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We experimentally study the combined nonlinear effects, including four-wave mixing, stimulated Raman scat-
tering, soliton dynamics, and cross-phase modulation by coupling femtosecond pulses around 850 nm into the
normal dispersion region near the zero-dispersion wavelength in the fundamental mode of a homemade silica
photonic crystal fiber. The nonlinear optical dynamics at different stages are demonstrated, and the discrete
ultraviolet (UV) to visible wavelengths widely separated from the pump wave are generated by the interaction
of several nonlinear effects involved. The UV to visible wavelengths can be used as short pulse sources for multi-
photon ionization, fluorescence spectroscopy, and biochemical imaging.
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In the past few years, lots of studies have been explored for
the generation of ultrashort optical pulses at the visible
and ultraviolet (UV) wavelengths because they have
important applications in basic physical and biochemical
science such as multiphoton ionization, fluorescence spec-
troscopy, and biochemical imaging. Photonic crystal fibers
(PCFs)*¥ with controllable properties over dispersion
and nonlinearity have opened a new phase in the develop-
ment of nonlinear optics. They offer the ideal optical
media for enabling some nonlinear optical processes to
be used for converting pump pulses available from the
existing lasers into the UV to visible wavelengths that
are widely separated from the pump wave.
Supercontinuum (SC) generation involved in extremely
wide spectral broadening results from the complex inter-
action between a series of nonlinear effects™¥. Although it
is possible to obtain the discrete desired wavelengths
through selectively filtering the generated SC, the efforts
on extending the blue edge of the SC toward the UV to
visible spectral region are demonstrated to be difficult,
and the temporal width of the filtered wavelengths can
be elongated along with the decreased output energy.
Thus, the non-SC frequency upconversion techniques
based on single four-wave mixing (FWM)&2 or soliton
dynamics™>? are developed through controlling the initial
nonlinear evolution of the pump pulses so as to suppress
the SC generation. Generation of UV to visible wave-
lengths by FWM in a PCF requires that the wavelength
of the pump pulses around 800 or 532 nm is close to but
shorter than the zero-dispersion wavelength (ZDW) of the
fundamental mode of a PCF with a core diameter of less
than 2 pm. However, the PCF is difficult to draw, and it
suffers from high propagation loss and damage at high
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incident power. Dispersive waves (DWs) during the soli-
ton dynamics can also be used for generating UV to visible
wavelengths in the small-core PCFs doped by rare earth
elements?, but the material preparation for the fiber pre-
form is difficult and the effect of rare earth ions on the non-
linear optical process needs to be considered. Recently, the
deep-UV DWs were generated in an Ar-filled hollow-core
PCF (HC-PCF) with pressure-controlled dispersion, but
the complex nonlinear optical property of Ar had a deter-
mined influence on the process of energy conversion. Up
to now, it was demonstrated that the generation of UV to
visible wavelengths by a single nonlinear effect is difficult.
Thus, the mutual effect of several nonlinear effects in PCF's
at the early stage of SC generation has become the subject
of some studiesZ2 that can be expected to solve the cur-
rent problem. Hsieh et al. preliminarily studied the com-
bined effect of Raman and parametric gain in the optical
parametric process?. Kudlinski et al. demonstrated the
combined FWM and Raman effects in a PCF2. However,
the combined nonlinear dynamics involving three or more
nonlinear effects have not yet been reported.

In this Letter, femtosecond pulses are coupled into the
normal dispersion region near the ZDW in the fundamen-
tal mode of a homemade silica PCF, and the nonlinear
optical processes referring to FWM, stimulated Raman
scattering (SRS), soliton dynamics, and cross-phase
modulation (XPM) are experimentally demonstrated.
The discrete UV to visible wavelengths are efficiently gen-
erated by the combined nonlinear effects.

Figure 1 shows the group-velocity dispersion (GVD)
curve of the fundamental mode. It is calculated with
the multipole method (MPM) from the cross-sectional
structure of the silica PCF with a core diameter as large
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Fig. 1. GVD curve calculated for the fundamental mode with the
ZDW of 855 nm, and the inset shows the cross-sectional structure
of PCF used.

as 2.85 pm and a relative hole size of 0.91, as shown in the
inset of Fig. 1. During the fabrication process, the silica
material is first purified by the combined method of rec-
tification and adsorption to greatly reduce the absorption
losses induced by the chlorides, chlorine-hydrogen com-
pounds, OH, metal ions, and metallic and nonmetallic
oxides, and then the PCF is fabricated from the silica
material by the stack and draw technology. The ZDW
is located at 855 nm, so the PCF has a normal dispersion
region at the pump wavelength of 850 nm used in the
latter experiment.

