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The soliton spectral tunneling (SST) effect, as a soliton spectral switching phenomenon, enables a soliton to tunnel
through a spectrally limited regime of normal dispersion in the fiber with multiple zero dispersion wavelengths (ZDWs).
Since initial chirp can affect the behavior of pulse evolution, we numerically study the influence of chirp on the SST
in the process of supercontinuum (SC) occurring in a photonic crystal fiber (PCF) with three ZDWs. The linear chirp
is imposed by a phase modulation of input pulse while maintaining a constant pulse duration. Interestingly, it is found
that the spectral range and flatness can be flexibly tuned by adjusting the initial chirp value. More specifically, positive
chirp facilitates soliton self-frequency shifting (SSFS), making the soliton quickly transfer from one anomalous dispersion
regime to another accompanied by the generation of dispersive waves (DWs). In this case, the SST effect further expands
the spectral range by enhancing both the red-shift of the fundamental soliton and the blue-shift of DWs, thus generating a
broader SC. However, negative chirp suppresses the SST effect, resulting in a smoother SC at the expense of bandwidth.
Therefore, the findings in this work provide interesting results relating to the influence of initial chirp on the SST to generate
a considerably smoother and broader SC, which is extremely useful in many applications, such as wavelength conversion

and SC generation.

Keywords: soliton spectral tunneling, supercontinuum generation, chirp

PACS: 42.81., 42.81.Dp, 42.65.-k

1. Introduction

Optical solitons have been a hot topic of research since
they are regarded as good information carriers for long-
distance communication and all-optical ultrafast switching
devices.!!! The formation of optical solitons results from the
delicate balance between dispersive broadening and nonlinear
self-compression.!'=3 Generally speaking, optical solitons can
only exist in the anomalous group velocity dispersion (GVD)
regime.3#1 However, soliton self-frequency shifting (SSFS)
gives rise to the change because of the existence of multiple
zero dispersion wavelengths (ZDWs) in the fiber. In addition,
there have been many studies demonstrating that the SSFS en-
ables a soliton to tunnel through a spectrally limited normal
GVD regime, which is referred to as soliton spectral tunneling
(SST).5-71

The SST effect happens when Raman-induced SSFS con-
tinuously transfers soliton energy from one anomalous disper-
sion regime to another as the soliton propagates through the
fiber.[®1 More fundamentally, the SST effect requires a nor-
mal GVD regime to act as a potential barrier sandwiched be-
tween two anomalous ones. Such characteristics are difficult
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to achieve in conventional fibers, but can be easily realized in
photonic crystal fibers (PCFs) because their mode dispersion

5.133:101 By adjusting the ge-

relates to their geometric feature
ometry of the PCF, the dispersion profile with multiple ZDWs
can be obtained in practice.!'!l As is well known, dispersive
waves (DWs) as soliton-induced optical Cherenkov radiation
are resonant waves meeting the phase matching (PM) con-
dition with the launched soliton.!">~!4] Simultaneously, DWs
play a crucial role in generating octaves-panning supercon-
tinuum (SC) in fiber structures since they dominate the blue-
shifted edge of the spectrum while Raman-induced SSFS re-
sults in the red-shifted edge. Such a mechanism has been the-
oretically and experimentally demonstrated in the PCF with
two ZDWs.!13:161 However, when soliton-induced DWs are
obtained in one of the anomalous dispersion regimes in the
PCF with multiple ZDWs, the SST effect can transform the
Therefore, the SST effect is also
considered as a sort of drive for the generation of soliton-

DWs into soliton waves.

induced DWs since the transferred soliton is phase-matched to

17,18

the launched soliton.!!”-!8) What is more, the group-velocity

matching (GVM) between the launched soliton and the trans-
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ferred soliton is another necessary condition for the emergence
of the SST effect.[”!°! Previous papers mainly focused on the
SST effect as a spectral switching phenomenon occurring in
the fiber with different dispersion profiles.[!”-1-2!l For exam-
ple, Poletti et al. numerically demonstrated the SST effect
in an index-guiding holey fiber with a tunable GVD barrier
over a wide wavelength span.!'®! In another work, Wang ez al.
showed a cascaded SST effect in segmented fibers with engi-
neered dispersion, which can lead the soliton pulse to transfer
over a wide wavelength span.*’l There have been many stud-
ies indicating that initial chirp can exert an influence on both

