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Ultra-CEP-stable single-cycle pulses at 2.2 pm
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Single-cycle optical pulses with controllable carrier-envelope phase (CEP) form the basis to manipulate the nonlin-
ear polarization of matter on a sub-femtosecond time scale. Moreover, nonlinear light-matter energy exchange and
frequency conversion processes benefit from longer, infrared wavelengths. We report a highly stable source of 6.9-fs,
single-cycle pulses at 2.2 pm, based on a directly diode-pumped Cr:ZnS oscillator with 22.9-MHz repetition rate.
Extreme spectral broadening of the oscillator output to a super-octave bandwidth (1.1-3.1 pm) is achieved in a single
rutile (TiO;) plate. Excellent agreement with simulations provides a precise understanding of the underlying nonlin-
ear pulse propagation. A comprehensive investigation of alternative broadening materials and additional simulations
single out the exceptional broadening in TiO, due to the favorable interplay of self-focusing, and plasma formation
accompanied by self-phase modulation and self-compression. Unprecedented reproducibility of the single-cycle wave-
forms is ensured by a unique combination of active CEP stabilization with a residual CEP jitter of only 5.9 mrad (0.1 Hz
to 11.45 MHz) and a relative intensity noise of 0.036% (0.1 Hz to 1 MHz). The new single-cycle source permits effi-
cient downconversion to the mid-infrared by cascaded intra-pulse difference frequency generation, giving access
to sub-femtosecond manipulation of electric currents in low-bandgap materials with an unprecedented degree of
control. © 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

The temporal confinement of laser pulses to a single field oscilla-

tunneling through nanoscopic gaps [17], can be already induced
at moderate, sub-nanojoule-level pulse energies, directly available

tion cycle has opened a new research area by allowing generation
of isolated attosecond pulses [1] and studying electronic motion
in atoms and molecules in real time [2—4]. Waveform-controlled
single-cycle pulses have not only provided new insights into fun-
damental physical phenomena, but also enabled the control of
atomic-scale electron dynamics on their genuine sub-femtosecond
time scales [5—7]. This technology can be harnessed for a new gen-
eration of light-wave-driven electronics, in which electric currents
are manipulated at previously unattainable terahertz to peta-
hertz rates [8]. It also provides new diagnostic tools for complete
electric-field characterization of ultrashort laser pulses [9-11].
When implemented in the gas-phase, strong-field phenomena
(such as high-harmonic generation, HHG) require high-power
microjoule- or millijoule-level laser pulses available only at reduced
repetition rates, with subsequent spectral broadening in thin bulk
plates [12], gas cells [13], or hollow-core fibers [14—16]. By con-
trast, in condensed matter, strong-field processes, such as, e.g., the
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from multi-megahertz-rate laser oscillators [18,19].

Kerr-lens mode-locked (KLM) Ti:sapphire lasers have been
the gold standard for providing waveform-controllable pulses
at megahertz rates for more than two decades [20]. Meanwhile,
they routinely generate pulses with octave-spanning spectra and
durations approaching a single optical cycle [21,22]. Despite
their wide proliferation and 30 years of maturation, the range of
applications of KLM Ti:sapphire lasers has been constrained by
their near-infrared emission spectrum. For instance, processes
such as light-wave-driven carrier dynamics in low-bandgap semi-
conductors are not directly accessible and require complex and
inefficient additional frequency downconversion [23,24]. Fueled
by this shortcoming, extensive efforts have been made to develop
laser sources of few-cycle light at longer, infrared wavelengths.
Single-cycle pulses spectrally centered at 1.5 pm and 2 pm have
been recently demonstrated, based on amplified fiber lasers with
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erbium [25,26] and erbium/thulium dopings [27], combined with
spectral broadening and compression in highly nonlinear fibers.

Bulk lasers based on chromium (Cr2+)—doped II-VI semicon-
ductors have emerged as promising alternatives to fiber-based
approaches for infrared pulse generation [28-34]. Due to
their broadband emission in the range between 2 and 3 um,
Cr:ZnS/ZnSe gain media have also been termed the “Ti:sapphire
of the mid-IR” [28]. Their long-wavelength emission is ideal for
direct frequency-comb spectroscopy [35], efficient frequency
downconversion to the mid-IR [36,37], and extending the cutoff
frequency of HHG [38]. Moreover, direct diode pumping of an
oscillator [33,37,39], and a post-amplifier [40] resulted in ultralow
amplitude noise at megahertz repetition rates—a key requisite
for performing electric-field-driven applications at the highest
precision and sensitivity. Pulse durations directly achievable from
Cr*"-doped I1-VT oscillators are limited to the few-cycle regime
[41,42]. Approaching the single-cycle regime calls for external
spectral broadening and dispersive temporal compression. Spectral
broadening in ZnS/ZnSe [42,43] and step-index fluoride fibers
[44] has been demonstrated but could not reach pulse durations
of less than two optical cycles. Only recently, spectral broadening
in a bulk rutile (TiO;) plate combined with tailored dispersive
optics has allowed compression of pulses generated directly by
a Cr:ZnS oscillator down to a single optical cycle [37]. Yet, the
physical mechanisms underlying the remarkable performance of
this simple, robust, and highly efficient bulk compression scheme
have remained to be explored.