The FWM as an elastic nonlinear effect requires the
phase-matching condition to be satisfied. For the degen-
erate case, two pump photons at w, can generate a Stokes
photon at the downshifted frequency w, and an anti-
Stokes photon at the upshifted frequency w,g; that is to
say, 2w, = @ + w,s. In order to achieve efficient energy
conversion, the phase mismatching induced by the silica
material and waveguide structure requires compensation
by the nonlinear ones through the relation

K= ﬂ(ws) + :B(wa‘s) - Qﬂ(wp) +2yP =0, (1)

where f(w;), p(w,s), and p(w,) are the propagation con-
stants of the Stokes, anti-Stokes, and pump wave, respec-
tively, y = nowy/cAq is the nonlinear coefficient, A is
the effective mode area, and ny =2 x 1072° m?/W is
the nonlinear refractive index of the silica material.

As the pump energy is extended into the anomalous
dispersion region, the soliton dynamics dominate the non-
linear optical process. The location of DWs can be
governed by the phase-matching condition referring to
the dispersion and nonlinear contribution22!

Zwﬁn(a}p) — 7/_PP7 (2)

!
~ n! 2

where wpw and o, are the central frequencies of DWs and
pump pulses. f,, denotes the propagation constant’s nth-
order derivative taken at w,, and y and P, represent the
nonlinear coefficient of the fiber and the peak power of
the pump pulses, respectively. In this work, we have
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Fig. 2. (a) Phase-mismatching factor k at the short wavelength
in the fundamental mode of the PCF calculated as a function of
wavelength when the pump pulses are centered at 850 nm and
the input average power is increased from 300 to 400, and to
500 mW (the peak power of 36 to 48, and to 60 kW), the vertical
arrow line corresponding to a pump wavelength of 850 nm and
(b) the phase-matching condition between the DW and pump
wavelengths for the same pump condition.

considered the Taylor expansion up to the fifth order
(n=2>5), and the corresponding dispersion coefficients
are ff, = 1.2536 ps?/km, B3 = 0.3285 x 1072 ps®/km, f, =
—0.9523 x 1079 ps*/km, and f; = 1.4257 x 10~® ps®/km
at the pump wavelength of 850 nm.

When pump pulses are centered at 850 nm and input
average power is increased from 300 to 400, and to
500 mW (the peak power of 36 to 48, and to 60 kW),
the phase-mismatching factor x calculated from Eq. (1)
is shown in Fig. 2(a). It can be seen that x reaches zero
at wavelengths of 661, 637, and 621 nm, which predicts
that the anti-Stokes wave can be generated at these wave-
lengths widely separated from the pump wave. Moreover,
the DW wavelengths are calculated as a function of the
pump wavelengths by Eq. (2), as shown in Fig. 2(b).

The experimental setup used to test the PCF is shown
in Fig. 3(a). The experiment is performed with a mode-
locked Ti:sapphire laser (800 nm center wavelength,
120 fs pulse width, and 76 MHz repetition rate). The
mode-locked state of the pump pulses is monitored by
the oscilloscope, and an optical isolator is placed at the
output end of the laser to prevent light from reflecting
back into the laser system. The output pump beams are
launched into a span of 160-cm-long PCF by using a
40x microscope objective with a coupling efficiency of
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Fig. 3. (a) Experimental setup, and (b), (c¢), (d), and (e) show
the observed output far fields at the wavelengths of 650, 620, 500,
and 400 nm when the input average power of the pump pulses
centered at 850 nm are kept at 500 mW, corresponding to the
red, red-orange, green-blue, and pink-violet light, respectively.

66%, and the input average powers can be controlled with
a variable attenuator. The coupling state of the incident
light beams is monitored by the CCD. The fundamental
mode can be excited by focusing the pump pulses onto the
fiber face along the direction of the core central axis.
The propagation loss is measured by the cutback method
to be about 0.23 dB/m at 850 nm. The output spectra are
directly observed by an optical spectrum analyzer (OSA,
Avaspec-256) with a wavelength range of 200 to 1100 nm.
Figures 3(b), 3(c), 3(d), and 3(e) show the output far fields
observed by the CCD at wavelengths of 635, 620, 500, and
400 nm, respectively, when the wavelength and input
average power of the pump pulses are kept at 850 nm
and 500 mW, respectively. In the experiment, both the
fiber length and pump pulse parameters are appropriately
selected to study the early stage of SC generation.
In addition, the Stokes waves and solitons generated at
the near-infrared wavelengths will fall out of the spectral
range of the OSA.

