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Efficient Cherenkov radiation (CR) is experimentally generated by a soliton self-frequency shift (SSFS) in a knot of
hollow-core photonic crystal fiber (HC-PCF). When the angle of the half-wave plate is rotated from 0° to 45°, the Raman
soliton shifts from 2227 to 2300 nm, the output power of the CR increases 8.15 times, and the maximum output power
ratio of the CR at 556 nm to the residual pump is estimated to be 20:1. The width of the output optical spectrum at
visible wavelengths broadens from 25 to 45 nm, and the conversion efficiency of the CR can be above 28%. Moreover, the
influences of the pump polarization and wavelength on the CR are studied, and the corresponding nonlinear processes are

discussed.
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1. Introduction

Photonic crystal fibers (PCFs)!~? have opened a new
phase for high field physics and nonlinear optics of ultra-short
pulses'' %14 due to strong field confinement in the small fiber
core, and the possibility of tailoring the dispersion of guided
modes by varying the fiber’s structure. Cherenkov radiation
(CR), known as nonsolitonic radiation or dispersive wave gen-
eration, originates from a soliton perturbed by higher order
dispersion.['3-17 Cherenkov radiation generation in a photonic
crystal fiber (PCF) has attracted great interest due to the re-
markable radiation in the visible region.'3-2%1 Highly effi-
cient CR at the visible wavelength is important for generat-
ing a useful laser source for applications such as biophoton-
ics, calibration of astrophysical spectrographs, and ultra-short
pulses. Chang et al. experimentally demonstrated CR with
a pump pulse of 10 fs in PCF, and discussed the influence of
the pulse parameters on the bandwidth and the conversion ef-
ficiency. However, if the width of the pump pulse is above
100 fs, the conversion efficiency and bandwidth of CR in the
visible wavelength will be low and narrow.!'”! Yuan et al. ex-
perimentally achieved CR with a pump pulse of 120 fs, and
discussed the influence of the pump power and wavelength
on the bandwidth and the conversion efficiency in the funda-
mental mode of PCE[2!l However, the influences of the higher
pump power on the conversion efficiency and the polarization
properties of CR in hollow-core photonic crystal fiber (HC-
PCF) are not considered. Yan ef al. experimentally showed
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the polarization-dependent visible supercontinuum generation
in the nanoweb fiber but with a low efficiency.!*?!

In this paper, highly efficient CR are generated by soli-
ton self-frequency shift (SSFS) in a knot of HC-PCF. The in-
fluences of the pump polarization and wavelength on CR are
investigated. When the angle of the half-wave plate rotates,
the Raman soliton shifts from 2227 to 2300 nm, the width of
the output optical spectrum at the visible wavelength broadens
from 25 to 45 nm, and the conversion efficiency of the CR in
the experiment can be above 28%. Moreover, the influence
of other factors on our experimental process are elementarily
analyzed.

2. Properties of HC-PCF and experimental
setup

The beam propagation method (BPM)>*! has been used
to analyze the properties of group velocity dispersion D of
a knot of HC-PCF. Figure 1 shows the group velocity dis-
persion D, where D = —(27c)/(A%)Ba, Br = 0°B(w)/dw?,
and B () is the fiber mode-propagation constant, calculated
as a function of wavelength for the fundamental mode of the
knot of HC-PCF with zero dispersion wavelength at 7261 nm.
The cross-section structure of HC-PCF is shown in inset 1
of Fig. 1, where the average cladding air hole diameter d =
4.78 um, hole to hole pitch A = 5.69 um, and core diameter
d =20.44 um. The zoomed knot of HC-PCF is shown in inset
2 of Fig. 1.
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Fig. 1. (color online) Group-velocity dispersion as a function of ra-
diation wavelength for the fundamental mode of the knot of HC-PCF.
The vertical dash dot line points to the zero dispersion wavelength of
726 nm. Insets 1 and 2 show the whole and the zoomed knot cross-
section of HC-PCF used in the experiment.

The configuration of our experimental setup is given in
Fig. 2.
laser, emitting a pulse train with full width at half maximum
(FWHM) of 120 fs at the repetition rate of 76 MHz. A vari-
able attenuator is placed behind the laser to control the input

The light source is a mode-locked Ti: sapphire

energy, and an isolator is inserted to block the back-reflection
from the input tip of the fiber into the laser cavity. A polar-
izer is used to purify the input polarization and a rotating half-
wave plate is put between the fiber input end and the polarizer
to adjust the input polarization. Several 40x objective lenses
with numerical aperture of 0.8 are used for adjusting input
and output efficiency. CCDI1 and CCD?2 are used to observe
the output mode field and check the coupling state of the in-
put field, respectively. With the offset pumping technique, the
fundamental mode can be selectively excited. The beam goes
through the first split-beam mirror. One part is coupled to a
power meter to monitor the average input power, and the other
part is coupled to a 50-cm segment of HC-PCF. The coupling
efficiency is above 20%. The transmission loss is 8 dB/m at
820 nm with the cutback method. The output spectra are mon-
itored by two optical spectrum analyzers (OSA, Avaspec-256
and Avaspec-NIR-256) with measurement scopes from 200 to
1100 nm and 900 to 2500 nm, and resolutions of 0.025 and
15 nm.
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Fig. 2. Configuration of experimental setup.

