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we report on the generation of cascaded four-wave mixing (CFWM) in a photonic crystal fiber with a high
peak power picosecond pulse pumping in the normal dispersion region and a weak continuous wave seeded.
We also experimentally investigate the dependence of CFWM bandwidth on the seeding wavelengths.
Experimental results demonstrate the existence of optimum seeding wavelengths for broadband CFWM
even though the pulse wavelength is 50 nm shorter than the zero dispersion wavelength. And CFWM
products spanning more than 300 nm are experimentally obtained.
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Frequency comb!"? has drawn much attention because
its potential applications in many research fields such
as wavelength division multiplexing system[!, chemi-
cal sensing!!, astrophysical spectrometer calibration and
metrologyl®. In certain applications, cascaded four-wave
mixing (CFWM) is exploited to achieve broadband fre-
quency combl®9. As a result, a number of previous re-
views of CFWM generation have been written(6—8!, and
CFWM products centered on 1.5 ym have been numer-
ically and experimentally obtained[®='2. In the experi-
ments, pump signals were mostly pumped in the anoma-
lous dispersion regimes of the highly nonlinear fibers
(HNLFs) or photonic crystal fibers (PCFs). That is be-
cause in the anomalous dispersion regime the gain band
of modulation instability (MI, time-domain description
of the same physic as FWM) is much broader than that
of the normal dispersion region"3). In addition, cas-
caded MI is much easier to be generated when a single
signal is pumped into a short segment of fiber™. Re-
cently, CFWM products centered on 1.0 pum have also
been experimentally['®! realized using a PCF with two
zero dispersion wavelengths (ZDWs). And this year,
we obtained CFWM with arbitrary frequency pitch cen-
tered on 1.0 pm by pumping in the anomalous dispersion
region!.  For the scheme we proposed in that work,
a high-power pulse pump and a weak continuous wave
(CW) seed are injected into a short segment of PCF,
FWM occur between them and the first-order idlers will
be generated on both sides of the pulse pump and the
CW seed. Furthermore, FWM processes followed occur
involving the first-order idlers generated previously, cre-
ating second-order and even higher-order idlers with new
frequencies. Through this cascaded process, many spec-
tral peaks will be obtained at the output end of PCF.
Different from the previous studies, we pump the high
power pulse in the normal dispersion region of the PCF,
which has the ZDW of 50 nm shorter than the pump
central wavelength, in which case no cascaded MI can be
observed when only pulse pumping. Dependence of the
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CFWM bandwidth on the seeding wavelengths is partic-
ularly investigated.

The experimental setup is shown in Fig.1. In the ex-
periments a picosecond pulse signal and a CW signal
are used. The pulse signal comes from a Nd:YAG Q-
switched microchip laser (NP-10820, Teem Photonics,
France), running at 1064 nm and emitting of 0.6 ns
(FWHM) pulses with 15-kW peak power at a 7.3-kHz
repetition rate. For CW signal generator, a 300-mW
laser diode (LD) centered at 976-nm provides the pump.
The fiber ring cavity consists of a WDM, a 60-cm Yb-
doped fiber (YDF, Liekie Yb-1200-4/125, nlight, USA),
a tunable band pass filter (BPF) manufactured by Ag-
iltron Inc., an isolator (ISO), and a coupler. Wavelength
tuning from 1010 to 1097 nm is achieved by the tunable
BPF. As displayed in Fig. 1, two signals are coupled with
a WDM and launched into PCF. The reflective port of
the WDM in Fig. 1 is connected with the output end
of CW signal. And this port has a very low reflectance
near the wavelength of 1064 nm. So the CW signal at
1060—1069 nm cannot be successfully coupled into PCF.
The PCF we use in the experiments has a core diameter
of 7.3 pum, hole-to-hole spacing A around 5.42 pm, air hole
diameter d = 3.54 um, effective mode field area (MFA,
Aeg) Ao = 26 pm?. Tts calculated dispersion profile and
group velocity from a fully vectorial finite element mode
solver (Comsol Multiphysics) are displayed in Fig. 2. Its
ZDW locates at 1117 nm. So the 1064-nm pulse pumps
in the normal dispersion region. Spectra after the PCF
are monitored with an optical spectrum analyzer (OSA)
operating in the range of 600—1700 nm.