n.[21-25] For ex-

fundamental solitons and DWs in SC generatio
ample, Lei et al. showed how to conveniently and efficiently
manipulate the DW generation by controlling the prechirp
of the input pulse.['¥ In addition, Cheng et al. proved that
there exists an optimal positive chirp maximizing the spectral
bandwidth. [>%! However, there are few studies focusing on the
influence of initial chirp on the SST process in the fiber. In the
present work, we study the influence of initial chirp on the SST
in the process of SC occurring in a PCF with three ZDWs. Be-
cause the interaction between DWs and Raman solitons plays
akey role in the SST effect, it is meaningful to investigate how
to manipulate the SC when considering the effect of chirp on
the SST.

The rest of this paper is organized as follows. In Section
2, the basic propagation model for the input pulse is proposed,
which includes linear and nonlinear effects. At the same time,
the PM condition is illustrated at the pump wavelength. De-
tailed numerical simulations about the influence of positive
chirp, zero chirp, and negative chirp on the SST effect in SC
generation are presented in Section 3. Finally, numerical sim-
ulation results are summarized briefly in Section 4.

2. Numerical model for ultrashort pulse propa-
gation in the PCF

Propagation of ultrashort pulses in a PCF with three
ZDWs can be described by the generalized nonlinear
Schrodinger equation (GNLSE), which includes dispersion
effects and nonlinear effects such as self-phase modula-
tion (SPM), self-steepening, and stimulated Raman scattering
(SRS). The GNLSE can be expressed as!’!

0A(z,T)  iF'Bcd*A . i 9
o oot "\Maar

X {A(Z,T) /:OR(T’) A (z,TT’)|2dT’] :
)]

where A (z,T) is the complex slowly varying amplitude of the
light field in the reference frame moving with the group ve-
locity of the input pulse, z is the transmission distance, T is

the time parameter, 7 is the nonlinear coefficient, R (T') is the
nonlinear response function including the Kerr response and
Raman response, and f; is the dispersion coefficient of the
k-th order at the central frequency @y. Note that even with
the slowly varying envelope approximation, the GNLSE has
been shown to accurately predict the ultra-short pulse behavior

5.127] Besides, loss is neglected here since

down to a few cycle
a relatively short propagation length is considered in the PCF.
The split-step Fourier method with adaptive step size control
is adopted to solve the GNLSE. In this method, the linear and
nonlinear terms on the right-hand side of equation (1) are inte-
grated separately, and the results are combined to construct the
solution to the full problem. The linear term of equation (1) is
solved in the frequency domain. The time derivative in the
nonlinear term is regarded as a perturbation, and we use a
second-order Runge—Kutta method to carry out the integration
of the nonlinear step. The convolution integral between the
field intensity and the delayed Raman response is calculated
as a simple product in the frequency domain. Both real and
imaginary parts of the Raman susceptibility are included.

The investigation on the dependence of SC characteris-
tics on input chirp has been carried out for two different cases,
both considering anomalous GVD regime pumping under the
typical femtosecond pumping conditions. In the first case, the
linear chirp is obtained by imposing a quadratic spectral phase
on the input pulse while maintaining a constant pulse band-
width. In this case, the pulse energy remains fixed, but in-
creased chirp is associated with an increased pulse duration
and reduced peak power.!?$?1 In the second case, the linear
chirp is imposed by a phase modulation of the input pulse
while maintaining a constant pulse duration."! In this paper,
the linear chirp is added in the form of the second case. There-
fore, the prechirped input pulse with a hyperbolic secant shape
is as follows:

A(0,T) = \/Pysech (T /Ty)exp(—iCT?/2T¢),  (2)

where Py and C are the peak power and initial chirp parameter,
respectively. The formation of a soliton is expected for small
values of |C| since solitons are generally stable under weak
perturbations. However, a soliton is destroyed if |C| exceeds
the related critical value, which can be theoretically obtained
by the inverse scattering method.*-3!1 In this paper, the initial
chirp parameters are all below the critical value.

The parameters of input pulse are chosen as follows: ini-
tial pulse width Ty = 50 fs, central wavelength Ay = 804 nm,
and peak power Py = 15 kW. It is important to ensure that the
time window is sufficiently large to avoid the cyclic wrapping
of the temporal envelope with propagation. The longitudinal
step size is also important, and must be sufficiently small to
accurately model the nonlinear and dispersive interactions as
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the field propagates. Here, we choose 3000 as the longitudi-
nal step number and 3207y = 16 ps as the temporal window
width. The number of discretization points is 2'2. Therefore,
the temporal resolution is 16 ps/2'% ~ 3.9 fs.

