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Abstract: In this work, supercontinuum (SC) generation in three kinds of step-index highly nonlinear fibers (HNLFs) 

are experimentally investigated. The generated SC spectra are compared with each other by changing the numbers 

and wavelengths of the pump sources, and also by employing the HNLFs with different refractive-index differences 

between the core and the cladding. The widest spectral range of generated SC was about 2650 nm covering from 350 

to 3000 nm when using the three pump wavelengths of 800, 1400 and 1867 nm. The results demonstrate that the step-

index HNLFs have excellent performances for SC generation and great potentials for the realization of all-fiber SC 

source. 
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1. Introduction 
Since supercontinuum (SC) generation in optical fibers was first observed in 1976, it has been broadly applied in the 

applications on chemical sensing, optical coherence tomography, optical communication and microscopy [1-5]. 

However, the SC spectral range was restricted by the low nonlinear parameter and uncontrollable dispersion profile 

of the conventional fibers. It is well known that SC generation depends on the group-velocity dispersion (GVD), and 

typically involves the interplay of modulation instability (MI), self-phase modulation (SPM), four-wave mixing 

(FWM), Raman effect and soliton effects [6-8]. Therefore, proper selection of the fibers and the pump wavelengths 

is significant to generate the required SCs. 

Photonic crystal fibers (PCFs) have been widely used in SC generation due to their adjustable GVD profiles and 

zero-dispersion wavelengths (ZDWs) [9-11]. It is usually structured by a strand of fused silica containing an array of 

microscopic hollow channels around a central glass core [12, 13]. The SC spectrum can even be extended to mid-

infrared (MIR) region using PCF based on lead silicate glass, bismuth oxide glass, tellurite glass, fluoride glass, and 

chalcogenide glass [14-18]. However, the fusion between PCFs and standard single-mode fiber (SSMF) is quite 

difficult due to their different transverse structure and melting temperature [19, 20]. When the pump lasers are coupled 

into the PCFs through a lens, great energy loss will be inevitable and the SC source is easy to be affected by the 

maladjustment. The highly nonlinear fibers (HNLFs) based on germanium-doped silica fiber may provide us a new 

thought. The nonlinear parameters of silica HNLFs are significantly larger than that of SSMF due to their small 

effective area [21-24]. In addition, silica HNLFs can be fusion spliced to SSMF directly, which provides the 

possibility for the SC source with all-fiber structure [25-28]. 

The pump source is also crucial to the SC generation. When a single pump wavelength is used, usually the spectral 

range and flatness of the generated SC are both limited. When two or more pump wavelengths are used, the spectral 

range and flatness can be greatly expanded and improved. Therefore, properly selecting the wavelengths and number 



of the pump sources could improve the SC generation with wider spectral range and higher spectral flatness.  

In this work, the SC generations in step-index high nonlinear silica fibers are studied. The characteristics of SCs 

have been compared when one, two and three pump sources are used. In each case, the influence of the pump 

wavelength is also investigated. The SC generations in three kinds of HNLFs with different core and cladding 

refractive-index differences are also studied. These experimental results demonstrate that the step-index HNLFs have 

great performances in SC generation and great potentials for all-fiber SC sources. 

 

2. SC generation 

 

Fig. 1. The optical setup of SC generation.  

The setup of SC generation is shown as in Fig. 1. The laser source was generated by an optical parametric oscillator 

(OPO) pumped by a Ti: sapphire laser with a wavelength of 800 nm. The repetition rate was 76 MHz and the full 

width at half maximum (FWHM) was ~100 fs. The idler of the OPO could be tuned from 1.7 to 3.2 μm. The output 

spectra are measured by the optical spectrum analyzer (OSA) with a measurement range of 350-1200 nm (Yokogawa 

AQ6373) or 1200-2400 nm (Yokogawa AQ6375) and a monochromator. Then, the spectra measured by the three 

devices were connected together.  

 
Fig. 2. (a) Scheme of cross section of the HNLF. (b) The dispersion profiles of the three HNLFs with different core 

and cladding refractive-index differences. 

As shown in Fig. 2(a), the refractive indices of the cladding and the core of the HNLF are n1 and n2, respectively. 

The refractive index difference ∆ is defined as ∆=(n2-n1)/n2, where n2 is decided by the GeO2 concentration in the 

fiber core. The higher the doped concentration is, the higher the core refractive index is. In this work, three kinds of 

HNLFs with ∆ of 3.7%, 2.5%, and 1.5% are investigated for SC generation. The fiber core has a diameter of 4.4 µm. 