The generation of reproducible and controllable single-
cycle waveforms requires pulse-to-pulse stabilization of their
carrier-envelope phase (CEP). Passive CEP stabilization via
frequency-mixing and downconversion [45] comes at the expense
of low single-pass conversion efficiency and change in center
wavelength, so that additional conversion and amplification is
needed [26,46]. Active CEP stabilization provides waveform-
stable output pulses directly from the oscillator by detecting the
carrier-envelope-offset frequency (fie,) interferometrically [47]
and maintaining it at zero value, using electronic feedback [20] or
feed-forward loops [48]. The latter has allowed reaching the high-
est feeo stability so far with a residual integrated phase noise down
to 3.5 mrad (in the range between 1 Hz and 3 MHz) for a laser pro-
ducing multi-cycle, 60-fs pulses around 1.5 um [49]. Active fi,
locking has also been demonstrated in amplified chromium lasers
with intrinsic f., detection [43] reaching a residual in-loop phase
noise of 75 mrad (1 Hz—1 MHz) [35], however without achieving
absolute CEP stability (i.e., feeo = 0). Recently, we have presented
the first CEP-stable Cr:ZnS laser with 11 mrad phase noise [37],
allowing precise control of the laser’s waveform. Yet, the limiting
factors in our CEP stabilization scheme remained to be identified,
constituting a vital step toward measurements with record-high
fidelity.

Here, we show an optimized and waveform-stabilized Cr:ZnS
laser system that directly drives single-cycle pulse generation by
exploiting nonlinear spectral broadening in a single 0.5-mm-thick
bulk TiO, plate. We compress the super-octave-spanning pulses,
extending from 1.1 to 3.1 um, down to durations of 6.9 fs, cor-
responding to a single oscillation cycle of the electric field at the
spectral centroid of 2.24 um. We explore different materials for
spectral broadening of chromium-doped chalcogenide lasers and
identify TiO; as an exceptional medium in this wavelength region
due to its combination of a large nonlinearity, a high bandgap, and
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unique dispersion properties. Numerical simulations not only
closely reproduce the output spectrum of the broadening stage,
but also provide detailed insights into the mechanism of spectral
broadening in TiO,. We further detect the laser f., beating with
a record-high signal-to-noise ratio of 75 dB (resolution band-
width, RBW = 100 kHz) using a highly compact common-path
f-2f interferometer. The f., signal was locked to zero, result-
ing in an absolute CEP stability with the residual phase noise of
5.9 mrad in the range from 0.1 Hz to 11.45 MHz—the lowest
value ever shown for single- or few-cycle laser sources. Drawing
on the low-noise performance of diode-pumping the oscillator,
we reach a relative intensity noise (RIN) of only 0.036% (0.1 Hz—
1 MHz) for the CEP-stable single-cycle output pulses. Our system
is a simple and compact megahertz-rate source for single-cycle
infrared pulses with unprecedented waveform stability—the
ideal frontend for future field-resolved femtosecond experiments
including light-wave-driven control of charge carriers [8] in low-
bandgap semiconductor materials [24], and for the generation of
controllable infrared waveforms spanning multiple octaves [37].

2. GENERAL SYSTEM LAYOUT

The experimental layout for the generation of single-cycle stabi-
lized waveforms is depicted in Fig. 1. A KLM Cr**-doped Zn$S
laser oscillator constitutes the core of the system and delivers
540 mW of 28-fs output pulses (<4 optical cycles) ata center wave-
length of 2.3 um and a repetition rate of 22.9 MHz. The output
pulses are spectrally broadened in a single TiO, plate, yielding
360 mW of super-octave-spanning pulses. The broadened output
is splitinto three channels by a wedged ZnS plate, and each channel
is compressed individually to single-cycle pulse durations (6.9—
8.2 fs). The reflection from one of the wedge surfaces (36 mW) is
sent into a common-path f-2f interferometer for fi., detection.
The second wedge reflection (44 mW) and the transmitted beam
(230 mW) are available for downstream experiments such as mid-
infrared generation with field-resolved electro-optic sampling of
the generated waveforms [37].

