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Using 300-fs 1039-nm Yb-doped fiber laser, we experimentally demonstrate blue light generation in a high-
A and high nonlinear photonic crystal fiber (PCF). The zero dispersion wavelength of PCF is 793 nm,
detuning 245.8 nm from the pump wavelength. PCF allows a frequency conversion exceeding the octave
of pump wavelength. The visible component of the measured output spectrum occurs in the fundamental
mode and spans from 391.3 to 492.3 nm. The peak wavelength of 441.8 nm has a frequency detuning of

390 THz from the pump wavelength of 1039 nm.
OCIS codes: 190.7220, 300.6550, 320.6629.
doi: 10.3788/COL201109.071901.

Photonic crystal fibers (PCFs) have become the pre-
ferred media in nonlinear optics because of their capa-
bility to manage mode area and dispersion characters
flexibly!"?). Combined with Yb-doped fiber laser, a va-
riety of experiments based on PCF were performed for
spectral broadening and frequency conversion®. Partic-
ularly, the whole visible spectral region produced consid-
erable attention because of its important applications in
fluorescence imaging microscopy, spectroscopy, biopho-
tonics, and photochemistry*. However, the blue region
is difficult to reach with common pump sources oper-
ating around 1 pum. Traditionally, the widest special
broadening requires pumping in the anomalous disper-
sion regimes near zero, i.e., the zero dispersion wave-
length (ZDW) is fixed around 1 pm. Moreover, the
group-velocity matching condition between solitons in
the infrared and trapped dispersive waves in the visible
region imposed the short-wavelength edge of the super-
continuum. Based on the understanding of this mecha-
nism, a variety of schemes have been proposed to deal
with this issue. The dual-wavelength pumping is an at-
tractive solution but requires additional nonlinear crystal
or fiber to support the shorter pumpl!®!. The other route
is engineering the PCF to improve the group velocity of
fiber end face while fixing the ZDW of head face around
1 pm. One successful experiment was the use of ZDW
decreasing PCFI%. The output spectrum spanning from
650 to 1380 nm mainly depends on the end dispersion
characters of fiber. Similar methods include cascading
two PCFsl™ and PCF after processingl®. A more direct
solution is the use of the high-A PCF with relative low
ZDWU!. Recently, a PCF combined with low ZDW and
high-A has shown a particularly striking result!'?). In
all these demonstrations, the ZDW of PCFs is located
around the pump wavelength, and the supercontinuum
is generally flat. As a result, the visible component is
not distinct.

In this letter, a different method is employed where the
ZDW of fiber is much lower than pump wavelength. At
the same time, the high-A is used to improve the group
velocity. The abrupt blue radiation is obtained in funda-
mental mode.
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The scanning electron microscope (SEM) image of the
uniform PCF used in our experiments is shown in Fig.
1(a). The core diameter d is approximately 2.43 nm,
and the ratio d/4 exceeds 90% (A denotes hole pitch).
The relative small core leads to a high nonlinearity and
the high d/ A reduces confinement loss. According to the
SEM, we calculated the dispersion character and non-
linearity coefficient (at slow axis) using the full vecto-
rial finite difference frequency domain!''?). As shown
in Fig. 1(b), the ZDW is located at 793.2 nm detun-
ing 245.8 nm from the pump wavelength of 1039 nm,
and the nonlinear coefficient at the pump light is 54.8
W-Lkm~!. The PCF’s |B2|/v (B2 is the GVD parame-
ter, v is the nonlinearity coefficient)!*3 that should stay
relatively constant with wavelength to allow the soliton
red-shift changes from 0.93 at pump wavelengths to 6.7 at
1,600.0 nm. Beyond this wavelength, the value of |32|/v
increases rapidly, preventing the soliton Raman shift.

The PCF is pumped with a linearly polarized Yb-doped
fiber laser delivering To=300 fs pulses (full-width at half-
maximum (FWHM)) at a repetition rate of 50 MHz. The
laser is focused into 2-m PCF by an 8-mm aspherical lens,
with a coupling efficiency of approximately 20%.

The evolution spectrum as a function of the average
laser power is shown in Fig. 2. Below the pump power of
16.67 kW, spectral broadening is dominated by self-phase
modulation (SPM) and the Raman-shift soliton. As the
pump power increases, the anti-stokes radiation appears
near the ZDW on the short-wavelength edge. This is
known as anti-Stokes Raman spectra. Symmetric fre-
quency shift from the pump wavelength on other side is
observed. When the average laser power is beyond 40.00
kW, the distinct dispersive wave emerges. The power of
soliton out-of-pump beam is high enough to permit its
spectrum to extend to the phase-matching region in nor-
mal dispersion regimes when the temporal compression
occurs. The phase-matching between a soliton and dis-
persion radiation is Af = f(w) — f(ws) — (w—ws) 1 (ws) —
~Ps/ 2014.15] "where (3 is the dispersion radiation propaga-
tion constant, 4y is the first derivative of § with respect
to w, ws is the frequency of the soliton with power Ps,
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Fig. 1. (a) SEM images of the PCF; (b) calculated group-
velocity dispersion as a function of wavelength for the fiber,
where the solid line represents the GVD and the dotted line
represents the nonlinearity coefficient. The vertical dotted
line represents the pump wavelength.
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Fig. 2. Spectrally resolved output signal from a 2-m PCF
measured as a function of the peak laser power.

and ~ is the nonlinear coefficient at ws. In the
case of 106.67-kW pumlp power (i.e., the launched
peak power Py=21.5 kW), the soliton number N with
N=(yP,T}/B2)"/?= 45.3, and each of the fundamental
soliton has a peak power P, with P, = (2N — 2k +
1)2/N2P'). Thus, the first emitting soliton (k=1) has
the peak power P,=0.93 kW. The phase-matching curve
for our PCF at the average laser pump of 106.67 kW
is depicted in Fig. 3. The corresponding dispersive
radiation is located at 496.7 nm. Subsequently, it blue-
shifts progressively by trapping the red-shift soliton and
finally reaches 441.8 nm after propagating 2 m. The
measured spectrum is shown in Fig. 4 (bottom). This
particular length of PCF is not necessary but ensures
enough soliton red-shift. At the 20-dB level, the visi-
ble spectrum spans from 391.3 to 492.3 nm. In addi-
tion, the polarization of fiber is important for nonlinear
phenomenon. In our experiment, pumping at slow axis
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Fig. 3. Phase-matching curve between the pump soliton and
the dispersion radiation. Nonlinear dephasing is taken into
account.
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Fig. 4. Output field images of the modes at different polar-
ization (top); left image indicates fast axis; right image, the
slow axis. (a) Measured spectra out of 2-m PCF for 106.67-
kW pump and (b) the calculated group index; dashed line
indicates the ZDW.

achieved relatively good result. The upper part of Fig.
4 shows the field spots in the case of pumps at different
polarization and illustrates that the visible light is gen-
erated in the fundamental mode, which is important for
many applications.

The group index curve (at slow axis) is depicted to
illustrate the group velocity matching between the dis-
persion wave and a corresponding soliton. Calculation
result agrees well with experimental data. The contribu-
tive soliton for the blue light generation is located at
1,564.0 nm and does not shift as far as expected (typi-
cally beyond 2 pm).

In conclusion, we demonstrate experimentally the blue
light generation from 1-pm femtosecond pulses in the
high-A and high nonlinear PCF. The low ZDW allows
the phase-matching dispersion wave deep in blue, and the
group index has also been improved for the dispersion
wave blue shift. The white light is observed in 1.6-W
average pump power and performs in the fundamental
mode.
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