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410073 Changsha, China investigate an incoherent continuous-wave (CW) optical field propagating in the
fiber with normal dispersion, and introduce a distinctive spectral evolution that
differs from the previous reports with coherent mode-locked fiber lasers and partially
coherent Raman fiber lasers [Nat. Photonics 9, 608 (2015).]. We further reveal that the
underlying physical mechanism is attributed to a novel interplay between group-
velocity dispersion (GVD), self-phase modulation (SPM) and inverse four-wave mixing
(IFWM), in which SPM and GVD are responsible for the first spectral broadening,
while the following spectral recompression is due to the GVD-assisted IFWM, and the
eventual stationary spectrum is owing to the dominant contribution of GVD effect.
We believe this work can not only expand the light propagation in the fiber to a
more general case and help advance the physical understanding of light
propagation with different statistical properties, but also benefit the applications in
sensing, telecommunications and fiber lasers.
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Introduction

Dispersion and nonlinearity play important roles in fiber-based devices and systems.
For example, dispersion-induced pulse broadening limits the capacity of fiber-optic
communication systems [1]. Nonlinear Kerr effects such as self-phase modulation
(SPM) and four-wave mixing (FWM) may contribute to the spectral broadening of op-
tical waves [2], which is undesirable for some applications, e.g., narrow-linewidth fiber
lasers [3], but benefits the novel light sources such as supercontinuum generation [4].
In general, the optical waves propagating in the fiber are affected by dispersion and
nonlinear effects simultaneously, and the interplay between dispersion and different
nonlinear effects leads to a multitude of interesting phenomena in nonlinear fiber op-
tics, such as the conservative optical solitons which are enabled by the exact balance
between dispersion and Kerr nonlinearity [5], and supercontinuum generation whose
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spectral evolution is affected not only by a variety of nonlinear effects but also by the
dispersive properties of the fiber [6]. Several decades of investigations on nonlinear fiber
optics have undoubtedly, not only promoted the growth of fundamental nonlinear physics
[7, 8], but also benefited the engineering of fiber-based devices and systems [9, 10].

The propagation of optical waves in the fiber has become a simple but effective way
for the investigations of interplay between dispersion and nonlinear effects [11-14].
The most extensively studied case is the propagation of ultrashort pulses. The interplay
between dispersion, nonlinearity and other effects (such as mode coupling and dissipa-
tive effect) has resulted in a variety of optical solitons [15-18] and extreme-amplitude
rogue waves [19, 20]. Focusing on the spectral evolutions, the interplay between group-
velocity dispersion (GVD) and SPM effects leads to a monotonic but gradually satu-
rated spectral broadening in the normal dispersion regime [2, 21], while soliton fission,
dispersive wave, Raman solitons, and nonlinear interactions among them are respon-
sible for the supercontinuum generation in the anomalous dispersion regime [22]. The
partially coherent continuous-wave (CW) laser beams propagating in the fiber also
attracted considerable attention in recent years [23-31]. A series of distinctive spectral
evolutions such as symmetric spectral broadening [23, 24], asymmetric spectral
broadening [25], damped oscillations of the spectral tails [26], and supercontinuum
generation are reported [27]. And besides the nonlinear Schrédinger equation
(NLSE) [28], kinds of theories including the fully stochastic model [29], the
phenomenological model [30], and the wave kinetics approach are established to
describe the light propagation [31]. In 2015, S. K. Turitsyn et al. investigated the
partially coherent Raman fiber lasers propagating in the fiber, and demonstrated a
new nonlinear effect called inverse four-wave mixing (IFWM) [32], which may
occur in the normal dispersion regime and cause the spectral compression of
incident light. It's an exciting progress but remains an open question as how to ex-
pand the light propagation in the fiber to a more general case. As it was known
that, the statistical properties of incident waves play an important role in the spec-
tral evolutions [33]. In fact, the propagation of coherent waves (e.g., mode-locked
lasers) has been studied extensively for decades, and the propagation of partially
coherent waves such as Raman lasers has also been investigated in recent years.
However, the incoherent waves (such as thermal light sources and free-running
lasers) propagating in the fiber and the underlying dynamics, which are both scien-
tifically important and of great interest, have been relatively unexplored.

