retrieved temporal intensity profile and phase of the MIR
pulse. These measurements were done by an SH-FROG containing
a 100-um-thick BBO crystal.

Temporal and phase jitter

Combining the MIR and NIR few-cycle pulses by using a broadband
dielectric beam combiner and their coherent superposition leads to
the generation of light transients. In few-cycle coherent synthesis,
the relative temporal overlap between the few-cycle pulses results in
a great variety of light transients (23). Therefore, as with any kind of
interferometer, relative phase and relative timing between the two
arms of the synthesizer define the ultimate stability of the generated
light transient (43, 44). In our scheme, the CEP stability of the seed
pulses results in the stability of the absolute phase of both OPCPA
channel outputs. Moreover, the direct multi-octave seed generation
from the pump laser ensures the intrinsic temporal synchronization
and restricts the temporal jitter only to long-term drift. To avoid
any temporal instability caused by fluctuations in the arrival of pump
pulses in each OPCPA channel, we kept the seed pulse duration
shorter than the pump pulse duration. This approach allows decou-
pling of the nonlinear amplification process from linear temporal
jitter between the seed and pump pulses and restricts temporal jitter
to long-term drifts caused by the optical path of the synthesizer.

As the few-cycle pulses from both OPCPAs contain only 2 to 3 cy-
cles of electric field, the temporal jitter between the two channels has
to be lower than a fraction of their half-field cycle. To prove the in-
trinsic synchronization between the two channels over a time win-
dow of several picoseconds and restriction of the temporal jitter to
long-term drifts, we conducted an experiment with the new source.

Upon the interaction of broadband pulses with molecules, pho-
tons at the resonance frequencies are slowed down because of the
increase in the refractive index and appear at the trailing edge of the
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excitation pulse. The delayed response, which is called FID (45), can
be explained by the Kramers-Kronig relation and lasts for several
picoseconds in liquid phase. We aimed for the direct electric field
detection of the MIR pulses and their FID after interaction with
water molecules over several picoseconds by means of electro-optic
sampling (EOS) (46). The NIR pulses are used as probe pulses in
EOS and are required to have a temporal jitter below the subcycle
duration of the MIR pulses over the entire scanning range to allow
resolution of the fast oscillating electric field of the MIR pulses and
the FID.

Direct electric field sampling

We chose to detect water’s molecular response, as water has a strong
V2 + v3 combination band near 1930 nm (5180 cm™") (47). The 18-fs
MIR pulses were used to excite the combination band and were
focused using a 4-inch focal length off-axis parabolic mirror into
deionized water sandwiched between two 2.3-mm-thick sapphire
windows with 500-um spacing. Afterward, the transmitted beam was
collimated using another 4-inch focal length off-axis parabolic mirror
and sent to the EOS setup for field detection (see Fig. 3A).

The EOS setup is illustrated in Fig. 3B. The 6-fs NIR pulses are
collinearly combined with the transmitted MIR pulses from the sam-
ple in a broadband wire grid polarizer (Thorlabs, WP25L-UB) and
focused into a 50-pm-thick BBO crystal at the phase-matching angle
of 6 = 25° for type II sum-frequency generation. The sum-frequency
signal at 670 nm has orthogonal polarization relative to the NIR probe
pulses. To enhance the detection sensitivity, the spectral range be-
tween 650 and 750 nm of the transmitted beams after the BBO crys-
tal is filtered out (48). The interference between the NIR probe pulses
and the sum-frequency signal is assured by a quarter-wave plate. The
resulted polarization rotation is read out using an ellipsometer con-
sisting of a Wollaston prism and balanced photodiodes as a func-
tion of relative timing of the NIR and MIR pulses. The MIR pulses
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Fig. 3. Direct electric field detection. (A) Schematic of the linear absorption setup for generating and sampling the FID of water molecules. (B) EOS setup containing a
50-um-thick BBO (type Il) crystal and an ellipsometer. The MIR pulses are chopped at 2.5 kHz. The NIR beam after the delay line is collinearly combined with the MIR beam,
and both are focused in the EOS crystal for sum-frequency generation. The generated sum-frequency signal spectrally overlaps and temporally interferes with the
high-frequency components of the probe beam. Appropriate spectral filtering is used to enhance the EOS signal. The polarization rotation as a function of time delay is
detected using an ellipsometer and read out using a lock-in amplifier. (C) Measured electric field of the MIR pulses in the absence (dark blue curve) and presence of water
(light blue curve). Inset: Zoomed plot in a shorter temporal window. WGP, wire grid polarizer; SP, short-pass filter; LP, long-pass filter.
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Fig. 4. Simulated millijoule light transient. Simulated amplified spectra in (A) NIR channel with 1.8 mJ of energy and (B) MIR channel with 2.2 mJ of energy and (C) their

calculated synthesized waveform.

