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ABSTRACT

We investigate both theoretically and experimenttiile properties of supercontinuum generation erthar-
infrared and visible regimes using high-power péomsd pulses propagating in a photonic crystakapfiber.
We discuss the effect of the pump wavelength nadab the fiber zero-dispersion wavelength on threversion
efficiency of pump power to shorter wavelengthsaly, we consider picosecond supercontinuum géioara
the presence of a mode cutoff when the pump isclaeshinto a higher order fiber mode.

Keywords: Supercontinuum generation, high power fiber sgnotonic crystal fibers.

1. INTRODUCTION

Spectral broadening of laser pulses, or superammtingeneration (SCG), sometimes over several ccthas
attracted significant attention over the last decdd particular the invention and optimization gifotonic
crystal fibers (PCFs) have allowed researchersmdral the dispersion properties of the guiding medand to
enhance nonlinear optical effects for ever increpssupercontinuum bandwidths and powers [1]. The
introduction of highly nonlinear soft glass PCFs hather aided this development [2].

Much of the work on SCG has been focused on pumpitigfemtosecond lasers which allow for high peak
powers and thus spectral broadening over shortheraf optical fiber (typically of the order of 1n§CG in this
regime is mainly based on soliton effects, suclsa@ion fission, soliton Raman self frequency shgt and
emission of dispersive waves by solitons. In otdexchieve very high average power levels, on therdand,
longer laser pulses or even continuous wave pumpiegrequired. For example, 28W and 50W of CW
supercontinuum have been reported [3]. In this aipeg regime, the basic mechanism of SCG relies on
modulation instability, rather than soliton effects

Here we investigate SCG using a high power 20psepusource at 1060nm wavelength giving up to 39W of
supercontinuum output [4]. We compare these expgriah results with numerical simulations of picaset
pulse propagation, in particular focusing on thevgrolevel of light shifted to the short wavelengilde of the
pump. We finally investigate the effects of a modeoff at long wavelengths, as realized in SCGiginér order
fiber modes. Such a system has recently been prdpms a means to enhance short wavelength convensio
the fs pumping regime [5]. Our simulations sugdastiamentally different behavior in the ps regime.

2. EXPERIMENTAL RESULTS
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Figure 1. (a) Dispersion profile and structure of the fiber used for the experiments and the simulations. (b)
Measured supercontinuum spectra at different input power levels. The spectrum at 57W was measured with an
optical spectrum analyzer up to 1750nm wavelength and with a monochromator and a PbS detector at longer
wavelengths.

In our experiments [4] the laser source is an Ypediofiber MOPA with a 21ps gain-switched seed deihg an
average power of up to 100W at a repetition ratelbf.8MHz and at a wavelength of 1060nm. The

corresponding maximum pulse energy and peak poweed.81J and 39kW, respectively. The pump is launched
into a 2m long PCF fabricated by the Central Glsd Ceramic Research Institute Kolkata, India; fiher

structure is shown in Fig. 1(a). The fiber has tatp(/A) of 5.29um and a ratio of air hole diameter to pitch



d/A\=0.956. The dispersion profile of the fiber, Figa)jl exhibits a zero-dispersion wavelength (ZDW) at
1012nm, such that the pump wavelength lies in tieerelous dispersion regime.

In Fig. 1(b) we show the measured supercontinuuettsp generated with this system for different pump
power levels. The output spectra exhibit a transchipeak at the pump wavelength, but otherwise shoery
flat spectrum covering the range from 400nm to 280@t maximum pump power. Flatness in the visiefgan
is better than 10dB and the power density is ~3W#mm in the visible, which is believed to be a mectevel.
The total average output power is 39W for an inmwer of 57W. We note that the spectral shapamndasi to
the one observed with a 20m PCF and a ns micrdabgy at much lower powers [6].

3. NUMERICAL SIMULATION OF PICOSECOND PUL SE PROPAGATION

In the following we present results of numericahsiations of high power picosecond pulse propagatiache
fiber described in the previous section. To thid e solve the generalized nonlinear Schrodingeaton [1],
including the full dispersion profile of the fibais well as Raman and Kerr nonlinearities and sedpening
terms, using an adaptive step-size split-step Eotiechnique which we previously employed in theefsime
[7]. The input pulses are assumed to have a Gaugsidile with a full width at half maximum of 20pBecause

of the narrow linewidth of such pulses, a fine s@aqrid is required for the simulations, and tlauselatively
large number N=65536 of discrete wavelengths igd use cover the full spectral range covered by the
supercontinuum output. In order to reduce the satiorl times, we restrict the fiber length to 1m aodhp peak
powers to 20kW.
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Figure 2. Smulated supercontinuum generation over 1m fiber length with 20ps pul ses of 5kw, 10kW, 15kW, and
20kW peak power (from bottomto top) at a pump wavelength of (a) 1030nm and (b) 1070nm.