In this article, we numerically and experimentally investigated the spectral properties
of incoherent CW optical waves propagating in the fiber with normal dispersion, and
introduced a distinctive spectral evolution that differs from the previous reports with
coherent mode-locked fiber lasers and partially coherent Raman fiber lasers. The nu-
merical simulations revealed that the underlying physical mechanism was attributed to
a novel interplay between GVD, SPM and IFWM effects. The spectral recompression is
particularly found to be the result of the GVD-assisted IFWM effect. And propagation
experiments employing an amplified spontaneous emission (ASE) source as the input
were carried out, which agreed well with the numerical simulations. We believe this
work can help expand the light propagation in the fiber to a more general case,
broaden the physical understanding of light propagation with different statistical prop-
erties, and benefit the applications in sensing, telecommunications and fiber lasers.
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Results

Numerical simulation of spectral evolutions

To investigate the influence of initial spectral width on the spectral evolutions of an in-
coherent CW optical field propagating in the fiber, we first carried out the simulations
with a relatively narrow input spectrum (0.1 nm full-width at half maximum (FWHM)
linewidth) and a relatively broad input spectrum (0.5 nm FWHM linewidth), and the
spectral profile is assumed to be Gaussian for the sake of simplicity (see ‘Methods’
section for details). A similar trend of spectral evolutions is confirmed in the simula-
tions, where first spectral broadenings followed by recompressions are observed
(although the broad input spectrum shows no major changes). The input spectra, the
broadest spectra and the eventual spectra after a rather long propagation distance (35
km) are shown in Fig. 1A, in which the input power P is fixed at 1.2 W. The spectrum
with 0.1 nm initial FWHM linewidth shows a considerable broadening over ~2 km
propagation distance, after that a recompression of the central part takes place while
the tails are nearly unchanged. The spectral evolution with 0.5 nm initial FWHM line-
width undergoes a similar but less pronounced process, and the recompression point
(the propagation distance where the spectral recompression occurs) moves backwards
to ~ 350 m.

The spectral evolution shows a convergence after a quite long propagation distance.
Interestingly, the eventual stable spectrum is neither fully Gaussian nor fully Lorent-
zian, and the corresponding spectra plotted in a logarithmic scale further verified this
characteristic (see Fig. 1B). Indeed, the output spectrum looks more like a sum of two
Gaussians, thus it cannot be fully expressed by a single parameter [23]. Here we intro-
duce both FWHM and root-mean-square (RMS) to describe the spectral width, and the
corresponding spectral broadening factors (BFs) defined as Al,,,/Al;, are plotted in
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Fig. 1 Simulated spectral evolutions. A Simulated optical spectra in a linear scale. B Simulated optical spectra in
a logarithmic scale. (a-1) and (b-1): 0.1 nm initial FWHM linewidth. (a-2) and (b-2): 0.5 nm initial FWHM
linewidth. The input spectra, the broadest spectra and the eventual stable spectra are shown as blue, red and
orange lines, respectively. C, D Spectral broadening factors dependence on the propagation distance,
calculated using (C) FWHM linewidth and (D) RMS linewidth. The inset of (C) shows a zoomed-in plot within
the propagation distance of 1 km. Note that the input power Py is fixed at 1.2 W in all the simulations

Page 3 of 15



Ye et al. PhotoniX

(2021) 2:15

Fig. 1C, D [30, 32]. The FWHM-BF shows a rapid increase in the early stage of propa-
gation, after that the spectral recompression occurs, the FWHM-BF gradually decreases
and eventually tends to a stable value as the propagation distance increases. The
maximum FWHM-BF decreases dramatically, and the recompression also takes place
at a shorter propagation distance as the initial spectral FWHM increases. For example,
the maximum FWHM-BF with 0.1 nm initial FWHM linewidth reaches ~ 2.34 at the
propagation distance of ~2 km, while that with 0.5 nm initial FWHM linewidth
decreases to ~ 1.05, and the recompression point also moves backwards to ~ 350 m.
Further simulations find that with a broader input spectrum, the maximum FWHM-BF
will tend towards 1, and the recompression point will move to 0, indicating that the
spectrum will keep almost unchanged as the optical field propagates down the fiber
(details are provided in Supplementary Section S1). In addition, an interesting feature is
observed with 0.25 and 0.5 nm initial FWHM linewidth, where the eventual FWHM-BF
decreases to ~ 0.95 and ~ 0.99, respectively, indicating that the eventual output spectra
become narrower than the input ones (although the narrowing seems not so
pronounced). The RMS-BF shows a similar evolution, with the only difference that the
decrease looks less evident (Fig. 1D), which implies that the spectral tails are nearly
unchanged during the recompression stage. Besides, in contrast to FWHM-BFs, the
eventual spectral BFs calculated with RMS linewidth will not decrease to < 1.