3. DIODE-PUMPED KERR-LENS MODE-LOCKED
Cr:ZnS OSCILLATOR

Direct diode pumping is the basis for the excellent intensity noise
performance and CEP stability of the system. The 5-mm-long
polycrystalline Cr:ZnS gain medium (IPG, anti-reflective-coated
for the range 1.6-3.2 pm, 90% absorption at 1.56 pm) is pumped
by two polarization-multiplexed single-emitter InP laser diodes
at a wavelength of 1.65 um (D; ;, SemiNex), delivering together
up to 4.5 W of total pump power. The nonuniform beam from the
single-emitter laser diodes has strong divergence and multimode
behavior along one axis and close-to-single-mode behavior along
the other axis. We collimate it with a set of cylinder lenses, and
focus it with a combination of an f = —200 mm meniscus lens (L)
and an f = 80 mm achromatic lens (L,) through the cavity mirror
M; to a 1/e2-spot-size of 190 um X 95 um into the 5-mm-thick
polycrystalline Cr:ZnS gain medium. The spot-size ratio of 2:1
optimizes the overlap volume with the intra-cavity mode [41,50].
The resonator adopts a standard, asymmetric, x-type design
[43] employing two curved mirrors with f= 100 mm (M ,), and
a25% output coupler made of multi-layer-coated BaF;. A 3-mm-
thick MgF, plate, placed under Brewster’s angle into the focusing
cavity beam, corrects for astigmatism and favors lasing with clean
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Fig.1. Experimental setup. The diode-pumped Cr:ZnS mode-locked laser oscillator delivers 28-fs pulses, which are spectrally broadened in a thin rutile
plate (TiO,) and subsequently compressed via dispersive optics to reach single-cycle pulse durations (6.9-8.2 fs). For the f.., beat-note detection, a small
fraction of the octave-spanning output is sent into a common-path f-2f interferometer. By using a balanced detector, a feedback signal is provided to the
modulation diode D; to actively control the pump diode output power. A pair of CaF, wedges at the f-2f interferometer input enables full control over the
CEP (A¢cg). Dy 3, pump laser diodes; DBC, dichroic beam combiner; A /2, half-wave plate; PBC, polarizing beam combiner; L;, meniscus lens; L, achro-
matic lens; M ,, curved mirrors; 4 f, 4 f-imaging telescopes for cavity extension; OC, output coupler; BS, beam splitter; PPLN, periodically poled lithium
niobate crystal; F; 5, optical filters; VA, variable attenuator; BD, balanced detector.

p polarization. For increasing the peak power, we extended the
cavity round-trip path length from 6.7 to 13.1 m, corresponding
to a pulse repetition rate of 22.9 MHz. For this, we elongated
both short and long arms of the cavity with g-preserving 4 f-
imaging telescopes consisting of two mirrors with 400-mm focal
length each [51]. The oscillator is operated with a slightly negative
intra-cavity dispersion, adjusted by a combination of second- and
third-order dispersive mirrors, developed at our in-house coating
facilities.

The CEP is stabilized by active pump-power modulation with
an additional fiber-coupled single-mode laser diode (D3, LD-PD),
delivering up to 80 mW at 1.56 um. Its output is combined with
the main pump beam via a dichroic beam combiner. Long-term
feeo drifts, away from the stabilized DC value, are compensated by
adjusting a pair of CaF, wedges, placed under Brewster’s angle in
the resonator beam path.

The oscillator output characteristics are shown in Fig. 2. The
laser provides a nearly diffraction-limited beam with an M? ~ 1.1
(see Supplement 1 Section 1), with the profile shown as an inset
in Fig. 2(a). The measured pulse spectrum [black in Fig. 2(a)]
covers a range from 1.95 pum (154 THz) to 2.7 um (111 THz)
at the —20-dB level. The output pulses were temporally charac-
terized with second-harmonic frequency-resolved optical gating
(SHG-FROG; see Supplement 1 Section 4). The retrieved spec-
trum [blue in Fig. 2(a)] matches the measured spectrum, with an
almost flat phase (orange) over the full emission spectrum. The
retrieved pulses [blue in Fig. 2(b)] have an intensity full width at
half-maximum of 28 fs, only 1.1 times longer than the Fourier
transform limit of 26 fs (FTL, black), corresponding to a peak
power of 0.7 MW directly from the oscillator, considering our
actual pulse shape with a shape factor of 0.79.

4. SPECTRAL BROADENING AND COMPRESSION
TO SINGLE-CYCLE DURATION

Nonlinear spectral broadening in a single rutile TiO; plate enables
further compression of the laser output to the single-cycle regime.
The output beam of the Cr:ZnS oscillator is focused by a parabolic
mirror (f=15mm) into an anti-reflective-coated TiO, plate