are modulated at 2.5 kHz with a mechanical chopper, while the me-
chanical delay stage was tracked (49).

Figure 3C shows the measured electric field of the MIR pulses
in the absence (dark blue curve) and presence (bright blue curve) of
water. To probe the MIR pulses, we scanned the delay stage in the
probe channel over 450 um with a speed of 1.7 um/s, corresponding
to a single-shot detection at each delay position. As can be seen, in
the absence of water, the amplitude of the excitation pulses goes to
zero at temporal delays above 200 fs. After the injection of water, the
transmitted excitation pulse is temporally chirped and the molecular
free induction decay (FID) is formed. Resolving the electric field of
the MIR pulses with subcycle precision over a 3-ps time window
and in the absence of active stabilization demonstrates the spatial
and temporal stability of the synthesizer.

Moreover, here, the molecular response can be detected free of
background at temporal delays beyond 200 fs, allowing higher de-
tection sensitivity. By using broadband excitation pulses in com-
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bination with EOS, the entire molecular vibrations in the finger-
print region can be simultaneously excited and detected, which holds
promise for advancing femtosecond time-domain spectroscopy to
direct measurement of the complex electric field and higher detec-
tion sensitivity.

DISCUSSION

In summary, we demonstrated an all-ytterbium source for high-
energy light transient generation based on OPCPA. The frontend
covers a spectral range from 700 to 2500 nm and delivers intrinsically
synchronized 6- and 18-fs pulses with a total energy of 25 pJ at 5-kHz
repetition rates. The source is capable of delivering subcycle light
transients with 3-fs temporal duration. The stable CEP was ensured
by generating passively CEP-stable multi-octave seed pulses directly
from the Yb:YAG amplifier. The temporal jitter between the NIR and
MIR pulses in this scheme is only dominated by long-term drift.
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Table 1. Simulation parameters of the NIR channel. L, crystal thickness; E,, input pump energy; E;, amplified signal energy; wp,, pump beam radius (FWHM);

s, signal beam radius (FWHM).

L. Ep E; op s Efficiency
Ll (mm) (mJ) (mJ) (mm) (mm) (%)
2nd 25 83 1.3 1.46 1.16 15.1
3rd 1.0 6.0 1.8 1.28 1.02 9.8

Table 2. Simulation parameters of the MIR channel.

L. E, E o, o Efficiency
Sl (mm) (mJ) (mJ) (mm) (mm) (%)
2nd 2.0 8.9 13 1.63 1.50 14.9
3rd 1.0 6.2 2.2 1.42 1.34 13.9

As a first application, we demonstrated the direct measurement of
the transmitted electric field of the MIR pulses after interaction with
water with subcycle resolution. The linear absorption of the MIR pulses
by water molecules forms an FID at the trailing edge of the MIR pulses
that lasts for several picoseconds. Few-cycle, NIR pulses were used
to probe the oscillating MIR electric field over a 3-ps time window,
which proves the relative spatial and temporal stability of the MIR
and NIR channels. Moreover, this is the first measurement of the
complex electric field of the FID of overtone and combination
bands to the best of our knowledge. The demonstrated control and
measurement of the electric field of light at 0.5 PHz hold promise to
open up new opportunities for precise observation and control of
molecular vibrations over the entire molecular fingerprint region down
to a few femtosecond time scales.

Multi-millijoule, light transients hold promise for advancing atto-
second pulse generation to higher power level and higher photon
energies. Our simulations suggest that by using the available pump
energy in additional amplifier stages, the energy of the two-octave
spectrum can be scaled to 4 m]J (Fig. 4). Higher energy and average
power can be achieved by using a 5-kW, 200-m] Yb:YAG amplifier
(37) as the driving laser.