Dynamics of spectral evolution
To reveal the underlying physical mechanism of the distinctive spectral evolution, we
focus on a snapshot of the optical field and analyze its evolution in both spectral and
temporal domains. Without loss of generality, the case with 0.1 nm initial FWHM line-
width is chosen as an example. At the input, the temporal intensity profile within a time
range of 200 ps mainly consists of two intense ‘unchirped pulses’ (see Fig. 2A, a broader
view is shown in Supplementary Fig. S2) [34]. After a propagation distance of 0.6 km, the
optical spectrum broadens due to the SPM effect, which generates red-shifted frequency
components at the leading edges and blue-shifted frequency components at the trailing
edges of the pulses [2]. At the same time, the GVD effect makes the original low-
frequency and newly generated red-shifted frequency components move to the leading
edges, and the original high-frequency and newly generated blue-shifted components
move to the trailing edges, resulting in the broadened and chirped pulses (see Fig. 2B).
When the optical field further propagates to 1.2 km, owing to the combined effects
of SPM and GVD, the blue-shifted frequency components near the trailing edge of the
preceding pulse and the red-shifted frequency components near the leading edge of the
following pulse overlap in the temporal domain [35], the so-called IFWM effect takes
place and regenerates the central-frequency components [32], resulting in a bridge-like
area in the spectrogram and a new pulse in the temporal profile (see Fig. 2C). With
more and more central-frequency components being regenerated, the optical spectrum
starts to recompress, and the newly generated pulse becomes more and more intense
(see Fig. 2D). As the propagation distance further increases, the whole process
described above will repeat itself. Eventually, the temporal profile evolves into a bunch
of random pulses with much narrower durations. And due to the fiber attenuation, the
pulse intensities decrease exponentially so that the nonlinear effects become weaker
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Fig. 2 Dynamics of an incoherent wave propagating in the normal dispersion regime of optical fiber.
Temporal intensity profiles and spectrograms of the optical field at different propagation distances
(with 0.1 nm initial FWHM linewidth and 1.2 W input power): A Input. B 0.6 km. C 1.2 km. D 2 km. E
5 km. F 35 km. The upper inset of each picture shows the temporal intensity profile and the lower
one depicts the corresponding spectrogram. The white dashed rectangular in (C) illustrates the GVD-
assisted IFWM, which forms a bridge-like area in the spectrogram. The red dashed rectangular in (D)
highlights the regenerated central-frequency components

and weaker (see Fig. 2E, F). After a rather long propagation distance, the GVD effect
dominates the field evolution, and the adjacent pulses exchange their energies
frequently, resulting in a stationary optical spectrum and a kinetic equilibrium of the
spectrogram (see Supplementary Video S1 for the whole dynamic process). Besides the
evolution dynamics of a snapshot, we also investigated the evolutions of statistical
properties as the incoherent optical field propagates along the fiber, the results show
that the spectral components are uncorrelated at the input, noticeably correlated in the
middle distance, and uncorrelated again after a rather long propagation distance (see
Supplementary Section S3 for details).

The physical mechanism described above also explains the evolution differences
with broader input spectra. Since it was known that, a broader initial spectral
width corresponds to a narrow fluctuation duration (see ‘Methods’ section) [34],
thus the blue-shifted frequency components of the preceding pulse and the red-
shifted frequency components of the following pulse will overlap at a shorter
propagation distance, the IFWM effect and spectral recompression will also occur
earlier. Correspondingly, the accumulation of the SPM effect as well as the max-
imum spectral BF decreases with the increase of initial spectral width. The evolu-
tion dynamics and statistical properties with initial FWHM linewidth of 0.5 nm are
simulated and presented in Supplementary Section S4 and Supplementary Section
S5, respectively.

