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Widely Tunable Femtosecond Soliton Pulse Generation by Using

Soliton-Frequency Shift in a Photonic Crystal Fibre
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Femtosecond Raman soliton generation, tunable from 800 to 1044 nm, has been theoretically investigated for
a photonic crystal fibre pumped by a 200-fs pulse. A highly nonlinear photonic crystal fibre with a length of
only 57.7cm and a nonlinear coefficient of 0.075 (Wm) ™! is used to achieved such a broadband. It is found that

the spectral bandwidth increases with the input peak power.

In particular, it is also found that the output

wavelengths of the resulting sub-40 fs Raman solitons can also be tuned effectively by varying the initial pulse
chirp. There exists an optimal positive chirp which maximizes the bandwidth, corresponding to the formation of

only one long-wavelength Raman soliton.

PACS: 42.65. Re, 42.81. Dp, 42. 72. Ai

Photonic crystal fibres (PCFs) have attracted sig-
nificant attention because of their unusual optical
properties and their large potential for important ap-
plications. A PCF consists of a fused silica core sur-
rounded by an ordered array of microscopic air holes
running along its length. The air holes form a low-
index cladding around the solid-silica core; therefore
the light is guided by total internal reflection as in
standard step-index fibres. The large difference of
refractive-index between the 1-3 um diameter core
and the holey cladding provides a very strong specifi-
cally controlled waveguide contribution to dispersion.
Therefore the optical properties of a PCF differ re-
markably from those of standard fibres. In particular,
the zero-dispersion wavelength can be shifted into the
visible region.['!l A PCF can show single-mode oper-
ation over almost the complete transmission range.[?!
Due to their novel guidance properties and enhanced
nonlinearity, PCF's have already been widely exploited
in applications such as dispersion compensation,!®!
optical frequency metrology,*! and optical coherence
tomography.l®) An important recent advance is the
development of tapered PCFs in which the soliton
self-frequency shift (SSFS) caused the generation of
tunable Raman solitons at telecommunication wave-
lengths around 1300-1600 nm.!%! These solitons would
be suitable for many applications in telecommuni-
cations, such as multiterabits/s optical time-domain
multiplexing and wavelength division multiplexing
transmission, and so on.

With SSFS, wavelength shifting from 1.56 to
1.78 um was demonstrated for 180-fs, 48-Mhz pulses
in a 75-m-long normal fibre.[”! Furthermore, shift-
ing of the wavelength from 1.56 to 2.13 um has been
achieved for 350-fs pulses in a 70-m-long fibre.®] As
can be seen, the use of conventional fibres to generate
frequency-shifting solitons is limited by the zero dis-

persion wavelength and the usually large effect of cu-
bic dispersion./”=? However, the required fibre length
can be reduced significantly by the use of the PCF
with high nonlinearity. In this Letter, a theoretical
investigation on the nonlinear pulse propagation and
tunable femtosecond Raman soliton generation in the
anomalous dispersion region of a PCF with a core di-
ameter of 2 um pumped by a 200-fs pulse is presented.
It is found the output wavelength can be widely tuned
by varying the input peak power or the initial pulse
chirp and we obtained solitons with a sub-40-fs width,
tunable from 800 to 1044 nm within an only 57.5 cm
long but highly nonlinear PCF. It is also found that
positive chirps enhance the spectral bandwidth while
negative chirps suppress the spectral bandwidth. In
particular, there exists an optimal positive chirp which
maximizes the spectral bandwidth, corresponding to
the formation of single long-wavelength Raman soli-
ton with almost all of the pump energy. These results
provide a convenient means to significantly extend the
wavelength range over which femtosecond pulses can
be generated with a Ti:sapphire laser.