MATERIALS AND METHODS

The presented three-dimensional simulations in Fig. 4 were performed
using SISYFOS (Simulation System For Optical Science) (50). In this
code, optical parametric frequency conversions in nonlinear media
were simulated by using a Fourier space method. SISYFOS solves the
coupled differential equations for the slowly varying amplitudes. This
model can take into account most of the relevant physical effects in
the frequency conversion such as propagation effects, second- and
third-order nonlinearity, thermal effects, two-photon absorption, and
noncollinear interactions. In this numerical simulation, we neglected
the thermal effects, third-order nonlinear processes, and two-photon
absorption. The Sellmeier coefficients were obtained from (51, 52).
For simulating the NIR channel, the amplified spectrum in the first
stage (orange curve in Fig. 2A) was further amplified into two additional
amplification stages. The remaining energy (8.3 mJ) from the second-
harmonic module at 515 nm was used to pump the second stage
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and recycled at the third amplification stage. The pump beam size was
adjusted to keep its peak intensity at 100 GW/cm® The parametric
amplification was formed in an LBO crystal with a phase-matching
angle of 15.5° an internal noncollinear angle of 1.05° and des =
0.82 pm/V, resulting in the amplified pulse energy of 1.8 m]J. The
detailed parameters of the NIR chain are summarized in Table 1.

For simulating the amplified spectrum of the MIR channel (brown
curve in Fig. 2A), 8.92 m] of pump energy at 1030 nm was used to
pump two OPCPA stages, while the pump energy was recycled at the
last stage. The pump intensity in all stages was set to 70 GW/cm® The
signal energy was boosted to 2.2 m] in the MIR chain by using a type I
lithium niobate (LiNbO3) crystal with a phase-matching angle 6 =
42.9° and assumed d.¢ value of 3.96 pm/V. Table 2 summarizes the
simulation parameters of the MIR channel.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/7/eaax3408/DC1

Table S1. Simulation parameters of the NIR channel.

Table S2. Simulation parameters of the MIR channel.

REFERENCES AND NOTES
1. S.S.Dhillon, M. S. Vitiello, E. H. Linfield, A. G. Davies, M. C. Hoffmann, J. Booske, C. Paoloni,
M. Gensch, P. Weightman, G. P. Williams, E. Castro-Camus, D. R. S. Cumming, F. Simoens,
I. Escorcia-Carranza, J. Grant, S. Lucyszyn, M. Kuwata-Gonokami, K. Konishi, M. Koch,

C. A. Schmuttenmaer, T. L. Cocker, R. Huber, A. G. Markelz, Z. D. Taylor, V. P. Wallace,

J. Axel Zeitler, J. Sibik, T. M. Korter, B. Ellison, S. Rea, P. Goldsmith, K. B. Cooper, R. Appleby,
D. Pardo, P. G. Huggard, V. Krozer, H. Shams, M. Fice, C. Renaud, A. Seeds, A. Stohr,

M. Naftaly, N. Ridler, R. Clarke, J. E. Cunningham, M. B. Johnston, The 2017 terahertz
science and technology roadmap. J. Phys. D. Appl. Phys. 50, 043001 (2017).

. M. Hentschel, R. Kienberger, C. Spielmann, G. A. Reider, N. Milosevic, T. Brabec, P. Corkum,
U. Heinzmann, M. Drescher, F. Krausz, Attosecond metrology. Nature 414, 509-513
(2001).

. F.Krausz, M. I. Stockman, Attosecond metrology: From electron capture to future signal
processing. Nat. Photonics 8, 205-213 (2014).

. K. T.Kim, C. Zhang, A. D. Shiner, B. E. Schmidt, F. Légaré, D. M. Villeneuve, P. B. Corkum,
Petahertz optical oscilloscope. Nat. Photonics 7, 958-962 (2013).

. A.Sommer, E. M. Bothschafter, S. A. Sato, C. Jakubeit, T. Latka, O. Razskazovskaya,

H. Fattahi, M. Jobst, W. Schweinberger, V. Shirvanyan, V. S. Yakovlev, R. Kienberger,
K. Yabana, N. Karpowicz, M. Schultze, F. Krausz, Attosecond nonlinear polarization
and lightmatter energy transfer in solids. Nature 534, 86-90 (2016).