According to the physical mechanism described above, we have derived an approxi-
mate equation governing the recompression point L, (The detailed derivation is
provided in Supplementary Section S6) [2]:
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LrAwO}ﬁl(wo) 7[))1((‘)0 + 6wmax)| —1= 0, (1)

where f3; represents the first-order dispersion coefficient, Aw is the 1/e half-width of
the optical spectrum, dw.x stands for the maximum SPM-induced frequency chirp
which satisfies:

S0max = V2 exp <— %) yAwoPy*[1 — exp(—alL,)]/a, (2)

where P, is the average input power, ¢ and y stand for the attenuation coefficient
and Kerr nonlinearity coefficient, respectively. By substituting Eq. (2) into Eq. (1), the
solution of recompression point L, can be obtained. Then the maximum RMS-BF
BF . is given by [36]:

4 y2Py*[1 — exp(—alL,)]”
BF o = (/1 + . 3
\/ e o )

Figure 3A, B show the dependence of recompression point and maximum RMS-BF
on the initial FWHM linewidth. As can be seen, the solutions of Eq. (1) and Eq. (3)
agree well with the NLSE-based simulations. As the initial spectral FWHM increases

from 0.1 to 2 nm, the recompression point moves from ~ 1750 m backwards to ~ 88 m,
and the maximum RMS-BF decreases dramatically from ~ 2.93 to ~ 1.01.

Experimental setup

ASE source which originates from the random thermal noise, is assumed to be a good
approximation of incoherent CW optical field [34, 37]. With the aid of a linewidth-
tunable 1064 nm ASE source [38] and sections of G.652.D fibers, we experimentally
studied the spectral evolutions of ASE light propagating in the normal dispersion re-
gime of optical fiber. The experimental setup is illustrated in Fig. 4, since the minimal
FWHM linewidth of the ASE source is ~ 0.4 nm and to obtain a narrower spectrum,
the ASE source is spliced with a circulator, followed by a highly reflective 1064 nm
fiber Bragg grating (FBG). Thus, a narrower optical spectrum (orange line) reflected by
the FBG can be obtained in port-3 of the circulator, while the transmitted spectrum is
converted to a double-peak profile (blue line). Sections of G.652.D fibers with a length
ranging from 100 m to 35 km are used as the transmission media, and an optical
spectrum analyzer (OSA) with a resolution of 0.02 nm is used to measure the output
spectra.
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Fig. 3 Comparison between the results of NLSE and approximate equations. A Recompression point as a

function of initial FWHM linewidth. B Maximum RMS-BF dependence on the initial FWHM linewidth. Lines:

solutions of the approximate equations. Scatters: simulated results based on NLSE
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Fig. 4 Schematic of the experimental setup. ASE, amplified spontaneous emission; FBG, fiber Bragg grating;
OSA, optical spectrum analyzer

Spectral evolution with single-peak spectrum

We first carried out the propagation experiments of the single-peak spectrum. Three
cases with different spectral widths are investigated, two of them are realized by the re-
flection of FBGs (0.11 and 0.23 nm reflection bandwidth, respectively), and the last one
is obtained by directly removing the FBG and adjusting the FWHM linewidth of the
ASE source to 1.47 nm (recalling that the ASE source is linewidth-tunable with a min-
imal FWHM linewidth of ~ 0.4 nm). Figure 5A—C depict the spectral evolutions in a
linear scale with the initial FWHM linewidth of 0.11, 0.23 and 1.47 nm, respectively.
The input spectrum with 0.11 nm FWHM linewidth shows a Gaussian-like profile,
while that with 0.23 nm FWHM linewidth looks a little irregular, and the spectrum
with 1.47 nm FWHM linewidth approaches a super-Gaussian shape. As can be seen,
the optical spectrum with 0.11 nm FWHM linewidth varies significantly during the
propagation, showing a dramatic spectral broadening in the near 2 km and a noticeable
recompression in the latter propagation distance. A similar evolution is observed with
0.23 nm initial FWHM linewidth. However, in contrast to the two cases above, the op-
tical spectrum with 1.47 nm initial FWHM linewidth remains stationary during the
whole propagation process.

