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Abstract:We demonstrate for the first time to our knowledigeir-wave-mixing (FWM) in
a 30cm-long centem phase-shifted Raman distributed-feedback (DFBY fiager. The FWM-
to-signal conversion efficiency is -24dB and thevelangth conversion range is 94.1nm.
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1. Introduction:

Four-wave mixing (FWM) is an attractive approachgenerate radiation at new frequencies through the
interaction between light at two or three differémtident frequencies, with the features of (i) twnverted
signal is identical to the original; (ii) the tugimange is continuous; (iii) transparent in ternisnmdulation
format; (iv) simultaneous conversion of multiplgrsils [1-3]. There are several mediums which candeel for
efficient FWM process, however optical fiber isquné in the sense that it offers long interactiongth thereby
reducing the demand on optical intensity. Additibnafibers offers low insertion loss when integrdtinto
optical transmission systems. Typically, a stroognp signal and a weak probe signal are injecteml anibng
length (more than a few meters) of dispersion teddiber and a new signal called idler or conjegagave is
generated through the FWM process. A more compathod to obtain FWM would be to use a DFB fiber
laser as a mixing device and use the signal oDRB laser as the pump for the FWM process. Suchngix
process has previously been reported in the comtiegemiconductor DFB lasers [3, 4]. However, sQ fo
FWM-related wavelength conversion has been obsearvéFB fiber lasers. Recently, Raman DFB (R-DFB)
fiber lasers with watt-level threshold and highpuitpower have been experimentally demonstratedrjZhat
particular design, the phase-shifted DFB gratingnfoa high reflectivity resonating cavity for thelFB signal,
whilst being mostly transparent to the pump waweaddition, the dispersion at the DFB signal waegtlk is
highly tailored by the DFB grating structure [6h this work, we report, for the first time, the ebstion of
efficient partially degenerated FWM with an ultréde detuning range in a 30cm-long Raman DFB fibset.

2. Experimental setup
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Fig. 1 (a) Schematic diagram of experimental seojpCalculated total group-velocity-dispersion (@\of fibers.

The schematic of the experimental setup is showRign 1(a). A 1064.6nm continuous-wave (CW), lingar
polarized, Yb-doped PM fiber MOPA was used as tinap source of the R-DFB laser. The output was sglic
to a non-PM high power isolator whilst a polarigaticontroller (PC) was used to align the pump [ddion
state to the DFB grating. A 1064nm/1117nm wavelerjtision multiplexer (WDM) was used to monitoeth
backward R-DFB signal from the system. The forwaumtput of the DFB grating was spliced to a singledm
fiber (PS980 from Fibercore Ltd.) with a length l&¥ which was directly coupled into an optical speatru
analyzer (OSA). All the fiber ends were angle-ckzhito prevent end-feedback while the WDM and DFB
grating were mounted on heat sinks to help cotttemperature and better remove any generatéd hea

We used the same R-DFB grating sample (30cms latigognterrt phase shift formed in Nufern UHNA4
fiber) as used in our previous work [7]. The NAppagation lossi) at 1.1 pum and nonlinear coefficient@
1.1pm) are estimated to be 0.35, 5 dB/km and ~3<n{yV, respectively.

3. Results and discussion:

Fig. 1(b) shows the calculated total group-veladigpersion (GVD) of the DFB grating fiber (UHNA4Nd
the pigtail (L1 & L2). The three vertical dashedds respectively, indicate the wavelengths of tnag-source
wavelength for the R-DFB fiber laset; (= 1064.6nm), the R-DFB oscillating wavelengtid;(= 1109.7nm)
determined by the DFB grating, and the wavelengthe converted signallf = 1158.7nm), according to the
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relationship ofﬁ = 2% - f , Where c is the speed of light in vacuum. As sedfig. 1(b), all the wavelengths
J

