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to their unique optical properties, such as endlessly single-
mode, controlled dispersion, and high nonlinearity. Lots 
of researches have been focused on the nonlinear applica-
tions based on PCFs, which are fabricated by silica [7–9], 
bismuth oxide glass [10, 11], chalcogenide glass [12, 13], 
and heavy metal oxide glass [14]. In the communication 
network, the wavelength conversion techniques can be used 
for providing the wavelength flexibility and avoiding the 
wavelength block in the wavelength-division-multiplexing 
(WDM) system [10]. In particular, the efficient generation 
of anti-Stokes signals as a promising technique is exten-
sively studied to generate the short wavelength radiations 
for the high-resolution imaging, multi-photon ionization, as 
well as preparation of vibrational wave packets [15], and 
so on.

Recently, the generation of anti-Stokes signals based 
on the phase-matching four-wave mixing (FWM) in the 
silica PCFs have been widely studied [16–22]. However, 
there are few reports on the generation of anti-Stokes 
signals in non-silica PCFs. Although the PCFs fabricated 
by other glass materials may suffer from large group-
velocity dispersion and high absorption loss, they can 
show extremely low dispersion and high nonlinearity, 
which are particularly important for achieving efficient 
wavelength conversion within a wide wavelength range 
[23].

In this paper, an Ytterbium-doped V-shape PCF (Yb-
VPCF) with low dispersion and high nonlinearity is 
designed and fabricated in our laboratory. The anti-Stokes 
signals are efficiently generated within the wavelength 
range of 562–477 nm through coupling femtosecond pulses 
into the fundamental mode of Yb-VPCF. The wavelength-
tunable range is over 100  nm, and the maximum power 
ratio of the anti-Stokes signal at 477  nm to the residual 
pump at 830 nm can be up to 23.9:1.

Abstract  In this paper, an Ytterbium-doped V-shape pho-
tonic crystal fiber (Yb-VPCF) with low dispersion and high 
nonlinearity is designed and fabricated in our laboratory. 
Through coupling femtosecond pulses into the fundamen-
tal mode of Yb-VPCF, the tunable anti-Stokes signals at the 
visible wavelength are efficiently generated based on the 
phase-matching four-wave mixing. When the pump wave-
length is changed from 810, to 820, and to 830 nm and the 
input average power is increased from 0.4, to 0.5, and to 
0.6  W, respectively, the anti-Stokes signals are generated 
within the wavelength range of 562–477  nm. The wave-
length-tunable range is over 100  nm, and the maximum 
power ratio of anti-Stokes signal at 477 nm and the residual 
pump at 830 nm can be up to 23.9:1. The anti-Stokes sig-
nals generated can be used as the ultrashort pulse sources 
for ultrafast optoelectronics and spectroscopy.

1  Introduction

The development of photonic crystal fibers (PCFs) [1–3] 
has opened a new window for nonlinear optics [4–6] owing 
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2 � Yb‑VPCF properties and experiment

The cross section of Yb-VPCF used in the experiment 
is shown in Fig.  1a. The mode property can be analyzed 
by the full-vector finite element method (FV-FEM). The 
structure parameters are chosen as following: The average 
diameter of large air hole D = 4.8 μm, the average diam-
eter of small air hole d =  0.8 μm, and the hole to hole 
pitch Λ =  5.4 μm. The V-shaped structure is introduced 
to obtain the low and flat dispersion within the considered 
wavelength range of 400–1500  nm, as shown in Fig.  1b. 
The dispersion curves along the x- and y-axis direction of 
Yb-VPCF are very close because the size of air holes in 
the first layer is very small and the induced birefringence 
is very low. As seen from the inset of Fig. 1b, the zero-dis-
persion wavelengths along the x- and y-axis direction are 
located at 862.6 and 865.7 nm, respectively. And a round 
Yb3+-doped silica core is used to enhance the nonlinear-
ity. The concentration of Yb3+ in the core region is ~103 
ppm, which is much lower than that of ytterbium-doped 
PCF (~104 ppm) used for lasers. Figure 1c shows the effec-
tive mode area curves of Yb-VPCF and pure silica VPCF, 
where the values of Yb-VPCF and pure silica VPCF along 
the x-axis direction are changed from 5.05 to 9.9 and from 
43.03 to 55.1  μm2, respectively, within the wavelength 
range of 0.5–1.4 μm. Compared with the pure silica VPCF, 
the effective mode area of Yb-VPCF is decreased by 87 %, 
and the nonlinearity of Yb-VPCF can be greatly enhanced 
because the optical field energy is strongly confined in the 
core region.