Interestingly, more details can be found in the spectral wings (see Fig. 5D-F for the
optical spectra in a logarithmic scale). Indeed, the input spectrum with 0.11 and 0.23
nm FWHM linewidth is not fully Gaussian especially considering the broad tails and
the irregular peaks embedded in the tails. However, the spectra become smooth, regu-
lar and symmetrical after propagation, showing a self-organization effect [39]. And the
optical spectrum with 1.47 nm initial FWHM linewidth is not completely unchanged
during the propagation, its wings instead become more and more intense as the propa-
gation distance increases. Figure 5 G shows the FWHM-BF as functions of the propaga-
tion distance, it should be noted that here the input power Py is fixed at 1.2 W (we also
numerically and experimentally investigated the impact of input power, see Supplemen-
tary Section S7 for details). Regarding the case with 0.11 nm initial FWHM linewidth,
the recompression occurs at ~2 km with the maximum FWHM-BF reaching ~ 2.14,
and the eventual FWHM-BF recompresses to ~ 1.27. While with 0.23 nm initial
FWHM linewidth, the recompression point moves backwards to ~1 km with the
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Fig. 5 Experimental spectral evolutions of single-peak spectra. Experimental optical spectra in a linear scale
(A, B, ©) and in a logarithmic scale (D, E, F). (A) and (D): 0.11 nm initial FWHM linewidth. (B) and (E): 0.23
nm initial FWHM linewidth. (C) and (F): 1.47 nm initial FWHM linewidth. The input spectra, the broadest
spectra and the eventual stable spectra are shown as blue, red and orange lines, respectively. G, H Spectral
broadening factors dependence on the propagation distance, calculated using (G) FWHM linewidth and (H)
RMS linewidth. Note that the input power Py is also fixed at 1.2 W in all the experiments

maximum FWHM-BF decreasing to ~ 1.25, and the eventual FWHM-BF also drops to
~ 0.81, indicating that the output spectrum has a narrower FWHM linewidth than the
input one (which has been proved to be the impact of the initial spectral profile, see
Supplementary Section S8). In terms of RMS-BFs (Fig. 5 H), the spectral recompression
seems not so pronounced, the RMS-BF with 0.11 nm initial FWHM linewidth slightly
decreasescan also introduce the dispersion length from maximal 2.04 to eventual 1.93,
and that with 0.23 nm initial FWHM linewidth decreases from maximal 1.76 to even-
tual 1.66. More interestingly, the BF with 1.47 nm initial spectral FWHM keeps un-
changed at 1 in terms of both FWHM and RMS linewidth. Incidentally, the distinctive
spectral evolutions enabled by the interplay between dispersion and nonlinearity in the
propagation naturally raises an intriguing question—how the dispersion and nonlinear-
ity parameters influence the spectral evolution, which has been numerically studied and
presented in Supplementary Section S9.

The experimental spectral evolutions of incoherent CW optical waves propagating in
the fiber with normal dispersion have well confirmed the simulation results, and their
unique properties contrast sharply with those of the pulsed sources (e.g., mode-locked
lasers), in which no spectral recompression occurs instead of a broadening saturation
[2, 21, 40], and they also differ from those of the Raman fiber lasers, in which a
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relatively broad initial spectrum undergoes narrowing while the propagation, and the
spectral narrowing becomes more and more pronounced as the initial spectral width
increases (see Fig. 6A of Ref. [32]). To summarize, here the distinctive spectral evolu-
tions indicate not only the ‘continuous’ but also the ‘incoherent’ natures of the input

optical waves.