Numerical solutions to the one-dimensional nonlin-
ear envelope equation including higher-order nonlinear
effects were found using a standard split-step Fourier
algorithm. For an input Gaussian pulse with an ini-
tial pulse chirp C, of the amplitude A(z = 0,7) =
Ag exp(—(1+1iC,)7%/2), the equation for the normal-
ize[d amplitude u(¢,7) = A(€,7)/Ap can be expressed
as10
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where the last two terms are of nonlinearity, L, =
Tg/ﬂn is the nth-order dispersion length, 7, is the half-
width (at 1/e intensity point) of a pulse that is related
to the full width at half maximum (FWHM) TrwnMm

by 7, = Trwum/1.665 for a Gaussian pulse, 8, (n > 2)

+fR(1+

is the mth-order dispersion constant, Lgs = \L |
is the dispersion length, and { = z/Lg4s is the nor-
malized distance. The normalized retarded time is
T = (t — z/vg) /7, for the pulse travelling at a group
velocity vy, L, = 1/7vP, is the nonlinear length, Py
is the input pulse peak power, v = nowg/cAes is the
nonlinearity coefficient, ns is the nonlinear refractive-
index coefficient of the fused-silica glass, A.g is the
effective core area; fr = 0.18 is the relative strength
of the Raman contribution"® and u(s,7) is the nor-
malized amplitude. The nonlinear susceptibility has
two dominant time scales: a fast component that con-
tributes to self-phase modulation (SPM) and four-
wave mixing (FWM), and a slow component that
is the origin of stimulated Raman scattering (SRS).
Since the initial pulse duration in the simulations is
200 fs, the fast component of the response is treated as
instantaneous while the non-instantaneous portion of
the response is written in terms of the SRS temporal
response hp(t), which is approximated by!!°]
7'12 + 7'22
hat) = TS
with 71 and 75 taken to be 12.2fs and 32fs,
respectively.'%] Thus Eq.(1) includes the effects of
dispersion, self-phase modulation, self-steeping (SST),
and intrapulse stimulated Raman scattering (ISRS).
In this Letter, we have simulated the nonlinear
propagation and tunable femtosecond Raman soliton
generation in the anomalous dispersion region of a
PCF pumped by an initially 200-fs (FWHM) linearly
polarized pulse. The PCF with a core diameter of
2 um exhibits a significant waveguide contribution to
the dispersion because of a large core-cladding index
difference.l''12l Only a single transverse mode can
be excited in the fibre for wavelengths from 500 to
1600 nm. The zero-dispersion wavelength of the fibre
is located at 767 nm. The specific values used are as
follows: ny = 3 x 1072°m2/W, A.g = 3.14 (um?),
v = 0.075(Wm) !, wor, = 283.03, Lgs = 240.49 cm,

exp(—t/m2)sin(t/m1), (2)

Las/LY) = 839 x 1072, Ly /LS () _ 380 % 10- .
Las/L) = 461 x 10~ 3 Lg /L) = —2.64 x 10~ 4

We have Lg4s/L, = 36.07, 54.11, 72.15 for a peak
power of 200 W, 300 W, 400 W, respectively. We re-
tain terms up to the 6th order in the Taylor expansion
of the propagation constant, which ensures the accu-
racy of the calculation and the fibre loss is neglected
since only a short length of the fibre is considered in

simulations.

The results for the pulse without an initial chirp
are illustrated in the trace of spectral development
with propagation distance (§) in Fig.1(a). In the
case of low power (Py = 200W) and short propa-
gation distance, the pulse exhibits asymmetric spec-
tral broadening as a result of third-order dispersion,
SPM, and SST. Subsequently, a peak appears in the
spectrum at the blue side [see Fig.1(a)]. A Raman
soliton is formed after £ = 0.16. The soliton is fur-
ther red-shifted due to continuous intrapulse stimu-
lated Raman scattering, which is related to the soli-
ton self-frequency shift.['3] The corresponding time-
domain behaviour is shown in Fig. 1(b), the pulse is
initially compressed due to the combined effects of the
nonlinearities and the anomalous dispersion before it
breaks into multiple solitons. The time trace includes
several delayed pulse components, corresponding to
the red-shifted Raman solitons. The delays increase
with the propagation distance and thus with the fre-
quency shift. This is due to a decrease of the group
velocity as the solitons shift towards the infrared. As
is expected, the multiple solitons have different ampli-
tudes with the soliton experiencing the largest delay
exhibiting the largest amplitude. The pulses have a
soliton-type profile, which indicates that the delayed
pulses have a fundamental soliton nature. For a pulse
of width Tpwum = 200fs, the dispersion length of
the fibre is equal to Lp = Tg/ﬂg = 240.49cm at
800 nm, the nonlinear length L,; = 1/yP, = 6.67cm
for the input peak power Py = 200 W. Consequently,
the nonlinear length is shorter than Lp and the pulse
launched into the fibre corresponds to an Nth-order
bound-state soliton. Such a soliton is constituted of
N fundamental solitons (N is the nearest integer for
VLp/LnL = mp\/YPo/ |ﬂ2 whose relative group
velocities and amplitudes are given by the real and
imaginary parts of the eigenvalues obtained by solv-
ing the simplified nonlinear Schrodinger equation us-
ing the inverse scattering method.*4] The amplitudes
and widths of the individual constituents can be ex-