[(001)-cut, CrysTec GmbH], forming a focal spot with a mea-
sured waist radius of <10 pm (limited by the resolution of our
scanning-slit beam profiler). Birefringent effects due to the tetrago-
nal crystal structure of TiO, were fully suppressed by placing the
plate directly in the focus, with its optical axis aligned along the
beam propagation axis. The output spectrum [black in Fig. 2(c)]
has super-octave bandwidth, spanning from 1.1 um (273 THz)
to 3.1 um (97 THz) at the —20-dB level with an average power of
360 mW. The spectral broadening is asymmetric around the input
central wavelength of 2.3 um (130 THz), with stronger broaden-
ing toward shorter wavelengths. Below 1.6 pum, a plateau forms,
followed to shorter wavelengths by a “blue peak” around 1.2 pm
[52] and a sharp roll-off. We also find a weak, broadband third har-
monic [53,54]. It spans from 0.45 to 0.9 um and does not overlap
with the fundamental spectrum (see Supplement 1 Section 5). In
contrast to previously reported spectral broadening in polycrys-
talline ZnS/ZnSe [35,43], due to rutile’s centrosymmetric crystal
structure we do not observe the generation of (spectrally overlap-
ping) second-harmonic components during spectral broadening,
so that the super-octave-spanning spectrum after the rutile plate
is highly stable and not influenced by the driver f.,. The inset in
Fig. 2(c) shows the profile of the collimated output beam. Despite
the strong spectral broadening, the output beam maintains good
focusing properties with M2 values of 1.30 and 1.38 for the tan-
gential and sagittal planes, respectively (see Supplement 1 Fig. S1).
Compression of the pulses in the three channels is achieved with
a single pair of dispersive mirrors each [55], combined with BaF,
plates of variable thickness, and yielding single-cycle pulses at a
spectral centroid of 2.24 pm with pulse durations between 6.9 and
8.2 fs. Note that the difference in pulse durations reflects the addi-
tional dispersion the transmitted pulses acquire from the wedged
ZnS plate (see Fig. 1, BS). The amplitude and phase in the spectral
and temporal domains were retrieved from SHG-FROG mea-
surements and are shown in Figs. 2(c) and 2(d). The oscillator
and spectral broadening were consistently running on a daily basis
over the course of ~1 year with only minor adjustments needed,
and without any performance deterioration. These results are
perfectly reproducible and consistent with our recent publication
[37]. In this work, however, we focus on fully understanding the
underlying broadening mechanisms.
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Output characteristics of the laser system. (a) Spectral intensity profile (blue) and spectral phase (orange) of the oscillator output pulses, as

retrieved from a measured SHG-FROG trace, shown together with the measured spectral intensity (black) and beam profile (inset, Ophir Pyrocam IITHR).
(b) Retrieved temporal profile (blue) and phase (orange) of the oscillator output, and Fourier-transform-limited pulse shown in black for comparison.
(c) Spectral characteristics after nonlinear spectral broadening. Spectral intensity profile (blue) and spectral phase (orange), as retrieved from a measured
SHG-FROG trace, shown together with the measured spectral intensity (black) and beam profile (inset). The positions of the f-and 2 f-components for
feeo detection are highlighted. (d) Retrieved temporal profile (blue) and phase (orange) of the compressed broadband output without material in the beam,
and Fourier-transform-limited pulse shown in black for comparison. The retrieved pulse transmitted through the ZnS wedge (BS, 8.2 fs; see Fig. 1) is shown
in pink. The corresponding SHG-FROG traces are shown in Supplement 1 (Fig. S5).

Simulations based on the numerical solution of the nonlinear
wave equation [56] complement our experimental results and pro-
vide additional insights into the broadening mechanism (Fig. 3).
Since the input peak power is a factor of 2 higher than the critical
power for self-focusing, multi-photon absorption and plasma
formation needed to be included into the simulations [57]. The
influence of these processes is experimentally confirmed by the
nonlinear power loss of approximately 10%-20% accompanying
the broadening process, depending on the thickness of the plate
and the input peak intensity. Therefore, the nonlinear polarization
comprises, in addition to the nearly instantaneous third-order
susceptibility, a noninstantaneous plasma term containing both
the nonlinear excitation of free carriers in the medium and their
subsequent motion in the laser field (see Supplement 1 Section 3).

The above-mentioned spectral features are consistent with
supercontinuum-like broadening in bulk plates [52,58-61].
Supercontinuum generation in bulk media requires a balanced
interplay between self-focusing, self-phase modulation, material
dispersion, and plasma generation induced by multi-photon
absorption [52]. Filament formation and self-compression within
the bulk plate enables the generation of ultrabroadband spectra
[57,58,62,63]. With the oscillator parameters as input, the sim-
ulation reproduces the main features, bandwidth, and shape of
the measured spectrum of the oscillator pulses after broadening
[Fig. 3(a)]. The combination of rutile having a large nonlinear
refractive index 7, (1078 m?/W [64,65], corresponding to a
large third-order susceptibility x ®) and a large optical bandgap
(3-3.4¢V [66,67]), enables efficient nonlinear spectral broadening

without long-term deterioration. The minimum in the group

index [Fig. 3(b)], corresponding to a zero-dispersion crossing
around the central wavelength, allows maintenance of group veloc-
ity matching up to the edges of the spectrum [see Fig. 3(a), around
1 and 3 um], leading to strong spectral broadening. It is limited
towards the blue by the strong increase of the group index below
1 pum.

