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In this paper, a 120-fs pulse transmission experiment is carried out using disordered birefringent microstructure fibers
with cladding ventages. Through this experiment, it is found for the first time that remarkable Stokes and anti-Stokes
waves can also be produced when the central wavelength of the incident pulse is in the normal dispersion regime of the
microstructure fiber. The generation of the two waves can be explained by the four-wave mixing phase matching theory.
Properties of the two waves under the action of femtosecond laser pulses with different parameters are studied. The results
show that the central wavelength of anti-Stokes waves and Stokes waves produced under the two orthogonal polarization
states shift by 63 nm and 160 nm, respectively. The strengths and central positions of the two waves in birefringent fibers
can be controlled by adjusting the phase match condition and the polarization directions of incident pulses.
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1. Introduction
Compared with conventional fibers, microstructure fiber

has many superior features, especially the excellent nonlin-
ear and birefringent effects. The optical fields can be highly
confined to a fiber core by enlarging the aperture of cladding
ventages of the microstructure fiber and reducing the size of
the fiber core simultaneously. This strongly confined optical
field will significantly intensify the nonlinear effect. Mean-
while, the cladding structure can be designed so that the zero-
dispersion points are moved to different optical bands and the
central wavelength of the femtosecond laser lies in different
zero-dispersion regimes of the fiber. In this way, the ultrashort
pulse will produce different nonlinear effects during its trans-
mission in the fiber, such as self-phase modulation (SPM),
cross-phase modulation (XPM), four-waves mixing (FWM),
and stimulated Raman scattering (SRS). The research on fre-
quency conversion and optical soliton effects focusing on four-
wave mixing has become one of the hot points of research in
the current optics domain. Liu et al.[1] proposed the theoretical
model of a nonlinear equation which governs arbitrary pump
waves when the frequency intervals between pump waves are
equal, and they also proved experimentally the feasibility and
stability of the produced multiple four-wave mixing waves
in highly nonlinear microstructure fiber with multi-frequency
pump waves. Hu and Wang[2] studied the production of a
super-continuum spectrum in birefringent microstructure fiber,
as well as the remarkable anti-Stokes line. Comparing their

model with the traditional mode coupling theory of the four-
wave mixing process, Liu[3] came up with a coupled mode
equation of complex amplitudes for the four waves, and stud-
ied the self-stability of the multiple four-wave mixing process
in fiber both theoretically and experimentally. Most of these
previous researches are focused on the stability of the multiple
four-wave mixing process and the conversion efficiency of the
anti-Stokes. In this paper, the influences of various parame-
ters on the four-wave mixing with disordered cladding ventage
birefringent microstructure fibers are investigated experimen-
tally. That is, by adjusting the central wavelength, the average
power of the pumping pulse, the angle between the polariza-
tion direction of pulses and the fiber short axis, the energies are
converted into those of short waves and long waves efficiently.
Such an efficient anti-Stokes conversion based on four-wave
mixing can be widely used in wavelength conversion tech-
nology of wavelength division multiplexing (WDM), high-
resolution imaging of shortwave radiation, electron transition
of directly stimulated molecules, multi-photon ionization,[4–9]

etc.

2. Theory and numerical simulation of the fiber
properties
The photons of incident optical waves are scattered by

molecules and converted into low-frequency photons; mean-
while, the molecules end their process of the transition be-
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tween two resonance states. The incident light, as a pump-
ing source, produces Stokes light with red-shifted frequencies.
When the produced Stokes light is strong enough, it will act
as a new pumping source to produce secondary Stokes and
anti-Stokes waves; when the phase mismatches, i.e., ∆δ = 0,
there will be remarkable four-wave mixing between pumping
waves and Stokes waves, secondary Stokes waves and anti-
Stokes waves. Then the parametric gain corresponds to the
peak of four-wave mixing and ∆δ can be expressed as[10,11]

∆δPA = β (ωP)−β (ωAS)

= (1− fR)γ (ωP)PP − ∑
n≥2

(ωAS −ωP)
n

n!
βn (ωP)

= 0, (1)

∆δPS = β (ωP)−β (ωS)

= (1− fR)γ (ωP)PP + ∑
k≥2

(ωS −ωP)
2k

2k!
β2k (ωP)

= 0. (2)

