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We report a numerical investigation of how the dispersion slope affects the soliton spectral tunnel-
ing (SST) in a photonic crystal fiber with three zero dispersion wavelengths. It is discovered that 
a larger dispersion slope makes group-velocity mismatch between the initial soliton and the trans-
ferred wave thereby suppressing the SST effect, while a proper decrease of the dispersion slope 
enhances the SST effect to widen a supercontinuum range. Besides, we find a soliton-like leaking 
dispersion wave, which can sustain information and energy for a short time within a particular spec-
tral range. 

Keywords: soliton spectral tunneling, supercontinuum generation, dispersion slope. 

1. Introduction 

The generation of ultra-broadband supercontinuum (SC) has been a hot topic as its 
favorable implications in photochemistry and spectroscopy, etc. [1, 2]. The dynamics 
of a dispersive wave (DW) and optical soliton play an essential role in the process of 
SC generation. The DW originates from the femtosecond soliton pulse perturbed by 
higher-order effects and is critical for controlling the shorter wavelength edge of the 
spectrum [3–5]. However, the spectrum at the longer wavelength edge is controlled by 
the Raman-induced soliton self-frequency shift (SSFS), which produces a continuous 
redshift with respect to the center wavelength of the soliton pulse [4, 5]. Ordinarily, op-
tical solitons exist only in anomalous group velocity dispersion (GVD) regimes [6, 7]. 
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However, theoretical studies have demonstrated that the Raman-induced SSFS allows 
a soliton to tunnel through a spectrally limited regime of normal dispersion sandwiched 
by two anomalous GVD regimes, and couple its energy to the latter anomalous GVD 
regime thereby forming a new soliton [8, 9]. Because of many similarities between the 
above phenomenon and quantum mechanical tunneling across a potential barrier, this 
phenomenon is named soliton spectral tunneling (SST) according to the evolution phe-
nomena in the spectral domain [10–12]. 

The generation process of the SST effect is complicated. It demands a potential 
barrier in the dispersion profile, which is a normal GVD regime surrounded by two 
anomalous ones. Such characteristics is challenging to be satisfied in traditional fibers; 
however, it is realizable in PCFs due to controllable dispersion characteristics of PCF 
[13, 14]. By adjusting the geometric structure of PCF, we can obtain fibers with multiple 
zero dispersion wavelengths (ZDWs) of different dispersion profiles in practice [15]. 
Fundamentally, the SST effect is primarily motivated by the Raman-induced SSFS to 
constantly transfer energy to the DW when the soliton propagates through an optical 
fiber [12]. Accordingly, the phase-match condition between the initial soliton and the 
transferred wave is another requirement for the SST effect [10, 12]. If the transferred 
wave is group velocity (GV) matched to the initial soliton, which satisfies the condition 
of soliton phase matching (PM), then the transferred wave can form a tunneled soliton 
due to the delicate equilibrium between nonlinear self-compression and dispersive 
broadening. Otherwise, the transferred wave performs as a linear DW with leakage 
structure. Thus, the SST effect is also considered to be a sort of DW generation induced 
by a soliton [16, 17]. 

Since 1978, when NEWELL first predicted that the tunneling effect exists in nonlinear 
media [18], a considerable effort has been put into studies about SST controlled by the 
nonlinear Schrödinger equation (NLSE) [10, 19–21]. For the observation of SST, a few 
index-guiding holey fibers with a tunable potential barrier have been designed by 
POLETTI et al. [10]. ZHAO et al. [21] numerically studied the influence of a chirp on 
the SST in the process of supercontinuum. However, there are as yet little studies fo-
cusing on how the magnitude of the dispersion slope impacts on the process of SST 
in a fiber. One of the dispersion slope’s primary effects on ultra-short pulses is that the 
pulse peak shift varies linearly with the transmission distance and the lead or delay of 
the pulse is determined by the sign of the dispersion slope of the fiber [22]. There have 
been some studies indicating that the dispersion slope has an impact on both DWs and 
fundamental solitons in SC generation [23, 24]. For example, JOLY et al. [23] have 
shown the nonlinear behavior of solid-core PCFs near a negative-slope ZDW. Also, 
YANG et al. [24] have numerically demonstrated DW generation in PCFs, including both 
negative and positive dispersion slopes for a pump wavelength. In the current work, we 
discuss the impact of the dispersion slope on the SST effect in a PCF with three ZDWs. 
The interaction between Raman solitons and DWs is a vital influence factor in the pro-
cess of SST. Thus, analyzing the evolution of the SST when exploring the effect of the 
dispersion slope will be of great significance. It may inspire a new way to harness SST 
for SC generation. 
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This article is organized as follows. A basic theoretical model for the input pulse 
propagating in a fiber that considers high-order dispersion and higher-order nonlinear 
effects is depicted in Section 2. In Section 3, the numerical simulations concerning the 
impact of different dispersion slopes on the SST are then discussed in detail. Finally, 
we summarize our numerical simulation results in brief in Section 4. 

