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Abstract: We report on the experimental demonstration of a white-light 
supercontinuum generation in normally dispersive singlemode air-silica 
microstructured fiber. We demonstrate that the simultaneous excitation of 
the microstuctured fiber in its normal and anomalous dispersion regimes 
using the fundamental and second harmonic signals of a passively Q-
switched microchip laser leads to a homogeneous supercontinuum in the 
visible range. This pumping scheme allows the suppression of the cascaded 
Raman effect predominance in favor of an efficient spectrum broadening 
induced by parametric phenomena. A flat supercontinuum extended from 
400 to 700 nm is achieved. 
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1. Introduction 
 

Continuum generation has been widely studied in the past four decades due to the large 
potential applications such as telecommunications systems, time resolved absorption, 
spectroscopy, optical metrology or biomedical optics [1]. It was first demonstrated in bulk 
borosilicate glass [2] and later in a large variety of nonlinear media including liquid 
waveguides and gasses [3-6]. The progress and development in microstructured optical fibers 
brought a new range of fiber with manageable dispersion properties. The zero dispersion 
wavelength (ZDW) can thus be shifted toward the near IR and matched with the operating 
wavelength of a large variety of nanosecond to femtosecond high peak power lasers, yielding 
broadband continuum of more than 1000 nm at the -20 dB level [7-11]. Continuum generation 
is the result of multiple nonlinear phenomena such as stimulated Raman scattering (SRS), 
self-phase and cross-phase modulations (SPM and XPM), four wave mixing (FWM), high-
order soliton formation and parametric mixing through modal phase matching in the case of 
multimode optical fibers. All these effects directly affect the continuum homogeneity and 
occur with different weights, according to the pump wavelength and power and to the 
chromatic dispersion characteristics of the fiber. Broadband continua were obtained by 
pumping a singlemode optical fiber near its ZDW or in regime of strong positive chromatic 
dispersion. 

Nevertheless, no flat continuum generation has ever been demonstrated with large normal 
dispersion. Indeed in such conditions cascaded Raman scattering is the dominant effect and 
leads to an energy transfer from the pump towards discrete downshifted frequencies. To avoid 
the effect of SRS in optical fibers, several mechanisms have been suggested [12-16]. One of 
these mechanisms is based on a FWM process involving parametric Stokes and anti-Stokes 
sidebands and inhibiting the growth of the ordinary Raman Stokes radiation. Control of the 
Raman process was also investigated in high-birefringence fiber and demonstrated by means 
of a linearly-polarized dual-frequency pump scheme in the regime of strong positive 
dispersion where parametric suppression is not efficient [17-19]. 

In this paper, we report on the possibility to obtain a flat and homogeneous continuum in 
the visible range using a singlemode microstuctured optical fiber (MOF) respectively pumped 
in its anomalous and normal dispersion regimes by the fundamental and second harmonic 
signals of a passively Q-switched nanosecond pulse laser. The double excitation allows the 
spectacular inhibition of the cascaded Raman process in favor of FWM and XPM, yielding a 

(C) 2004 OSA 20 September 2004 / Vol. 12,  No. 19 / OPTICS EXPRESS  4367
#4814 - $15.00 US Received 15 July 2004; revised 31 August 2004; accepted 3 September 2004



white light supercontinuum source ranging from the near UV to the near IR (350-750 nm). 
 

2. Experimental set-up with double pumping scheme 
 

The set-up is shown on Fig. 1. The pump source consists of a passively Q-switch Nd:YAG 
laser operating at 5.4 kHz repetition rate and delivering 600 ps pulses at λ = 1064 nm. The 
free space radiation of the laser is frequency doubled in a 20 mm long type-II KTP crystal, 
with better than 35 % conversion efficiency, yielding pulses of 420 ps at λ = 532 nm. These 
IR and green radiations are coupled into a 4 m long MOF. Two filters (named "RG 85" and 
"BG 18") are used to allow total filtering of the visible or IR radiation at the launching end of 
the fiber. 