The spectral evolution along the 0.5-mm-thick plate is shown
in Fig. 3(c), complemented by the evolution of the 1/e?-beam
radius, simulated FTL, and pulse duration in Fig. 3(d). Strongest
broadening occurs after ca. 300 Lm propagation inside the crystal,
together with the onset of filament-like propagation, which main-
tains the focal spot size [orange in Fig. 3(d)] due to the interplay of
self-focusing and plasma formation. Temporal self-compression
due to the anomalous dispersion in the longer-wavelength part of
the spectrum reduces the pulse duration [dotted blue in Fig. 3(d)],
as confirmed also by SHG-FROG measurements of the direct,
uncompressed output after the TiO; plate (Supplement 1 Fig. S6).
The simultaneous spatial and temporal compression yields sus-
tained temporal overlap over the extended interaction region
of several hundreds of micrometers, resulting in a significant
broadening factor and thus reduction of the FTL [dashed pink
in Fig. 3(d)] at relatively low pulse energies. Higher-order disper-
sion becomes dominant at longer propagation distances. Using
a 500-um-thick rutile plate provides in our case the optimum
compromise between spectral broadening and accumulation of
higher-order dispersion. The thin medium and strong focusing
conditions also allow avoiding spatial beam degradation, as typ-
ically observed for strong nonlinear broadening in bulk media
[68]. Self-focusing and the resulting filament-like propagation
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Fig. 3. Nonlinear simulations of spectral broadening in rutile. (a)

Simulated output spectrum (blue curve) as obtained from nonlinear
spectral broadening of the oscillator pulses in a 0.5-mm-thick (001)-
orientated rutile plate in comparison to the experimental spectrum
(dashed pink curve). (b) Group refractive index as a function of wave-
length in the medium. (c) Evolution of the spectrum as a function of
propagation distance in the medium. (d) Comparison of the spatial evo-
lution of the pulse duration, Fourier transform limit of the corresponding
spectrum, and the beam radius as the pulse propagates through the rutile
plate. The total interaction results from the interplay of spatial and tem-
poral self-compression, combined with the sustained temporal overlap of
the wings of the spectrum.

homogenizes the spatial distribution of the spectral components.
Degradation of the beam quality is thus minimized [57,69,70],
explaining our A/? values < 1.4 for the spectrally broadened beam.

5. EXPLORING OTHER MATERIALS FOR
SPECTRAL BROADENING

We tested a variety of alternative materials for spectral broadening
of chromium-doped chalcogenide lasers in a single thin plate
and recorded the blue part of the output spectra between 0.8 and
2.6 um for different uncoated media under strong focusing con-
ditions [Fig. 4(a)]. Except for ZnS and ZnSe, the materials were
chosen such that they have a zero-crossing of the group velocity
dispersion (GVD) close to the center wavelength of the oscillator
output [Fig. 4(b)] and a sufficiently large nonlinear refractive index
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Table 1. Summary of the Dispersion Zero-Crossings
and Third-Order Susceptibilities for the Investigated
Materials’

Third-Order

Dispersion Susceptibility x ®
Material ~ Zero-Crossing (1m) (m?/V?)
TiO, 2.27 2.65 - 107 (from
(001) simulation)
SrTiO; 2.05 0.91-1072°[72]/
2.40 - 107 (from
simulation)
ZrO, 1.85 6.29-10721 [73]
ZnSe 4.80 1.28 - 10720 [74]
ZnS 3.60 5.74-107%! [74]
GaN 2.23 2.28-10720[75]
PbF, 2.48 1.25-1072 [76]

“The zero-crossings of the material dispersion curves are extracted from
Fig. 4(b). Note that the third-order susceptibility x ® is directly proportional to
the nonlinear refractive index 7, [71].

or third-order susceptibility (Table 1) to enable spectral broaden-
ing (see Supplement 1 Section 2). ZnS and ZnSe feature a positive
dispersion across the relevant wavelength range but have a large
nonlinear refractive index around 2.3 pum giving rise to strong
spectral broadening in the positive dispersion regime [43,77].

Compared to TiO; in (001)-orientation [black curve in
Fig. 4(a)], all tested materials exhibit significantly weaker or only
minor spectral broadening under our experimental conditions. In
addition to spectral broadening, ZnS and ZnSe show pronounced
second-harmonic generation in the range 1.0 to 1.3 pm due to
random quasi-phase-matching (RQPM) in the polycrystalline
materials [78]. Previously reported chromium-based laser systems
used the simultaneous broadening and generation of overlap-
ping harmonics to generate a beating signal for fZ, stabilization
[35,43]. TiO, does not generate any second-harmonic component
that would overlap and interfere with the fundamental spectrum
(1.1 to 3.1 pum). Therefore, we can favorably separate spectral
broadening and CEP stabilization, and optimize both individually
to highest levels. As additional drawbacks for ZnS and ZnSe, we
observed nonreversible degradation of the samples under our
experimental conditions over the duration of several hours, while
rutile has remained stable under supercontinuum-generation
conditions over the duration of more than 1 year without any
degradation.