2. Numerical model 

For the numerical model of ultra-short pulse propagation in a PCF with three ZDWs, 
a well-known and universally used NLSE can be described as 

i k + 1
A z  T  βk kA 

------------------------- = 
z  k! T k

k  2 
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+ iγ 1 + --------- ----------- 
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The NLSE has been described in detail elsewhere [15, 25], but here we consider a brief 
description in pursuit of completeness. In Eq. (1), A(z, T ) is the complex amplitude of 
the time-domain pulse envelope; T  and z are, respectively, the time parameter and 
dimensional propagation distance at the group velocity of the input pulse; γ refers to 
the nonlinear parameter of the optical fiber; βk denotes the dispersion coefficient of 
k-th order at the pump carrier frequency ω0, and R(T ) is the nonlinear response func-
tion [1, 15]: 

R T  = 1 – fR δ T +    (2)      fR hR T 

which includes Raman and Kerr components. The order of dispersion parameter is up 
to 10 to reach a good dispersion profile of PCFs. Meanwhile, the fiber loss is neglected 
to obtain a physical understanding of the effects, as only a short fiber length is con-
sidered in the simulations. The injected pulse we adopted is the non-chirped hyperbolic 
secant pulses in the numerical simulation: 

A0 T  = P0 sech T /T0 (3) 

The behavior of SST is strongly influenced by the incident parameters, thus making 
it possible to manipulate the SST process by adjusting the initial conditions. At the 
same time, a PCF is chosen as the appropriate transmission medium owing to its con-
trollable nonlinear and dispersion features [16]. The dispersion profile and relative 
group delay of the optical fiber, considered here as a function of the wavelength, are 
depicted in Fig. 1. The adopted PCFs have three ZDWs (λ1 < λ2 < λ3) located respec-
tively at ~797, 922 and 1016 nm, which split the entire spectrum into four regimes (short 
wavelength normal GVD regime (N1: λ ≤ λ1), short wavelength anomalous GVD re-
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Fig. 1. The curve of dispersion parameter (a) and relative group delay (b) of PCF1 (blue solid curve), PCF2 
(orange dashed curve), PCF3 (yellow dotted curve) as well as PCF4 (purple dotted-dashed curve). 

gime (A1: λ1 ≤ λ ≤ λ2), long wavelength normal GVD regime (N2: λ2 ≤ λ ≤ λ3), and long 
wavelength anomalous GVD regime (A2: λ > λ3)), as shown in Fig. 1a. This situation 
is ideal for researching the SST effect as two anomalous GVD regimes surround the nor-
mal GVD regime. There are four PCFs, namely PCF1 to PCF4, which are successively 
adjusted by increasing the dispersion slope. They are obtained through a proper choice 
of higher-order dispersion coefficients and guaranteeing consistent β2, which ensure that 
only the dispersion slope is changed while keeping the soliton order constant. Use β3 to 
indicate the difference in dispersion slope, setting the value as β3.1 = 0.3945 ps3km–1, 
β3.2 = 0.7734 ps3km–1, β3.3 = 0.9624 ps3km–1, and β3.4 = 1.3411 ps3km–1. For the sake 
of scientific rigor, we keep the consistent nonlinear coefficient of γ = 0.146 W–1m–1 by 
properly adjusting the fiber parameters and uniformly use a pulse of width T0 = 90 fs of 
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wavelength λ0 = 804 nm. Furthermore, we set the peak power at 1 kW and consider 
a fiber length of 0.45 m. 