In Eqs. (1) and (2), β (ωP), β (ωAS), and β (ωS), respectively,
denote the propagation constants of the pumping wave, anti-
Stokes wave, and Stokes wave, γ (ωP) denotes the nonlinear
coefficient, fR the Roman-delayed response of quartz fibers,
Pp the peak power of the pulse, and the corresponding angular
frequency for ∆δPA = ∆δPS = 0 is just the angular frequency
of the anti-Stokes wave and Stokes wave. This means that
with the increase of the central wavelength of the pumping
pulse, the frequency spectrum gradually broadens and the fre-
quency shift increases. The sectional view of the fiber used
in the experiment is shown in Fig. 1, in which the dark black
hole represents the cladding air hole. The non-uniformity of
air holes mainly brings a certain influence on the fiber bire-
fringence, thus affecting nonlinear effects of light pulses with
different incident angles. Secondly, the disordered arrange-
ment of cladding ventages and the ellipse structure of the fiber
core also allow the fiber to have a larger birefringent effect,
where axes X and Y refer to the fast axis and slow axis of the
fiber, respectively. In this article, we simulate basic parame-
ters of the fiber using the finite-element method. The finite-
element method has the advantage of being able to solve the
microstructure fiber with arbitrary shape, size, and air hole dis-
tribution. The finite-element solution is actually the projection
of a weak-form solution of differential equations in a finite di-
mensional space. For the partial differential equations, such
as the wave equation, the finite-element method divides the
closed fields expressed by the continuous function into small
regions, each of which is replaced by an approximate function.
Thus, the function of the whole field is discretized, resulting
in a group of similar algebraic equations and the numerical
approximation functions in the field through simultaneous so-
lution. Generally, for two-dimensional (2D) problems, these

regions are triangular. Triangles have larger mosaic degrees
of freedom, so the field division is convenient, especially for
irregular-shape boundaries. Therefore, this method has great
advantages in solving microstructure fibers with irregular air
holes. Figure 2 shows the model of the irregular microstruc-
ture with triangle partitions. Figure 3(a) shows the difference
in propagation constant between the two orthogonal polariza-
tion modes and its functional relationship with wavelength.
It can be found that the difference between propagation con-
stants in the whole band considered is negative, which means
that the X axis is the fast axis and the Y axis is the slow axis.
Figure 3(b) shows the variations of birefringence and nonlin-
ear coefficient with wavelength. The birefringence of the fiber
reaches 1.3× 10−5 at λ = 800 nm. Since the nonlinear coef-
ficient difference between the two polarization modes is very
small, Figure 3(b) only shows the nonlinear coefficient of the
polarization mode of the X axis. Figure 3(c) shows the rela-
tionship between the dispersion coefficient and wavelengths of
the two orthogonal polarization modes. Zero-dispersion points
of X and Y polarization modes are at wavelengths of 993 nm
and 997 nm, respectively.

10 mm

Y

X

Fig. 1. Cross section of the PCF used in the experiment.

Fig. 2. Irregular microstructure fiber model in which the cross sec-
tion of fiber is divided into many triangular meshes.
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Fig. 3. (a) The propagation constant difference ∆β of the orthogonal polarization-mode versus wavelength. (b) The nonlinear coefficient and
birefringence degree versus wavelength. (c) Dispersions of the two orthogonally polarized modes versus wavelength. The zoom view is also
shown in panel (c).

3. Experimental results and analysis
The experimental principle is shown in Fig. 4. A 60-cm

long fiber is used in the experiment. The pumping source is
a Mira900 Ti sapphire laser whose average output power is
0.6 W, pulse width is 120 fs, pulse type is hyperbolic secant,
repetition frequency is 76 MHz, and the adjustable central
wavelength is between 700 nm and 980 nm. The spectrometer
is an AvaSpec-2048-USB2 whose measurement wavelength
is in the range 200 nm–1100 nm. The other spectrometer
is an infrared spectroscopic analyzer, Avaspec-NIR256-NIR-
25, whose measurement wavelength is in the range 9002 nm–
2500 nm and whose precision can reach 5 nm–10 nm. The
nonlinear coefficient of PCF can be expressed as,[12]

γ =
8π2

λ 3 n2b2(nb −neff),

where n2 is the nonlinear refractive index coefficient. For the
quartz optical fiber, usually, n2 = 3.0× 10−20 m−1·W−1, nb

is the refractive index of the fiber matrix material, which can
be obtained using the Sellmeier formula,[13] neff is the effec-
tive refractive index under the fundamental mode. Since the
effective refractive index along the fast axis of optical fibers
is small, the corresponding nonlinear coefficient is large. In
the experiment, the polarization direction of the incident light
pulse is controlled by adjusting the angle of the half-wave
plate. When the nonlinearity is strongest, that is, the spectral
broadening degree is highest, the polarization direction of op-
tical pulses is parallel to the fast axis of the fiber. The optical
output power of the incident light is controlled by adjusting the
attenuation plate. It can be seen from Fig. 3(c) that the zero-
dispersion point of the PCF is nearly at a wavelength of 1 µm.
In the experiment, efficient frequency conversion is produced
by increasing the wavelength of the incident pulse to make the
pulse work in the normal dispersion regime. In contrast, large
frequency conversion usually happens in the abnormal disper-
sion section of fibers, as indicated in previous reports.[14–19] It
can be seen from Fig. 5 that when the wavelength of the inci-
dent light pulse increases gradually from 778 nm to 818 nm,
the strength of the anti-Stokes wave increases rapidly. The
intensity of the anti-Stokes wave corresponds to the increas-
ing rate of the long-wave Stokes wave intensity, which can

