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By coupling a train of femtosecond pulses with 100 fs pulse width at a repetition rate of 76 MHz generated
by a mode-locked Ti: sapphire laser into the fundamental mode of photonic crystal fibre (PCF) with central holes
fabricated through extracting air from the central hole, the broad and ultra-flattened supercontinuum (SC) in the
visible wavelengths is generated. When the fundamental mode experiences an anomalous dispersion regime, three
phases in the SC generation process are primarily presented. The SC generation (SCG) in the wavelength range from
470 nm to 805 nm does not emerge significant ripples due to a higher pump peak power and the corresponding mode
fields at different wavelengths are observed using Bragg gratings. The relative intensity fluctuations of output spectrum
in the wavelength ranges of 530 nm to 640 nm and 543 nm to 590 nm are only 0.028 and 0.0071, respectively.
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1. Introduction

Supercontinuum generation (SCG) in photonic
crystal fibre (PCF)[! is a complicated nonlinear op-
tical phenomenon characterized by a dramatic white-
light spectrum.[? Self-phase modulation (SPM), cross-
phase modulation (XPM), four-wave mixing (FWM),
soliton effects and Raman shift and coupling with dis-
persive waves, are the main effects leading to the gen-
eration of a broad spectrum in nonlinear PCFs. Gen-
eration and application of wide-band SC radiation in
different wave-bands by launching short pulses in a
PCF with tens of centimeters length have been exten-
sively investigated.>=12 Since the first observation of
SC generation in PCF by Ranka et al. in 2000,*3 sev-
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eral experiments and numerical simulations have been
performed to investigate the dynamics of SC gener-
ation through exciting different order modes in nor-
mal and anomalous regimes."*~17) Dudley et al. de-
scribed the situations in which the second-order mode
is predominantly excited.'¥ Wadsworth et al. re-
ported SC generation with Q-switched pulses in end-
lessly single-mode PCFs.['8] Tartara et al. investi-
gated the third-harmonic generation and four-wave-
mixing processes involving energy exchange among
different modes.[*?! Lee et al. observed the generation
of femtosecond pulses at 1350 nm by Cerenkov radia-
tion in higher-order modes.??) Compared with higher-
order modes, although the fundamental mode presents

a cut-off wavelength below which the attenuation be-
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comes very large in SC generation, the better mode
quality and lower loss of fundamental mode depress
the noise impact, which are significant for steady and
effective nonlinear processes in a longer propagation
distance, enhancing the degree of spectral broadening
and smoothing.

Broad and flattened SC generation in the visible
wavelengths extends the wavelengths of light source
to specific spectrum region where other lasers are
not readily available and plays an important role in
the dense wavelength division multiplexing (DWDM)
in visible optical communication. Visible radiation
from nonlinear PCFs has been demonstrated with a
1550 nm pump,24:22] however, the visible light is pro-
In addi-

tion, an extremely broad SC extending to visible wave-

duced in a variety of higher-order modes.

lengths has been demonstrated in soft glass PCFs us-
ing femtosecond pulses at 1550 nm,?3! but the flat-
tened degree is not satisfying. Visible SC generations
pumped by continuous-wave have recently been re-
ported in Refs. [24]-[27], but significant ripples have
emerged due to lower power levels. Here, the experi-
ment of SCG in the fundamental mode of PCF with
central holes is shown. A broad and flattened super-
continuum in the visible wavelength regime is gener-
ated while the input femtosecond pulse experiences
anomalous dispersion regime. Significant ripples are
not observed and the relative intensity fluctuations of
output spectrum in the wavelength ranges of 530 to
640 nm and 543 to 590 nm are only 0.028 and 0.0071.

2. PCF fabrication

The PCF was preformed by stacking the capil-
laries with diameters of 0.4 mm, and the capillaries
take on the characteristics of higher temperature sta-
bilization, stronger anti-pressure, lower material loss
and high-quality optical transmission. Moreover, the
coat-tube and capillaries have similar characteristics
of temperature, which ensure the inner and outer
structures to be kept integration. The optimal draw-
ing velocity and temperature depend on the matching
between the steady-state distributions of temperature
field of preform and furnace and the temperature of
furnace can fall toward the softening temperature of
silica glass while the matching condition is achieved.
In the process of fabrication, the drawing velocity
and temperature were chosen to be 6.5 mm/min and
2145 K. The air pressures of central hole and cladding

holes were adjusted through extracting air from cen-
tral hole or infusing air into cladding holes and the air
pressure in central hole was kept lower than that in
cladding holes within one standard atmosphere pres-
sure. The central capillary was 8 cm longer than the
surrounding ones to extract or infuse air conveniently
and prevent the air from leaking into cladding holes
or central hole. The diameter of central hole dimin-
ished as the air pressure increased in cladding holes
or decreased in central hole and the changing slopes
were estimated as 0.2 pm per 0.1 x 10° Pa in the air
pressure ranges of 1 x 10° to 2 x 10° Pa in cladding
holes and 1 x 10° to 0 Pa in central hole.

The scanning electron microscopy (SEM) of the
cross-section structure of PCF, which is fabricated
through using improved stack and draw technology!2®!
and extracting air from the central hole, is shown in
Fig. 1. Because there are some complicated factors in-
cluding fluctuations of air pressure, temperature and
tension, regarding to the arts and crafts, two air holes
are formed in the core region (labeled by circle). More-
over, the cladding holes have deformation to some de-
gree and one of the air-holes in the first ring is much
smaller than the others, which can introduce birefrin-
gence to a certain extent.
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Fig. 1. The amplified cross-section with core region being
labeled.

