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Supercontinuum generation by dual-wavelength nanosecond pumping in the vicinity of both zero-dispersion wavelengths of a photonic crystal fiber (PCF) is 

experimentally demonstrated. It is shown in particular that two pumps at 1535 nm and 767 nm simultaneously pumping near the two zero-dispersion 

wavelengths of a specially designed PCF yields a combined visible and infrared supercontinuum spectrum spanning from 0.55 μm to 1.9 μm. We discuss the 

generation mechanisms underlying the continuum formation in terms of modulation instability and cascaded Raman generation.

1. Introduction

The study of supercontinuum (SC) generation in photonic crystal

or microstructured fibers continues to be an area of active research,

motivated by new applications requiring high intensity light sources

over extended wavelength ranges [1–4]. Although many previous

reports on SC generation have used fibers with only one zero-

dispersion wavelength (ZDW), studies of SC generation in photonic

crystal fiber (PCF) presenting two ZDWs have been the subject of

increasing interest [5–11]. For instance, enhanced SC bandwidth with

improved flatness has been demonstrated in PCFs by generating two

dispersive waves in the short- and long-wavelength sides of the SC

spectrum [7,10]. In addition, it has recently been shown that multi-

wavelength pumping also allows for significant enhancement of the

SC bandwidth [12–16]. In this paper, we extend these studies of dual

wavelength SC generation by reporting experiments where we have

performed dual-wavelength nanosecond pumping, simultaneously

exciting broadband SC generation about each ZDW of a specially

designed PCF. We use a microchip nanosecond Q-switched laser

source at 1535 nm and periodically poled lithium niobate for efficient

frequency doubling at 767 nm, and a PCF with ZDWs at 1540 nm and

863 nm. The two pumps at 1535 nm and 767 nm appear to generate

visible and infrared supercontinuua independently, and the combined

spectrum spans from 0.55 μm to 1.9 μm. By tailoring the relative

power of the two pumps, the spectral content of the spectrum can be

significantly varied, and this setup represents a particularly simple

and compact means of generating broadband spectra in the visible

and infrared spectral regions.

2. Experimental setup

The experimental setup is shown schematically in Fig. 1. As a pump

source, we use a Cobolt Tango™ eye safe laser. This pulsed laser emits

at 1535 nm with a repetition rate of 3.3 kHz and an average power of

14 mW,pulse length of 3 ns andpeak power around 1.4 kW. The pump

is frequency doubled to 767.5 nm using a 1 cm long periodically poled

Lithium niobate (PPLN) crystal with a lens of 50 mm focal length.

Owing to the high peak power of the pump laser, other spectral

components are also generated in the PPLN crystal such as the fourth

harmonic at 384 nm and a green component at 511 nm resulting from

sum frequency generation (SFG) between the fundamental and the

second harmonic [18]. The mean power of the second harmonic

component has been estimated at 1.5 mW. Simultaneous coupling of

the visible and infraredpumpswas achieved for SC generationbyusing

an aspheric lens with infrared coating with an effective focal length of

4.5 mm in order to minimize coupling loss due to chromatic

aberrations. The white-light optical mode at the end of the fiber is

also shown in Fig. 1, together with the visible part of the SC spectrum.

Fig. 2(a) shows the cross-section (SEM image) of the PCF used. The

fiber geometry consists of four rings of holes with different diameters.

Thefirst two rings are based on a triangular lattice and the smaller hole

diameter is 800 nm. The two external rings consist of 12 larger
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elliptical holes that isolate the fiber core from the coating to lower

the confinement losses. From this SEM image we simulated the

fundamental opticalmode at the pumpwavelength propagating in the

fiber using COMSOL© software. The fiber cross-section was imported

from the SEM image and the optical mode was solved with the RF

module. Fig. 2(b) shows that the fundamental mode is confined

inside the first two rings leading to a small effective mode area

Aeff=5μm2 and therefore to a high nonlinear coefficient of γ=2πn2 /
(λAeff)=20.5W−1km−1, with n2=2.5×10−20m2W−1. The group

velocity dispersion (GVD) curve is also plotted in Fig. 2(c). We clearly

see the existence of two zero-dispersion wavelengths located

respectively at 863 nm and 1540 nm.