3. Numerical results and discussions 

To fully comprehend the process of SST, we firstly limit our observations to the output 
spectrogram traces of a successful soliton tunneling by using X-FROG technology, in-
cluding temporal (bottom axis) and spectral (left axis) content of the signal, see Fig. 2. 
The numerical X-FROG patterns are presented at fiber lengths of 0.001, 0.05, 0.08, 
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Fig. 2. The numerical X-FROG patterns of the input pulse for different propagation lengths of 0.001 m (a), 
0.05 m (b), 0.08 m (c), 0.1 m (d), 0.2 m (e), and 0.4 m (f ). 
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0.1, 0.2 and 0.4 m, respectively. Figure 2a shows that the pulse width of the pump pulse 
is extremely narrow at the input of a PCF. In the initial stage, the spectrum of femtosec-
ond laser pulses is symmetrically broadened due to SPM, see Fig. 2b. Typically, optical 
pulses transmit in the form of high-order solitons and are susceptible to HOD as well 
as other nonlinear effects, such as four-wave mixing (FWM) and stimulated Raman 
scattering (SRS). After strong temporal compression, the ejected pulse achieves maxi-
mum bandwidth, after which perturbations of the linear and nonlinear effects initiate 
the input pulse breakup. Consequently, a series of fundamental solitons with diverse 
peak powers and durations are injected. Soliton split enables parts of energy to be trans-
ferred to the narrow-band resonance of the normal GVD regime, and thereby emit DWs 
when meeting the PM condition of the dispersion wave. Figure 2c shows that B-DW 
is generated at a shorter wavelength normal GVD regime. Then the fundamental soliton 
(i.e., the initial soliton) experiences redshift resulting from the Raman response. When 
the initial soliton reaches to the second ZDW, the generation of R-DW at longer wave-
length normal GVD regime means that the energy channel of tunneling is formed, see 
Fig. 2d. If the transferred wave (1050 nm) is GV-matched to the initial soliton (861 nm) 
and the soliton PM condition is fulfilled, the energy of the initial soliton will be effec-
tively transformed to the transferred wave through the channel, as shown in Fig. 2e. 
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Fig. 3. The corresponding temporal evolution as a function of fiber length under the condition of different 
dispersion slopes in the PCF1 (a), PCF2 (b), PCF3 (c), and PCF4 (d). 
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Energy coupling from the initial soliton and R-DW continuously occurs until it is fully 
coupled into the transferred wave to form a soliton state, namely, tunneled soliton. Fig-
ure 2f  shows the coupling is completed and the initial soliton as well as R-DW disap-
pear, which is a perfect soliton tunneling. 

In order to get a comprehensive understanding of the impacts of the dispersion  
slope on SST, let us start with the corresponding temporal evolution under the condition 
of different dispersion slopes respectively in PCF1 to PCF4 with 0.45 m length, cor-
responding to Figs. 3a–3d. From the dispersion parameter curve of Fig. 1a, it can be 
found that the dispersion slope near the first ZDW is positive, while the dispersion 
slope near the second ZDW is negative. Therefore, according to the phase matching 
condition of the dispersion wave, B-DW is generated at the back edge of the first soliton 
(i.e., initial soliton) and R-DW is generated at the front. We discover that the alteration 
of a dispersion slope value has a significant effect on the generation of DW, thus lead-
ing to changes in the energy distribution of DWs. On the other hand, changing the dis-
persion slope value also affects the velocity of the soliton. It can be seen that transmittal 
velocities of the first soliton gradually decrease while the related delays become higher 
when increasing the dispersion slope. 