The PCF with three ZDWs has a strong dispersion ef-
fect, and therefore multiple high-order dispersion needs to be
considered.*?! The dispersion curve and group delay curve
of the PCF considered in this study as a function of wave-
length are plotted in Fig. 1(a). The three ZDWs (771 nm,
924 nm, and 1014 nm) divide the entire spectrum into four
regimes, namely, a short wavelength normal dispersion regime
(R1: A <771 nm), a short wavelength anomalous dispersion
regime (Ry: 771 nm < A <924 nm), a long wavelength normal
dispersion regime (R3: 924 nm < A < 1014 nm), and a long
wavelength anomalous dispersion regime (R4: 1014 < A nm).
Aside from the GVM between the launched soliton and the
transferred soliton, the PM also needs to be considered for the
emergence of the SST effect. The PM condition (A = 0) cor-
responding to the pump is demonstrated in Fig. 1(b), where
AP presents the phase mismatch.
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Fig. 1. (color online) (a) Dispersion (blue solid line) and related group
delay (red dashed line), and (b) phase mismatch corresponding to the
pump as a function of wavelength in the PCF with three ZDWs.

3. Numerical results and discussion

The output pulse shapes and corresponding temporal evo-
lutions under the condition of different chirps in a 16 cm long

PCF are plotted in Fig. 2. The SPM-induced chirp is posi-
tive, which can compress or broaden the pulse depending on
how the input pulse is prechirped. In the case of zero chirp,
SPM leads to temporal compression in the anomalous disper-
sion regime. For positive chirp, the compression strength is
enhanced because of the superposition of two different posi-
tive chirps. In contrast to the zero chirp and positive chirp, the
negative chirp makes the input pulse immediately broadened
since its absolute value is much bigger than that of positive
chirp from SPM. Shortly afterward, these pulses are all broad-
ened due to the influence of GVD. Higher-order dispersion
and Raman scattering are the two most significant effects that
can break up the pulse into a series of fundamental solitons
through soliton fission, which is accompanied by the emis-
sion of nonsoliton radiation. These ejected Raman solitons
are obviously observed in the lower temporal evolution shown
in Fig. 2, where the transmittal velocities gradually decrease
while the related delays increase along the propagation. The
first-ejected Raman soliton in the fission process experiences
the greatest self-frequency downshifts from the pump. At the
same time, the red-shift velocity of the generated soliton is
gradually improved with the increase in the initial chirp value,
where positive chirp facilitates the SSFS while negative chirp
suppresses the SSFS. As a result, positive chirp makes funda-
mental soliton transfer from one anomalous dispersion regime
(R») to another (Ry4) at the largest rate. Accordingly, there are
more blue-shifted DWs (B-DWs) radiated from fundamental
solitons when meeting the PM condition. In addition, an inter-
esting phenomenon is found: the output intensity of the first-
ejected fundamental soliton with negative chirp is much higher
than those with zero chirp and positive chirp. Such a phe-
nomenon results from the fact that the fundamental soliton is
tunneling from R; to R4 and thereby compressing the tempo-
ral domain. In this case, the fundamental soliton transforms
into the form of transferred DW's with a much higher intensity
when transmitting through the long wavelength normal disper-
sion regime (R3).

Figure 3 shows the output spectra and related spectral
evolutions with different initial chirps. With the increase in
propagation distance, the pulse evolution is divided into three
stages, namely, the initial broadening stage, dramatic broad-
ening stage, and saturation broadening stage. In the initial
stage of spectral evolution, the SPM broadens the spectrum
by generating new frequency components in the case of zero
chirp. For the positive chirp, the spectrum is broadened to a
larger degree due to the emergence of more new frequency
components coming from the initial chirp. Meanwhile, for the
negative chirp, the spectrum first undergoes narrowing and ul-
timately broadening.

