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We present a comprehensive numerical and experimental investigation of dispersive wave emission in

photonic crystal fibers, generated from femtosecond pulses under normal dispersion pumping. Particular

attention is given to the roles of self-phase modulation and optical wave breaking in shaping both the

temporal and spectral characteristics of the pulses in the presence of higher-order dispersion. Our findings

underscore the critical importance of accounting for higher-order dispersion to accurately model the

dynamics of optical wave breaking and dispersive wave generation in the anomalous dispersion regime.

Experimentally, our results show excellent agreement with numerical simulations, further validating the

model. Additionally, we examine polarization effects and supercontinuum relative intensity noise using

the dispersive Fourier transform technique.

1. INTRODUCTION

Supercontinuum (SC) laser sources based on photonic
crystal fibers (PCFs) have gained significant attention in
recent years, driving advancements in both scientific re-
search and practical applications [1, 2]. A crucial factor
behind the success of PCFs for SC generation is the abil-
ity to align the fiber’s zero-dispersion wavelength (ZDW)
with the operational wavelength of ultrafast laser systems,
allowing for efficient excitation of soliton dynamics that
underpin spectral broadening. To trigger soliton dynam-
ics, short pulses are launched into the fiber’s weak anoma-
lous dispersion regime, where the pulse undergoes higher-
order soliton compression and subsequently breaks into
fundamental solitons. These solitons are then influenced
by higher-order dispersion effects and stimulated Raman
scattering (SRS), resulting in the emission of dispersive
waves (DW) toward the visible in the normal dispersion
regime, and the soliton self-frequency shift (SSFS) toward
the infrared [3]. The generation of DWs from solitons, also
known as resonant or Cherenkov-like radiations, has been
thoroughly studied in photonic crystal fibers with various
dispersion and phase-matching conditions [3-7].
However, recent studies have expanded the under-
standing of DW emission, revealing that it is not lim-
ited only to soliton pulses in the anomalous dispersion
regime [8-11]. In particular, it has been shown that power

transfer from a pump in the normal dispersion regime to
a DW in the anomalous dispersion regime can also occur
due to the third-order dispersion [8]. This concept has
been even theoretically extended to account for fourth-
order dispersion, further demonstrating the potential to
generate multiple DWs from normal dispersion pump-
ing [10]. In both cases, the frequency shift of the DW is
determined by phase-matching conditions. This shift is
influenced not only by dispersion but also by self-phase
modulation (SPM) and optical wave breaking (OWB), the
two key nonlinear effects that tend to dominate propaga-
tion in the normal dispersion regime [10].

In this paper, we present a detailed numerical and ex-
perimental investigation of dispersive wave (DW) emis-
sion from femtosecond pulses propagating in the weak
normal dispersion regime of a polarization-maintaining
(PM) photonic crystal fiber. We begin by introducing the
DW generation process through numerical simulations
based on the generalized nonlinear Schrédinger equation
(GNLSE). Next, we examine the impact of third-order
dispersion on SPM and OWB, with a particular focus
on DW emission in the anomalous regime, analogous to
soliton-induced DWs in the normal dispersion. However,
in this case, the DW frequency detuning follows a different
phase-matching condition compared to the soliton regime,
as it must also account for the pump frequency chirp



Research Article ‘

2

induced by SPM [8]. We compare this phase-matching
method with the results of numerical simulations. We
then provide experimental results on supercontinuum
(SC) generation in the PM-PCE, involving SPM, OWB, and
DW emission, by tuning the pump wavelength and peak
power. Our experimental findings show strong agreement
with GNLSE-based simulations and the phase-matching
equation. Furthermore, we explore the transitional dy-
namics between the normal and anomalous dispersion
regimes and investigate the role of polarization effects.
We also assess SC noise and stability using the dispersive
Fourier transform (DFT) technique. The results under-
score the critical role of higher-order dispersion in ac-
curately modeling SC generation when pumping in the
normal dispersion regime.