3

are located within the normal dispersion regiorthef used fibers. Fig. 2(a) shows the forward antkward
output spectra with the resolution bandwidth (RBYY)Lnm with anL2 of 1.8m. The inserts in Fig. 2(a) are
measured with a RBW of 0.01nm. Note that a fre@spatenuator (wavelength independent) was applied
before launching the forward output into the OSAorf the forward output spectrum, three waves at
wavelengths oft;, 4; and 4, are clearly seen with >40dB signal-to-noise rat@\NR) and narrow 3dB
bandwidths of <0.1nm ascertained from the inseSign 2(a). The Stokes wave at 1158.7ry) (s the FWM
signal generated from the interaction of the puaget for R-DFB laseri() and the forward R-DFB signal,)
rather than the second order Raman Stokes lasar smcavity exists for this wavelength. Additidpat does

not appear at the backward output indicating thiatot a lasing signal from the R-DFB. In ordeiirtvestigate
that the FWM signal is generated entirely withie f-DFB fiber laser and not in, or partially inetpigtail (2

in Fig. 1(a)), we also measured the output spesitia a length ofL2 of 11.8m, and the output spectra were
found to be identical to the caseldt=1.8m. Consequently, we conclude that the FWM isegated entirely
inside the R-DFB fiber laser cavity. As also evidBom the insets of Fig. 2(a), the FWM signal aneerted
from the pump wave, indicating that the R-DFB signathis case acts as a pump for the FWM procEbs.
detuning range from the pump signal to the FWM gateel signal is 47nm corresponding to the frequency
detuning of 11.4THz. Fig. 2(b) shows the powerorét) between the FWM generated signgl)(to its original
wave ;) for increasing with the incident pump power, mead from the OSA traces with RBW of 1nm,
When the incident pump power exceeds ~2\éyels off at around -24dB. This conversion effitiy is as high

as that obtained at a wavelength detuning of ju&tr8 in a single-mode fiber of 10km length pumpédtsa
zero-dispersion wavelength [2]. In the case of RRBFB the high conversion efficiency and wide détgn
range is believed to be due to the resonance effettte DFB cavity combined with the tailored disgen
properties of the fibre at the R-DFB wavelengthuicetd by that phase-shifted grating [6].
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Fig. 2 (a) Forward and backward output spectrangicadent pump power of 4.2W with RBW of 1nm. Irsabove are the spectra of the
pump (al), R-DFB (a2) and FWM (a3) waves with RBW0.01nm, respectively; (b) Power ratio with resgedncident pump power.

4, Conclusion

In summary, we have demonstrated highly efficieNi-based wavelength conversion in a 30cm long Raman
DFB fiber laser. The conversion efficiency is foundoe -24dB for a detuning frequency of 11.4THz.

References:

1. G. P. Agrawal, "Nonlinear fiber optics," 2nd &l (Academic Press) (1995).

2. K. Inoue and H. Toba, "Wavelength conversioneeixpent using fiber four-wave mixingPhotonics Technology Letters, 4, pp.
69-72, (1992).

3. J. Minch, C. S. Chang, and S. L. Chuang, "Foavenmixing in a distributed-feedback lase¥pplied Physics Letters 70, pp.
1360-1362, (1997).

4. H. Kuwatsuka, H. Shoji, M. Matsuda, and H. Isiika, "Nondegenerate four-wave mixing in a long-genm4-shifted DFB laser
using its lasing beam as pump beandsyrnal of Quantum Electronics, 33, pp. 2002-2010 (1997).

5. J. Shi, S.-u. Alam, and M. Ibsen, "High powewy threshold, Raman DFB fibre lasers," in procegslitol QEC/CLEO Pacific
Rim Sydney, Australia 28 Aug - 1 Sep 2011, postdeadiaper, (2011).

6. Z. Qingsheng, "Dispersive properties in phasteshBragg grating filters," ilntennas and Propagation Society International
Symposium 1998 |EEE, 1062, pp. 1060-1063, (1998).

7. J. Shi, S. -u Alam, and M. Ibsen, "Highly Eféot Raman Distributed Feedback Fibre Lasers," Aeckfor publication in

Optics Express (2012).