In the case of an ultrashort pulse, because SPM is ac-
companied by other nonlinear effects such as SRS and four-
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wave mixing (FWM), the spectrum can be extended to a very
wide range so that the broadened spectrum can be regarded as
SC. When the spectrum is broadened to the greatest degree by
SPM, a series of fundamental solitons is ejected into R, be-
cause of Raman effects. Then the associated DWs are radiated
from these ejected fundamental solitons because of higher-
order dispersion effects. After initial fission, each fundamen-
tal soliton experiences SSFS to a longer wavelength. Since the
SSFS resulting from Raman effects can go against the soli-
ton recoiling effect, the fundamental soliton in R, can remain
at its position while soliton coupling continuously takes place
until the fundamental soliton is fully coupled into the adjacent
channel to form a new soliton wave in R4. The formation of
a new fundamental soliton is based on the energy transferred
from R to R4 when meeting GVM and PM conditions, which
presents a soliton propagation process known as the SST ef-
fect. For positive chirp, the fundamental soliton is ejected at
the fastest rate and undergoes the strongest SSFS, which fa-
cilitates it going through R3. The above phenomena make the
transferred soliton into R4 have the largest red-shift and high-

12+ (a) C=—4 12
08 08

04 04

o

0

est intensity. Meanwhile, the transferred soliton can radiate
more energy to the corresponding DWs when meeting the PM
condition. Therefore, the input pulse with positive chirp will
be the first to complete the dramatic broadening stage and to
reach the saturation broadening stage by enhancing both the
red-shift of the fundamental soliton and the blue-shift of DWs.
However, it is worth noting that the output spectrum in R4 does
not have the shape of a conventional fundamental soliton un-
der the condition of negative chirp as shown in the upper panel
of Fig. 3(a). From the lower panel of Fig. 3(a), we can see that
the energy is being transferred from R, to R4 at the output of
the PCF, which indicates that a new soliton has not yet been
fully formed in R4. The above phenomenon is consistent with
that shown in Fig. 2(a), where the first-ejected fundamental
soliton exists in the form of the transferred DWs at the output
of the PCF. When the pulse enters the saturation broadening
stage, the initial chirp cannot affect the spectrum any longer.
In order to better analyze the effect of initial chirp on SST in
the SC generation, the output spectrograms with different ini-
tial chirps are demonstrated in detail.
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Fig. 2. (color online) Output pulse shapes (upper panels) and the corresponding temporal evolution as a function of fiber length (lower
panels) under the condition of different initial chirps: (a) C = —4, (b) C =0, and (c) C =4.
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Fig. 3. (color online) Output spectra (upper panels) and the corresponding spectral evolution as a function of fiber length (lower panels) under
the condition of different initial chirps: (a) C = —4, (b) C =0, and (c) C = 4. The dashed vertical lines indicate the three ZDWs of the PCF.
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Figure 4, including the spectrum (right vertical axis in the
upper panel) and temporal intensity (left vertical axis in the
lower panel) at the end of the PCF, shows the output spectro-
gram trajectories (basically irregular M-type), which are sim-
ilar to the trace of group delay in Fig. 1(a). In contrast to the
Z-shape output spectrogram trace in the PCF with two ZDWs,
the M-shape spectrogram trace shows that the output spec-
trum owns more abundant frequency components. In the PCF
with three ZDWs, the initial pump pulse is broken into a se-
ries of red-shifted fundamental solitons with different widths
and peak intensities. The first-ejected fundamental soliton has
a large spectral width and a higher peak power than the other
solitons. Because of SSFS induced by intra-pulse Raman ef-
fects, the SST effect makes the energy of the first-ejected fun-
damental soliton transfer from R, to R4 accompanied by the
generation of related B-DWs when PM condition is met. With
the increase in initial chirp, the intensity of the transferred soli-
ton in R4 and the related B-DWs in R; are enhanced; mean-
while, the red-shift of the transferred soliton and the blue-shift
of the B-DWs are also enhanced, both of which make the SC
expand to a much broader range. Because the red-shift rate of
the fundamental soliton gradually decreases with a decreasing
initial chirp, the first-ejected fundamental soliton is fully cou-
pled into R4 in the zero chirp and positive chirp cases while
partly coupled into R4 in the negative chirp case. At the same