2. NUMERICAL MODEL

Understanding SC generation, particularly the generation
of DW in the anomalous dispersion domain, involves ob-
serving nonlinear phenomena during the propagation of
ultrashort femtosecond laser pulses in nonlinear media
such as optical fibers. To achieve this, reliable and com-
prehensive numerical modeling of nonlinear pulse prop-
agation in dispersive media is essential. Our approach
employs the generalized nonlinear Schrodinger equation
[3], as described in equation 1. This equation is funda-
mental for simulating the complex interactions and effects
observed in SC generation. It can be expressed in the
following form:
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Where A(z T) is the complex amplitude of the electri-
cal field normalized such as jA(z, T)j? gives the instanta-
neous power in watts. Equation 1 showcases both linear
propagation (left-hand side) and nonlinear propagation ef-
fects (right-hand side). The coefficients a and by represent,
respectively, the linear loss and Taylor series expansion
of the group velocity dispersion around a central angu-
lar frequency (input pulse angular frequency wp). The
coefficients g, ts and R(T) are respectively the nonlinear
coefficient, the self-steepening characteristic time (related
to shock formation), and the nonlinear Raman response
[4, 12] defined as follows:
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Where n; is the nonlinear index of silica glass assumed
to be frequency-independent. n;, is typically 2.6
10 2°m? /W for silica-based fibers for wavelengths around
1000 nm [4]. fr is the Raman fractional contribution to the
Kerr effect and is typically 0.18 for fused silica [4]. hR is

R
defined such as to have 0¥ hr(T)dT = 1. Ags¢is the fun-
damental mode effective area. Equation 1 is numerically
solved using the split-step Fourier method with Matlab.

A. Normal dispersion pumping

This study focuses on femtosecond SC generation in the
ND regime, where the underlying mechanisms differ sig-
nificantly from those in the solitonic regime. In ND fibers,
SC generation is primarily driven by coherent effects such
as SPM and OWB [13-15]. While SPM is well-known to
dominate the initial evolution, OWB plays a crucial role in
significantly broadening the spectrum beyond the limits
of SPM via four-wave mixing (FWM), thus extending the
initially narrow SPM spectrum [13, 16]. In the time do-
main, OWB manifests as a dispersive shock wave (DSW),
characterized by damped oscillations in the pulse wings.
These oscillations result from the interference between the
SPM-generated chirp sidebands and the linear parts of
the pulse [17-19]. This nonlinear pulse propagation in the
ND regime is numerically illustrated in Figs. 1.
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Fig. 1. (a) Fiber input (dashed) and output (solid) pulse
spectra, showing SC generation under normal disper-
sion pumping and DW emission at 1130 nm. (b) Time-
frequency spectrogram showing DW emission driven
by SPM in the anomalous dispersion (AD) region. (c)
Group-velocity dispersion D of the experimentally used
PCEFE, with the ZDW at 1042 nm and the pump wave-
length at 980 nm in the normal dispersion (ND) regime.
The inset shows the cross-section of the PCF under test.
(d) Fiber input (dashed) and output (solid) pulse pro-
files. The input conditions are a 140 fs (FWHM) Gaus-
sian pulse at 980 nm with a peak power of P=7 kW, and
a propagation distance of 80 cm.

Here, we specifically examine the influence of higher-
order dispersion at wavelengths below the ZDW and ex-
plore its impact on the broadening and evolution of both
the pulse profile and its spectrum. We numerically investi-
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gate this scenario using an initial Gaussian pulse of 140 fs
duration (FWHM) at a wavelength of 1p=980 nm, with
a peak power of P=7 kW, propagating through an 80 cm
long polarization-maintaining PCF (NKT Photonics SC-5-
1040-PM). The PCF cross-section is shown in the inset of
Fig. 1 (c), and the computed dispersion curve, plotted as
a red line, reveals a ZDW at 1042 nm.