50f7

2202 ‘Sz Arenuer uo B10°80US 105 MMM,/:SANY WOJ | PpE0 JUMOQ


http://advances.sciencemag.org/cgi/content/full/6/7/eaax3408/DC1
http://advances.sciencemag.org/cgi/content/full/6/7/eaax3408/DC1

SCIENCE ADVANCES | RESEARCH ARTICLE

6.

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

Alismail et al., Sci. Adv. 2020; 6 : eaax3408

M. Schultze, M. Fiess, N. Karpowicz, J. Gagnon, M. Korbman, M. Hofstetter, S. Neppl,

A. L. Cavalieri, Y. Komninos, T. Mercouris, C. A. Nicolaides, R. Pazourek, S. Nagele, J. Feist,
J. Burgdorfer, A. M. Azzeer, R. Ernstorfer, R. Kienberger, U. Kleineberg, E. Goulielmakis,
F.Krausz, V. S. Yakovlev, Delay in photoemission. Science 328, 1658-1662 (2010).

. M. Drescher, M. Hentschel, R. Kienberger, M. Uiberacker, V. Yakovlev, A. Scrinzi,

T. Westerwalbesloh, U. Kleineberg, U. Heinzmann, F. Krausz, Time-resolved atomic
inner-shell spectroscopy. Nature 419, 803-807 (2002).

. S.R.Leone, C. W. McCurdy, J. Burgdorfer, L. S. Cederbaum, Z. Chang, N. Dudovich, J. Feist,

C. H. Greene, M. Ivanov, R. Kienberger, U. Keller, M. F. Kling, Z.-H. Loh, T. Pfeifer,
A. N. Pfeiffer, R. Santra, K. Schafer, A. Stolow, U. Thumm, M. J. J. Vrakking, What will it take
to observe processes in ‘real time'? Nat. Photonics 8, 162-166 (2014).

. E.J.Takahashi, P. Lan, O. D. Miicke, Y. Nabekawa, K. Midorikawa, Attosecond nonlinear

optics using gigawatt-scale isolated attosecond pulses. Nat. Commun. 4, 2691 (2013).

. P.Tzallas, E. Skantzakis, L. A. A. Nikolopoulos, G. D. Tsakiris, D. Charalambidis,

Extreme-ultraviolet pumpprobe studies of one-femtosecond-scale electron dynamics.
Nat. Phys. 7, 781-784 (2011).

. H.Fattahi, Sub-cycle light transients for attosecond, X-ray, four-dimensional imaging.

Contemp. Phys. 57, 580-595 (2016).

. D. Shorokhov, A. H. Zewail, Perspective: 4D ultrafast electron microscopy-evolutions

and revolutions. J. Chem. Phys. 144, 0809011 (2016).

. D.Sanchez, M. Hemmer, M. Baudisch, S. L. Cousin, K. Zawilski, P. Schunemann, O. Chalus,

C. Simon-Boisson, J. Biegert, 7 m, ultrafast, sub-millijoule-level mid-infrared optical
parametric chirped pulse amplifier pumped at 2 um. Optica 3, 147-150 (2016).

. P.Malevich, T. Kanai, H. Hoogland, R. Holzwarth, A. Baltuska, A. Pugzlys, Broadband

mid-infrared pulses from potassium titanyl arsenate/zinc germanium phosphate optical
parametric amplifier pumped by Tm, Ho-fiber-seeded Ho:YAG chirped-pulse amplifier.
Opt. Lett. 41,930-933 (2016).

. D. Popmintchev, C. Hernandez-Garcia, F. Dollar, C. Mancuso, J. A. Perez-Hernandez,

M. C. Chen, A. Hankla, X. Gao, B. Shim, A. L. Gaeta, M. Tarazkar, D. A. Romanov, R. J. Levis,
J. A. Gaffney, M. Foord, S. B. Libby, A. Jaron-Becker, A. Becker, L. Plaja, M. M. Murnane,

H. C. Kapteyn, T. Popmintchev, Ultraviolet surprise: Efficient soft x-ray high-harmonic
generation in multiply ionized plasmas. Science 350, 1225-1231 (2015).