The MOF used in these experiments has been fabricated in our laboratory by the 
conventional stack and draw process. A cross sectional scanning electron microscope image 
of the fiber is shown in Fig. 1. The hole-to-hole spacing Λ is around 2.2 µm, leading to a core 
diameter approximately equal to 2.8 µm. The average hole diameter d is 1.5 µm. The resulting 
ratio d/Λ equal to 0.68 indicates that the fiber is slightly multimode. Indeed at the pump 
wavelengths of 1064 and 532 nm, we observed the guidance of LP01 and LP11 modes. 
Suppression of the second mode was achieved by coiling the fiber around a spool with a 
diameter of about 1 cm. 
 
 
 
 
 
 

Fig. 1. Experimental set-up and cross sectional scanning electron microscope 
image of the microstructured air-silica fiber. 

 
The chromatic dispersion and the effective area of the fundamental mode have been 

computed from 400 to 1600 nm using a full vectorial finite element algorithm and taking into 
account the actual cross section shown in Fig. 1. The results plotted in Fig. 2 show that the 
ZDW is located at λ ∼ 870 nm, thus between the two pump wavelengths λ = 532 nm and 
λ = 1064 nm. The chromatic dispersion is respectively -410 ps/nm/km and +55 ps/nm/km at 
these wavelengths. The small effective area Aeff, calculated to be around 4 µm² at 800 nm, 
gives a nonlinear coefficient γ = 2π.n2/λ.Aeff equal to 0.06 W-1.m-1 at this wavelength (n2 being 
the nonlinear refractive index, n2 ∼ 3×10-20 m².W-1). The transverse energy distribution of the 
fundamental mode computed at 800 nm is also plotted in inset of Fig. 2(a).  
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Fig. 2. Computed chromatic dispersion (a) and effective area (b) of the 
fundamental mode of the microstructured fiber versus the wavelength. Inset: 
transverse energy distribution calculated at λ = 800 nm. 
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3. Smooth and broadened supercontinuum generation 
 

In a first case, the IR radiation is filtered out. The green peak power propagating in the 
waveguide is close to 1.5 kW for an average power of 3 mW measured at the fiber output. 
Due to the strong normal dispersion at 532 nm (-410 ps/nm/km), Raman scattering is the 
dominating nonlinear process. Indeed, up to seven Raman orders are generated through 
cascaded Raman effect (Fig. 3(a)). 

We now consider the case when both the fundamental and second harmonic radiations are 
co-propagating in the fiber. The chromatic aberration of the coupling lens and the 
implementation of a longitudinal micro-displacement of the fiber allow a variation of the 
visible/IR power ratio coupled into the fiber core. For a sufficient power at 1064 nm, we 
observe a complete modification of the nonlinear behavior, giving birth to a symmetric and 
homogeneous broadening of the spectrum around 532 nm (Fig. 3(b)). This new continuum 
displays between 350 nm to 750 nm with a significant improvement of the spectrum flatness 
thanks to the quasi suppression of SRS effect. Except the remaining 532 nm peak, the 5 dB 
bandwidth has been measured to be close to 300 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Continuum generation in normal dispersion regime in the case of 
single (a) and dual (b) pump configuration. Pictures: diffracted beams. Graph: 
corresponding recorded power spectra. (a) The cascaded Raman effect is clearly 
visible in the presence of a single pump (532 nm). (b) The spectrum smoothly 
and symmetrically broadens when a second pump (1064 nm) is added. The 
corresponding singlemode transverse energy distribution is shown in inset (far 
field pattern). 

 
The continuum can be divided into two parts. The first one at wavelengths larger than 

532 nm seems to be obtained by the combination of FWM, SPM, XPM and SRS. In particular 
FWM and XPM are exacerbated by the presence of the second pump wavelength (1064 nm) 
situated in large anomalous dispersion regime (+55 ps/nm/km). Because of the high 
parametric gain, the SRS phenomenon is significantly reduced, allowing the growth of a 
continuous and flat spectral broadening. Nevertheless, the presence of some residual 
oscillations proves that the Raman effect is not completely suppressed and may still contribute 
to the broadening. The limit of the supercontinuum in the near infrared region (~ 750 nm) 
directly depends both on the green and IR pump powers. The higher the pump powers, the 
broader the supercontinuum. 