Figure 4 presents the spectral evolution and related output spectra with different 
dispersion slope values. As soon as the pump is launched into a PCF, the pump spec-
trum broadens purely through SPM up to ~0.04 m. Then a train of fundamental solitons 
appears subsequently, along with the radiation of the related DWs. In Fig. 4a, it can 
be observed that B-DW generates at a distance of ~0.05 m in N1. The first splitting 
fundamental soliton (i.e., initial soliton) undergoes Raman-induced SSFS and contin-
ues to redshift. When it reaches the second ZDW at ~0.06 m, R-DW radiates in N2 and 
forms an energy channel, which couples the energy of the initial soliton to A2. At this 
time, let us see filled circles with black or blue colors in Fig. 1b respectively which 
correspond to the β1 of the initial soliton and transferred wave at the corresponding 
wavelength under different conditions. In such conditions, there is little difference be-
tween the β1 of the two circles in PCF1, which suggests the GV-matching condition is 
satisfied between them and thereby the initial soliton will continue to deliver energy 
to the transferred wave until the coupling is completed at ~0.2 m. The transferred wave 
becomes a tunneled soliton in A2, and the R-DW disappears. When increasing the dis-
persion slope, spectral evolution makes a huge difference, as Fig. 4b illustrates. As 
can be seen from the temporal evolution, the initial soliton moves more slowly, which 
results in the suppression of SSFS. Consequently, it needs to transmit a longer distance 
(~0.18 m) to reach the second ZDW. In Fig. 1b, two circles in PCF2 have quite dif-
ferent β1, which indicates GV-mismatching. At this time, the transferred wave becomes 
a leakage-like DW, while the generated R-DW does not disappear but continues to prop-
agate. The energy of the initial soliton is not effectively coupled, and the residual energy 
remains near the second ZDW, so the SST fails. In addition, because the suppression 
of SSFS leads to the phase change of the initial soliton, the location of B-DW gener-
ation is changed to longer wavelength. Accordingly, the spectrum becomes narrower. 
However, as the dispersion slope continues to increase, the trend of phenomenal change 
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Fig. 4. Spectral evolution as a function of fiber length (a, b, e, f ) and the corresponding output spectra 
(c, d, g, h) under the condition of different dispersion slope values: adjusted by the increasing dispersion 
slope, corresponding to PCF1 (a, c), PCF2 (b, d), PCF3 (e, g) and PCF4 (f, h). The vertical dashed lines imply 
the three ZDWs of the optical fiber, separating domains N1, A1, N2, and A2, in which the normal GVD regime 
N2 is surrounded by two anomalous ones: A1 and A2. D1, D2, D3, S1, and S2 respectively stand for the various 
components of the output spectra: B-DW, R-DW, leakage-like DW, initial soliton and tunneled soliton. 
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is further reflected in Fig. 4e. The distance of the initial soliton reaching to the second 
ZDW increases to ~0.22 m. GV-mismatching is more serious because the difference 
of relative group delay is greater, as seen from the value of two circles in  PCF3 of  
Fig. 1b. The energy of the generated leakage-like DW is weakened, the R-DW energy 
is enhanced, the residual energy of the initial soliton increases and the spectrum width 
is narrower. Such phenomena are more distinct in Fig. 4f. The initial soliton propagates 
near the second ZDW due to the spectral recoil effect, and the leakage-like DW dis-
appears completely, so SST does not exist. At this point, the soliton slows down dra-
matically, overlapping with the radiated B-DW in the temporal domain, and the soliton 
trapping of DWs is produced by FWM. The trapped B-DW is generated at a transmis-
sion distance of ~0.28 m. 

The energy of each component at the output also varies significantly, as sketched in 
Figs. 4c, 4d, 4g, 4h. Firstly, it is obvious in Fig. 4c that the tunneled soliton (labeled S2) 
is formed and R-DW almost does not exist, which is a typical SST. When the dispersion 
slope is increased in Fig. 4d, the tunneled soliton disappears due to GV-mismatching, 
and the leakage-like DW (labeled D3) with weak energy is formed. R-DW (labeled D2) 
always exists in the whole transmission process without establishing an effective chan-
nel. Some energy of the initial soliton (labeled S1) remains near the second ZDW. Con-
sequently, SST fails. Meanwhile, the intensity of B-DW (labeled D1) has a bigger 
amplitude because of the narrowed spectrum but constant total energy. With the in-
crease of the dispersion slope, the trend of energy change in each part is more prominent 
in Fig. 4g. As the dispersion slope continues to increase in Fig. 4h, the severe GV-mis-
matching causes the leakage-like DW to disappear completely and SST does not exist. 
The initial soliton energy cannot be coupled to A2, so its energy increases and radiating 
is stronger in R-DW. Part of B-DW energy is transferred to the trapped DW, which 
reduces its amplitude. 

