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The low-noise and phase-coherent nonlinear transformation of a narrowband laser into a broadband supercontinuum
(SC) in an optical fiber forms the basis of extremely precise applications ranging from optical frequency comb tech-
nology to ultrafast photonics and biomedical imaging. A major challenge of this process is the avoidance of incoherent
nonlinear effects that amplify random quantum noise, requiring careful birefringence and dispersion engineering of
the fiber. However, fundamental trade-offs exist between working in normal or anomalous dispersion regimes. Here, we
combine the benefits of nonlinear dynamics in both regimes by cascading soliton compression and optical wave break-
ing in a hybrid fiber, formed by joining two widely available, commercial, polarization-maintaining step-index fibers
exhibiting anomalous and all-normal dispersion, respectively. We experimentally demonstrate that this hybrid approach
results in an ultra-low-noise fiber SC source covering the 930-2130 nm range with phase coherence near unity, spectrally
resolved relative intensity noise (RIN) as low as 0.05%, and averaging 0.1% over a bandwidth of 750 nm, approaching
the theoretical limits close to the pump laser noise. This corresponds to a doubling of the generated spectral bandwidth
and a decrease of RIN by up to 1 order of magnitude compared to direct pumping of the individual fibers, where modula-
tional polarization instabilities play a limiting role. Owing to its simplicity and its scalability to high repetition rates, our
hybrid scheme is readily applicable to various laser platforms and could enhance the performance of applications such as
hyperspectral nonlinear microscopy, coherent optical communications, and photonic signal processing. © 2022 Optica

Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

A major current challenge in nonlinear optics is the development
of ultra-low noise broadband coherent supercontinuum (SC) light
sources. Equipped with the brightness of a laser and ultra-broad
spectral bandwidths, SC sources based on specialty optical fibers
are today an indispensable tool in many scientific and industrial
processes [1,2]. However, for many applications in advanced spec-
troscopy, microscopy, and ultrafast photonics, the noise of current
SC sources has become the predominating factor limiting acquisi-
tion speed, sensitivity, or resolution [3]. Significant research efforts
are also directed toward understanding the fundamental noise
limits of the involved nonlinear spectral broadening dynamics,
with continued interest in the development of optical frequency
comb technology not only for metrology and spectroscopy [4,5]
but increasingly also for emerging applications in coherent optical
communications, microwave photonics, and photonic signal
processing [6—8], where ultra-low amplitude- and phase-noise
performance is an essential prerequisite.

The predominating noise source during the nonlinear transfor-
mation of a narrowband input into a broadband SC spectrum in an
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optical fiber is the amplification of random quantum fluctuations
by incoherent nonlinear effects, which either have a scalar charac-
ter, such as modulation instability or stimulated Raman scattering
[9-11], or a vectorial nature emerging from a coupling of the two
orthogonal eigenmodes of the fiber, such as polarization modu-
lation instability (PMI) [12,13]. The occurrence and strength of
these processes depend critically on the dispersion and birefrin-
gence engineering of the fiber, as well as on the characteristics of the
input pulse [3]. Therefore, a considerable effort has been directed
toward identifying fiber designs that favor highly coherent spectral
broadening dynamics.

Typically, there is a trade-off to be considered when engineer-
ing the dispersion landscape of nonlinear fibers. On one hand,
recent advances in specialty optical fiber design and fabrication
have facilitated the emergence of a new generation of highly bire-
fringent, polarization-maintaining (PM) all-normal dispersion
(AND:) fibers, which are designed to suppress both scalar and
vectorial noise-amplifying incoherent nonlinear effects under sub-
picosecond pumping [2,3]. As additional benefit, the nonlinear
dynamics are dominated by optical wave breaking (OWB), which
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is capable of simultaneously delivering low noise, octave-spanning
bandwidth, superb spectral flatness, high spectral power densities,
and single-cycle temporal waveform support [14]. This new class
of SC sources has driven recent advancements of the state-of-the-
art in several applications, which so far were either not able to use
or were limited by conventional fiber SC sources due to their noise
or complex spectra and pulse shapes, e.g., in hyperspectral and
multimodal imaging, near-field optical microscopy, optical coher-
ence tomography at the shot-noise limit, and ultrafast photonics
[15-21].