The two superposed red lines in the figure show the position of

two pump wavelengths used for SC generation. Note that the infrared

pump at 1535 nm is very close to the second ZDWwhereas the visible

pump falls slightly in the normal dispersion regime below the first

ZDW. It is important to stress here that this situation is significantly

different from previous studies of SC generation with two ZDW PCF

where the pump wavelengths were always very far from the ZDWs.

The second, third and fourth order dispersion coefficients calcu-

lated at the pump wavelength of 1535 nm are β2=1.207ps2. km−1,

β3=−0.315ps3. km−1 and β4=0.002ps4. km−1, respectively. Note

that the dispersion slope at 1535 nm is negative and thus leads to a

novel regime for infrared SC generation [2,10,17,19].

3. Experimental results

We first investigated the general variation in the spectral proper-

ties observed as the relative pump-SHpowerwas varied. Fig. 3 shows a

false color representation of the measured output spectra for variable

coupling efficiency of both infrared and visible pumps. This is achieved

simply by translating the aspherical lens along the optical z-axis.

Unfortunately, it was not possible to measure the coupling efficiency

and the powers launched in the PCF. An estimation was however

possible from the spectra and is given in Figs. 4 and 6, that show some

output spectra of the colormap indicated by horizontal dashed lines in

Fig. 3. As seen in Fig. 4, the infrared pump near the second ZDW

undergoes spectral broadening through modulation instability (MI),

which is manifested, in the Fourier domain, by the clear generation of

two sidebands symmetrically located around the pump, as indicated

by the arrows in Fig. 4. Their positions in the SC spectrumare predicted

by the following phase-matching relation: β2Ω
2 + β4

12Ω
4 + 2γP = 0,

P is the infrared peak power and Ω=ωMI−ωP is the frequency shift

between the pump and the instability bands. A theoretical model in

good agreement with measurements was already presented in details
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Fig. 1. Experimental setup for supercontinuum generation by dual-wavelength pumping near the two zero-dispersion wavelengths of a photonic crystal fiber.
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Fig. 2. (a) scanning electronic microscope (SEM) image of the PCF cross section.

(b) numerical simulations of the fundamental optical mode confined inside the two

first rows of the air-hole microstructure. (c) group-velocity dispersion curve for the

fundamental optical mode exhibiting two zero-dispersion wavelengths at 863 nm and

1540 nm. The vertical red lines indicate the dual pump wavelengths close to the two

zero-dispersion wavelengths.
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Fig. 3. Color map of output spectra recorded at the end of the photonic crystal fiber for a

variable coupling efficiency between the infrared to the visible pumps.
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in Ref. [17]. Stimulated Raman scattering (SRS) also plays a central

role in the infrared SC generation and manifests itself through the

appearance of a Stokes band which is frequency down-shifted by

approximately 13.2 THz from the pump. Fig. 4 shows the generation of

a first Raman order denoted S1, strongly seeded by the MI process,

and one can also notice the appearance, for sufficiently large pump

power, of a second Raman order S2 at 1792 nm. Such a Raman cascade

can be clearly observed because the Stokes bands fall within the

normal dispersion regime and do not undergo spectral broadening

or soliton self-frequency shift dynamics, as it is generally the case

when pumping near the first ZDW [19]. Unlike the MI process, the

Raman gain is anti-symmetric and spectral components of the anti-

Stokes side, generated by four-wave mixing, have in principle a lower

amplitude than those of the Stokes side. However, the observation of

anti-Stokes Raman components (AS1, AS2), as shown in Fig. 4, is due to

the strong coupling between SRS and parametric gain [17].