even exceed the intensity of the residual pumping wave. The
main reason is that the closer to the zero-dispersion point the
wavelength is, the more remarkable the four-wave mixing will
be under phase matching between Stokes waves of pumping
wave in the long wave band, which leads to the rapid growth
in the frequency spectrum composition in the short wave band.
Meanwhile, in the long wave band (abnormal dispersion sec-
tion), there also appears a new frequency spectrum (secondary
Stokes wave) which forms a soliton under the joint action of
the dispersion and nonlinear effect of SPM. The soliton moves
to the long wave direction or even appears in the infrared light
range of 1700 nm ∼ 2100 nm, and at the same time blue-shift
waves are formed in the short wave band. Since the nonlin-
earity of the short wave band is higher than that of the long
wave band (as γ is inversely proportional to λ ), the intensity
of an anti-Stokes wave in the short wave band is higher than
that of a Stokes wave in the long wave band. From another
aspect, as the central wavelength of the incident pulse gradu-
ally increases and turns closer and closer to the zero-dispersion
point, the dispersion becomes larger while the dispersion slope
becomes smaller. It can be analyzed from Eqs. (1) and (2) that
the phase mismatch ∆δ also turn smaller and smaller, lead-
ing to a more remarkable four-wave mixing effect under phase
matching and a larger band frequency shift, more concentrated
energy of the Stokes wave in the long wave band and the anti-
Stokes wave in the short wave band, and a higher conversion
efficiency.

FS laser isolator attenuator half wave
plate

40Tlens

PCF

spectrometerdisplayer

Fig. 4. Experimental setup.

Based on the fiber parameter obtained by simulating the
fiber used in the experiment and the pumping pulse parame-
ter used in Fig. 4, figure 6 shows the calculated Stokes waves
from Eqs. (1) and (2) and the phase difference ∆δ between
pumping wave and anti-Stokes wave. The wavelengths which
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meet the phase matching ∆δ = 0 correspond to the positions
of anti-Stokes wave and Stokes wave. It can be known from
Fig. 5 that as the incident wavelength becomes longer, the po-
sitions of anti-Stokes waves and Stokes waves where the phase
match condition are located in ranges of about 540 nm–590 nm
and 1750 nm–2000 nm, respectively. These are almost the
same as the experimental results. The reason why there are no
corresponding anti-Stokes waves in the experiment results at
the short wavelengths of 470 nm–480 nm may be the loss of
spectral energy and the failure to reach the ideal measurement
range of the spectrometer.
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Fig. 5. Output spectra of the microstructure optical fiber with different
wavelengths.
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Fig. 6. Curves of phase difference ∆δ between the pump pulse and
dispersive wave versus wavelength. The inset shows a local zoom view.

When the pumping wavelength is 808 nm and the average
powers of the incident pulse are 0.3 W, 0.4 W, and 0.63 W,
the spectra are shown in Fig. 7. What is produced on the
left side of the pumping wavelength is an anti-Stokes wave,
and on the right side there appears a Stokes wave. It can be