pressed as!!4
A — Ao(240 — 2k + 1) - To
N ’ 240 — 2k +1’
with k € [1, N] and A being equal to v/FPy. In the ab-

sence of perturbation, i.e. when the higher-order dis-
persion (HOD) and SRS terms are neglected, the real
parts of the eigenvalues are degenerate and the Nth-
order soliton is a bound-state that propagates with
periodical changes in its spectrum. The HOD and
SRS terms tend to break the degeneracy of the eigen-
values making the different constituents travel with
different group velocities. Therefore, the bound-state
of the Nth-order soliton is broken and the initial pulse
decays into several sub-pulses which propagate inde-
pendently as fundamental solitons. Even though HOD
can lead to soliton decay by itself, we found that the
threshold is lower for SRS than for HOD to induce the
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decay in the case of femtosecond pulses and our used
PCFs. In other words, the soliton decay is primarily
due to stimulated Raman scattering.[!5] The solitons
all undergo soliton self-frequency shift. Therefore,
they appear in the spectrum as distinct red-shifted
components. The solitons are perturbed by HOD as
they propagate along the PCF. As a consequence,
they radiate energy in order to maintain their shape.
This radiated energy appears in the spectrum as anti-
Stokes peaks. They are generated with a much lower
intensity than the Stokes lines that correspond to the
Raman solitons!! as shown in Fig.2. The Stokes and
anti-Stokes lines gradually shift further into the red
and blue, respectively, as the input power increases.
When the peak power increases up to 400 W, clean
discrete self-frequency shifted solitons are formed and
readily tuned over 210nm. The corresponding time-
domain behaviour becomes highly complex, with the
initial pulse breaking up into numerous pulses, some
of which are even compressed to sub-40-fs pulses as
seen in Fig. 3, much shorter than those reported pre-
viously with similar pulse duration and pulse energy
in conventional fibres.”8! We attribute this to the
small mode size and the large anomalous dispersion
and small cubic dispersion effect in the PCF. Those
results are in good agreement between our simulation
results and recent experimental observation.[6:13]
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Fig.1. Plots of (a) the spectra and (b) the temporal
shape of a femtosecond pulse as a function of normalized
distance along a photonic crystal fibre for the pump wave-
length (A, = 800 nm) located in the anomalous dispersion
region and the input peak power Py = 200 W.

The effect of the initial pulse chirp on the spectral
bandwidth is shown in Fig. 4 for five typical chirps of
Cp =-5,0,5,10, and 20 (indicated as A4, B, C, D and
E, respectively) for the constant peak power of 400 W
with fibre length of only 57.5 cm. From Figs. 4(a) and
4(b), we can see clearly how the temporal and spec-