Figure 5 shows the output spectrogram trajectories of different dispersion slope 
values. First, we observe the change of the transferred wave. In Figs. 4a, 4c, due to 
GV-matching, the energy of initial soliton and R-DW is almost all coupled into the trans-
ferred wave, and the transferred wave becomes a distinct tunneled soliton. While in 
Figs. 4b, 4d and 4e, 4g, the initial soliton energy cannot be effectively coupled because 
of GV-mismatching, which gives rise to the formation of soliton-like leakage in A2. 
The leakage initially forms a soliton-like shape but gradually dissipates as propagating 
along the optical fiber. So it is a leaking DW instead of a soliton. Figures 4f, 4h re-
veals that the initial soliton ceases to redshift around the second ZDW because of spec-
tral recoiling from the amplification of R-DW, which leads to the absence of leakage 
-like DW and, accordingly, the SST. Besides, we find that the relative group delay of 
the initial soliton at the output increases with a larger dispersion slope value, leading to 
slowing down and phase changing of the soliton. Therefore, when meeting the PM con-
dition of the dispersion wave, the redshift of corresponding B-DW narrows the spec-
trum at a shorter wavelength. And the suppression of the SST also causes the spectrum 
at the longer wavelength to be narrowed. It is concluded that an increase in the disper-
sion slope suppresses the SSFS, which results in the occurrence of tunneling at a longer 
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Fig. 5. The numerical X-FROG patterns with different dispersion slope values at the output of PCF1 (a), 
PCF2 (b), PCF3 (c), and PCF4 (d) with three ZDWs. 

transmission distance. Moreover, increasing dispersion slope makes GV difficult to 
match, which is not conducive to SST effect, and narrows the spectrum finally. 

In Fig. 6, we show the effect of a dispersion slope value on the energy conversion 
rate of B-DW and tunneled soliton in case of successful tunneling of a soliton. Note 
that, in SST, if the dispersion slope value is lower than its threshold, the soliton will 
move too fast to observe its tunneling. The threshold of successful tunneling, which 
is the result of our simulation experiment, is ~0.4 ps3km–1. The dispersion slopes of 
case I and case II are respectively β3.I = 0.5128 ps3km–1 and β3.II = 0.6076 ps3km–1. 
The transfer ratio of power can be formulated by η = Epart /Etotal (where Epart represents 
the energy of the corresponding part, and Etotal is the total energy of the optical pulse). 
It reveals that the variation of a dispersion slope has little effect on the final B-DW 
energy ratio (~0.05), as shown in Fig. 6a, which can extend to the failed SST condition 
and is in accordance with the previous explanation. By contrast, the energy ratio of 
tunneled solitons is obviously influenced by the dispersion slope in Fig. 6b. The tun-
neled solitons of three conditions are gradually formed one by one, and their energy 
ratios begin to rise at different rates. The energy ratio of PCF1 takes the lead in achiev-
ing its peak value of ~0.245 at about 0.3 m and remains invariable. In case I, the energy 
ratio of tunneled soliton reaches a stable value of ~0.23 at a longer transmission dis-
tance of about 0.35 m. While the energy ratio of the tunneled soliton in case II reaches 
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a peak of ~0.22 at about 0.39 m and keeps unchanged. We can conclude that the dis-
persion slope does not affect the final energy ratio of B-DW, while, on the premise of 
successful tunneling of a soliton, the energy ratio of the tunneled soliton is improved 
and conversion rate is faster with the decrease of the dispersion slope value. 

4. Conclusion 

In this paper, we have numerically demonstrated the impact of the dispersion slope on 
SST during SC generation in different PCFs with three ZDWs. As the dispersion slope 
increased, SST appears at a farther transmission distance owing to the delay of Raman 
-induced SSFS. In this case, a larger dispersion slope causes the curve of relative group 
delay to fluctuate more intensely, which makes it difficult to achieve the GV-matching 
between the initial soliton and the transferred wave, thus suppressing the occurrence of 
SST effect. In contrast, a proper decrease of the dispersion slope (but over the threshold 
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to ensure SST successfully) causes the enhancement of  SSFS and facilitates meeting 
the GV matching condition. Under the conditions, the tunneled soliton has a higher 
energy ratio, thereby strengthening the SST process to make SC with a much broader 
spectral range. Therefore, the dispersion slope plays a significant role in the process 
of SST, which offers a novel approach to acquire wider SC. Moreover, we get a soliton 
-like leaking DW when adjusting the dispersion slope appropriately. The leakage may 
carry information and energy at first and dissipates shortly after. 
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