Figure 1(b) provides a spectrogram analysis of the out-
put pulse from the fiber, while Figs. 1(a) and (d) show
the input and output spectra and pulses on a logarithmic
scale, respectively. The results in Figure 1 highlight the
generation of a DW near 1130 nm, an example of the gen-
eralized DW generation with ND pumping discussed in
Ref. [8]. The phenomenon of OWB is also clearly visible
in the spectrogram, manifesting in both the temporal and
spectral domains.
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Fig. 2. Numerical simulations: Temporal (a) and spec-
tral (b) evolution along the PCF fiber, showing the DW
generation at 1130 nm and the interferences in the time
domain, using the same parameters as in Fig.1. a) Time
evolution with Dk; estimation (white dashed line). b)
Direct comparison of DW model dwgpm (black dashed
line) with numerical simulations.

As strong modulations develop in the time domain
(Figure 1d), corresponding oscillations are observed in
the spectrogram, accompanied by DW emitted simulta-
neously. This superposition of radiation in the spectral
domain at specific moments in the temporal domain leads

to oscillations on the top left of the pulse, similar to the
effect of modulation instability (MI). We note that the sim-
ulated pulse profile shown in Fig. 1(d) has already been
observed experimentally using the frequency-resolved op-
tical gating technique [20]. The oscillations observed in
the spectrogram (Figure 1(b)) are closely linked to SPM,
as reflected in the spectral domain (Figure 1(a)). Whether
the emitted DW originates from SPM in the spectral do-
main or Ml-like oscillations in the temporal domain, it
contributes to the formation of a DW. These phenomena
are more likely to occur near the ZDW, as illustrated by
the dispersion curve in Figure 1(c). This underlines the
reason for selecting a pump wavelength of 1p=980 nm
for this study. Future research will investigate alternative
pump wavelengths to further explore their impact on DW
generation.

To gain deeper insights into the nonlinear dynamics,
we plot in Figs. 2 (a) and (b) the temporal and spectral
evolution of the femtosecond pulse along the fiber. In the
time domain, the pulse undergoes significant broadening
due to normal dispersion, while in the spectral domain,
we observe clear spectral broadening and the generation
of a DW as the pulse spectrum crosses the ZDW barrier,
indicated by the dashed black line in Fig.2 (b). In the
time domain, strong intensity modulations are present on
the pulse (top left), with the suppression of OWB on the
trailing edge of the pulse. It is important to emphasize
that the observed behaviors in Fig. 1 and Fig.2 contrast
with those reported in Ref. [8] for the picosecond regime,
where OWB and MlI-like oscillations were not observed.
Furthermore, in our case, stimulated Raman scattering
(SRS) is negligible due to the significant DW frequency de-
tuning (40 THz), which far exceeds the Raman frequency
shift (13.5 THz). However, the effect of self-steepening is
not negligible in the femtosecond regime, as it induces a
slight shift (a few nm) in the DW frequency detuning (not
shown here).

B. Phase-matching

Similar to DWs emitted by solitons with anomalous dis-
persion pumping, there is also a phase-matching condi-
tion that allows the prediction of the DW frequency for
the case of normal dispersion pumping. To accurately
determine the frequency shift of the DW emitted in the
anomalous regime, it is crucial to use a reliable phase-
matching model. In this study, we will use the method
from Ref. [8]. The method to compute the position of
the DW considers that DW generation in the anomalous
regime is driven by SPM, as shown by the spectrogram in
Fig. 1(b). Consequently, the wavelength at which the DW
is generated, 1pyy, is linked to the SPM-induced positive
chirp at a wavelength close to the ZDW, Igpy, rather than
at the pump wavelength itself, I [8, 9]. Ispy is indicated
as an arrow in Fig. 1(a). This shift in wavelength neces-
sitates calculating the second and third-order dispersion
coefficients at the I'spy rather than at the 1, as is typ-
ically done in the soliton regime. The generation of the
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DW in the anomalous domain is therefore governed by
a modi ed equation 3, which does not include any ad-
ditional nonlinear terms. This adjustment is accounted
for by the nonlinear phase shift and the SPM-induced fre-
guency chirp. In angular frequency unit, this equation can
be readily written as [8]