time, we find that the negative chirp makes the first-ejected
fundamental soliton with a wider spectral range and a nar-
rower temporal delay in contrast to the cases of zero chirp and
positive chirp, which result from the fact that the fundamen-
tal soliton tunnels from R, to R4 in the form of the transferred
DWs. More importantly, the soliton frequency is continuously
red-shifted in the presence of intra-pulse Raman scattering,
which implies the continuous decrease in the group velocity
in the anomalous dispersion regime. Therefore, even though
the spectra of red-shifted solitons are separated from those of
the DWs, they may still overlap in the time domain. As shown
in Fig. 4, when the GVM condition between fundamental soli-
tons and DWs is satisfied, fundamental solitons can capture
the B-DWs at the leading edge under the effect of FWM. The
intensity of the captured wave is associated with the intensity
of the fundamental solitons formed in R4. Compared with zero
chirp and positive chirp, negative chirp suppresses the SST ef-
fect, which makes the first-ejected fundamental soliton trans-
form into the form of the transferred DWs, and thus generating
a smoother SC, as shown in the output spectra. In a word, the
spectral range and flatness can be manipulated to a large extent
by controlling the initial chirp on the SST, which provides an
opportunity to obtain a much broader and smoother SC with

an optimal chirp value.
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Fig. 4. (color online) Spectrograms with different initial chirps at the output of the PCF with three ZDWs: (a) C = —4, (b) C =0, and (c) C =4.

In order to have a closer look at how to manipulate the SC
based on the influence of initial chirp on the SST, the spectro-
gram traces at three different propagation distances are plot-
ted in Fig. 5. In the initial stage of pulse evolution, the SPM
plays a dominant role in spectral broadening. The shape of the
broadened spectrum mainly depends on the initial pulse shape
and chirp value. When the propagation distance increases to
2 cm, the input pulse is broadened almost symmetrically in
both spectral and temporal domains in the zero chirp case.
Nevertheless, for negative chirp and positive chirp, the broad-
ening of the input pulse becomes highly asymmetric in both
spectral and temporal domains. Besides, positive chirp makes
the spectrum broaden at a quicker speed and the oscillatory
structure less pronounced in contrast to the cases of zero chirp

and negative chirp.

When the propagation distance increases to 4 cm, the fis-
sion of the higher-order soliton takes place due to Raman ef-
fects, generating a series of fundamental solitons accompanied
by B-DW radiation. However, only a fundamental soliton is
ejected, resulting from the SRS effect, whose energy transfers
from R, to R4 under the effect of SST. With the increase in
initial chirp, the SST effect occurs at a faster speed, resulting
in the first-ejected fundamental soliton with a higher intensity
and a larger red-shift. The positive chirp makes more energy
transfer from the fundamental soliton in R4 to the B-DWs in
R; than zero chirp and negative chirp. As for negative chirp,
the asymmetry of broadening is enhanced in both spectral and
temporal domains.

114219-5



Chin. Phys. B

Vol. 27, No. 11 (2018) 114219

(al)

1200
1100
1000

900

Wavelength/nm

800
700

Wavelength/nm

Wavelength/nm

0 2 4
0 2 4
0 2 4

2
Delay/ps Delay/ps Delay/ps
Fig. 5. (color online) Numerical spectrogram traces of pulse with different chirps and different propagation distances: (al) C = —4,

z=2cm,(@2)C=—-4,z=4cm,(a3)C=—-4,z=12cm, (b1)C=0,z=2cm, (b2)C=0,z=4cm, (b3) C=0,z=12 cm, (cl)

C=4,z=2cm,(c2)C=4,z=4cm,and (c3)C=4,z=12cm.

When the propagation distance increases to a certain
value, the second fundamental soliton is ejected into R, whose
intensity is lower than the first one. From Figs. 5(a3)-5(c3),
we can see that the red-shift rate of the fundamental soliton
is gradually improved with the increase in chirp value. How-
ever, due to the adverse effect of negative chirp on SSFS, the
first-ejected fundamental soliton has not yet been fully coupled
into R4 to form a new soliton in Fig. 5(a3). When transferring
through R3, the fundamental soliton is compressed in the time
domain while expanded in the spectral domain, which leads to
the generation of SC with a smoother spectrum. In addition,
the intensity of B-DWs is closely related to that of the fun-
damental soliton, and thereby enhanced with the increase in
initial chirp. When the GVM condition between solitons and
DWs is met, these fundamental solitons can capture B-DWs at
the leading edge under the effect of FWM.

From the analysis above, one finds that the positive chirp
can accelerate the emergence of the SST effect, which makes
the SC have a broader spectral range by enhancing both the
red-shift of the fundamental soliton and the blue-shift of DWs.
Meanwhile, negative chirp can suppress the SST effect, which
makes the SC have a smoother spectrum due to the spec-
tral broadening of the first-ejected fundamental soliton when
transmitting through R3.

