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The serrodyne principle enables an electromagnetic signal to be
frequency shifted by applying alinear phase ramp in the time domain.

This phenomenon has been exploited to frequency shift signals in the
radiofrequency, microwave and optical regions of the electromagnetic
spectrum over ranges of up to a few gigahertz, for example, to analyse the
Doppler shift of radiofrequency signals for noise suppression and frequency
stabilization. Here we employ this principle to shift the centre frequency

of high-power femtosecond laser pulses over arange of several terahertz
with the help of anonlinear multi-pass cell. We demonstrate our method
experimentally by shifting the central wavelength of a state-of-the-art

75 W frequency comb laser from 1,030 nmto 1,060 nmand to 1,000 nm.
Furthermore, we experimentally show that this wavelength-shifting
technique supports coherence characteristics at the few hertz-level while
improving the temporal pulse quality. The technique is generally applicable
to wide parameter ranges and different laser systems, enabling efficient
wavelength conversion of high-power lasers to spectral regions beyond the
gain bandwidth of available laser platforms.

Ultrafast high-power lasers offer pulses with durations that reach the
few-femtosecond range. Following the invention of chirped-pulse
amplification (CPA), the past three decades are marked by major
advances in ultrafast science and metrology as well as in strong-field
physics and material sciences. Animportant part of this progress can
beattributed to advances in ultrafast high peak and/or average power
laser technology. High-power lasers opened a path to capture sub-
femtosecond electron dynamics', they have enabled great insights
into the proton structure? and the development of suitable tools for
next-generation chip manufacturing viashort-wavelength nanolithog-
raphy®. Dedicated laser parameters are required for many innovations
and applications, including application-optimized wavelength, inten-
sity, pulse length, beam properties and many more. In particular, the
wavelength is a very important yet not very flexible parameter.
Today, ytterbium-, titanium:sapphire- and, recently, thulium-
based laser platforms are commonly used for generating femto-
second pulses at high peak and/or average power. Although these

by the bandwidth of the laser gain medium, modern laser technol-
ogy provides a variety of options to build wavelength-tunable laser
sources. Wavelength-shifting approaches are routinely employed
at low power levels using stimulated Raman scattering in optical
fibres*®, soliton-shifting methods®’, dispersive wave generation®’ and
Raman-based shifting schemesin hollow-core fibres or capillaries'".
Wide spectral coverage and ultrashort pulses can also be provided by
parametric frequency conversion employed, for example, in optical
parametric amplifiers'>. However, these methods typically suffer from
low conversion efficiency or limited power-handling capabilities. By
contrast, pulse post-compression technology offers a route to reach
ultrashort few-femtosecond pulse duration with high efficiency. In par-
ticular, when combined with ytterbium-based lasers, ultrashort pulses
with kilowatts of average power"” that approach the terawatt-peak
power regime can be obtained™. However, these and other high-peak
power laser platforms lack a wavelength-tuning option. Serrodyne
frequency-shifting methods—historically learned from radiofrequency

laser systems typically operate only at specific wavelengths defined  technology'®and later-on applied to continuous-wave lasers”*'—can
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Fig.1| Ultrafast optical serrodyne frequency shifting via self-phase
modulationinanMPC. a, lllustration of the principle: phase (¢(w)) and optional
amplitude shaping via a wave shaper enables the generation of atemporal saw-
tooth pulse, whichis sent though a dispersion-balanced nonlinear MPCyielding
afrequency-shifted spectrum, which can be filtered using a dichroic filter (/(w)).
Theinsets display simulations that consider a40 fs input laser pulse centred at

800 nmand a perfectly dispersion-balanced MPC. b, Simulation of the shifting
process considering the same input pulses as used ina and an MPC made of
commercially available broadband matched-pair dielectric mirrors using two
mirror bounces between consecutive passes through the focus. The displayed
efficiencies (%) correspond to the fractional power of the spectrally filtered
signal with respect to the MPC output.

offer asolutionto this problem. Translated from continuous-wave sig-
nals toultrashortlaser pulses, the method can provide high efficiencies
aswell ascompatibility withterawatt-peak and kilowatt-average powers
while supporting key characteristics required for precision metrology
applications, including phase coherence and carrier-envelope-offset
frequency preservation.