Two sets of simulations at different pump peak poeeels from 5kW to 20kW are shown in Fig. 2. The
sets differ only in the choice of pump wavelendt®30nm for Fig. 2(a) and 1070nm for Fig. 2(b). Apexcted,
we find larger broadening at higher input powensall cases the resulting spectra are extremeiyfiish power
densities varying by less than 10dB over the supdirtuum wavelength range. The spectra at 1070mpjng
closely resemble the experimental results of Fig.inlparticular at lower powers. At high powersg th
experimental spectrum shows a slope towards longeelengths which is absent in the simulations. fHason
for this discrepancy is yet unknown.

Comparing the results for the two pump wavelengihss evident that pumping closer to the ZDW (at
1012nm) leads to even improved spectral flatnassulfaneously, a larger fraction of power is tramséd from
the pump tcshorter wavelengths in this case. Vice versa, pumping elegpthe anomalous dispersion regime,
Fig. 2(b), leads to enhanced power transfer toltinger wavelength components of the supercontinuum
spectrum. We attribute this to more prominent enlieffects in this pumping regime after the inigphlase of
modulation instability has broken up the ps pumfsuin order to demonstrate this dependence ompule
wavelength more clearly, we plot the ratio of tidegrated output power in the wavelength band heEtwe
500nm and the pump wavelength relative to the ippup power in Fig. 3. We observe a marked reduactfo
power conversion efficiency towards short wavelbsgis the pump wavelength is tuned away from th&/ZD
Moreover, higher pulse peak powers, and thus largelinear effects, also lead to better conversitiniencies.

At peak powers of 20kW short wavelength conversifficiencies up to 43% are observed for pumping tiea
ZDW compared to only 26% for pumping at ~60nm iedide anomalous dispersion regime. As a final remar
we note that when pumping below the zero-dispersiamelength, i.e., in the normal dispersion regiimgr,



simulations show that the SCG process is initidityninated by the generation of widely separatedtsge
sidebands through four-wave mixing, which signifita deteriorates the flatness of the output spactr
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Figure 3. Ratio of the supercontinuum output power confined in the wavelength range between 500nm and the
pump wavel ength relative to the input pump power for different pump wavel engths and peak powers.

4. SUPERCONTINUUM GENERATION IN MODESWITH LONG-WAVELENGTH CUTOFF

Recent work has suggested that supercontinuum ggeremith fs pulses exhibits improved short wangli
conversion efficiencies when a multimode fiber ismped in a higher order mode, where the mode cutoff
prevents the transfer of power to long wavelenfihsHere we consider the same idea for ps pumpivigithus
present results of numerical simulations wheresiomplicity we keep the same dispersion profile shawFig.

1(a) for the fundamental fiber mode, but mimic &eative mode cutoff by introducing large propagatiosses

of 100dB/m for wavelengths >1270nm. Coupling oftigo other modes of a multimode fiber [8] is igeadrin
these simulations.
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Figure 4. Smulated supercontinuum generation over 1m fiber length with 20ps pul ses of 5kw, 10kW, 15kW, and
20kW peak power (from bottomto top) at a pump wavel ength of 1030nm with a mode cutoff at 1270nm.

Figure 4 shows the results of these simulationvdoious power levels with a pump wavelength of (08,
the same as in Fig. 1(a). The simulated superamminspectra clearly show the wavelength cutoff,ohey
which light cannot propagate in the mode. Howetlegre is also a similarly steep edge on the shavelength
side of the pump approximately symmetric in positio the mode cutoff. The generated spectrum thssmaes
a flat top shape that is nearly independent ofptimap power, with extinction ratios of the order26fdB. The
efficiency of power transfer to short wavelengthdaund to increase from 22% at 5kW peak power3&% &t
20kW and is thus smaller than the correspondingeglithout mode cutoff shown in Fig. 3. This sfigaint
difference in behavior compared to the fs reginjed®xplained by the nature of the SCG procesps$apulses.
Modulation instability is based on a degenerater-feave mixing process where two pump photons are



converted into one photon each in a short-wavelelagd in a long-wavelength sideband. Beyond theemod
cutoff, the long-wavelength photon is quickly Iésim the fiber, which prevents amplification andngaf the
entire FWM process including the otherwise expoiaégtowth of the short wavelength sideband.

5. CONCLUSIONS

We have presented experimental results of supencomh generation with picosecond pulses in a phioton
crystal fiber, resulting in a 39W supercontinuuntpotl at record spectral densities in the visiblgime.
Numerical simulations show a dependence of thet sterelength conversion efficiency on the positafrthe
pump wavelength with respect to the zero-dispersianelength of the fiber. Short wavelength conwersi
efficiencies close to 50% are predicted for pumpndpigh power near the ZDW. We finally investightae
effect of a mode cutoff on ps supercontinuum gdiwra This results in flat-top supercontinuum speect
symmetric around the pump wavelength, but no imgdasonversion efficiencies could be achieved.
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