3. Results and discussion

The experimental conditions and SSFS process are care-
fully optimized. The experiment is carried out by coupling the
fs pulse with a working wavelength from 810 to 830 nm (ly-
ing in the anomalous dispersion region), and the average input
power is 500 mW into the HC-PCF.
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Fig. 3. (color online) (a) The output spectra from 200 to 2500 nm; (b)
the zoomed output spectra of CR; (c) the zoomed output spectra from
900 to 2500 nm; (d) the corresponding far field observed at different
wavelengths. The pump works at 820 nm and the average input power
is 500 mW.
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With 6 = 0° and the pump wavelength at 820 nm (6 is the
angle between the polarization direction of the mode direction
and the input pulse), the output spectra are shown in Fig. 3. By
rotating the half-wave plate measuring the output spectra at the
fiber end, we can identify the 8 = 0° angle with a maximum
output CR.1>°l When 6 = 0°, the pump power is greatly trans-
ferred into the most appropriate mode for the Raman induced
SSES process. Because of the interplay between the SPM and
the negative dispersion, the fundamental solitons are formed.
Due to the intra-pulse Raman scattering (IRS), this Raman-
type amplification appears. Subsequently, when the blue-shift
waves and the red-shift solitons are phase matched, the CR
and high-order dispersion are generated. During the soliton
shift process, the group velocity of solitons continuously de-
creases, so the XPM traps the CR, resulting in the equal group
velocities of the two waves. The pump power is greatly trans-
ferred into the CR and the solitons. When the half-wave plate
is rotated to 6 = 7.5°, some pump power is transferred into an-
other mode, so the power of the most appropriate mode is re-
duced. The nonlinear optical interaction of the laser becomes
weak as the power of the most appropriate mode is reduced,
the radiation wavelength increases and the absorption rate of
the silica material decreases. As a result, the Raman induced
SSES slows down. When the angle 0 of the half-wave plate
is rotated from 0° to 45°, the pump power transferred into the
Raman soliton shifts from 2227 to 2300 nm, the second soli-
ton is generated from 1193 to 1314 nm, and the SSFS process
gradually weakens, as shown in Fig. 3. The corresponding far
field observed at different wavelengths is shown in Fig. 3(d).

In Figs. 4(a) and 4(b), when the pump wavelength Ap is
810 and 830 nm, respectively, the CR is also generated at vis-
ible wavelengths by SSFS. With the angle 0 of the half-wave
plate rotated from 0° to 45°, the output spectra are greatly in-
fluenced. In Fig. 4(c), 1) is the ratio of the output power of CR
to the output power of the residual pump, and B is the band-
width (3 dB) of the CR. On the whole, when 6 changes from
0° to 45°, n of the CR slows down, because the power of the
most appropriate mode reduces as the half-wave plate is ro-
tated. When Ap is 820 nm and 0 is 0°, 1 is about 20. When
Ap is 820 and 830 nm, on the whole, B also slows down as 8
is increased. This is also due to the previously mentioned rea-
sons. However, when Ap is 810 nm, as 6 changes from 22.5°
to 45°, the change in B has a contrary trend (compared to the
case where Ap is 820 and 830 nm), because the peak wave-
length shifts from 559 to 632, as shown in Fig. 4(a). When
Ap is 820 nm and 6 is, B is up to 45 nm. In this experiment,
a conversion efficiency of 28% and B of 45 nm are obtained.
The nonlinear process depends on the pulse width, the pump
power, fiber structure, Ap, and suitable polarization. There-
fore, a more remarkable CR can be achieved by choosing the
optimum conditions.
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Fig. 4. (color online) (a) Spectra with the pump wavelength Ap at
810 nm; (b) spectra with the pump wavelength Ap at 830 nm; (c) band-
width B (3 dB) and 1 as functions of 6. The average input power is
500 mW, and the output spectra range from 300 to 2500 nm.

4. Conclusions

In summary, by coupling a train of femtosecond pulses
with 120-fs pulse width at a repetition rate of 76 MHz into
HC-PCEF, highly efficient (28%) and broadband (45 nm) CR
is generated. We show that the pump wavelength Ap and po-
larization can considerably influence B and 1. Moreover, the
corresponding nonlinear processes are discussed. These re-
sults provide an effective approach to obtaining a signal source

at short wavelength.
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