Firstly, we investigate the parametric gain in this PCF.
If the pump waves are assumed to remain undepleted dur-
ing the FWM process, parametric gain ¢ is given by(13:16]

2 2
9= (P)” = (k/2)7, (1)
where ~ is the nonlinear parameter, Py is the pump

power, the phase mismatch term k is given by k =
2yPrt2 30 [Bam/ (2m)]Q2%*™, Q is the angular frequency
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Fig. 1. Schematic of the whole experiment.
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Fig. 2. (Color online) (a) Calculated dispersion profile and
(b) group velocity of the PCF used in the experiments.
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Fig. 3. (Color online) (a) Parametric gain for different pump
wavelengths. (b) Measured spectrum when only pulse is
pumped.

shift from the pump, and (s, represent the different
even-order dispersion coefficients at the pump wave-
length. Figure 3(a) displays the parametric gain as
the function of wavelengths. Pump central wavelength
ranges from 900 to 1500 nm. Input peak power is se-
lected as 5 kW. Notably, parametric gain bands in the
normal and anomalous dispersion regions are qualitative
differences in the gain spectra. We see that the gain
spectrum for the anomalous dispersion regime pump-
ing at 1160 nm consists of a relatively broad gain band
(~150 nm). The horizontal dashed line indicates the
pump wavelength at 1064 nm, where gain bands consist
of narrow-band peaks displaced from the pump wave-
lengths. In the experiments we get the same result. As
displayed in Fig. 3(b), signal wave at about 746 nm
is generated by phase-matched FWM. While the idler
wave is excess the detection limit of OSA. Besides the
Stokes and anti-Stokes wave generated by stimulated Ra-
man scattering (SRS), there are another two generated
peaks very close to the pump wavelength in Fig. 3(b).
And their wavelengths coincide with that of gain bands
marked by the arrow in Fig. 3(a). In the following dis-
cussion we will find the small gains play an important
role for the generation of broad band CFWM.

As described in Ref. [14], SRS plays a critical role in

the spectral broadening when pumping long pulse in the
normal dispersion region. So cascaded SRS or CFWM
will be obtained if we seed the CW signal at the first
order Stokes wave. However, the CFWM with seeding
at 1034 nm has not been successfully generated. In the
following experiments, we investigate the CFWM gener-
ation with seeding at different wavelengths in this PCF
comprehensively.

Using the cut-back method, we find the optimum fiber
length is about 0.9 m when 25 mW of pulse pump power
can be launched into it. Average power of CW seed
is selected as ~25 mW, which is 2x10° times weaker
than the pulse peak power. In Fig. 4, solid lines sum-
marize the experimental results for seeding the CW on
the Stokes side (Fig. 4(b)) as well as the anti-Stokes
(Fig. 4(a)) side of the pulse. Different colors indicate
the CFWM products with different seeding wavelengths.
For comparison purposes, we also include, in Fig. 4, the
spectra for only pulse pumping (dashed lines). Obvi-
ously, the first Stokes wave of SRS is found to exhibit
double-peak structure corresponding to peaks at about
1117 and 1123 nm. With the help of FWM, the first
anti-Stokes wave of SRS is also clearly observed. This
will be conducive to the generation of CFWM.