Spectral evolution with double-peak spectrum
To further reveal the particularity of the incoherent optical field, we carried out the
propagation experiment with a double-peak spectrum. The unique spectral profile is
obtained with a relatively broad single-peak spectrum transmitting through the FBG,
and the initial FWHM linewidth of the double-peak spectrum reaches ~0.68 nm.
Figure 6A shows the normalized optical spectra in a logarithmic scale, the intensity of
the central valley is ~ 15 dB lower than the peaks at the input, the it increases to about
—2.5 dB due to the broadening and overlapping of the two peaks at 3 km, after that a
slight spectral recompression is observed, and the intensity of the central valley de-
creases to about — 4.2 dB at 35 km. Figure 6B depicts the spectral evolutions in a linear
scale, as can be seen, no matter how long the optical field propagates through, the
spectrum only shows a slight broadening in terms of the FWHM linewidth. Besides,
the evolution trend is similar to that of the single-peak spectrum. The double-peak
spectrum broadens to its maximum with 3-km-long propagation, after that a spectral
recompression is observed. The intensity of the central valley also shows a similar vari-
ation, which reaches its maximum with 3-km-long propagation, then decreases as the
propagation distance further increases. In contrast to the partially coherent Raman fiber
lasers, the double-peak spectrum of an incoherent CW optical field will neither evolve
to a single-peak profile nor show a spectral narrowing as propagating in the normal dis-
persion regime [32], it seems more like a sum of two separate single-peak spectra
propagating independently, which further reveals the incoherent nature of the optical
field. Figure 6C shows the spectral BFs as functions of the propagation distance. The
FWHM-BF increases to maximal 1.13 at the propagation distance of 3 km, then grad-
ually recompresses to eventual 1.04, while the RMS-BF shows a maximum value of 1.08
and a convergence of 1.05.

In addition, the random phase model of the CW incoherent optical field (see Eq. (5)
of the ‘Methods’ section) enables us to use the experimental spectral profile with
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Fig. 6 Experimental spectral evolutions of double-peak spectra. A Output spectra in logarithmic scale at 3
different positions: input, 3 and 35 km. It's worth noting that the spectral FWHM linewidth broadens to its
maximum with 3-km propagation. B Output spectra in linear scale. C Spectral broadening factors
dependence on the propagation distance. Scatters: experimental data; lines: spline fitting
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random phases as the input and simulated the spectral evolution of a double-peak ini-
tial spectrum. The simulation matches nicely with the experimental result (see Supple-
mentary Section S10 for details).

Discussion

Here we would like to first discuss the evolution differences with different initial spec-
tral widths. Regarding the dynamics, since a broader initial spectral width corresponds
to a narrow fluctuation duration, the blue-shifted frequency components of the preced-
ing pulse and the red-shifted frequency components of the following pulse will overlap
at a shorter propagation distance, thus the IFWM effect and spectral recompression
will also occur earlier. Correspondingly, the accumulation of the SPM effect as well as
the maximum spectral BF will decrease with the increase of initial spectral width. We
can also introduce the dispersion length Lp=T,/|B,| and the nonlinear length Ly =1/
(yPo) as references. As we know, the shorter the reference length (namely, the disper-
sion length and nonlinear length), the stronger the corresponding effect. With the same
input power, the nonlinear length is identical for different initial spectral widths. In our
case, the nonlinear length is estimated to be ~0.46 km at the input. However, the
dispersion length varies with the initial spectral width (since the temporal fluctuation
duration changes with the initial bandwidth). For example, the dispersion length is esti-
mated to be ~ 11 km with 0.1 nm initial spectral FWHM linewidth, while it decreases
to ~ 0.44 km with 0.5 nm initial spectral FWHM linewidth. Therefore, since the disper-
sion length is much longer than the nonlinear length (Lp/Lyp>1) for narrow initial
spectral widths, the nonlinear effect (here it refers specifically to the SPM effect) will
dominate the spectral evolution at the early stage, accordingly, the effect of spectral
broadening is stronger for narrow initial spectral widths.

