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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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Fig.3. Supercontinuum spectra and spectrally resolved RIN in (a) directly pumped ANDi fiber and (b) hybrid fiber for equal pumping conditions and
similar fiber lengths. Left scale, measured (solid) and simulated (dotted) spectra; right scale, spectrally resolved measured RIN (dots) with corresponding
electronic noise floor (-) and simulated values using scalar generalized nonlinear Schrédinger equation (GNLSE) simulations (solid yellow). The RIN of the
pump laser is indicated by a red dashed line. Detailed noise frequency spectra of the RIN measurements at 1650 nm, marked « and B, are shown in Fig. 4.

observed in both fibers, can be traced back to low-level temporal
sub-structures of the pump pulses emitted by the Er:fiber laser [32].

Both spectra can be reproduced very well with numerical sim-
ulations based on the generalized nonlinear Schrédinger equation
(GNLSE), also shown in Fig. 3. The full simulated SC generation
dynamics are visualized in Supplement 1, Fig. S5, and they confirm
that the coherent OWB dynamics are enhanced and develop sig-
nificantly faster in the hybrid fiber. L owp is reduced from 1.7 cm in
the directly pumped ANDI fiber to only 0.1 cm in the hybrid fiber.
In the following sections, we will show that these enhanced and
faster coherent dynamics are the underlying physical reason for the
lower noise level of the hybrid SC.

B. Reduction of Relative Intensity Noise

The spectrally resolved RIN of both SC is measured by isolating
20 nm sections of the respective spectrum with variable band-
pass filters and using an ESA-based detection system sensitive to
amplitude and polarization state fluctuations (see Supplement 1
for further details on the experimental procedures). The results are
displayed in Fig. 3. We note that both spectral bandpass and polari-
zation filters are important to fully characterize the SC stability. As
the intensity noise of SC sources is typically anti-correlated across
the spectrum [33,34], omitting these filters conceals the noise fea-
tures discussed below by averaging fluctuations of anti-correlated
portions of the spectrum leading to lower apparent RIN values.
For this reason, our measurements are not directly comparable
to studies that did not implement this spectral and polarization
selectivity.

For each measured RIN value in Fig. 3, the electronic noise
floor of the detection system is also displayed so that it can be easily
determined whether the detected fluctuations truly stem from
the SC pulse train or are limited by the noise of the measurement
apparatus. We obtain a typical electronic noise floor of 0.04% RIN
(or —140 dBc/Hz at high Fourier frequencies). This is higher than
typically used for ultrafast laser characterization because we tuned
the system not for high sensitivity at the peak wavelength but for

providing a similar noise floor over as much spectral bandwidth
and signal levels as possible. Nevertheless, in most cases, the elec-
tronic noise floor is sufficiently low to fully resolve the SC noise.
We also compare the measured RIN levels to corresponding values
retrieved from the scalar GNLSE simulations including quantum
noise and technical pump laser fluctuations [35].

Surprisingly, the SC generated in the directly pumped
PM2000D AND: fiber exhibits elevated noise levels especially
in the central section of the spectrum between 1400 nm and
1700 nm, where RIN values up to 0.4% are detected. While
this is in range with the lowest RIN values reported to date for
PM-ANDI SC sources [36], in our case, it corresponds to an
order-of-magnitude amplification of the pump laser noise, which
is unexpected for this fiber design. Importantly, the measured
noise levels in the spectral center cannot be reproduced using scalar
GNLSE simulations, which predict much lower RIN on the level
of the pump laser noise. However, below 1400 nm and particularly
above 1700 nm, the simulations model the measured noise evolu-
tion more accurately and also reproduce well the increasing RIN on
the spectral edges due to the effect of laser peak power fluctuations
on the SC bandwidth. This variation in simulation accuracy over
the spectral range points toward the presence of incoherent non-
linearities with vectorial nature in the central part of the spectrum
since noise amplification emerging from the nonlinear coupling of
polarization eigenmodes is ignored in the scalar numerical model.
Indeed, a more detailed analysis provided in Section 4.C identifies
PMI as the origin of the elevated RIN.