The serrodyne principle states that, for a given signal, the fre-
quency of the signal shifts when a linear phase is applied in the time
domain®. Such a phase can be applied by, for example, electro-optic
modulation”. We instead use all-optical methods utilizing the
Kerr-effect, which can be employed to transfer a linear amplitude
modulation in time into a linear phase ramp. A temporal saw-tooth
pulse with centre frequency w, undergoing self-phase modulation
(SPM) gets frequency-shifted tow = w, + Aw. The magnitude and direc-
tion of the frequency shift are given by:

A(A) = _CDNL_ (1)

where I(¢) is the time-dependent laser intensity and ®,, is the accu-
mulated nonlinear phase, commonly known as the B-integral. From
equation (1), we note that for alarger frequency shift, we can either
increase the B-integral or the intensity gradient by creating a steeper
pulse slope. Although the slope steepness is limited by the available
spectral bandwidth, large B-integrals can be acquired by utilizing guid-
ing concepts; however, the temporal pulse shape has to be maintained

for efficient SPM-based spectral shifting, which s typically not the case
when SPM and linear dispersion are present. Therecentintroduction of
nonlinear multipass cells (MPCs)*** offers a solution to this challenge,
providing the possibility toaccomplish dispersion-balanced SPM that
supports large B-integrals, thus enabling simple but very effective
multiterahertz frequency shifting®.

Our frequency-shifting method isillustrated in Fig. 1a. The phase
and, optionally, the amplitude of an ultrashort laser pulse are shaped
usinga pulse shaper,implemented, for example, using a programmable
spatial light modulator. The laser pulse is then spectrally shifted in a
second step using a dispersion-balanced MPC. The wavelength-shifted
spectrumisthenseparated fromresidual broadband wavelength com-
ponents via adichroicfilter.

We numerically demonstrate our method considering a 40 fs,
Fourier-limited input pulse (Gaussian spectrum) as available from
standard titanium:sapphire laser systems. Using feed-forward optimi-
zationroutines (see Methods), we calculate an optimized phase provid-
ing maximum efficiency whenshifting to a targeted output wavelength.
The amplitude shape was not altered. Optimum efficiency is typically
reached when the temporal pulse profile approaches a saw-tooth
shape. The saw-tooth orientation thereby dictates the spectral shift-
ing directions. Wavelength tuning is possible by simply changing the
B-integralin the MPC and by optimizing the wave-shaper settings. The
resulting highly efficient wavelength shifting characteristics simulated
under realistic experimental conditions are shownin Fig. 1b. Although
our simulations already support a shifting range of over 50 THz with
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Fig.2|Set-up and spectral shifting results. a, Schematic of the experimental
set-up including a high-power frequency comb laser (blue boxes) complemented
with pulse shaper, MPC, spectral filter and fused-silica (FS) glass compressor for
frequency shifting (grey boxes). b, Measured spectrum at the MPC input (green)
and at the output shifted to 999 nm (blue) and to 1,062 nm (red) shown together

with the transmission of the spectral filters (solid lines). ¢, Corresponding
measured spectra and retrieved phases of the output pulses after spectral
filtering and compression. d, Corresponding temporal intensity profiles and
phasesretrieved from second harmonic FROG measurements displayed together
with the reconstructed MPC input laser pulse (green).

anefficiency larger than 50%, higher efficiencies and larger frequency
ranges can be expected withimproved mirror characteristics.

To experimentally demonstrate our frequency-shifting method,
we employ a high-power ytterbium-based frequency comb system
delivering 200 fs pulses at a 65 MHz repetitionrate. A schematic system
layoutis depicted in Fig. 2. A pulse shaperintroduced in the low-power
section (340 mW) of athree-stage amplifier chain utilizing CPA is used
to introduce a phase optimized to produce a saw-tooth pulse after
compression. Again, the amplitude shape was not changed using the
shaper. At the CPA output, pulses at an average power of 76 W are cou-
pledinto an MPC. The MPC consists of two dielectric concave mirrors
witha100 mmradius of curvature separated by a distance of 187 mm.
The dispersion of each mirror is approximately matched to 10.5 mm
ultraviolet fused silicawithina980-1,080 nm bandwidth, correspond-
ing to multiple anti-reflection coated windows inserted into the MPC.
The MPCis operated with 32 roundtrips yielding an overall transmis-
sion of 81% corresponding to 62.2 W at the MPC output (see Methods
for details). The efficiency can be improved by reducing the number of
optical windows or by improved anti-reflection coatings.