In order to better understand the fundamental differences in
the experimentally tested materials, numerical simulations were
performed on SrTiO3; and ZnSe as representative materials, for
which sufficient literature data was available (see Supplement 1
Section 6). We examined SrTiO3 as a nonbirefringent alterna-
tive to TiO; with a zero-crossing of the GVD close to the center
wavelength of the driving pulse [Fig. 4(b)]. The simulations for the
(100) orientation reproduce the broadening behavior and allow
further insight into their differences with the more effective process
in TiO;. In terms of the underlying physical effects, SrTiOj3 sup-
ports the same broadening mechanisms governed by self-focusing
and self-compression as TiO,. However, it does not reach as large
of a spectral bandwidth due to a combination of a slightly lower
third-order susceptibility, higher nonlinear absorption, and higher
dispersion. This combination of factors prevents the beam from
reaching the level of spatiotemporal confinement observed in TiO;
using the present laser system. In contrast to TiO; and SrTiOs3,
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Group velocity dispersion (GVD) and corresponding spectra of the tested material plates under strong focusing conditions. (a) Measured spectra

for different broadening materials. Except for ZnS and ZnSe, the materials were chosen to feature a zero-crossing of the dispersion close to the center wave-
length of the driving laser. All plates were uncoated and 0.5 mm thick, except for GaN (0.335 mm thickness). Pronounced second-harmonic generation
was observed for ZnS and ZnSe due to random quasi-phase-matching in the polycrystalline materials. (b) The GVD calculations are based on the Sellmeier
coefficients extracted from the refractive index database [79], except for SrTiO; which was taken from [80]. The dashed vertical line marks the central wave-

length of our laser oscillator pulses.

ZnSe and ZnS have GVD zero transitions beyond 3 pm. The
strong positive GVD over the pulse’s spectral range prevents a
similar form of self-compression as compared to TiO;. In exem-
plary simulations on ZnSe we find that the dynamics differ more
drastically from TiO, than expected from the GVD alone. Due
to the above-mentioned buildup of the second-harmonic sig-
nal allowed by RQPM in the polycrystalline material [78] the
broadening mechanism has a strong contribution from a cascaded
second-order nonlinearity in addition to the underlying third-
order susceptibility. This additional contribution allows significant
broadening despite the large positive dispersion in this wavelength
range, albeit at the expense of spatiotemporal distortion during
propagation.

In summary, our experimental results and simulations sin-
gle out rutile (TiO;) in (001)-orientation as an exceptional
broadening medium due to its large output bandwidth with-
out contamination by overlapping harmonics, and due to its
outstanding long-term stability.

6. CARRIER-ENVELOPE PHASE STABILIZATION

CEDP stabilization of the Cr:ZnS laser locks the waveform of the
single-cycle output pulses. We detected the carrier-envelope-offset
frequency (fceo) with a common-path f-2f interferometer and
achieved full CEP stabilization with a self-referenced locking con-
cept [81], combined with pump-power modulation (via diode Dj
in Fig. 1) of the oscillator.

Interferometric f;., detection is driven by 36 mW of the com-
pressed, single-cycle pulses, focused with an off-axis parabolic
mirror (f=25.4mm) into a 2-mm-thick, periodically poled
lithium niobate crystal (HC Photonics). The crystal is used for
second-harmonic generation of a spectral component around
2.46 pum. The resulting frequency-doubled components inter-
fere with the fundamental ones at 1.23 wm [dashed black lines
in Fig. 2(c)]. The interfering spectral components are isolated
with a 30-nm-wide optical bandpass filter (¥, Semrock), and
sent onto one of the photodiodes of a low-noise balanced detector
for beat-note detection (BD, HBPR-100M-60 K-IN; Femto).
The repetition-rate signal fi, is partially canceled by sending
the beam reflected from Fj, through a 1.5-um long-pass filter
(£, Thorlabs), onto the second photodiode of the BD. A variable

attenuator adjusts the balancing to achieve optimum residual phase
noise for the feedback lock. The radio-frequency power spectrum
of the detected signal [Fig. 5(a)] shows fc, and fi, £ fico beat
notes with a record-high signal-to-noise ratio (SNR) of ~75 dB
at a 100-kHz resolution bandwidth. Additional lower-intensity
intermodulation signals arise from saturation effects in the BD,
preventing the measurement of even stronger beat notes. This
issue can be avoided in the future with higher-dynamic-range
detectors. The achieved SNR exceeds by 15 dB any previously
published works [37,82—84]. It is the result of several favorable
aspects of our system. First, efficient spectral broadening and
second-harmonic generation provide a large number of photons
(60 W of average power after F1) within the detected frequency
band of the f-2f beating signal. Moreover, when compared to
spectral broadening based in photonic crystal fibers [85,86], our
single-cycle pulses from bulk broadening feature excellent phase
coherence and intrinsic temporal overlap of fand 2 /' components
withoutadditional path-length correction.