We also would like to further discuss the differences with coherent pulsed light (e.g.,
mode-locked fiber lasers), partially coherent CW light (e.g., Raman fiber lasers) and in-
coherent CW optical field propagating in the normal dispersion fiber. For pulsed light,
the SPM effect will first broaden the optical spectrum and enhance the pulse broaden-
ing induced by the GVD effect, and the enhanced pulse broadening in turn weakens
the SPM effect, eventually, the interplay between GVD and SPM effects leads to a
monotonic but gradually saturated spectral broadening with the increase of propagation
distance [2, 21]. For partially coherent CW optical waves such as Raman fiber lasers,
the similarity with coherent mode-locked fiber lasers is that they all have a variety of
longitudinal modes, the difference is the correlation degree of the multiple longitudinal
modes. As we know, the longitudinal modes of a mode-locked fiber laser are phase-
locked — in other words, these spectral components are coherent (or totally corre-
lated). And the interference of these resonant modes leads to a train of ultrashort
pulses. While regarding Raman fiber lasers, the turbulent FWM interaction of numer-
ous longitudinal modes gives rise to the partial correlation of the spectral components
(especially at the spectral wings), and the partial correlation results in the turbulent in-
tensity fluctuations in the temporal domain. The spectral evolution of partially coherent
Raman waves propagating in the normal dispersion fiber shows two cases: one is simi-
lar to that of incoherent optical waves propagating in the fiber — first spectral broaden-
ing followed by recompression, the other is monotonic but gradually saturated spectral
narrowing [32]. In fact, the first case corresponds to a narrowband Raman fiber laser
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(usually operating at a low power), in which the turbulent FWM interaction of numer-
ous longitudinal modes is weak, thus its output is similar to an incoherent optical wave;
while the second case corresponds to a relatively broad initial spectrum (usually operat-
ing at a higher power), where the optical spectrum can be considered as an assembly of
correlated spectral components generated by the FWM effect inside the cavity [41],
thus the IFWM effect can occur at the beginning and compress the spectrum. Of
course, SPM also takes place in this process but the IFWM effect dominates the evolu-
tion, and due to the power attenuation of light propagation, the interplay between
IFWM and SPM effects leads to a monotonic but weakening spectral narrowing as the
propagation distance increases (see Fig. 6D of Ref. [32]). Accordingly, we can treat the
partially coherent Raman fiber laser as an intermediate state between the coherent
mode-locked fiber lasers and incoherent optical waves. When the turbulent FWM
interaction of numerous longitudinal modes is weak, the output field of a Raman fiber
laser comes closer to an incoherent optical wave; when the turbulent FWM interaction
of numerous longitudinal modes is stronger, the output field of a Raman fiber laser can
be treated as the partially coherent light; in the extreme, the longitudinal modes of a
Raman fiber laser are totally phase-locked (or correlated), it becomes a coherent mode-
locked Raman fiber laser.

In contrast to coherent mode-locked fiber lasers and partially coherent Raman fiber
lasers, the optical spectrum of an incoherent CW field propagating in the normal dis-
persion regime evolves consistently no matter how broad the initial spectrum is, that is,
broadens first afterwards recompresses. In the beginning, the SPM effect dominates the
evolution and the IFWM effect cannot take place since the spectral components of an
incoherent CW field are uncorrelated. Thus the initial spectral broadening is due to the
interplay between SPM and GVD effects, just like the case of pulsed light. However,
with more and more correlated red-shifted components and blue-shift components be-
ing generated through the SPM effect, and overlapping in the temporal domain through
the GVD effect, the IFWM effect can occur and compress the optical spectrum. And
since the nonlinear effects become extremely weak due to the power attenuation of
long-distance propagation, the ultimate optical spectrum remains stable owing to the
dominant contribution of the GVD effect. To better understand the evolution dynamics
with different input optical waves, a detailed comparison is presented in Supplementary
Section S11.

Conclusions

In conclusion, we numerically and experimentally investigated the propagation of an in-
coherent CW optical field in the fiber with normal dispersion, and demonstrated a dis-
tinctive spectral evolution that differs greatly from the previous reports with coherent
mode-locked fiber lasers and partially coherent Raman fiber lasers. The results show
that, no matter how broad the initial spectrum is, the output spectrum undergoes a
broadening followed by a recompression as the propagation distance increases. Besides,
the broader the initial spectrum, the earlier the recompression occurs, and the smaller
the maximum spectral broadening factor. The underlying physical mechanism is at-
tributed to a novel interplay between GVD, SPM and IFWM effects, in which SPM
and GVD are responsible for the first spectral broadening, while the following
spectral recompression is due to the GVD-assisted IFWM, and the eventual
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stationary spectrum is owing to the dominant contribution of GVD effect. Accord-
ing to the physical mechanism, an approximate equation governing the recompres-
sion point was derived, which agrees well with the NLSE-based simulations.
Propagation experiments employing an ASE source as the input were carried out,
which confirmed the results of numerical simulations. Specifically, the result with a
double-peak input spectrum differs greatly from that with Raman fiber lasers, indi-
cating the critical importance of spectral correlation on the propagation-induced
spectral changes. We believe this work can not only expand the light propagation
in the fiber to a more general case and help advance the physical understanding of
light propagation with different statistical properties, but also benefit the applica-
tions in sensing, telecommunications and fiber lasers.