In the second part (from 380 nm to 532 nm), the spectrum profile is particularly smooth 
without disconnections or oscillations. The wavelength growth seems to be built from the 
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combination of XPM and parametric effects. Indeed it seems that the spectral broadening 
obtained in the infrared region between 1064 nm and 1750 nm (see Fig. 4) has a role in the 
creation of wavelengths in the blue/UV region. Moreover no contribution of the SRS 
phenomenon is expected in this range of wavelengths, where anti-Stokes waves receive no 
significant energy. The limit of the supercontinuum in the blue range directly depends on the 
IR pump power and seems to be less sensitive to the green energy. Below 380 nm, only two 
peaks centered at 355 and 365 nm are identified and seem to be created by the third harmonic 
generation from the infrared pump. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Continuum power spectrum measured in the infrared range (anomalous 
dispersion regime). 

 
It is worth to note that the change in the nonlinear process depends on the input IR pump 

power and on the power ratio Pω/P2ω between 1064 nm and 532 nm pump wavelengths. In our 
experiments, the quasi complete suppression of the SRS phenomenon and the smoothing of 
the spectrum profile occurred notably for a ratio Pω/P2ω > 2.8. For a lower ratio, residual 
Raman peaks were clearly visible in the spectrum profile and no significant spectral 
broadening between 350 and 532 nm was observed (Fig. 5). In any case, the competition 
between FWM and SRS phenomena seems to be the right explanation of the continuum 
profile evolution. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Continuum power spectrum obtained in the visible range when using 
both 532 and 1064 nm pumps, but for an insufficient value of ratio Pω/P2ω. 

 
The contribution of the 1064 nm pump is also visible in the infrared domain (Fig. 4). We 

observe a significant spectral broadening towards high wavelengths, reaching the upper limit 
of the optical spectrum analyzer used (1750 nm). The combination of SRS and FWM gives 
birth to a smooth spectrum profile. Unfortunately, the OH– bonding present inside the MOF 
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silica core induces a significant absorption at λ ∼ 1.4 µm, restricting the usable bandwidth of 
this infrared continuum in optical coherent tomography applications. Nevertheless, this 
drawback can be avoided when fabricating the MOF by using a non flame fused silica glass, 
exhibiting low OH– absorption. An example of IR spectrum obtained in an OH–-free MOF 
fabricated in our laboratory is shown in Fig. 6 and successfully confirms the necessity to use 
adequate silica material. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Infrared continuum power spectrum obtained in a microstructured fiber 
fabricated at IRCOM with non flame fused silica glass. No more OH– absorption 
peak is observable at 1400 nm. 

 
4. Conclusion 
 

We have demonstrated supercontinuum generation in normally dispersive air-silica 
microstuctured optical fiber using a double pumping scheme with both 532 and 1064 nm 
radiations. A significant and symmetrical spectrum broadening due to the synchronic 
excitation in large normal and anomalous dispersion regimes was observed, resulting in a flat 
and homogeneous continuum between 400 and 700 nm. The addition of a second pump in the 
infrared range permitted to exacerbate the four wave mixing processes and to significantly 
inhibit the stimulated Raman scattering phenomenon. Thus a singlemode and truly white laser 
source was achieved. Wide spectral broadening over all the infrared range between 1064 and 
1750 nm (upper limit of measurement device) was also obtained. 
       The new pumping scheme proposed here is applicable to all optical fiber in order to 
broaden and flatten the spectral continuum profile by the control of Raman effect. For 
example, it is possible to pump a standard singlemode fiber on both sides of its zero-GVD 
wavelength (∼ 1300 nm) for supercontinuum generation in second and third communication 
windows. Moreover the multi wavelength pumping can be extended to three or four 
synchronic radiations, generated from an efficient laser source, to cover the whole 
transparency window of silica fibers. 
       In addition, we have recently fabricated in our laboratory a new microstructured fiber, 
whose well-adapted dispersion properties and low UV-absorption allow to efficiently improve 
the continuum generation below 380 nm, resulting in a quasi constant power level from at 
least 350 to 532 nm (without deteriorating the broadening beyond 532 nm). These results will 
soon be proposed for publication. 
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