The electronic feedback signal for CEP locking is generated by
mixing the fi., & fic, beat notes with each other [81]. For this, the
output of the BD is bandpass-filtered around f;,, (BBP —21.4+;
Mini-Circuits), amplified by +10 dB (DHPVA-101; Femto) and
divided with a 50:50 splitter into two equal radio-frequency sig-
nals, which are then sent to a double-balanced mixer (ZAD-1 H+;
Mini-Circuits) to generate the error signal for the feedback loop.
The output is sent into a proportional-integral-derivative servo
(PID, D2-125; Vescent) to modulate the current of the pump
diode Dj after +20-dB post-amplification (HVA-500M-20-B;
Femto).

The diode Dj is driven by an in-house-developed, digitally
controlled driver with integrated thermo-electric cooling. When
compared with the driver employed in [37], here we developed an
entirely new unit with significantly improved performance. The
two key features regarding our application are low-noise operation
and fast modulation. The upgraded unit features a current stability
of 8 ppm/K, and a current noise density of only 5nA - Hz™ '/
at 1 kHz. The integrated current noise has been improved five-
fold (down to 3.3 pHA), and the modulation bandwidth has
been increased by a factor of 4, to 1.2 MHz (see Supplement 1
Section 7). At this frequency, the phase-transfer function [red in


https://doi.org/10.6084/m9.figshare.22814498

Research Article

—_
Q
-~

RBW = 100 kHz Frep £ Foeo
04
a fceo
=2
o -20-
3
9]
S 40 ~75 dB
o
3
N -60
©
£
S -80 1
r T ! T v T T T T
0 5 10 15 20 25
Frequency (MHz)
(b) © —
-45
=)
o)
T 904
@
2]
2
o -1354
Pump diode (D,)
4804~ Cr:ZnS laser oscillator
MR | ML | MR | T “"""I
10 10° 10 10° 10°
Frequency (Hz)
Fig. 5. (a) Radio-frequency power spectrum showing the measured

Jeeo and fio, signals and their mixing terms for the free-running laser
system (measurement resolution bandwidth, RBW =100 kHz). (b)
Phase transfer function for the modulation pump diode Dj (red) and the
Cr:ZnS laser oscillator (black). The dashed vertical line indicates a 90°
phase lag of the Cr:ZnS oscillator with respect to the applied modulation.

Fig. 5(b)] reaches a critical lag of 90 deg. For the mode-locked
Cr:ZnS laser oscillator [black in Fig. 5(b)], modulated by the diode
Ds, the cutoff frequency of the phase transfer function amounts
to approximately 370 kHz, as a result of fluorescence-lifetime
(~4.3 ps [87]) filtering by the gain medium. Thus, it constitutes
the main limitation regarding the modulation bandwidth in our
setup. Dirifts of f.., outside the ~10kHz control range of the
pump modulation are corrected by moving the intra-cavity CaF,
wedges (Fig. 1). The main contributions to slow f, variations
were changes of the relative humidity inside the oscillator chamber,
in agreement with previously published observations [35]. The
CEP of the locked oscillator output can be adjusted, without any
additional dispersion in the main beam path, by changing the CEP
of the pulses sent to the f-2f interferometer with a pair of CaF,
wedges (Fig. 1).

7. NOISE PERFORMANCE OF THE SYSTEM

The RIN of the spectrally broadened, single-cycle output pulses
is shown in Fig. 6(a) both for the free-running and the CEP-
stabilized system (see Supplement 1 Section 8). The RIN of the
free-running oscillator [black in Fig. 6(a)] agrees with the results
from previous publications on diode-pumped Cr:ZnS oscillators
[37,40]: the low-frequency RIN shows typical 1/ f* noise up to
100 Hz, and some spikes from mechanical vibrations and electrical
noise above that. In the range between 300 Hz to 300 kHz a plateau
region is observed, dominated by diode-pump noise [40], and
followed by a relaxation oscillation bump [34] at around 300 kHz.
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At frequencies above 1 MHz, the RIN drops to the detection noise
level, due to the intrinsic fluorescence-lifetime low-pass filtering of
the Cr:ZnS gain medium, so that we have chosen this frequency as
the upper limit for the RIN integration [40]. The RMS intensity
noise measured in the range 0.1 Hz—1 MHz amounts to 0.039%
[dashed red in Fig. 6(a)]. We attribute the excellent stability mainly
to the low-noise performance of diode pumping. In contrast to
typically used Er:fiber lasers [32,34,88], semiconductor laser
diodes have relaxation oscillation noise in the gigahertz regime,
beyond the response of the Cr:ZnS gain medium. Additional noise
dampening occurs due to intra-cavity second-harmonic generation
in the polycrystalline gain medium [89]. CEP stabilization of the
oscillator reduces the RIN in the plateau region [300 Hz—-300 kHz,
blue in Fig. 6(a)], as the stabilization partially compensates residual
pump power fluctuations. Simultaneously, a servo bump appears
at 450 kHz, due to the interplay of the CEP stabilization feedback
loop with the oscillator gain dynamics. The integrated RIN of the
CEP-stabilized laser yields an RMS noise value of only 0.036 % in
the frequency range 0.1 Hz to 1 MHz [dashed orange in Fig. 6(a)].