Methods
Light propagation in the fiber
The propagation of an optical field along the fiber can be modeled by the well-known
NLSE [2]:
n A2
‘2—‘:: ngfl/%z%JriﬂAFA? (4)

where A(z, T) is the electric field envelope, z is the propagation distance, T represents
the time in a frame of reference moving at the group velocity of the central frequency.
a, 3> and y stand for attenuation coefficient, second-order dispersion coefficient and
Kerr nonlinearity coefficient, respectively. The NLSE is numerically integrated using
the so-called split-step Fourier method (SSFM) [2], and the following paramenters are
used in the simulation: a = 0.84 dB/km, ;=25 ps*’/km and y=1.8 (Wxkm) ', which
are the same with the fiber parameters employed in the experiment. In addition, the
G.652.D fiber we used features an 8.2 pm core diameter with the numerical aperture
(NA) of 0.14, supporting not only the fundamental LPy; mode but also the LP;; mode
at 1064 nm. However, we have carried out the modal decomposition to verify the
single-mode propagation [42], thus proving the validity of using single-mode NLSE in
the simulations (see Supplementary Section S12). What’s more, the simulated spectrum
via single realization is quite noisy due to the initial random phase [23], thus an
ensemble average over 2400 realizations and a last filtering of the optical spectrum are
conducted. Considering that each realization is independent, the simulations are
performed on a parallel computing platform with 4 notes, and each note consists of 24
cores (2.65 GHz clock speed) and 64 GB RAM.

Modeling the CW input field

Before simulating the optical field propagating in the fiber, modeling the CW input
field is of critical importance. However, the previously reported models such as the
phase-diffusion model and CW with one photon per mode approach [25, 28], cannot
properly simulate the spectral property and temporal behavior at the same time. The
most promising model so far is to simulate the actual laser oscillation using the set of
coupled NLSEs and rate equations (if the active gain is involved) [43, 44]. However, for
precisely simulating the spectral shape and the phase relationship between different
spectral components, not only the experimental mirror profiles but also the exact
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values of fiber parameters are required [45, 46], which makes this approach quite com-
plex and challenging. Fortunately, the case would be much simpler if assuming the in-
coherent optical field is a random complex field, then the input field can be expressed
as a sum of Fourier components [47]:

A(z=0,t) =Y Xy exp(imAot), (5)

where the Fourier modes X, = |Xm’exp(i¢m)are complex variables with random
phases ¢,, uniformly distributed between 0 and 2m [48, 49]. Accordingly, the power
spectrum A(z = 0, ¢) of the random field reads:

<)A(mj(n> = n0m5mn = Vlo(&)m)- (6)

And for the sake of simplicity, the initial optical power spectrum is assumed to be
Gaussian with the FWHM linewidth of Q;:

no(w) = np exp [—4ln(2) 2_22} . (7)
L

Supplementary Fig. S13A shows the simulated temporal intensities |A(z =0, £)|* for
four spectral FWHM linewidths as indicated. It’s clear that the temporal intensity pro-
file of the so-called CW optical field is not constant, in contrast, it's comprised of a
random succession of fluctuations with time scales of picoseconds, and the fluctuation
duration decreases as the spectral width increases [37]. The intensity autocorrelation
functions (ACFs) illustrated in Supplementary Fig. S13B show the average durations of
the temporal fluctuations, indicating a decrease from ~ 16.2 to ~ 3.3 ps with the spec-
tral FWHM linewidth increasing from 0.1 to 0.5 nm. Obviously, an incoherent CW op-
tical field with such intense temporal fluctuations propagating in the fiber will undergo
a variety of nonlinear effects, e.g., the SPM effect, which will in turn reshape the tem-
poral intensities as well as the spectral properties of the optical field.

Experimental setup of the ASE source

The ASE source is counter-pumped by a 976 nm laser diode through a (2+1)x1
signal-pump combiner, the pump light is launched into 8-m-long 10/130 pm Yb-doped
fiber with a cladding absorption of ~4 dB/m. To eliminate the end feedback induced
parasitic lasing, two broadband isolators are utilized to improve the isolation ratio. The
broadband ASE source is spliced with a bandwidth-tunable optical filter, through which
a linewidth tuning range of 0.4—15 nm can be obtained.
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