3b2(Wspm)
b3(Wspm)

Figure 2 (b) compares the model for predicting DW
position in wavelength, using Eq.3 with numerical simu-
lations. This value is compared against the spectrum evo-
lution simulated by the GNLSE for a pump wavelength of
| p =980 nm and a power of P =7 kW. The results in Figure
2 (b) con rm the reliability of using  dwspm for predicting
the DW position. However, it is important to highlight
that the wavelength at which SPM occurs has been deter-
mined numerically through spectrogram analysis, which
is highly sensitive to different parameters.

dWspm =

®3)

B.1. Comparison between theory and simulation

By applying Eq.3 to calculate the position of the dispersive
wave, we can compare their predictions with the results
obtained from the GNLSE simulations. Figure 3 (a) illus-
trates the evolution of the DW position in wavelength,
alongside the simulated DW, as a function of peak power
at a pump wavelength of | , =980 nm. Similarly, Figure
3 (b) compares the same behaviors with an input peak
power at P= 10 kW as a function of pump wavelength.

The results in Figure 3 demonstrate that the prediction
derived from the theoretical formula based on the SPM
wavelength (dwspm), are close to those obtained numer-
ically, which strongly supports the method introduced
in Ref. [8]. On the other hand, the values predicted by
the relation in Eqg. 3 show good agreement with the simu-
lated results, underscoring the reliability of this approach.
The next phase of this study will involve comparing the
numerically obtained values with experimental data to
further validate the method.

3. EXPERIMENTAL MEASUREMENTS

A. Experimental setup

The objective of the experiment is to investigate DW gener-
ation under normal dispersion pumping. The experimen-
tal setup, illustrated in Figure 4, utilizes a high-power,
femtosecond mode-locked Ti:Sa pump laser (Coherent
Chameleon). This laser delivers 140 fs Gaussian pulses,
tunable over a wavelength range from 680 nm to 1080 nm,
with a repetition rate of 80 MHz and a maximum average
power of 3.8 W at 800 nm.

To analyze the polarization dependence of the spec-
trum, a half-wave plate (HWP) is introduced, while a
variable density lter (VDF) is used to control and exam-
ine the effects of varying power levels. The pulses are then
coupled into the microstructured optical ber (NKT Pho-
tonics; Model: SC-5.0-1040-PM), and the output spectrum

Fig. 3. Evolution of the dispersive wave wavelength
according to the analytical method dwspm (green) with
the positions obtained by the simulation dwgjy,, (red) for
different peak power with a pump wavelength a) | p=
980 nm and b) for different pump wavelength at input
peak power P= 10kW.

is recorded using an optical spectrum analyzer (OSA). The
ber has a length of L=80 cm.
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Fig. 4. Scheme of the experimental setup including

a tunable femtosecond Ti:Sa laser, a half-wave plate
(HWP), a variable density Iter (VDF), a 40X microscope
objective, the photonic crystal ber under study, and an
optical spectrum analyzer (OSA). The DFT port includes
a DCF ber, a 25-GHz photodiode, and a real-time 20
GHz oscilloscope.

To control and monitor the power launched into the
PCF core, we use a power meter (PWM). The measured
power is an average value, reaching up to B,,=280mwW
to prevent any damage of the ber input face. The re-
sults are presented in terms of peak power and pumping
wavelength to ensure consistency with the simulations.

Fig. 5. (a) Experimental and (b) numerical output spec-
tra as a function of input peak power, showing the pro-
gressive generation of a dispersive wave near 1130 nm
in the anomalous dispersion for a pump wavelength

| =980 nm. All spectra are vertically shifted for im-
proved clarity. (c) Direct comparison of the experimental
and numerical spectra for peak powers Pey=7.14 KW
and Pgjpy,=7 kW.