The CEP stability was quantified with a separate out-of-loop
f-2f interferometer in the main output beam of the system (see
Supplement 1 Section 9). The residual phase noise power spec-
tral density [blue in Fig. 6(b)] mimics the appearance of the RIN
curve [blue in Fig. 6(a)], and we find an RMS phase noise of only
5.9 mrad (phase jitter of 6.8 fs at 2.2 m), when integrating over
all 8 frequency decades, from 0.1 Hz up to the Nyquist limit of
11.45 MHz (with 2.4 mrad measurement floor limit; gray).

This remarkably high CEP stability is the result of a com-
bination of several key features of our system: (i) the intrinsic
low-intensity-noise performance of the free-running oscillator
due to direct diode pumping, which is directly coupled to the
phase stability [83]; (ii) employing a single rutile plate for spectral
broadening, rather than highly nonlinear optical fibers, enabled a
common-path design of the f-2f interferometer with minimized
drifts, optimal temporal overlap and undisturbed pulse coherence
[85,86], enabling us to reach an unprecedented f;., SNR of 75 dB;
and (iii) an optimum feedback into the oscillator by modulating
the diode D; with our custom-developed, fast, and low-noise
diodedriver.

Compared to [37], our advanced CEP stabilization is not any
more limited by the bandwidth of the locking electronics, but by
the intrinsic lifetime of the Cr:ZnS gain medium and the related
relaxation oscillation (servo bump at ~450 kHz). We estimate a
fundamental limit on the integrated phase noise reachable with our
feeo beat-note SNR to be ~1.8 mrad [82], and our feedback loop
allows us to approach this value within a factor of only 3.3.

Our residual CEP noise is an order of magnitude lower than
previous results based on intrinsic interferometry in a Cr:ZnS
amplifier crystal [35] and twice better than our previously pub-
lished results [37]. Moreover, it represents the highest CEP stability
ever achieved with a direct feedback locking [83,84], and the high-
est stability in general for sources producing single- or few-cycle
pulses [22,90,91]. Finally, it approaches the lowest CEP jitter for
any mode-locked laser obtained with a feed-forward technique
[49]. When compared with the latter, our approach does not
require an acousto-optic modulator, and thus avoids additional
losses as well as material and angular dispersion imposed on the
laser beam, which impair the use of a feed-forward technique for
ultrabroadband laser sources.
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8. CONCLUSIONS

We have reported a new source for highly CEP-stable single-cycle
pulses centered around 2.2 pwm. The simple and compact system
is based on a directly diode-pumped Cr:ZnS oscillator with sub-
sequent supercontinuum generation in a single 0.5-mm-thick
rutile (TiO,) plate. It provides two output channels (44 mW and
230 mW) with super-octave-spanning pulses, covering a spectral
range from 1.1 to 3.1 pm (—20-dB level), compressed to single-
cycle durations of 6.9 fs and 8.2 fs. We explored various alternative
bulk materials for spectral broadening of chromium-doped chalco-
genide lasers and assigned the exceptional performance of rutile
to a combination of its high nonlinear refractive index, large
optical bandgap, and favorable group-delay dispersion with a
zero-crossing in the spectral center of the driving pulse. Numerical
simulations of the broadening process quantitatively reproduce
the supercontinuum spectrum and identify a dynamic interplay
between self-phase modulation, self-focusing, and plasma forma-
tion as the main underlying processes [56]. We actively stabilized
the CEP of the output pulses by combining, in a feedback loop,
beat-note detection in a common-path f-2f interferometer with
a record-high 75 dB SNR, and low-noise pump-power modu-
lation. The single-cycle output pulses of our system are highly
waveform-stable, featuring a unique combination of excellent
amplitude stability (0.036% RIN in the 0.1 Hz—1 MHz range) and
unprecedented phase stability for single- or few-cycle laser systems
(5.9 mrad residual CEP noise in the 0.1 Hz—11.45 MHz range).
The highly reproducible single-cycle infrared pulses from our
system provide new tools for the precise, megahertz-rate control

of the nonlinear polarization in matter on the inherent, sub-
femtosecond time scale of the electric-field evolution. Possible
experiments include the field-driven control of electron motion in
molecules [4] and solids [5,8,17], and high-harmonic generation
in enhancement cavities [92]. The single-cycle output pulses can
be further converted efficiently into multi-octave spanning mid-
infrared pulses with CEP-controllable waveforms [37], opening
up new applications in mid-infrared field-resolved biosensing [93]
and the manipulation of currents in low-bandgap materials [24].
Our approach to infrared single-cycle pulses is power-scalable by
optically amplifying the oscillator output before spectral broad-
ening [40]. With precise numerical simulations of the spectral
broadening now available, we expect to be able to tailor the experi-
mental conditions further to extend the spectral bandwidth toward
the visible. Together with field-synthesis techniques [94] the gener-
ation of controllable sub-cycle pulses from megahertz-rate Cr:ZnS
oscillators will come into reach.
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