The evolution of the output spectra within the wave-
length range of 200 to 1000 nm is measured for the input
average powers P,, = 300, 400, and 500 mW (the corre-
sponding peak powers are 36, 48, and 60 kW), respec-
tively, when the pump pulses at 850 nm are launched
into the 160-cm-long fiber, as shown in Fig. 4(a). At
the initial stage of the nonlinear optical process, because
the pump wavelength is located in the normal dispersion
region and close to the ZDW of the fundamental mode of
the PCF, the FWM as a dominant nonlinear effect gener-
ates the anti-Stokes sidebands at wavelengths of 662, 636,
and 620 nm due to the higher-order dispersion, which is
consistent with the calculated results shown in Fig. 2(a).
As the anti-Stokes wave energy is gradually enhanced
along the propagation distance, its own Raman Stokes
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Fig. 4. (a) Observed output spectra when the input average
power P,, of the pump pulses at 850 nm increases from 300
(black solid line), to 400 (red dashed line), and to 500 mW (blue
dot-dashed line), (b) the anti-Stokes wave and DW wavelengths
Aas and Apw as a function of P,,, and (c) the conversion efficien-
cies 17, and npyw, and the output powers P,, and Ppy of the anti-
Stokes waves and DWs as a function of P, .

orders at the longer wavelength side are generated espe-
cially for P,, = 500 mW. Moreover, because the injected
peak powers (36, 48, and 60 kW) are evidently higher than
the that of the Raman threshold, the optical spectra of the
pump pulses can be broadened asymmetrically on the
leading and trailing edges through the Raman and self-
phase modulation (SPM) effects. It is worth noting that
there is no spectral overlap between the FWM and Raman
spectra because the frequency shift of FWM relative to the
pump wave is much larger than the Raman gain band. As
part of the pump energy is extended into the anomalous
dispersion region of the PCF, the soliton dynamics play
an important role. The Raman solitons formed by the
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interaction between the negative dispersion and the SPM
occur to shift toward the longer wavelength. When the
perturbation is induced by the higher-order dispersions
during the redshift process, the resonant blueshifted
DWs are generated at wavelengths of 545, 525, and
501 nm, respectively, agreeing well with the theoretical re-
sults shown in Fig. 2(b). At first, no interaction between
the Raman solitons and DWs exists because of the large
temporal separation induced by the group-velocity differ-
ence. During the further propagation, the faster Raman
solitons slow down and are eventually caught up by the
accelerating DW pulses. At this time, the Raman solitons
trap part of the DW spectrum. The temporal overlap
between them leads to the XPM, and new spectral com-
ponents well separated from the DWs are generated at the
shorter wavelengths below 400 nm. Also, it is evidenced
from Figs. 3(b), 3(c), 3(d), and 3(e) that the related non-
linear processes occur in the spatial fundamental mode.
The spectral broadening of the discrete UV to visible
wavelengths in the normal dispersion region is believed
to be due to dispersive and nonlinear effects.

Figure 4(b) shows the relationships between the anti-
Stokes wave and DW wavelengths 4., Apw, and P,,. It
can be seen from Fig. 4(b) that both A,, and Apw are evi-
dently shifted to the shorter wavelengths as P,, is in-
creased from 300 to 400, and to 500 mW. The optical
filters at different center wavelengths are used to separate
out the anti-Stokes waves and DWs, and then a milliwatt
power meter is used to measure the corresponding output
powers. As shown in Fig. 4(c), when the coupling effi-
ciency of 66% is achieved, the output powers of the
anti-Stokes waves and DWs are measured to be 7.92,
18.48, and 39.6 mW; 11.88, 23.76, and 46.2 mW, respec-
tively. The corresponding conversion efficiencies of 7,
(the ratios between the power of anti-Stokes waves and
the incident pump power) and pw (the ratios between
the power of DWs and the incident pump power), are in-
creased from 4 to 7, and to 12%; 6 to 9, and to 14%,
respectively. In addition, considering the Manley—Rowe
relation of photon conservation, the energies converted
through the Raman and XPM effects are estimated to
be no more than 15% for P,, = 500 mW. In the experi-
ment, it is believed that the energy conversion processes
by the combined nonlinear effects can be further enhanced
through optimizing the pump pulse and PCF parameters
to reduce the coupling and scattering loss from the funda-
mental to higher-order modes and depress the pulse walk-
off between the pump wave and the anti-Stokes wave.

In conclusion, the interactions between several nonlin-
ear effects including FWM, SRS, soliton dynamics, and
XPM are experimentally studied by pumping in the nor-
mal dispersion region in the fundamental mode of a home-
made PCF. The discrete UV to visible wavelengths are
generated through the combined nonlinear processes. It
can be expected that the UV to visible wavelengths gen-
erated can be used as short pulse sources for basic physical
and biochemical science such as multiphoton ionization,
fluorescence spectroscopy, and biochemical imaging.
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