In the process of pulse evolution, one needs to take into
account the influence of not only initial chirp but also the
chirp induced by both GVD and SPM on temporal and spec-
tral broadening. When a femtosecond pulse is launched in the
anomalous dispersion regime, the dispersion-induced chirp is
negative while SPM-induced chirp is positive. In order to fur-
ther present the initial chirp effect on pulse evolution, figure 6
shows the temporal broadening factor and spectral broadening
with different initial chirp values as a function of normalized
distance. The temporal broadening factor is defined as ¢/ 0y,
where oy is the initial root mean square (RMS) width of the
input pulse, and o is the RMS width after propagating a dis-
tance z.3] The normalized distance is defined as z/Lp, where
z is the propagation distance, and Lp = T2 /| B/ is the disper-
sion length.>>! From Fig. 6(a), one can see that the broaden-
ing of the pulse is larger for a larger initial chirp value, which
agrees well with the phenomena shown in Fig. 2. In Fig. 6(b),
the SPM makes spectral broadening have a typical oscillatory
structure. In contrast to negative chirp and zero chirp, posi-
tive chirp needs a shorter fiber length to arrive at the saturation
broadening stage. In addition, spectral broadening is larger
for a larger initial chirp value. As one can see in Figs. 6(a) and
6(b), the initial chirp plays an important role in both temporal
and spectral evolution in the process of SC generation. There-
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fore, one can obtain the desired SC spectrum by choosing the
appropriate initial chirp parameters.
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Fig. 6. (color online) (a) Temporal broadening factor and (b) spectral
broadening with different initial chirp values as a function of normal-
ized distance, with insets showing magnified corresponding positions.

4. Conclusion and perspectives

In this paper, we show that one can manipulate the SC
based on the influence of chirp on SST in the PCF with three
ZDWs. In order to better analyze temporal and spectral evolu-
tion, we illustrate the output spectrograms with different initial
chirps. With the increase in initial chirp, the input pulse com-
pletes the initial broadening stage at a faster speed, and hence
a series of fundamental solitons is ejected earlier, which facil-
itates the emergence of the SST effect. The SST effect makes
the energy of the fundamental soliton continuously transfer
In this
case, positive chirp can enhance the SST effect to make the

from one anomalous dispersion regime to another.

SC have a much wider spectral range while negative chirp can

suppress the SST effect to obtain a much smoother SC spec-
trum. In brief, initial chirp has an important influence on the
SST effect when the femtosecond pulse propagates in the PCF
with three ZDWs, which provides a new possibility to obtain

a much broader and smoother SC in the future.

References

[1]

[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

(18]
[19]

[20]
[21]
[22]

[23]
[24

[25]

[26]
(27]

(28]
[29]
[30]

(31]
[32]

114219-7

Foster M A, Turner A C, Lipson M and Gaeta A L 2008 Opt. Express
16 1300

Dai C Q and Chen J L 2012 Chin. Phys. B 21 080507

Agrawal G P 2012 Nonlinear Fiber Optics (5th Edn.) (New York: Aca-
demic Press)

Zhao S, Yang H, Zhao C and Xiao Y 2017 Opt. Express 25 7192
Dudley J M, Gentry G and Coen S 2006 Rev. Mod. Phys. 78 1135
Tsoy E N and Sterke C M d 2007 Phys. Rev. A 76 043804

Kibler B, Lacourt P A, Courvoisier F and Dudley J] M 2007 Electron.
Lett. 43 967

Belyaeva T, Serkin V, Hernandez-Tenorio C and Garcia-Santibanez F
2010 J. Mod. Opt. 57 1087

Guo H, Wang S, Zeng X and Bache M 2013 IEEE Photon. Technol.
Lett. 25 1928

Stepniewski G, Klimczak M, Bookey H, Siwicki B, Pysz D, Stepien R,
Kar A K, Waddie A J, Taghizadeh M R and Buczynski R 2014 Laser
Phys. Lett. 11 055103

Knight J C 2003 Nature 424 847

Manili G, Tonello A, Modotto D, Andreana M, Couderc V, Minoni U
and Wabnitz S 2012 Opt. Lett. 37 4101

