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In the experiment reported here, the initial pump and red-shifted solitons serve as the pump fields, and the third-harmonics in 
the wavelength range of 288 to 500 nm are efficiently generated based on the phase-matching between the fundamental 
mode and higher-order modes in a photonic crystal fiber (PCF). When the pump works at 864 nm with the average power of 
300 mW, the third-harmonic signals are generated at 288 nm, 320 nm, and 500 nm, the conversion efficiency ηTH increases 
from 0.1% to 1.3%, and the bandwidth BTH changes from 6 to 23 nm. The total efficiency of third-harmonic radiation in the 
wavelength range of 288 nm to 500 nm, defined as the ratio of the total energy of radiation in the wavelength range of 288 
nm to 500 nm to the energy of the input pump, is estimated as 2.2%. 
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1. Introduction 
 

Third-harmonic generation (THG) is one of the basic 

nonlinear-optical processes [1], which has been widely 

used to generate short wavelength radiation for high 

resolution imaging, direct excitation of electronic 

molecular transitions, and multiphoton ionization. The 

advent of photonic crystal fibers (PCFs) [2-4]
 
has opened a 

new phase in nonlinear optics. Controlled dispersion and 

enhanced nonlinearity of guided modes provided by PCFs 

result in a radical enhancement of nonlinear-optical 

frequency conversion and spectral transformation of laser 

radiation [5-8]. Efficient THG has been observed in 

multi-component glass PCFs
 

[9,10]. THG-based PCF 

sources of short-wavelength radiation have been recently 

shown to be a powerful tool for studying the time-resolved 

fluorescence of organic molecules
 
[11]. Femtosecond laser 

pulses propagating in the anomalous dispersion region in 

PCFs tend to couple into solitons, which undergo a 

continuous frequency downshift induced by the Raman 

effect, called as soliton self-frequency shift (SSFS) [12-16]. 

The red-shifted solitons can serve as a pump for THG
 
[17]. 

Some studies have demonstrated the possibility of 

frequency up-conversion to the short-wavelength region 

through THG based on the phase-matching between the 

dispersive-wave THG and the soliton pump [18-20]. 

However, the THG are mainly concentrated at the visible 

wavelength, and the conversion efficiencies of pump to 

third-harmonics are very low. In this paper, the 

third-harmonics within the wavelength range of 288 to 500 

nm are efficiently generated from the input pump field and 

the red-shifted soliton field at the output of PCF, and the 

total efficiency of THG can be up to 2.2%, making PCF a 

multifrequency source from the deep ultraviolet to visible 

wavelength. 

 

 

2. PCF properties and experiment 

 

The cross-section of PCF fabricated in our lab is 

shown in Fig. 1 (a), where the core diameter is 2.6 μm and 

the relative hole size is 0.83. Fig.1 (b) shows the 

calculated group velocity dispersion and the effective 

mode area for the fundamental mode (as shown in inset), 

where the zero dispersion wavelength is 835 nm, and the 

value of effective mode area increases from 4.9 to 5.7 μm
2
 

in the range of 864 to 1500 nm. The effective mode area 

tends to increase for longer wavelengths because of 

diffraction, leading to a lower nonlinearity of the PCF in 

the long-wavelength range. 
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Fig. 1. (a) The cross-section of PCF used in the 

experiment. (b) Group-velocity dispersion and effective 

mode area calculated for the fundamental mode, the 

vertical dash-line corresponding to the zero dispersion  

              wavelength of 835 nm. 

 

 

The experimental principle chart is shown in Fig. 2. A 

mode-locked (Kerr Lens Modelocking, KLM) Ti: sapphire 

ultrafast laser emitting a pulse train with FWHM of 120 fs 

(the near transformed limited pulses by compensating the 

group velocity dispersion) at the repetition rate of 76 MHz 

is used as the light source. The input power is controlled 

by a variable attenuator, and an isolator is inserted to block 

the back-reflection from the input tip of the fiber into the 

laser cavity. The 40 objective lens with numerical 

apertures of 0.65 are used for adjusting input and output 

efficiency, and the CCD1 and CCD2 are used to check the 

coupling state of input field and observe the output mode 

field. The fundamental mode can be selectively excited 

through changing the distance between the input tip of the 

fiber and the lens to exactly adjust the angle between the 

input beam and the fiber axis (the offset pumping 

technique). The optical beam goes through the first 

split-beam mirror, one part is coupled into the power meter, 

and the other part is coupled into the PCF span of 50 cm 

length. The coupling efficiency can be up to 65%. The 

output spectra of light from the PCF section are monitored 

by two optical spectrum analyzers (OSA, Avaspec-256 and 

Avaspec-NIR-256) with the measurement ranges of 200 to 

1100 nm and 900 to 2500 nm and the wavelength 

resolutions of 0.025 nm and 15 nm, respectively. 