The input spectrum of the laser sent into the MPC, and the corre-
sponding output spectraafter the MPC for optimized pulse shaper set-
tings, whichyield spectral shifts to 999 nmand 1,062 nm, are shownin
Fig.2b. The corresponding filtered spectra obtained using spectrally
tunable dichroicmirrors are showninFig. 2c. After spectral filtering, we
reach 66.7% (41.5 W) and 63% (39.2 W) of the optical power transmitted

through the MPC centred at 1,062 nm and 999 nm, respectively. We
observed that the achievable efficiency depends critically on the MPC
mirror performance and deteriorates withincreasing nonlinear phase
acquired inthe CPA amplifier chain after the pulse shaper. Alarge non-
linear phase reduces the pulse-shaping performance at the CPA output.

Contrary to SPM-based spectral broadening in an MPC typically
yielding a positively chirped pulse at the MPC output, we observe
that the frequency-shifted pulses exhibit asmall negative chirp. After
spectralfiltering, the wavelength-shifted pulses can be compressed to
durations of 106 fs (1,062 nm) and 92 fs (999 nm) by passing 119 mmand
100 nm fused silica, respectively. The temporal reconstruction from
second harmonic frequency-resolved optical gating (FROG) measure-
ments of the laser output pulses at 1,030 nm, as well as the spectrally
shifted and compressed pulses, are displayed in Fig. 2d, revealing
excellent temporal pulse quality. It should be noted that the temporal
output pulse shape after the MPC is approximately identical to the
input pulse shape. This is ensured by the dispersion-compensating
MPCdesign; however, after the spectralfilter and compressor, the pulse
profile changes to a Gaussian shape. We also verify the spatial beam
quality after spectral shifting. With an input beam quality parameter
M?=1.2 x1.4, we obtain output beam parameters of M*=1.2x1.3 at
1,062nmand1.3 x1.6at 999 nm.

Encouraged by the great temporal pulse quality revealed by
FROG measurements, we explore the temporal contrast of the
frequency-shifted pulses. As in the radiofrequency domain, in which
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Fig.3| Temporal contrast characterization. a, Schematic of the third-order
autocorrelator used to measure the temporal contrast of the frequency-shifted
pulses. b, Measured autocorrelation signals (solid lines) for the laser output
at1,030 nm (red) and spectrally shifted and filtered pulse at 1,062 nm (blue).
Gaussian curves (dashed lines) are fitted to the autocorrelation data. The inset in
bshows the corresponding signalsin linear scale.

frequency-shifting methods are employed for signal-to-noise reduc-
tion”, nonlinear frequency shifting of optical signals can enhance the
temporal pulse contrast”. To verify this, we measure the third-order
autocorrelation of the pulse using the set-up shownin Fig. 3a. Theinten-
sity cross-correlation between aninput pulse and its second harmonic
foraninputcentre wavelength at1,033 nm, and the wavelength-shifted
and spectrally filtered pulse at 1,062 nm, are shown in Fig. 3b. We find
thatthe temporal pedestals are reduced by afactor of up to atleast 200,
limited by the dynamic range of our detector. By contrast to typical
post-compressed pulses exhibiting temporal pre- and post-pulses®,
the frequency-shifted pulses have a nearly perfect Gaussian shape over
alarge dynamicrange.

Another particularly important property for frequency comb
lasers is coherence. Coherence properties of spectrally broadened
laser pulses generated, for example, via super-continuum generation
in highly nonlinear fibres and typically operated at an average power
of a few milliwatts, have been explored in detail”. Here we study the
coherence characteristics of a spectrally shifted high-power laser. We
lock anonlinearly amplified portion of our frequency comb oscillator
to a stable continuous-wave reference laser, choosing a lock-offset
frequency of 20 MHz between both lasers. The continuous-wave laser
hasalinewidth of around1 KHz and awavelength of 1,064 nm. The sche-
matic of the locking scheme is shown in Fig. 4a. The continuous-wave
laser is further used to produce a heterodyne beat note with the
frequency-shifted output after the MPC, centred at 1,062 nm. The
measured beat note location at 20 MHz resembles the chosen
lock-offset, thus confirming preservation of the carrier-envelope offset
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Fig. 4| Coherence demonstration. a, Schematic of the set-up used to
characterize the coherence properties of the frequency-shifted high-power
frequency comb. A nonlinearly amplified portion of the oscillator output is

used for stabilization to a continuous-wave reference laser at 1,064 nmvia
feeback to the repetition rate f,, of the comb. The same continuous-wave laser is
used to produce a coherent beat note with the frequency-shifted laser.