. A.Gordon, F. X. Kartner, Scaling of keV HHG photon yield with drive wavelength.

Opt. Express 13, 2941-2947 (2005).

. T.Popmintchev, M.-C. Chen, D. Popmintchev, P. Arpin, S. Brown, S. Alisauskas,

G. Andriukaitis, T. Bal¢iunas, O. D. Mucke, A. Pugzlys, A. Baltuska, B. Shim, S. E. Schrauth,
A. Gaeta, C. Herndndez-Garcia, L. Plaja, A. Becker, A. Jaron-Becker, M. M. Murnane,

H. C. Kapteyn, Bright coherent ultrahigh harmonics in the keV x-ray regime from
mid-infrared femtosecond lasers. Science 336, 1287-1291 (2012).

. S. M. Teichmann, F. Silva, S. L. Cousin, M. Hemmer, J. Biegert, 0.5-keV soft X-ray

attosecond continua. Nat. Commun. 7, 11493 (2016).

. L. Chipperfield, J. Robinson, J. Tisch, J. Marangos, Ideal waveform to generate

the maximum possible electron recollision energy for any given oscillation period.
Phys. Rev. Lett. 102, 0630031 (2009).

C.Jin, G.Wang, A-T. Le, C. D. Lin, Route to optimal generation of soft X-ray high
harmonics with synthesized two-color laser pulses. Sci. Rep. 4, 7067 (2015).

S. Haessler, T. Bal¢iunas, G. Fan, G. Andriukaitis, A. PugZlys, A. Baltuska, T. Witting,

R. Squibb, A. Zair, J. W. G. Tisch, J. P. Marangos, L. E. Chipperfield, Optimization

of quantum trajectories driven by strong-field waveforms. Phys. Rev. X 4,

021028 (2014).

A. Moulet, V. Tosa, E. Goulielmakis, Coherent kiloelectronvolt x-rays generated by
subcycle optical drivers: A feasibility study. Opt. Lett. 39, 6189-6192 (2014).

M. Wendl, M. Hégner, H. Fattahi, Theoretical study: High harmonic generation by light
transients. Appl. Sci. 8, 7281 (2018).

M. T. Hassan, T.T. Luu, A. Moulet, O. Raskazovskaya, P. Zhokhov, M. Garg, N. Karpowicz,
A. M. Zheltikov, V. Pervak, F. Krausz, E. Goulielmakis, Optical attosecond pulses

and tracking the nonlinear response of bound electrons. Nature 530, 66-70 (2016).

S.T. Cundiff, A. M. Weiner, Optical arbitrary waveform generation. Nat. Photonics 4,
760-766 (2010).

A. Wirth, R. Santra, E. Goulielmakis, Real time tracing of valence-shell electronic
coherences with attosecond transient absorption spectroscopy. Chem. Phys. 414,
149-159 (2013).

G. Krauss, S. Lohss, T. Hanke, A. Sell, S. Eggert, R. Huber, A. Leitenstorfer, Synthesis

of a single cycle of light with compact erbium-doped fibre technology. Nat. Photonics 4,
33-36(2010).

0. D. Miicke, S. Fang, G. Cirmi, G. M. Rossi, S.-H. Chia, H. Ye, Y. Yang, R. Mainz, C. Manzoni,
P. Farinello, G. Cerullo, F. X. Kértner, Toward waveform nonlinear optics using
multimillijoule sub-cycle waveform synthesizers. IEEE J. Sel. Top. Quantum Electron. 21,
1-12 (2015).

H. Fattahi, H. G. Barros, M. Gorjan, T. Nubbemeyer, B. Alsaif, C. Y. Teisset, M. Schultze,

S. Prinz, M. Haefner, M. Ueffing, A. Alismail, L. Vamos, A. Schwarz, O. Pronin, J. Brons,
X.T.Geng, G. Arisholm, M. Ciappina, V. S. Yakovlev, D. E. Kim, A. M. Azzeer, N. Karpowicz,

14 February 2020

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

D. Sutter, Z. Major, T. Metzger, F. Krausz, Third-generation femtosecond technology.
Optica 1,45-63 (2014).

C. Manzoni, S. W. Huang, G. Cirmi, P. Farinello, J. Moses, F. X. Kértner, G. Cerullo, Coherent
synthesis of ultra-broadband optical parametric amplifiers. Opt. Lett. 37, 1880-1882
(2012).