The spectral broadening of all anti-Stokes Raman order can be

attributed to the fact that they fall in the anomalous dispersion regime

and therefore are modulationally unstable.

Whenwemove away the injection lensalong thez-axis, the coupling

efficiency for the infrared pump decreases whereas it increases for the

visible pump which is, in turn, spectrally broadened. Fig. 6 shows that

the visible pump at 767.5 nmgenerates down-frequency-shifted Stokes

Raman components through cascadingprocess in the normal dispersion

regime of the PCF. An additional spectrum with a higher resolution

actually shows that the Raman cascade exhibits four orders as shown

in Fig. 5.

As the fourth Raman order falls in the anomalous dispersion

regime at 874 nm just above the first ZDWs of the PCF, SC dynamics

then takes place through MI, solitons and dispersive wave generation

towards shorter wavelengths, as shown in the spectra plotted in Fig. 6.

For higher visible and infrared pump powers, the spectrum in red in

Fig. 6 shows that the two independently generated visible and infra-

red SC spectra merge together to give rise to a wide SC spectrum. The

XPM contribution in the SC generation can be however seen in the

color map in Fig. 3 when both the visible and IR spectrum exhibit a

homogeneous spectral broadening towards longer wavelength. The IR

spectrum shows in particular a sharp transition from the second

order S2 to a broad and smooth spectrum due of the effect of XPM

with the visible part of the spectrum. Moreover, this also yields to the

smoothing of the discrete Raman cascade in the SC visible part and the

MI sidebands, as it can be seen in Fig. 6.

Finally a wide supercontinuum is generated in the two ZDW PCFs

for a special coupling of both components in the PCF. The SC spans

from 550 nm to more than 1800 nm in Fig. 7 which are the lower and

upper limits of our spectrum analyzer. Note that the blue and red sides

of the SC spectrum appear with a small amplitude because of the low

quantum efficiency of the OSA detector at those wavelengths. The SC

short wavelength side is well below 550 nm given that the SC is white

light and the red side should probably reach more than 2 μm. The

insets also show that nearly white light SC generation is obtained in

the fundamental optical mode. The total SC output mean power was

measured to 1.5 mW and the SC flatness is relatively poor (about

20 dB). However, these could easily be improved by separating the

two laser beams using a dichroic filter and by matching their beam

waists, as done in Ref. [13]. The use of a fibered-PPLN waveguide

should also greatly simplify and improve the SC power and flatness.
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Fig. 4. Output spectra plotted from Fig. 3 associated with a, b, c horizontal dotted lines

showing the SC dynamics in the infrared. PSH and PF are the estimated mean power of

the second harmonic and fundamental components. ASi and Si represent respectively

the ith Raman order of the Anti-Stokes and Stokes components respectively. MI denotes

the two modulation instability sidebands.
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Fig. 5. This output spectrum shows four Raman Stokes order in the normal dispersion

regime below the first ZDW.
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4. Conclusion and discussion

In this paper, we experimentally investigated supercontinuum

generation by dual nanosecond pumping in a two widely spaced zero-

dispersion wavelengths of a highly nonlinear photonic crystal fiber.

This was achieved by using a compact microchip laser at 1535 nm and

frequencydoubledbyaPPLNcrystal at 767.5 nm. These twowavelengths

nearly match the two zero-dispersion wavelengths and generate visible

and infrared supercontinuua that merge at high pump powers. The SC

shows a spectral extent from 550 nm tomore than 1900 nm. Finally, the

pumping scheme that we demonstrated in this work could be

advantageously used to pump small-core PCF with ZDW near 770 nm,

close to the SHG wavelength, compared to bulky and costly Ti: Sapphire

femtosecond laser, for applications such as those requiring commonly

incandescent lights [20].
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Fig. 7. Supercontinuum generation obtained for maximum coupling efficiency of both

the infrared and visible pumps. Insets show the output spatial single-mode behavior

and the visible part dispersed by a diffraction grating.
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