In contrast, the intensity noise of the SC generated in the hybrid
fiber is significantly lower and in general exhibits an exceptionally
low variation with wavelength. The RIN follows very closely the
values predicted by the scalar GNLSE simulations and remains
mostly confined between 0.05% and 0.2% in the range 1150
1900 nm, with an average value of approximately 0.1%. This is
quite remarkable when compared to SC generated under very
similar pumping conditions in the anomalous dispersion region
of a fiber, where the intensity noise varies over at least 2 orders of
magnitude and reaches several percent [33]. The RIN measured
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(a) Detailed noise frequency spectra of the RIN measurements at 1650 nm, marked @ and B in Fig. 3, compared to the pump laser.

(b) Analytically calculated PMI gain in PM2000D fiber assuming a 30 kW peak power pulse propagating on slow and fast axis, respectively. (c) Simulated
fast axis spectrogram of a 500 fs, 30 kW pulse after 3 cm propagation in PM2000D injected into the slow axis. (d) Spectral slice through the spectrogram in
(c) at £ = 0 for multiple simulations with random noise seeds (gray) and corresponding mean (purple).

in our experiments is also up to 1 order of magnitude lower than
previously reported values obtained from stand-alone ANDi SC
sources [36-38]. Higher noise only occurs at the spectral edges and
in the vicinity of sharp spectral features, where small spectral shifts
induced by peak power fluctuations lead to a relatively large change
in SC signal. The exact spectral position of these features is hard
to simulate since they sensitively depend on low-level temporal
sub-structures of the input pulse interfering with spectral compo-
nents generated by SPM [32]. Hence, in Fig. 3(b), the simulated
RIN is faded around 1500 nm where the agreement of simulated
and measured SC spectrum is less accurate. The intensity noise
around these features is not linked to quantum noise amplification
by incoherent nonlinearities but simply arises from the sensitivity
of coherent dynamics to the input pulse parameters. Significant
additional noise reduction can, therefore, only be achieved by
improving the noise characteristics and the pulse shape of the
pump laser.

C. Suppression of Polarization Modulation Instability

A significant advantage of the noise detection in the frequency
domain over the histogram-based statistical analysis of time-
domain photodiode traces in recent work [36,38] is the availability
of a full noise frequency spectrum for every measured RIN value,
which can be used to identify the underlying noise amplification
mechanisms. We illustrate this for the RIN measurements recorded
at 1650 nm, which are marked o and B in Fig. 3 and result in inte-
grated RIN 0f 0.38% and 0.05% for stand-alone ANDi and hybrid
fiber SC, respectively. The detailed noise spectra for these two mea-
surements are displayed in Fig. 4(a) and are compared directly to
the pump laser. The noise spectrum of the stand-alone ANDi SC is
shifted upward by about 20 dB with respect to the pump due to the
dominance of excess white noise, which is a characteristic signature
of quantum noise amplification [10]. This unambiguously con-
firms the presence of incoherent nonlinear dynamics, which have
to be of vectorial nature since they cannot be reproduced by scalar
simulations, as discussed above. In contrast, these nonlinearities are

suppressed in the hybrid fiber, which even exhibits slightly lower
noise than the pump laser in the mid-range frequencies between
1kHzand 1 MHz.

Figure 4(b) identifies PMI as the origin of this nonlinear noise
amplification in the stand-alone PM2000D ANDI fiber, show-
ing that the analytically calculated PMI gain bands [39] for our
experimental conditions overlap exactly with the 1400-1700 nm
spectral region where the measurements in Fig. 3(a) detect ele-
vated RIN values. In order to illustrate how this PMI gain leads
to pulse-to-pulse intensity fluctuations of the generated SC,
we conduct vectorial GNLSE simulations taking into account
the coherent coupling of the two polarization eigenmodes [40].
Additionally, we increase the input pulse duration to 500 fs, which
enhances the visibility of the incoherent PMI dynamics by slowing
down the coherent wave breaking process. The simulated spectro-
gram in Fig. 4(c) shows clear signatures of PMI after only 3 cm
of propagation in the form of two sidebands being generated at
spectro-temporal positions outside of the main pulse. As these
sidebands remain unseeded, random quantum fluctuations serve
as the seed and are amplified to become significant. Taking a slice
through the spectrogram at # = 0 and repeating the simulations
several times clearly shows the random amplitude fluctuations
introduced by PMI at spectral positions corresponding very well
to the analytically calculated PMI gain bands [compare Figs. 4(b)
and 4(d)]. While we consider pure slow-axis pumping in this
case, in reality we expect a blend of fast- and slow-axis dynamics
as we also observe linear coupling of the polarization states in the
PM2000D fiber reducing the polarization extinction ratio (PER)
from >30 dB at the input to about 15 dB at the output, even at low
power.