S.-W. Huang, G. Cirmi, J. Moses, K.-H. Hong, S. Bhardwaj, J. R. Birge, L.-J. Chen, E. Li,

B.J. Eggleton, G. Cerullo, F. X. Kértner, High-energy pulse synthesis with sub-cycle
waveform control for strong-field physics. Nat. Photonics 5, 475-479 (2011).

G. M. Rossi, R. E. Mainz, F. Scheiba, Y. Yang, G. Cirmi, F. X. Kértner, Half-cycle mJ-level
CEP-stable pulses from parametric waveform synthesis, in Conference on Lasers and
Electro-Optics/Pacific Rim 2018, Hong Kong, China, 29 July to 3 August 2018, pp. F2A.1.
R. E. Mainz, Y. Yang, G. M. Rossi, F. Scheiba, G. Cirmi, F. X. Kértner, Controlled HHG with a
sub-cycle mJ-level parametric waveform synthesizer, in Conference on Lasers and
Electro-Optics/Pacific Rim 2018, Hong Kong, China, 29 July to 3 August 2018, pp. Th3B.5.
H. Fattahi, Third-Generation Femtosecond Technology (Springer International Publishing,
2015).

P. Russbueldt, T. Mans, J. Weitenberg, H. D. Hoffmann, R. Poprawe, Compact diode-
pumped 11 kW Yb:YAG Innoslab femtosecond amplifier. Opt. Lett. 35,4169-4171
(2010).

L. E. Zapata, F. Reichert, M. Hemmer, F. X. Kartner, 250 W average power, 100 kHz
repetition rate cryogenic Yb:YAG amplifier for OPCPA pumping. Opt. Lett. 41, 492-495
(2016).

T. Nubbemeyer, M. Kaumanns, M. Ueffing, M. Gorjan, A. Alismail, H. Fattahi, J. Brons,

O. Pronin, H. G. Barros, Z. Major, T. Metzger, D. Sutter, F. Krausz, 1 kW, 200 mJ picosecond
thin-disk laser system. Opt. Lett. 42, 1381-1384 (2017).

J. Koerner, C. Vorholt, H. Liebetrau, M. Kahle, D. Kloepfel, R. Seifert, J. Hein, M. C. Kaluza,
Measurement of temperature-dependent absorption and emission spectra of Yb:YAG,
Yb:LuAG, and Yb:CaF, between 20 °C and 200 °C and predictions on their influence

on laser performance. J. Opt. Soc. Am. B 29, 2493-2502 (2012).

C. Baumgarten, M. Pedicone, H. Bravo, H. Wang, L. Yin, C. S. Menoni, J. J. Rocca,

B. A.Reagan, 1J, 0.5 kHz repetition rate picosecond laser. Opt. Lett. 41, 3339-3342
(2016).

H. Fattahi, A. Alismail, H. Wang, J. Brons, O. Pronin, T. Buberl, L. Vamos, G. Arisholm,

A. M. Azzeer, F. Krausz, High-power, 1-ps, all-Yb:YAG thin-disk regenerative amplifier.
Opt. Lett. 41,1126-1129 (2016).

H. Fattahi, H. Wang, A. Alismail, G. Arisholm, V. Pervak, A. M. Azzeer, F. Krausz,
Near-PHz-bandwidth, phase-stable continua generated from a Yb:YAG thin-disk
amplifier. Opt. Express 24, 24337-24346 (2016).

T. Amotchkina, H. Fattahi, Y. A. Pervak, M. Trubetskov, V. Pervak, Broadband beamsplitter
for high intensity laser applications in the infra-red spectral range. Opt. Express 24,
16752-16759 (2016).

C. Manzoni, O. D. Miicke, G. Cirmi, S. Fang, J. Moses, S.-W. Huang, K.-H. Hong, G. Cerullo,
F. X. Kértner, Coherent pulse synthesis: Towards sub-cycle optical waveforms. Laser
Photonics Rev. 9, 129-171 (2015).