The dispersion profiles of the three HNLFs are shown as in Fig. 2(b), where the ZDWs are 1114, 1183, and 1342 nm, 

respectively, decreasing with ∆ increasing. 

2.1 The influence of pump source on SC generation 



 

Fig. 3. The SC generation in the 1 cm long HNLF with ∆=3.7 %, pumped by the idler wave of OPO. 

 

We studied the SC generation in the 1 cm long HNLF with ∆=3.7 % when one, two and three pump sources were 

used. Firstly, the HNLF was pumped by the idler wave of OPO with the power of 1 W. The wavelength was tuned 

from 1600 to 2650 nm. A filter was used to remove the signal wave and the residual power of the Ti: sapphire laser, 

as shown in Fig.1. The generated SC is shown as in Fig. 3. All the pump wavelengths were in the anomalous 

dispersion region of the HNLF and far away from the ZDW. The SC was initiated by SPM and Raman effects. The 

soliton effects played an important role to extend the SC, including soliton self-frequency shift (SSFS) and soliton 

fission. Then, the spectra were extended further to longer wavelengths under the combined action of solitons, Raman, 

and FWM effects. In the spectral range shorter than the pump wavelength, the spectrum broadening at first was 

caused by the SPM effect. Then, the dispersive wave with shorter wavelengths began to emerge when the phase-

matching condition with the solitons was satisfied. The SC spectral range versus pump wavelength is shown as in 

Table 1, where the widest SC spectrum was about 1067 nm covering from 1733 to 2800 nm when the 2100 nm pump 

source was used. 

Table 1. SC generation when one pump source was used. 

Pump source (nm) 1600 1700 1900 2100 2300 2500 2650 

Spectral range (nm) 1665~2070 1659~2236 1701~2400 1733~2800 1780~2800 1812~2788 1822~2788 

Spectral width (nm) 405 577 699 1067 1020 976 966 

 

Then, we studied the SC generation pumped by the signal and idler waves of OPO with both a power of 1 W. A 

filter was used to remove the residual power of the Ti: sapphire laser. As shown in Fig. 4, the wavelengths of signal 

waves increased from 1150 to 1600 nm, and the wavelengths of idler waves decreased from 2629 to 1600 nm. 



 

Fig. 4. The SC generation in the 1 cm long HNLF with ∆=3.7 %, pumped by the signal and idler wave of OPO. 

 

For the pump wavelengths close to ZDW in the anomalous dispersion region of the HNLF, such as 1150 nm of the 

signal waves, the SC was initiated and extended to the longer wavelengths due to the soliton effects. The spectrum 

broadened to shorter wavelengths was caused by the SPM effect. When the broadened spectrum passed through the 

ZDW and entered the normal dispersion region, it was extended further by the SPM effect. At the same time, the 

interaction between solitons and pump waves results in the generation of dispersive waves, which generated new 

spectral components and continued to broaden the spectrum. It would also promote the FWM effect to move energy 

from the pulse center wavelength to the newly generated wavebands.  

For the pump wavelengths far away from ZDW in the anomalous dispersion region of the HNLF, such as 1600 nm, 

the broadened spectrum could not pass through the ZDW and enter the normal dispersion region. The SC generation 

was dominated by the interplay of MI, SSFS, SRS and FWM effects.  

Table 2. SC generation when two pump sources were used. 

Pump source 

(signal + idler) 

(nm) 

1150+ 

2629 

1300+ 

2080 

1400+ 

1867 

1450+ 

1785 

1500+ 

1714 

1550+ 

1653 

1600+ 

1600 

Spectral range (nm) 
686~ 

2858 

631~ 

2792 

970~ 

2784 

1029~ 

2764 

1061~ 

2564 

1225~ 

2200 

1286~ 

2190 

Spectral width (nm) 2172 2161 1814 1703 1503 975 904 

 

The widest SC spectrum was about 2172 nm covering from 686 to 2858 nm when the signal and idler waves are 

1150 nm and 2629 nm. According to Fig. 4, when the wavelength difference between the signal and idler wave was 

too large, the flatness of the spectrum will decrease, especially in the middle part of the spectrum. Relatively flat 

spectrum could be got when the wavelength difference between the signal and idler wave was less than 200 nm (for 

example: 1500 nm (signal) and 1714 nm (idler)), although accompanied by a decrease in covering spectral range. 