On the other hand, SC noise is reduced, and coherence is
improved by shorter input pulse durations in any fiber design
[9,22]. Here, anomalous dispersion fibers have a clear advantage as
they benefit from an initial stage of soliton compression dynamics,
which shorten the injected pulse to a fraction of its initial dura-
tion and increase its peak power by up to 1 order of magnitude
before the actual spectral broadening dynamics set in [23]. Hence,
conventional SC sources require significantly lower input peak
power than ANDI SC sources for the generation of equal spectral
bandwidths and, consequently, are often the only choice for the
nonlinear spectral broadening of lasers with repetition rates of hun-
dreds of megahertz or gigahertz, where the peak power per pulse is
limited. Unfortunately, the subsequent soliton fission dynamics
produce rather complex spectral and temporal profiles, and the
anomalous dispersion environment provides strong amplification
for incoherent nonlinear processes [3].

Inspired by early works with dispersion-flattened and
dispersion-decreasing fibers [24,25], in this paper, we combine
the benefits of nonlinear dynamics in both dispersion regimes,
i.e., soliton compression and OWB, resulting in an ultra-low noise
and highly coherent fiber SC source covering the 930-2130 nm
range with a spectrally resolved relative intensity noise (RIN) as
low as 0.05% and averaging 0.1% over a bandwidth of 750 nm.
The source is based on a standard ultrafast Er:fiber laser seeding
cascaded nonlinear dynamics in two discrete, widely available
commercial PM step-index fibers. The individual fibers exhibit
anomalous and all-normal chromatic dispersion at the pump
wavelength, respectively, and are joined together by a low-loss
fusion splice to form a hybrid fiber. We show that this hybrid
approach not only doubles the generated spectral bandwidth but
also decreases the RIN by up to 1 order of magnitude compared
to direct pumping of the individual fibers. While our measure-
ments reveal that PMI instabilities set a lower limit to the RIN of
the directly pumped ANDi SC source, we identify a novel noise
suppression mechanism in the hybrid fiber such that the SC noise
approaches the theoretical limit determined by the noise and pulse
shape of the pump laser.

2. HYBRID FIBER PREPARATION

The fibers used in this work are two commercial PM step-index
fibers produced by Coherent-Nufern, namely PM1550-XP and
PM2000D, which exhibit anomalous and all-normal chromatic
dispersion at the pump wavelength of 1560 nm, respectively,
as shown in Fig. 1 [26]. PM1550-XP has a core-diameter of
8.5 um and numerical aperture (NA) of 0.125, resulting in a
zero-dispersion wavelength of 1.34 um and dispersion parameter
D =18 ps/(nm km) at 1560 nm. In contrast, the small 2.1 pm
diameter core, high NA of 0.37, and highly germanium (Ge)-
doped core material composition of PM2000D were specifically
designed to exhibit flat and normal dispersion over the entire
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Fig. 1. Measured chromatic dispersion profiles of PM1550-XP and

PM2000D fibers used to form the hybrid fiber in this study.

near-IR spectral region, with D = —46 ps/(nm km) at 1560 nm.
Both fibers are PANDA-type PM fibers, with birefringence values
at the pump wavelength of 3 x 10~ given by the manufacturer for
PM1550-XP,and 2 x 10~ measured in-house for PM2000D.

In order to exploit cascaded nonlinear dynamics in both fibers,
alow-loss fusion splice is an essential requirement. However, losses
in the order of 4 dB are to be expected with a standard splicing
recipe due to the large core diameter and NA mismatch. Better
results can be obtained with the thermally expanding core (TEC)
technique [27]. Owing to the high Ge content of the PM2000D
core material, long arc durations lead to thermal diffusion of Ge
from the core to the cladding region, which gradually increases the
mode field diameter in the hot zone and, thus, reduces the splice
loss. By monitoring the transmission of a 1550 nm continuous-
wave laser in real-time during the splice, we reach a minimum
splice loss of 0.7 dB (85% transmission) with an arc time of 14 s.
The splice is executed simply by modifying the arc duration of the
standard PM single-mode program of a Fujikura FSM45+ fusion

splicer and using auto-alignment of the polarization axes.

3. SOLITON PRE-COMPRESSION

After the splice, the hybrid fiber is cleaved such that it consists of
a 6.2 cm length of PM1550-XP at the input followed by 20 cm
of PM2000D, where in the former soliton compression and in
the latcter OWB dynamics are exploited. Hence, the length of
PM1550-XP is of particular importance in our approach and
was carefully optimized using the numerical pulse propagation
simulations and experimental time-domain ptychography (TDP)
measurements summarized in Fig. 2 [28,29]. In the fiber, the
110 fs, 32 kW, 40 MHz input pulse supplied by the Er:fiber laser
forms a soliton of order N = 4.3 that temporally compresses until
soliton fission around 6.5 cm breaks it up into its fundamental
constituents. The optimized fiber length is chosen such that the
resulting pulse is as short as possible while avoiding soliton fission.
Figures 2(b) and 2(d) show the simulated compressed pulse with
15.9 fs full width at half-maximum (FWHM) and the correspond-
ing spectrum, respectively, using the final fiber length of 6.2 cm.
Both results are in excellent agreement with the experimental TDP
measurements done using a separately prepared PM1550-XP fiber
of equal length. The input pulses are, therefore, compressed by a
factor of 7 while the peak power increases by a factor of about 5.3
to 170 kW, with the remaining energy distributed in a low-level
pedestal typical of soliton compression. We also note that increas-
ing the fiber length beyond the point of soliton fission does not
significantly increase the spectral bandwidth in this case, as shown
in Fig. 2(c), apart from the formation of a dispersive wave (DW)
around 1 pm wavelength.
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Fig. 2.