Why does PMI occur in the stand-alone ANDI fiber but is
suppressed in the hybrid fiber? The underlying mechanism for
this noise reduction relies on cascaded nonlinear dynamics. First,
the pulse duration is shortened by soliton compression in the
anomalous dispersion fiber, which subsequently enhances OWB
and suppresses PMI in the ANDi fiber. Physically this can be
understood by considering the characteristic length scales of the
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coherent OWB and the incoherent PMI dynamics and noting that
the process with the shortest length scale plays the dominant role
[39]. In the case of the stand-alone ANDI fiber, the OWB length
Lowp =1.7 cm is shorter but comparable to the PMI length
Lpyr =5.3 cm, indicating a certain balance between the two
processes that allows PMI to amplify noise from the shot-noise
level. In the hybrid fiber, two factors suppress PMI. First, the higher
birefringence and anomalous dispersion of the PM1550-XP fiber
completely suppress PMI during the soliton pre-compression
phase for slow-axis pumping (Supplement 1, Figure S3). Second,
the pre-compressed soliton enters the ANDI fiber with much
shorter duration and higher peak power than the original pulse,
leading to a significant enhancement of the OWB dynamics as evi-
dent by a 17 x reduction of Lowsp to only 0.1 cm (Supplement 1,
Fig. S5). PMI, on the other hand, is independent of pulse duration
and less influenced by the soliton pre-compression [39], resulting
in a clear dominance of the coherent OWB dynamics. The short
Lows is associated with an accelerated spectro-temporal transfor-
mation of the pulse by SPM and OWB followed by a fast drop in
peak power due to dispersive stretching, which in combination pre-
vent the accumulative buildup of noise by constantly shifting the
spectro-temporal positions of the PMI gain peaks. These dynamics
are very similar to the suppression of scalar incoherent Raman and
four-wave mixing processes in ANDI fibers at short pulse durations
discussed in detail in [22].

D. Phase Coherence

The dominance of the inherently phase-coherent processes of
SPM, soliton compression, and OWB during nonlinear spectral
broadening suggests that the SC generated in the hybrid fiber
should also exhibit excellent phase stability. We experimentally
quantify the phase fluctuations using a free-space asymmetric
Michelson interferometer (see Supplement 1 for details on the
experimental setup). One arm of the device is set to provide a delay
with respect to the other arm corresponding to the pulse repetition
period, such that two subsequent SC pulses interfere with each
other. The signal is detected with an optical spectrum analyzer
(OSA), where spectral interference fringes appear if the SC pulse

train is phase-stable over time intervals exceeding the OSA sweep
time [41]. A single sweep lasts several seconds and, thus, records
the ensemble average of > 10% interference events, such that the
magnitude of the degree of first-order coherence as a function of
wavelength becomes measurable as [42]

VIILA) + L))

1
20, (WD) L(W)]Y? @

g2V =

where /1(A) and 5 (}) are the measured light intensities in
each arm of the interferometer and V() is the fringe vis-
ibility given by the maximum and minimum fringe intensity,
V(L) = [Umax(X) = Lnin W)/ [max (A) + Imin(A)]. Equation (1)
is equal to the expression routinely used in numerical studies,
lg12] = (EF E2) /(| E11*)(| E21*)1V2, with the spectral field enve-
lopes E1(A), E2(X) and ensemble average (.), but expressed in
experimentally accessible variables. Note that the calculation of
|g12(1)| accounts for differences in the interfering intensities,
which in practice are difficult to equalize exactly in broadband
measurements, and therefore represents a better figure of merit
for coherence than the visibility V(A) itself. The fringe spacing,
and hence the spectral resolution of the coherence measurement,
can be chosen by fine-tuning the temporal delay between the
interfering pulses. It is well known that the value of [g12(1)] is
primarily sensitive to phase fluctuations and only to a much lesser
extend to intensity noise [9,43], such that it provides a convenient,
broadband, self-referenced, and high resolution measure of phase
stability complementary to the RIN characterizations performed
above.