b, Measured in-loop phase noise (red solid line), and beat note phase noise of the
spectrally shifted laser with the continuous-wave laser (blue solid line) dislayed
together with the integrated phase noise (dashed lines). The insetin b shows the
corresponding beat notes measured on an radiofrequency spectrum analyser
with aresolution bandwidth of 1.5Hz.

frequency in the Serrodyne shifting process. Figure 4b displays the
measured in-loop phase noise of the referenced laser together with
the phase-noise detected after frequency-shifting. Theinset shows the
corresponding beat notes, indicating hertz-level linewidth support.
We find that the integrated phase noise (10 Hz to 1 MHz) of the laser
and spectrally shifted output amount to 113.5 mrad and 314.1 mrad,
respectively, corresponding to about 99% and 90% of the power con-
tained in the carrier®. This result demonstrates excellent coherence
properties of our method, setting an upper bound for a possible coher-
ence degradation due to the shifting process. Furthermore, due to
amplitude-to-phase noise coupling induced by the nonlinearity in
the MPC, alow output phase noise of the shifted output implies alow
input amplitude noise.

In this work we have introduced a versatile wavelength-tuning
method for ultrashort lasers, supporting excellent temporal pulse
quality and great coherence characteristics. We experimentally dem-
onstrate our method shifting femtosecond laser pulses from1,030 nm
t0 999 nm and 1,062 nm, limited in shifting range mainly by the MPC
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mirror bandwidth. Using numerical simulations, we show that the
method can be extended to larger spectral shifts, provided that suf-
ficiently broadband mirrors are employed.

Our concept provides great prospects for the versatileimplemen-
tation of wavelength-tunable laser sources covering large parameter
ranges as it is based on nonlinear MPCs that have been exhibited at
pulse energies covering a few microjoules to 100 mJ, average powers
of up to 1kW, and pulse durations ranging from picoseconds to few
optical cycles™. In particular, when used with high-power ytterbium
lasers and high-pulse-energy MPCs'**, wavelength-tunable lasers
with terawatt-scale peak powers and kilowatts of average power can
be realized”**. The method thus promises an effective route for laser
platforms to provide high average powers, shot pulse durations and
wavelength-tunability inasingle unit, thus combining complementary
advantages previously learned from different laser architectures.
Depending onthe laser platform, pulse-shaping limitations that might
arise in the amplifier chain when using a pulse shaper in the laser
front-end canbe circumvented by direct phase shaping of the amplified
laser pulses. A high-power phase shaper can be implemented, for exam-
ple, via a phase mask or deformable mirror in the CPA compressor™.

Serrodyne frequency-shifted femtosecond lasers thus have the
potential to boost various applications ranging from remote sensing
over frequency comb spectroscopy to multiphoton microscopy. Fur-
thermore, nonlinear spectroscopy methods and applications that use
secondary laser-driven high harmonic sources as, for example, attosec-
ond science could greatly benefit from continuously tunable extreme
ultraviolet sources driven by wavelength-tunable lasers. Furthermore,
applications demanding highest peak or average power lasers such
as laser plasma acceleration® or semiconductor chip production?,
which were so far constrained to a single or very few operation points
in the electromagnetic spectrum, will benefit from novel optimiza-
tion opportunities. Finally, the here-presented ultrafast serrodyne
optical frequency-shifting scheme can prospectively be extended to
other MPCinput pulse shapes optimized for targeted output spectra,
including spectra exhibiting, for example, two separated peaks or a
defined output bandwidth. Likewise, an optimization target can be
definedinthe time domain, reached—optionally after further spectral
shaping—at the MPC output.