Soliton compression in the PM1550-XP fiber pumped with 110 fs, 32 kW input pulses. (a) Simulated temporal intensity profile as function of

propagation distance. (b) Simulated (dashed) and measured (solid) pulse shape at 6.2 cm. The measured pulse is recorded after propagating through disper-
sive elements (thin lens and half-wave plate) and, therefore, slightly longer (20.6 fs). (c) Simulated spectral evolution; DW, dispersive wave. (d) Simulated
(dotted) and measured (solid) spectraat 6.2 cm. () Frequency resolved noise measurements of the injected pump and the compressed soliton pulse trains.

We perform RIN measurements in order to analyze the stability
of the compressed 16 fs pulse train. Our methodology, applied
for all measurements presented in this paper, is based on low-
bandwidth photodetection, low-pass filtering, and extraction
of the noise power spectral density (PSD) at baseband frequen-
cies in the range from 100 Hz up to half of the repetition rate
frep /2 =20 MHz with an electronic spectrum analyzer (ESA).
The measurement bandwidth is limited to fi, /2 because it corre-
sponds to the Nyquist frequency marking the fastest shot-to-shot
intensity modulation that can occur in a pulse train. The approach
is routinely used for the characterization of ultrafast laser sources
and yields a complete measurement of the intensity noise if it
extends to fip/2, as is done in our work [30,31] (see Supplement
1 for further details). Figure 2(e) shows that the noise power spec-
tra of the soliton-compressed pulses and the driving Er:fiber are
indistinguishable, and the integrated RIN is 0.06% in both cases.
Hence, the substantial temporal compression and peak power
amplification are obtained without incurring any noise penalty.
The broad peak in the noise spectrum at mid-range frequencies
between 10 kHz and 100 kHz stems from intracavity dynamics of
the Er:fiber oscillator, while the sharp peaks at low frequencies can
be traced to power supplies as well as vibrationally and acoustically
induced noise from the laboratory environment, which can slightly
change between measurements. We note that spectrally resolved
RIN measurements of the soliton-compressed pulses reveal locally
increased RIN up t0 0.52% (see Supplement 1, Figure S2), but this
is less relevant for our purposes since spectral filtering also modifies
the temporal characteristics of the pulse.

4. SUPERCONTINUUM GENERATION IN THE
HYBRID FIBER

A. Enhancement of Optical Wave Breaking

In the normal dispersion regime provided by the ANDI fiber, the
initial nonlinear spectral broadening dynamics are dominated by
self-phase modulation (SPM) followed by OWB redistributing
energy from the spectral center to the wings and smoothing the
spectrum [14]. Both processes are known to provide low-noise and
coherent broadening of the input pulse spectrum for our pump
pulse parameters [22]. The fiber length over which these dynamics
occur depends on duration 7 and peak power P of the injected
pulse, Lows o 7/+/Po, while the obtainable spectral bandwidth
is independent of 7 but scales approximately with /Py [14].
Since the pre-compressed soliton enters the ANDi fiber with much
shorter pulse duration and higher peak power than the original
pulse supplied by the Er:fiber laser, we expect faster nonlinear
dynamics and broader SC bandwidth generated in the hybrid fiber
when compared to the directly pumped, stand-alone ANDi fiber.
Figure 3 compares the measured SC spectra generated in the
hybrid fiber and the directly pumped ANDI fiber. Both mea-
surements were obtained with a coupled pump peak power of
32 kW supplied by a 110 fs Er:fiber laser at 40 MHz repetition
rate and with similar overall fiber lengths. The hybrid approach
increases the generated —30 dB spectral bandwidth from 76 THz
to 183 THz by a factor of 2.4 > /5.3, which agrees well with the
theoretically expected scaling of the SC bandwidth with v/ P;. The
hybrid fiber SC covers the range 9302130 nm while maintaining
the typical smooth shape of a SC generated predominantly by
OWB. The spectral modulation around the pump wavelength,
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