seen from Fig. 7 that when the power is 0.63 W, an efficient
anti-Stokes wave and Stokes wave are produced near 560 nm
and 2000 nm respectively. The central pumping wavelength
is 808 nm and the zero-dispersion wavelength of the fiber is
around 1000 nm, so the pumping is within the normal dis-
persion regime of the fiber. Since it is relatively close to the
zero-dispersion wavelength of the fiber, the second order dis-
persion β2 is very small and high-order dispersions all have a
large influence on the four-wave mixing. When the pulse laser
starts to be coupled into the fiber, it is mainly the SPM that
broadens the frequency spectrum. In the broadened frequency
spectrum close to the zero-dispersion frequency of microstruc-
ture fiber, photons with degenerated frequencies can act as the
pumping photons for the four-wave mixing of phase matching.
These photons transfer their own energies into the normal dis-
persion section (< 1000 nm) and abnormal dispersion section
(> 1000 nm). XPM makes the frequency spectrum become
broader asymmetrically; the Raman scattering, high-order dis-
persion and self-steepening effect can also cause asymmet-
rical distribution of the frequency spectrum. As shown in
Fig. 7, there is a strong anti-Stokes wave and a Stoke wave
near 560 nm and 2000 nm, respectively. When the average
power of the pulse increases from 0.3 W to 0.63 W, the energy
of the Stokes wave is tripled, and the energy of the anti-Stokes
wave increases almost by ten times. The peak powers of anti-
Stokes/Stokes waves and the residual signal of pumping waves
reach up to 1.12 and 0.67, respectively. Meanwhile, it can be
seen from Fig. 7 that with the increase of the incident pulse
power, the central wavelengths of the produced Stokes and
anti-Stokes waves move closer to long wave and short wave,
respectively. The spectrum becomes broader. This is because
the higher the power is, the more strongly the nonlinear terms
act in the parametric process 2ωP = ωs +ωa + 2γ p0, and the
more frequency spectrum compositions in the four-wave mix-
ing there will appear.[20,21]
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Fig. 7. Output spectra of the microstructure optical fiber with different
incident pulse powers.
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The difference in the dispersion curve between long and
short axes is allowed to be taken as an adjustable dimension in
the parametric process of nonlinear optics for the incident po-
larized light beams with different polarization directions. The
experiment obtains Stokes waves and anti-Stokes waves of dif-
ferent central wavelengths by changing the polarization state
of the incident pulse. The spectra obtained in the fiber are
shown in Fig. 8 when the central wavelength of the pulse out-
put from the femtosecond laser is 798 nm, the average power
of input pulse is 0.43 W, and the polarization direction of the
input pulse is parallel or perpendicular to the direction of the
fast axis. It can be seen that the Stokes wave and anti-Stokes
wave are obviously higher when the polarization direction of
the input pulse is parallel to the fast axis than when the polar-
ization direction of the input pulse is perpendicular to the fast
axis. Despite this, the intensities of both Stokes waves and
anti-Stokes exceed those of the residual pumping waves, with
conversion efficiency over 60%. Due to the ellipse structure of
the fiber core, the dispersion curves of different polarization
directions are different; and the central wavelengths of anti-
Stokes waves and Stokes waves under phase match shift under
the action of femtosecond laser pulses with different polariza-
tion directions. In the two orthogonal polarization directions,
peak values of anti-Stokes waves appear at the wavelengths
of 619 nm and 557 nm with a shift of 63 nm, and peak val-
ues of Stokes waves occur at the wavelengths of 1740 nm and
1900 nm, with a shift of 160 nm. It can be seen from Fig. 8
that there are multiple peaks at the signal points of anti-Stokes.
This is mainly because the anisotropic core structure enables
the models of different polarization and dispersion character-
istics to interact with each other, causing the model of an anti-
Stokes wave to be replaced by a higher order mode, resulting
in the fact that at the output of the fiber, the new frequency
signals represent a new peak in the figure. Since the Raman
scattering and stimulated Raman scattering in the pulse largely
influence the phase matching of the
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Fig. 8. Output spectra of the microstructure optical fiber with dif-
ferent angles.

fiber, in the normal dispersion region of the fiber, there will be
a cascade Raman effect, four wave mixing, XPM, and high-
order nonlinear effect, all of which are factors causing the ir-
regularities of the frequency spectrum.[22–24]

4. Conclusion
In this paper, we report a femtosecond laser pulse trans-

mission experiment with home-made cladding ventage dis-
ordered high nonlinear birefringent microstructure fibers and
study the conversion of wavelengths produced by the four-
wave mixing effect in the fiber under different central wave-
lengths, powers, and polarization directions of the femtosec-
ond laser pulse. The influences of the input laser pulse wave-
length, input power and polarization directions on the central
wavelength, intensity, and frequency conversion efficiency of
anti-Stokes and Stokes waves produced by the fibers are ana-
lyzed. It is found that as the incident pulse gradually gets close
to the zero-dispersion point, the average pulse power and the
angle between the polarization direction and the fast axis of
the fiber increase less, the anti-Stokes effect is gradually en-
hanced, and the conversion efficiency also gradually increases.
When the pulse polarization direction is parallel (perpendicu-
lar) to the fast axis of the fiber, the central wavelength of the
anti-Stokes wave (Stokes wave) in the fiber has a shift of 63 nm
(160 nm). The new feature of this microstructure fiber ex-
pands the nonlinear effect of an ultrashort laser pulse, provid-
ing a new method of solving the problem of phase-matching in
nonlinear optics. The microstructure fibers can act as efficient
frequency converters for ultrashort pulses and can be used in
WDM wavelength conversion technology. The findings in this
paper provide theoretical support for wavelength-adjustable
broadband mode locking fiber laser seed source technology.
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