 
Fig. 5. The SC generation in the 1 cm long HNLF with ∆=3.7 %, pumped by the signal waves, idler waves and the 

residual pump source of the Ti: sapphire laser. 

 

We also studied the SC generation pumped by three wavelengths, i.e., the signal and idler waves and the residual 

pump source of the Ti: sapphire laser. As shown in Fig. 5, the variation of the wavelengths of the idler and signal 

sources are exactly the same as those in Fig. 4.  

For the pump wavelength of 800 nm in the normal dispersion region far from ZDW, the spectrum broadening was 

initialized by the SPM effect. The red-shifted components generated by the SPM effect transmitted faster than the 

blue-shifted components. As the optical pulses continued to propagate in the fiber, a large number of blue-shifted 

components generated by the SPM effect were retained at the trailing edge of the pulse, which makes the trailing 

edge of the pulse steeper, and the spectrum continues to broaden. After the spectra extended to longer wavelengths 

and reached the anomalous dispersion region, the Raman solitons were formed. Then the soliton peaks experienced 

broadening by the nonlinear effect as SPM and cross-phase modulation (XPM). In the spectral range shorter than 800 

nm, the spectrum broadening at first was caused by the SPM effect. Then, the dispersive wave ats shorter wavelengths 

began to emerge when the phase-matching condition with the Raman solitons was satisfied. 

 

Table 3. SC generation when three pump sources were used. 

Pump sources 

(Ti: sapphire laser +signal + idler) 

(nm) 

800+ 

1150+ 

2629 

800+ 

1300+ 

2080 

800+ 

1400+ 

1867 

800+ 

1450+ 

1785 

800+ 

1500+ 

1714 

800+ 

1550+ 

1653 

800+ 

1600+ 

1600 

Spectral range (nm) 
350~ 

2944 

350~ 

2882 

350~ 

3000 

350~ 

2950 

350~ 

2916 

350~ 

2816 

350~ 

2724 

Spectral width (nm) 2594 2532 2650 2600 2566 2466 2374 

 

The widest SC was about 2650 nm covering from 350 to 3000 nm when the pump wavelengths are 800 nm (Ti: 

sapphire laser), 1400 nm (signal), and 1867 nm (idler). The spectral flatness was also much better than just using one 

or two pump sources. 

 

2.2 The influence of refractive index difference on SC generation 



 
Fig. 6. SC generation in three HNLFs with different refractive index difference. 

 

The influence of refractive index difference to SC generation was also studied. As shown in Fig. 6, three 1 cm long 

HNLFs with Δ of 3.7 %, 2.5% and 1.5% were studied when the pump wavelengths were 800 nm (Ti: sapphire laser), 

1450 nm (signal), and 1785 nm (idler). The 10-dB bandwidth of the generated SC were 2297, 2223 and 2222 nm, 

respectively. The results indicated that the refractive index difference has no significant influence on the spectral 

range and flatness of the generated SC when the pump power is high. The possible reasons are: 1) the pump peak 

power is high and generates very high nonlinear effect, then the nonlinear difference by the refractive index difference 

is covered by the effect of high peak power; 2) the fiber length is so short, so the effect on mode confinement by 

different refractive index difference is not obvious. 

 

3. Conclusions 
In this work, SC generation in different step-index HNLFs were studied when pumped by different wavelengths. 

The generated SCs by changing the number and wavelength of the pump sources were compared. When only one 

pump source was used, the widest spectral range of SC was about 1067 nm covering from 1733 nm to 2800 nm by 

employing the pump wavelength of 2100 nm. When two pump sources were used, the widest SC spectral range was 

about 2172 nm covering from 686 nm to 2858 nm by employing the pump wavelengths of 1150 nm and 2629 nm. 

Relatively flat spectrums could be got when the wavelength interval of the signal and idler was smaller than 200 nm. 

When three pump sources were used, the widest spectral range of SC is about 2650 nm covering from 350 nm to 

3000 nm by employing the pump wavelengths of 800 nm, 1400 nm and 1867 nm. The spectral flatness was much 

better than just using one or two pump sources. We also investigated the generated SCs by changing the refractive 

index difference of HNLFs. When three HNLFs with refractive index differences of 3.7 %, 2.5% and 1.5% were used, 

the 10-dB spectral range of the generated SC were 2297 nm, 2223 nm and 2222 nm, respectively. The refractive 

index difference had no significant influence on the spectral range and flatness of the generated SCs. Our results 

demonstrate that the step-index HNLFs have good performances in SC generation and have great potential in 

realizing all-fiber SC source. 
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