 
 

Fig. 2. The experimental principle chart. 

 

 

3. Results and discussion 
 

The laser pulses tend to form the optical solitons as 

they propagate through the PCF in the anomalous 

dispersion region. As shown in Fig. 3 (a), when the pump 

works at 864 nm with the average power of 300 mW, the 

input pulse is efficiently coupled into the soliton at 1550 

nm, which experiences a wavelength shift exceeding 600 

nm within 50 cm PCF due to the Raman effect. The 

second soliton generated from the residual pump is also 

observed at 960 nm. The high-order dispersion and the 

wavelength dependence of the effective mode area tend to 

reduce the SSFS rate within the long wavelength spectral 

region. 

The third-harmonic can be efficiently generated by 

laser radiation through the third-order optical nonlinearity 

of silica material if the phase-matching condition is 

satisfied. The phase-matching requires the equality of 

effective mode indices at the pump and third-harmonic 

frequencies. That is to say,
(3 ) ( )TH soln n  

, 

where
(3 ) (3 ) / (3 )TH TH

cn    
and

( ) ( ) /sol sol
cn    

represent the effective mode 

indices including the waveguide and material dispersion 

for the guided modes at the frequencies of the 

third-harmonic and the pump field, 
(3 )

TH


 and 

( )
sol


 are the propagation constants of the 

third-harmonic and the pump, c is the light velocity in 

vacuum. Here, the initial pump and red-shifted soliton 

serve as the pump field. As seen from Fig. 3 (b), the 

third-harmonics are generated at 288 nm (TH3), 320 nm 

(TH2), and 500 nm (TH1). In Fig. 3 (c), ηTH increases 

from 0.1% to 1.3%, and BTH changes from 6 to 23 nm. The 

maximum efficiency of THG, defined as the ratio of the 

total energy of radiation in the wavelength range of 288 to 

500 nm to the energy of the input pump, is estimated as 

2.2%. 
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(c) 

 
Fig. 3. (a) The observed output spectrum of pump and 

soliton when the pump works at 864 nm with the average 

power of 300 mW, (b) the typical spectrum of the 

third-harmonic, and (c) the conversion efficiency ηTH and 

bandwidth  BTH  of  third-harmonic as a function  of  

                  wavelength. 

 

 
The third-harmonics are generated at different 

wavelengths, corresponding to several PCF modes 

simultaneously phase-matched with the fundamental mode 

for the given regime of nonlinear optical interaction. Thus, 

the output beam patters are quite complicated because of a 

mixture of several high-order PCF modes. To study the 

details of transverse field intensity distribution in the 

third-harmonics, the fiber is simulated by the supercell 

plane-wave method, and the material dispersion is 

included by considering the Sellmeier formula. The 

calculated transverse field intensity distribution with a 

six-lobed near-field pattern is shown in Fig. 4 (a). By 

tilting the fiber axis with respect to the input laser beam, 

the output spectrum dominated by the emission peak at 

320 nm is generated, as shown in Fig. 4 (b). By comparing 

the simulation result with that of the measured field 

intensity profile, it can be seen that third-harmonic is 

generated from the high-order mode due to the modal 

index of high-order mode propagating at 320 nm being 

close to that of the fundamental mode at 960 nm. 

 

 

 
 

(a) 

 

 
(b) 

 

Fig. 4. (a) The calculated mode field for λ=320 nm, and  

(b) the observed far field mode pattern at the output of PCF. 

 

 

4. Conclusions 
 

In summary, based on the phase-matching between 

the fundamental mode and high-order modes, the 

radiations from deep ultraviolet to visible wavelength in 

PCF are efficiently generated by a combination of Raman 

SSFS and THG. The total efficiency of THG in the 

wavelength range of 288 nm to 500 nm is 2.2%. The 

further work mainly refers to enhancing the THG 

efficiency through improving the fabrication condition and 

optimizing the PCF structure parameters to restrain the 

pulse walk-off and the phase-matching deviations. It can 

be believed that this multifrequency source from the deep 
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ultraviolet to visible wavelength will have important 

applications in the ultrafast photonics and resonant Raman 

scattering. 
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