Figure 5 confirms the excellent phase stability of the gener-
ated SC, evident from high contrast interference fringes with
visibility in the order of 20 dB measured over the entire band-
width of the hybrid fiber SC. |g12(X)| is near unity for the
majority of the bandwidth, as exemplary highlighted in the
magnified views of Figs. 5(c) and 5(d). The coherence aver-
aged over the full 900-2200 nm bandwidth is calculated to
(lg12]) = f lg12(W) 1 (A)dXr/ f I(A)dA=0.96. This ranks
among the highest experimentally confirmed magnitude and
uniformity of |g12(X)| for fiber- and waveguide-based SC sources
to date [44-49]. Slightly degraded coherence is only detected at
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the spectral edges and around the sharp spectral features near the
pump wavelength, coinciding with the regions of increased RIN
in Fig. 3 whose origin was already discussed in Section 4.B. Near
1800 nm, the coherence measurement is disturbed by water vapor
absorption lines preventing accurate extraction of visibility and
intensities. Using our experimentally determined value of (|g12])
and the results of previously published numerical studies [35], we
can assign a median shot-to-shot timing jitter 8z < 0.5 fs to the
pulse train emitted by the hybrid SC source, revealing stability
down to a small fraction of an optical cycle.

5. CONCLUSION

In this work, we introduce a novel approach for avoiding nonlinear
noise amplification during SC generation and, thus, provide a
solution for a long-standing challenge of nonlinear fiber optics.
We show that cascading soliton compression and OWB dynamics
in a hybrid fiber deliver an order of magnitude better noise per-
formance than stand-alone AND] fiber SC sources, which so far
were considered the benchmark of low-noise SC generation. Our
approach converts a standard ultrafast Er:fiber laser into an octave-
spanning SC source with excellent phase coherence and lower RIN
than could be previously obtained with any fiber-based SC source,
and requiring less than 1/5th of the injected peak power that would
be necessary to obtain equal spectral bandwidth in the stand-alone
ANDi; fiber. The fibers required to reproduce our experiments are
commercially available from an online catalogue at a combined
cost of US $50.

This advance is based on two important physical discover-
ies. First, we show through highly sensitive RIN measurements
that the stability of ANDi SC sources is ultimately limited by the
occurrence of PMI, even in commercial-grade, PANDA-style PM
step-index designs pumped by 100 fs pulses. Second, we iden-
tify a noise suppression mechanism in the hybrid fiber, which is
based on soliton compression strongly enhancing the subsequent
OWB dynamics and, thus, preventing the accumulative buildup
of PMI noise. This beneficial impact of hybrid fibers for the noise
reduction of SC sources was previously not recognized.

We note that the hybrid scheme can be scaled for lasers with
pulse repetition rates of hundreds of megahertz or gigahertz with
limited peak power per pulse. The soliton compression factor
and pulse quality solely depend on the soliton number /V, and
keeping N2~ 5 typically yields a good compromise between the
two factors [23]. Hence, by choosing a pre-compression fiber with
suitable nonlinearity and dispersion, e.g., from the range of highly
nonlinear fibers available from several manufacturers, a wide range
of laser pulse peak powers and durations can be accommodated
[50]. Similarly, choosing an ANDI fiber with dispersion closer to
zero enhances the wave-breaking-dominated spectral broadening
[51,52]. The low-noise nonlinear spectral broadening dynam-
ics presented here are, thus, readily transferable to various laser
platforms.

We anticipate this work to be particularly relevant for high-
precision laser applications where intensity or phase-noise critically
matter, including hyperspectral and multimodal imaging, fre-
quency comb spectroscopy, synchronization of ultrafast light
sources, arbitrary optical waveform generation, photonic radars,
and photonic signal processing such as analog-to-digital convert-
ers, where peak-to-peak power fluctuations of <0.1% are required
for achieving 10-bit resolution [31]. High amplitude stability
also minimizes indirect system performance degradation by noise
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coupling processes, such as amplitude-to-phase noise conversion
in photodiodes or intensity-to- fo., noise conversion in optical
frequency combs [53,54].
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