As seen clearly in Fig. 4, bandwidth of the CFWM
has a remarkable dependence on CW wavelengths, re-
gardless of seeding on the Stokes side or the anti-Stokes
side. CFWM products are not efficiently generated with
seeding much close to the pulse pump is also not the
suggested way of producing broadband CFWM, like the
cases of seeding at 1054 or 1075 nm. Although, seed-
ing close to pulse will make the phase or group-velocity
mismatching much smaller. Peaks nearby are indeed
generated through FWM. However, the generated peaks
are cross the maximum of Raman gain. Without the help
of SRS, CFWM cannot be efficiently produced because
of pumping in the normal dispersion region. Even when
we seed the CW at the first anti-Stokes wave (1016 nm),
broadband CFWM products can neither be generated.
This is due to the inefficiency of power transfer from CW
to the first Stokes peak through FWM. So that cascaded
SRS are not efficiently generated. And the CFWM gen-
eration is also been influenced. Compared the spectra
with each other, we find that there are two optimum
seeding wavelengths for broadband CFWM: one is on
the Stokes side and the other is on the anti-Stokes side.
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Fig. 4. (Color online) Measured spectra for only pulse pump-
ing (dashed lines) and CW seeded (solid lines) at different
wavelengths.
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Fig. 5. (Color online) Measured spectrum for CW seeded at
1082 nm.

CFWM products in the two cases have something in
common. That is the third peak away from the pulse
central wavelength on the Stokes side just locates at the
maximum of Raman gain (see the spectra with seeding
at 1082 and 1048 nm). And the seeding wavelengths
locate at the gain bands.

To get more insight into the CFWM generation with
the help of SRS, we investigate the specific condition un-
der which the CW wavelength is fixed at 1082 nm. Figure
5 shows a zoom of the spectrum for the cases with only
pulse pumping (dotted red line) and CW signal seeded
(solid blue line). Note that the spectral window of the
CFWM has a width of larger than 300 nm at a level of -
70 dB. 19 peaks of the CFWM products can be identified
clearly, having an optical signal-to-noise ratio (OSNR)
higher than 3 dB. There are several notable features in
Fig. 5. In the basement, more than two double-peak
structures can be observed, especially on the Stokes side.
And the peaks on the Stokes side are much more than
that of the anti-Stokes side. Based on these two features,
we give an estimate that SRS plays a critical role in the
CFWM generation. As marked in Fig. 5, CW signal at
1082 nm is regarded as the first order on the Stokes side
(marked as S1), and peak at 1048 nm is regarded as the
first order on the anti-Stokes side (marked as AS1). Ac-
cording to the numerical calculations, the first two order
Stokes waves of 1048 nm locate at 1100 and 1158 nm,
which coincide with the peaks of S2 and S5 in Fig. 5.
The first two order Stokes lines of 1082 nm locate at 1138
and 1201 nm, which coincide with the peaks of S4 and S7.
So the CFWM generation can be explained as follows.
With 1082 nm locating at the peak of the parametric
gain band (indicated by arrow in Fig. 3(a)), peaks close
to the pump such as AS1 and S2 are firstly generated
when the pulse at 1064 nm and CW at 1082 nm are
launched into PCF. And then, S2 extracts a portion of
power from AS1 with the help of SRS. So we observed
the double-peak structure in the basement. Meanwhile,
there is a sharp peak at 1100 nm generated by FWM,
which also serves as a probe beam. And it can be further
amplified because of the Raman gain. Similarly, peak of
1119 nm extracts power from the pulse pump through
SRS, until it becomes strong enough to seed the gener-
ation of the next Stokes line at 1179 nm. Peaks of S4

and S7 get the power from S1. And then more peaks in
the anti-Stokes side are generated through FWM with
the trigger of peaks in the Stokes side. Higher the order
of the peak is, farther it is away from the ZDW, larger
the phase or group-velocity mismatching is, and harder
it is for FWM to be generated. As a result, peaks on the
anti-Stokes side are much less than that on the Stokes
side.

In conclusion, we demonstrate a mechanism to gener-
ate broadband CFWM centered on 1.0 ym with pulse
pumping in the normal dispersion region. Dependence
of CFWM bandwidth on the CW seeding wavelengths
is experimentally researched. And we find the opti-
mum seeding wavelengths for the efficient generation of
CFWM. The underlying physical mechanisms are also
investigated. With the combined effort of SRS and
FWM, CFWM products with the bandwidth of more
than 300 nm are experimentally obtained.
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