Dupont S, Moselund P, Leick L, Ramsay J and Keiding S 2013 J. Opt.
Soc. Am. B 30 2570

Lei D J, Dong H, Yang H, Wen S C, Zhang J G and Xu H W 2009 Chin.
Phys. Lett. 26 6

Falk P, Frosz M H and Bang O 2005 Opt. Express 13 7535

Wang W B, Yang H, Tang P H and Han F 2013 Acta Phys. Sin. 62 18
(in Chinese)

Stark S P, Biancalana F, Podlipensky A and Russell P St J 2011 Phys.
Rev. A 83 3818

Akhmediev N and Karlsson M 1995 Phys. Rev. A 51 2602

Poletti F, Horak P and Richardson D J 2008 IEEE Photon. Technol.
Lett. 20 1414

Wang S, Guo H, Fan D, Bai X and Zeng X 2013 [EEE Photon. 5
6100608

Zhao S, Yang H, Chen N, Fu X and Zhao C 2015 IEEE Photon. 7
7102709

Neyra E, Videla F, Pérez-Herndndez J A, Ciappina M F, Roso L and
Torchia G A 2016 Laser Phys. Lett. 13 115303

Zhang H, Yu S, Zhang J and Gu W 2007 Opt. Express 15 1147
Fuerbach A, Miese C, Koehler W and Geissler M 2009 Opt. Express
17 5905

Valadan M, D’ Ambrosio D, Gesuele F, Velotta R and Altucci C 2015
Laser Phys. Lett. 12 025302

Cheng C F, Wang X F and Shen B F 2004 Chin. Phys. Lett. 21 10
Xiao Y, Maywar D N and Agrawal G P 2012 J. Opt. Soc. Amer. B 29
2958

Corwin K L, Newbury N R, Dudley J M, Coen S, Diddams S A, Weber
K and Windeler R S 2004 Phys. Rev. Lett. 90 11

Zhang Q, Takahashi E J, Miiucke O D, Lu P and Midorikawa K 2011
Opt. Express 19 7190

Zhu Z and Brown T G 2004 Opt. Express 12 689

Blow K J and Wood D 1989 IEEE J. Quantum Electron. 25 2665

Hao Z, Zhao C, Wen J, Wen S and Fan D 2011 Acta Opt. Sin. 3175


https://doi.org/10.1364/OE.16.001300
https://doi.org/10.1364/OE.16.001300
https://doi.org/10.1088/1674-1056/21/8/080507
https://doi.org/10.1364/OE.25.007192
https://doi.org/10.1103/RevModPhys.78.1135
https://doi.org/10.1103/PhysRevA.76.043804
https://doi.org/10.1049/el:20071553
https://doi.org/10.1049/el:20071553
https://doi.org/10.1080/09500340.2010.499043
https://doi.org/10.1109/LPT.2013.2279122
https://doi.org/10.1109/LPT.2013.2279122
https://doi.org/10.1088/1612-2011/11/5/055103
https://doi.org/10.1088/1612-2011/11/5/055103
https://doi.org/10.1038/nature01940
https://doi.org/10.1364/OL.37.004101
https://doi.org/10.1364/JOSAB.30.002570
https://doi.org/10.1364/JOSAB.30.002570
https://doi.org/10.1364/OPEX.13.007535
https://doi.org/10.1103/PhysRevA.51.2602
https://doi.org/10.1109/LPT.2008.927881
https://doi.org/10.1109/LPT.2008.927881
https://doi.org/10.1109/JPHOT.2013.2290001
https://doi.org/10.1109/JPHOT.2013.2290001
https://doi.org/10.1088/1612-2011/13/11/115303
https://doi.org/10.1364/OE.15.001147
https://doi.org/10.1364/OE.17.005905
https://doi.org/10.1364/OE.17.005905
https://doi.org/10.1088/1612-2011/12/2/025302
https://doi.org/10.1088/1612-2011/12/2/025302
https://doi.org/10.1364/JOSAB.29.002958
https://doi.org/10.1364/JOSAB.29.002958
https://doi.org/10.1364/OE.19.007190
https://doi.org/10.1364/OE.19.007190
https://doi.org/10.1364/OPEX.12.000689
https://doi.org/10.1109/3.40655

	1. Introduction
	2. Numerical model for ultrashort pulse propagation in the PCF
	3. Numerical results and discussion
	4. Conclusion and perspectives
	References