trum intensity change due to different chirps. Spec-
tral bandwidth increases with the chirp parameter C,
in an essentially monotonic fashion until the optimal
chirp. The reason that spectral bandwidths increases
with the chirp parameter C, can be explained as fol-
lows. A positive initial chirp adds to the chirp created
by SPM near the pulse centre, thus enhances the ini-
tial pulse compression and obtains higher peak power,
enhancing the continuum generation and creating a
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Fig. 2. A set of output spectra and input spectra (dashed
curve) obtained with 200-fs 800nm pulses for increasing
input peak powers Pp: (a) Pp = 200W, (b) Pp = 300 W,
(c) Pp = 400 W at a constant propagating distance £ =
0.16.
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Fig. 3. A set of output temporal shape and input tem-
poral shape (dashed curve) obtained with 200-fs 800 nm
pulses for increasing input peak powers Py: (a) Py =
200W, (b) Pp = 300W, (c) Py = 400W at a constant
propagating distance £ = 0.16.
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Fig. 4. Effect of the initial pulse chirp on the spectral
bandwidths: (a) temporal shape, (b) spectrum for varying
initial pulse chirp Cp = =5, 0, 5, 10, 20 labelled respec-
tively as A, B, C, D and E. The fibre length L = 57.5cm,
the input peak power Py = 400 W.

broader spectrum. In contrast, a negative initial chirp
reduces the effect of SPM by cancelling the frequency
chirps near the pulse centre, diminishing the pulse
compression and thus creating a narrower spectrum.
The most interesting effect of the chirp is that there
exists an optimal positive chirp that maximizes the
spectral bandwidth. From Figs. 4(a) and 4(b), we can
compare the different characteristics of spectrum ob-
tained with pulses of different chirps near the optimal
value. With the optimal chirp of C, = 10, the spec-
trum reaches the maximum bandwidth. Here we ob-
tained a sub-40-fs width, tunable over 244 nm Raman
soliton with almost all of pumping energy. In contrast,
when the chirp deviates from the optimal value, the
spectra bandwidth decreases. The reason that there
exists an optimal positive chirp can be explained as
follows. For pulse widths ~ 200 fs, the spectral width
of the pulse is large enough so that the Raman gain
can amplify the low frequency (red) spectral compo-
nents of the pulse with the high-frequency (blue) com-
ponents of the same pulse acting as a pump. With
a large initial pulse chirp, the bandwidth of the in-
put pulse is broad enough to have more spectral com-
ponents within the Raman amplification bandwidth.
Therefore, SRS plays an increasingly important role
as the initial pulse chirp increases. That is to say,
the initial pulse chirp can enhance the energy transfer
and thus almost all of the pumping energy is trans-
ferred to the Raman soliton at the optimal chirp as
shown in Fig. 4b(D). Since the Raman soliton obtains
the almost all of pumping energy and thus enhances

the nonlinear effects in a PCF, which causes the Ra-
man soliton to reach the maximal frequency shift. On
the other hand, the increasing power of Raman soli-
ton causes the effects of HOD to start to play a larger
role in suppressing the Raman gain. Therefore, when
the initial pulse chirp further increases, the Raman
soliton radiates energy due to the effects of HOD in
order to maintain its shape. This radiated energy ap-
pears in the spectrum as a dispersive wave as shown in
Fig. 4b(E).['®! This emission will reduce the energy of
the Raman soliton and thus cause the frequency shift
to increase no more.

In conclusion, we have theoretically demonstrated
a widely tunable soliton source in a PCF pumped by
200-fs pulse. It is found that the output wavelength
can be widely tuned by varying the input peak power
or the initial pulse chirp parameter C,. We obtained
solitons with a sub-40-fs width, tunable over a range
from 800 to 1044 nm with a photonic crystal fibre only
57.5cm long but highly nonlinear. In particular, the
simulations show that there exists an optimal chirp
value that maximizes the spectral bandwidth, corre-
sponding to the formation of single long-wavelength
fundamental soliton. This formation of single long-
wavelength Raman soliton with almost all of pumping
energy is somewhat more desirable than multiple soli-
tons. As an important parameter, the initial pulse
chirp could be used together with other parameters
to obtain a desirable widely tunable spectrum. These
results provide a convenient means to significantly ex-
tend the wavelength range over which femtosecond
pulses can be generated with Ti:sapphire laser. We an-
ticipate that PCFs will find similar applications with
other near-infrared femtosecond pulse sources.
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