A.l. Measurements at | p=980 nm for different output powers

We next examined the SC spectrum for a xed pump wave-
length of | , =980 nm, varying the power to observe the
different stages of the OWB process. Our goal was to
track the emergence of the DW during propagation, as
illustrated in Fig. 5 (a). As the SC spectrum evolves,
we observe that as the spectrum begins to broaden, it
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becomes increasingly asymmetrical towards the longer
wavelengths, in uenced by the third-order dispersion co-
ef cient, bs. Additionally, on the shorter wavelength side,
the spectrum exhibits self-steepening, a result of the OWB
phenomenon. At higher power levels, a DW is generated
at 1130 nm in the anomalous dispersion region, shifting
towards longer wavelengths as the power increases. This
shift aligns with the fact that the pump frequency chirp
increases with power, resulting in phase-matching being
achieved at longer wavelengths for DW.

Fig. 6. Evolution of the position of the dispersive wave
according to the phase-matching dwspm (green), the sim-
ulation dwgjm, (red), and the experiment dweyxp (blue)
for different peak power with a pump wavelength | p=
980nm.

A.2. Comparison between simulations and experiments

The experimental measurements aim to validate the the-
oretical or numerical predictions made earlier. To verify
the accuracy of the numerical simulations against the ex-
perimental results, we focus on comparing the power
evolution in Figure 5 (a) for | , =980 nm with the corre-
sponding power evolution obtained from numerical sim-
ulations. The agreement between the experimental and
simulated results is very good, particularly at lower wave-
lengths where the SPM oscillations are almost identically
represented, albeit with a slight shift in the DW frequency.
This discrepancy between the simulated and experimen-
tal spectra stems from the need to further optimize the
simulated spectrum to achieve perfect alignment with the
experimental data. However, optimizing the spectrum is
challenging since it already closely matches the SPM gen-
eration, and even small power adjustments do not lead
to a signi cantly better t. Nonetheless, given the overall
consistency between the numerical and experimental re-
sults, we can conclude that the methods for predicting the
position of the DW, as detailed in Figure 3, can be applied
to the experiment.

A.3. Measurements for different pump wavelengths

This initial experiment investigates the evolution of the
SC spectrum across different wavelengths to highlight the
transition from the normal to the anomalous dispersion
region. The selected pump wavelengths range from | =
910 nmtol =1080 nm, with the ZDW at | zpw = 1042 nm.
As the wavelength increases, the initial power of P=17.1
kW gradually decreases to 3.4 kW, following the laser's
power curve. Figure 7 illustrates the output pulse spectra
across this wavelength range, emphasizing the effect of
pump wavelength on the DW position.

Fig. 7. Experimental Results: Evolution of the ber's
output SC spectrum as a function of the pump wave-
length around the zero-dispersion wavelength and for
different input peak powers from P=17.1 kW to 3.4 kW,
following the laser's power curve. All spectra are verti-
cally shifted for improved clarity.

This result demonstrates the evolution of the DW gener-
ated in both the dispersion regimes. Additionally, it high-
lights the transition between these two regimes. When
pumping occurs in the ND regime, the dispersive wave
is generated in the anomalaous regime, and conversely,
it is generated in the normal regime when pumping oc-
curs in the anomalous (soliton) regime. This transition
is signi cant because, in the anomalous region, the gen-
eration of the dispersive wave is a direct consequence of
the radiation emitted during soliton formation. In the nor-
mal region, however, the dispersive wave is essentially
shed by SPM. Another important point is that the power
threshold for DW generation differs signi cantly between
the two dispersion regimes. This difference explains the
sharp reduction in peak power, which drops from 17.1 kW
to just 3.4 W. In the anomalous dispersion regime, soli-
ton pulse compression leads to a lower threshold for DW
generation, while in the normal dispersion regime, pulse
broadening occurs, requiring a much higher threshold.
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