As demonstrated in Refs [24, 25], when the strong pump 
pulses at the center frequency of ωp are launched into a fiber, 
the anti-Stokes signals with the up-shifted frequency of ωas 
and the Stokes signals with the down-shifted frequency of 
ωs can be generated. The phase-matching condition κ = β
(ωas) + β(ωs) −  2β(ωp) +  2n2ωpPp/(cAeff) =  0 should be 
satisfied to achieve the energy transfer from the pump to 
the anti-Stokes and Stokes signals, where β(ωas), β(ωs), and 
β(ωp) are the propagation constants of the anti-Stokes sig-
nal, Stokes signal, and pump, Pp is the pump peak power, 
n2 is the nonlinear refractive index, c is the light velocity in 
vacuum, and Aeff = (

∫∫
∣

∣E2
∣

∣dxdy)2/(
∫∫

∣

∣E4
∣

∣dxdy) is the 
effective mode area.

The phased-matching case can be affected by the 
material, waveguide structure, and nonlinearity effect. 
It is known that the phase-mismatching induced by 
the material can be well compensated by those result-
ing from the waveguide structure and nonlinear effect. 
Thus, the Yb-VPCF structure is designed to satisfy the 
phase-matching condition at the specific frequency. 
When the nonlinear term is neglected, the approximate 

Fig. 1   a Cross section of Yb-VPCF used in the experiment, b group-
velocity dispersion for the fundamental mode of Yb-VPCF, the inset 
showing the zoomed dispersion curves, and c the effective mode area 
curves of Yb-VPCF and pure silica VPCF along the x- and y-axis 
direction
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Fig. 2   Phase-mismatching curves at the short wavelength for the fundamental mode of Yb-VPCF as a function of radiation wavelength under 
different pump wavelengths and powers, and the vertical arrow-lines correspond to the pump wavelengths

Fig. 3   a Experimental principle chart, and b the coupling state of input pump beam
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frequency relations between the Stokes wave, anti-
Stokes wave, and pump wave can be described as fol-

lows: ωs,as = ωp ∓

√

−β(2)(ωp)
/[

12β(4)(ωp)
]

. Here, 

β(n)(ω) = ∂nβ(ω)
/

∂ωn and the signs of β(2)(ωp) and 

β(4)
(

ωp

)

 should be opposite for the phase-matching to 
occur.

Figure 2a–c shows the phase-mismatching curves of Yb-
VPCF at the short wavelength as a function of radiation 

wavelength for different pump wavelengths and input aver-
age powers, the vertical arrow-lines corresponding to the 
pump wavelengths. As seen from them, when the pump 
works at 810, 820, and 830  nm and the input average 
power increases from 0.4, to 0.5, and to 0.6 W, the phase-
mismatching parameter reaches zero at the wavelengths of 
562, 524, and 501 nm; 544, 510, and 482 nm; 533, 499, and 
477 nm, respectively, where the anti-Stokes signals will be 
remarkably generated.

The experimental setup is shown in Fig.  3a. The light 
source is a mode-locked Ti:sapphire laser, which has the 
center wavelength of 800  nm and emits a pulse train of 
120  fs at the repetition rate of 76 MHz. The oscilloscope 
is used to display the mode-locked state of the laser pulses. 
An isolator is inserted to block the back-reflection from 
the input tip of the fiber into the laser cavity, and a variable 
attenuator is placed behind the laser to control the input 
powers. The 40× objective lens are used for adjusting the 
coupling efficiency. CCD is used to observe the coupling 
state of input pump field. The fiber alignment stage with 
a high precision is used to change the distance between 
the input tip of Yb-VPCF and the objective lens to adjust 
the angle between the input beam and the fiber axis (off-
set pumping technique), and the fundamental mode can be 
selectively excited. The optical beams are coupled into a 
59-cm-long Yb-VPCF, and the coupling efficiency can be 
above 80 %, as shown in Fig. 3b. The output spectral prop-
erties can be monitored by the optical spectrum analyzer 
(OSA, Avaspec-256).