Online content
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Methods
Laser and multi-pass cell
Theytterbiumlaser we used for frequency shifting consists of anonlin-
ear amplifying loop mirror oscillator® with an average output power
of 12 mW, a pulse duration of 150 fs and a repetition rate of 65 Mhz.
This oscillator is firstamplified to 300 mW in afibre amplifier. A165 m
polarization-maintaining fibre then stretches the pulses to 120 ps. The
stretched pulses are sent through a pulse shaper, which consists of a
programmable spatial light modulator. The input power into the spatial
light modulatoris 300 mW, which resultsin an output power of 82 mW.
Afterwards, the pulses are amplified inadouble-clad ytterbium-doped
fibre, followed by a rod-type amplifier delivering about 100 W out-
put power. Finally, using a grating compressor, the pulses are com-
pressed to205 fs, withaFourier limit of 190 fs atawavelength centred at
1,033 nm. Attheinputtothe MPC, an average power of 76 Wisreached.
The nonlinear phase accumulated in the fibre sections between the
wave shaper and laser output was estimated using numerical simula-
tions resulting in 3.88 rad. It should be noted that we observed no
substantial dependence of the amplifier performance on the pulse
shaper settings when applied for phase shaping only.

The MPC consists of two concave mirrors with radii of curvature
100 mm, separated by adistance of 187 mm. The mirrors are coated with
adispersive coating of —200 fs* matched to 10.5 mm fused silica. The
nonlinear medium in this MPC consists of five anti-reflection-coated
solid fused silica windows. One window with a thickness of 6.35mm is
placed at the focus; four windows with a thickness of Imm are placed
at a distance of about 20 mm and 40 mm from the focus. The MPC
accommodates 32 round trips.

Simulations and optimization
The simulations for the spectral-shifting results presented in Fig. 1b
were performed by solving the forward Maxwell equation®. The con-
sidered mirror characteristics are taken from commercially avail-
able dielectric mirrors providing dispersion properties matched to
2 mm fusedsilica over awide spectral range upon reflection ata mirror
pair. To provide two mirror reflections in between consecutive passes
through the nonlinear medium, an MPC consisting of four mirrors is
required. The centre wavelength of 800 nm was chosen based on avail-
able broadband coatings. The nonlinear phase accumulated per pass
(about 1.7 rad) lies within the range enabling multi-plate based MPC
spectral broadening while supporting excellent spatial beam quality®’.
To optimize the phase required for spectral shifting, we employ
anumerical library with support for automatic differentiation® and
an optimization library originally developed to train neural networks
(Optax™). We start the optimization process by launching a pulse with
aspectral phaserepresenting agood guess for atemporally asymmetric
pulse form approaching a saw-tooth shape (transform-limited pulse
duration: 40 fs, Gaussian spectralamplitude) into the MPC. The phase is
interatively optimized using Optax. This allows arelatively large param-
eter spacetobe optimized efficiently. A careful manual adaption of suita-
bletarget functions allows us to mitigate termination of the optimization
processinlocal minima, a typical issue for gradient descent methods.
Inour numerical simulations and experimental implementation,
we have only used spectral phase-shaping methods; however, the
temporal-shaping performance can beimproved by adding amplitude
shaping.

Third-order autocorrelator

Athird-orderautocorrelator was built for high-dynamic range temporal
pulse characterization; the set-up is shownin Fig. 3a. First, infrared laser
pulses with a pulse energy of about 0.5 pJ are split into two arms of an
interferometer. Inthe first arm, asecond harmonic signalis generated
using a type-1 barium borate crystal with 50 pm thickness. Then the
second harmonic pulses are combined non-collinearly with the second

interferometer arm and focused into a type-Il barium borate crystal
with 50 um thickness to generate a third harmonic signal. The tempo-
ral delay between the fundamental and the second harmonic beam is
adjusted using a motorized delay stage. The third harmonic signal is
then detected with abiased ultraviolet-enhanced silicon photo diode
(UV-001DQ from OSI Optoelectronics). The signal is amplified with the
help of atransimpedance amplifier (DHPCA-100 from FEMTO). We have
verified the linearity of the photodiode to detect the third harmonic
signal over the full dynamic range displayed in Fig. 3b.

Data availability
The datasetsthat support the plots within this paper are available from
the authors onreasonable request.

Code availability
The custom code used for the simulation of the frequency-shifting
process is available from the authors on reasonable request.
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