. G.M. Rossi, R. E. Mainz, G. Cirmi, Y. Yang, O. D. Miicke, F. X. Kartner, Orthogonal control

for stable parallel waveform synthesis, in Nonlinear Optics 2017, Waikoloa, HI,

17 to 21 July 2017, pp. NF2A.6.

R. G. Brewer, R. L. Shoemaker, Optical free induction decay. Phys. Rev. A 6, 2001-2007
(1972).

S. Keiber, S. Sederberg, A. Schwarz, M. Trubetskov, V. Pervak, F. Krausz, N. Karpowicz,
Electro-optic sampling of near-infrared waveforms. Nat. Photonics 10, 159-162
(2016).

N. L. P. Andrews, A. G. MacLean, J. E. Saunders, J. A. Barnes, H. P. Loock, M. Saad, C. Jia,
K. Ramaswamy, L. R. Chen, Quantification of different water species in acetone using
a NIR-triple-wavelength fiber laser. Opt. Express 22, 19337-19347 (2014).

M. Porer, J.-M. Ménard, R. Huber, Shot noise reduced terahertz detection via spectrally
postfiltered electro-optic sampling. Opt. Lett. 39, 2435-2438 (2014).

W. Schweinberger, L. Vamos, J. Xu, S. A. Hussain, C. Baune, S. Rode, |. Pupeza,
Interferometric delay tracking for low-noise Mach-Zehnder-type scanning
measurements. Opt. Express 27, 4789-4798 (2019).

G. Arisholm, General numerical methods for simulating second-order nonlinear
interactions in birefringent media. J. Opt. Soc. Am. B 14, 2543-2549 (1997).

K. Kato, Temperature-tuned 90° phase-matching properties of LiB3Os. IEEE J. Quantum
Electron. 30, 2950-2952 (1994).

D.E. Zelmon, D. L. Small, D. Jundt, Infrared corrected Sellmeier coefficients

for congruently grown lithium niobate and 5 mol.% magnesium oxide doped lithium
niobate. J. Opt. Soc. Am. B 14, 3319-3322 (1997).

Acknowledgments
Funding: H.F. acknowledges the MINERVA Scholarship of Max Planck Society. A.A. acknowledges
scholarship by King Saud University, Deanship of Scientific Research, College of Science

6 of 7

2202 ‘Sz Arenuer uo B10°80US 105 MMM,/:SANY WOJ | PpE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Research Center. Author contributions: H.F. and F.K. designed and initiated the study. Submitted 16 March 2019

A.A., HW., and H.F. performed the experiments. G.B., N.A,, S.A.H., and W.S. have contributed in Accepted 26 November 2019

the development of the setup. V.P. carried out design and manufacturing of the optics. H.F., Published 14 February 2020

A.A. and H.W. wrote the manuscript. All authors discussed the results and contributed to the 10.1126/sciadv.aax3408

manuscript. Competing interests: The authors declare that they have no competing

interests. Data and materials availability: All data needed to evaluate the conclusions in Citation: A. Alismail, H. Wang, G. Barbiero, N. Altwaijry, S. A. Hussain, V. Pervak, W. Schweinberger,
the paper are present in the paper and/or the Supplementary Materials. Additional data A. M. Azzeer, F. Krausz, H. Fattahi, Multi-octave, CEP-stable source for high-energy field synthesis.
related to this paper may be requested from the authors. Sci. Adv. 6, eaax3408 (2020).

Alismail et al., Sci. Adv. 2020; 6 : eaax3408 14 February 2020 7of7

2202 ‘Sz Arenuer uo B10°80US 105 MMM,/:SANY WOJ | PpE0 JUMOQ



Science Advances

Multi-octave, CEP-stable source for high-energy field synthesis

Ayman AlismailHaochuan WangGaia BarbieroNajd AltwaijrySyed Ali HussainVolodymyr PervakWolfgang
SchweinbergerAbdallah M. AzzeerFerenc KrauszHanieh Fattahi

Sci. Adv., 6 (7), eaax3408. « DOI: 10.1126/sciadv.aax3408

View the article online

https://www.science.org/doi/10.1126/sciadv.aax3408
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of think article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

2202 ‘Sz Arenuer uo B10°80US 105 MMM,/:SANY WOJ | PpE0 JUMOQ


https://www.science.org/about/terms-service