3 � Results and discussion

The dependences of the observed output spectra on the 
radiation wavelength are shown in Fig. 4a–c when the input 
average power of pump pulses at 810, 820, and 830  nm 
increases from 0.4, to 0.5, and to 0.6 W, respectively. The 
corresponding insets show the output far fields observed at 
501, 482, and 477 nm, whose transverse intensity distribu-
tions show the fundamental mode characteristics. In the ini-
tial stage of nonlinear dynamics, the self-phase modulation 
(SPM) plays an important role [26]. Frequency components 
near the zero-dispersion wavelength can serve as a pump 
for the phase-matching FWM involving the frequency-
degenerate pump photos, which transfers the radiation 
energy of pump to the normal and anomalous dispersion 
regions. The anti-Stokes signals are efficiently generated 
within the wavelength range of 562–501, 544–482, and 
533–477  nm, where the experimental results agree well 
with the theory ones as shown in Fig. 2a–c. And the wave-
length-tunable range is over 100 nm (562–477 nm).

Figure 5a, b shows the output anti-Stokes signal wave-
length and power as a function of the pump wavelength 

Fig. 4   Observed output spectra when the pump works at 810, 820, 
and 830 nm and the input average power increases from 0.4, to 0.5, 
and to 0.6 W, respectively. The insets show the observed output far 
fields with the green, green–blue, and blue light at 501, 482, and 
477 nm
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and the input average power, respectively. When the pump 
works at the determinate input average power and  wave-
length, the central wavelength and output power of anti-
Stokes signal show the approximately linear functions of 
pump wavelength and  input average power, respectively, 
but the changing trends are inverse. The larger slopes indi-
cate that much higher wavelength-tunable sensitivity and 
conversion efficiency are achieved.

Figure  5c, d shows the output power ratio of the anti-
Stokes signal and the residual pump component as a func-
tion of the pump wavelength and input average power, 
respectively. As seen from Fig.  5c, when the input aver-
age power is 0.4 W, the power ratio is changed slightly as 
the pump wavelength is increased from 810, to 820, and 
to 830 nm. At the same time, the power ratio is increased 
slowly as the input average power is increased from 0.4, 
to 0.5, and to 0.6 W at the pump wavelength of 810  nm 
compared to the pump wavelengths of 820 and 830 nm, as 
shown in Fig.  5d. When the wavelength interval between 
the pump wavelength and the zero-dispersion wavelength 
is smaller and the input average power is higher, the power 
ratio can be larger. Particularly when the input average 
power is 0.6 W, the output anti-Stokes signal powers are 

much higher than those of the residual pump components, 
and the power ratios of the anti-Stokes signals at 501, 482, 
and 477 nm and the residual pump components at 810, 820, 
and 830 nm are 8.5:1, 10.5:1, and 23.9:1. The anti-Stokes 
radiation contains above 80  % of the total output power 
calculated from the Manley–Rowe relations of photon con-
servation. In addition, it can be known from Figs. 4 and 5 
that the input average power and wavelength interval are 
two crucial factors, which have great effects on the nonlin-
ear process of anti-Stokes signal conversion.

4 � Conclusions

In summary, the efficient conversion of anti-Stokes sig-
nals at the visible wavelength based on the phase-match-
ing FWM is achieved in an Yb-VPCF with low disper-
sion and high nonlinearity designed and fabricated in our 
laboratory. The influences of the pump average power and 
the pump wavelength on the process of nonlinear conver-
sion are experimentally demonstrated. It can be expected 
that the anti-Stokes signals can be efficiently generated in 
a wide wavelength range through designing the Yb-VPCF 

Fig. 5   a, b Output anti-Stokes signal wavelength and power as 
a function of the pump wavelength and the input average power, 
respectively, and c, d the power ratio of the anti-Stokes signals and 

the residual pump components as a function of the pump wavelength 
and the input average power, respectively
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structure and doping the Ytterbium material. The anti-
Stokes signals generated can be used as the ultrashort pulse 
sources for ultrafast optoelectronics and spectroscopy.
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