3. PCF properties and experi-

ment

For convenient stimulation, the deformation of
cladding holes and core birefringence are neglected
and only one central hole is considered. As shown in
Fig. 2, the chosen structure parameters are as follows:
the average cladding hole radius rc,q = 0.845 pm,
hole to hole pitch A = 2.5 pum, central hole radius
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Teen = 0.4 pm. Because of larger index contrast be-
tween the fibre core and cladding region, the energies
of propagation modes are mainly confined in the core
region, and the mode effective indices change smaller.
Therefore, the established model can well simulate the
actual structure.?”) The PCF has an effective mode
area of 4.5 um? at 910 nm, corresponding to a nonlin-
ear coefficient v = 42 W1 . km~'. The propagation
loss was measured to be 0.08 dB/m at 910 nm by the
cut-back method.

Fig. 2. The established model for simulation.

The multi-pole method (MPM)[% has been used
to analyse the properties of waveguide mode in PCF
based on Fig. 2. Figure 3 (a) is the group-velocity
dispersion D calculated as a function of wavelength
for the fundamental and second-order modes of the
PCF with first zero dispersion wavelengths at 918 nm
and 765 nm (the second zero dispersion wavelengths
are beyond consideration) and the material dispersion
The disper-
sion of the fundamental mode is also measured us-

is considered from Sellmeyer equation.

ing the Michelson interference method (as labeled by
the crossing-line in Fig. 3(a)), where the light source
is a SC source with 3 dB bandwidth of 160 nm in
the wavelength range from 820 to 980 nm generated
by a highly nonlinear fibre and the influence of noise
outside the wave-band is eliminated through Fourier-
transform and the measured result is more consistent
with the simulation result. Because of the dispersion,
the profile of the fundamental mode appears more flat-
tened in the near infrared wavelengths compared to
the second-order mode, thus it is chosen for SCG. The
corresponding transverse field intensity distribution of
fundamental mode is shown in Fig. 3 (b). As seen from
Fig. 3 (b), it is a doublet of degenerate mode with elec-
tric field intensity reaching its maximum at the edge
of the central hole and monotonically decreasing with
the distance from the central hole.
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Fig. 3. (a) Group-velocity dispersion calculated as a

function of radiation wavelength for the fundamental and
second-order modes of the PCF, the crossing-line cor-
responding to the dispersion value measured using the
Michelson interference method. (b) corresponding to the
simulated transverse field intensity distribution of funda-
mental mode.

The configuration of experimental setup is shown
in Fig. 4. The light source was a mode-locked Ti: sap-
phire laser with tunable range from 780 to 980 nm,
emitting a 100 fs pulse train at the repetition rate
of 76 MHz. A variable attenuator was placed behind
the laser to control the input energy and an isola-
tor was inserted to block the back-reflection from the
input tip of the fibre into the laser cavity. The po-
larizer and half-wave plate were used to purify the
input polarization. The 40x objective lens with nu-
merical aperture of 0.65 were used for adjusting the
input and output efficiencies. The coupling efficiency
can be above 65%. CCDI1 and CCD2 were used to
check the coupling state of input field and observe the
output mode field, respectively. By changing the dis-
tance between the input tip of the fibre and the lens to
adjust the angle exactly between the input beam and
the fibre axis (offset pumping technique), the funda-
mental mode can be selectively excited. The beam
went through the first split-beam mirror and one part
was coupled into the PCF. The spectral properties of
the output radiation were monitored by OSA with a
resolution 0.1 nm after the second split-beam mirror.
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Fig. 4. The configuration of experimental set-up.

4. Results and discussion

The experimental condition and process are care-
fully optimized. The experiment was carried out by
coupling fs pulse with working wavelength of 925 nm
(lying in the anomalous dispersion region) and aver-
age power of 320 mW (the peak power 15 kW) into
the fundamental mode of PCF with a length of 1.85 m
(the offset pumping technique). The optimal output
spectrum and mode field observed are presented in
Figs. 5(a) and 5(b). Figure 5(c) shows the output
mode field with the fibre length cut off to be 2/3.
Comparing Figs. 5(b) with 5(c), the mode fields show
similar distributions, but the lights of sky-blue and
weak-green are observed at the edges, showing the in-
fluence of fibre length on spectral extending.

In Fig. 5(a), the principle of SCG consists of three
basic phases: the initial spectrum broadening and
temporal compression based on SPM, the fission of
higher order soliton into fundamental soliton compo-
nents due to higher order dispersion and pulse self-
steep effect (SS) and the propagation dynamics of
the generated solitons and interactions between the
solitons and short wavelength part of SC caused by
Raman-type soliton self-frequency shift (SSF'S). In the
first phase, when the fs pulse is launched near the zero
dispersion wavelength of fundamental mode of PCF
and experiences anomalous dispersion, the SPM is
viewed as four-wave mixing of different frequency com-
ponents belonging to the broad spectrum of radiation.
Frequency components near the zero dispersion wave-
length then serve as a pump for phase-matched FWM,
which depletes the spectrum of radiation around zero
dispersion wavelength and transfer the radiation en-
ergy to the region of normal (< 918 nm) and anoma-
lous (>918 nm) dispersion. In the second phase, ow-
ing to the simulated Raman Scattering, the shorter

wavelength components are gradually converted into
longer ones and the Raman spectral components are
generated at the longer wavelength side. When the
negative dispersion and SPM interplay, the higher or-
der solitons are formed due to stronger pump power
in anomalous dispersion region and they will break
up into some fundamental solitons associated with
higher-order dispersion and SS. In the third phase, on
one hand, the fundamental solitons constantly shift to
the longer wavelength due to SSF'S and this process is
the Raman-type amplification of the long wavelength
part of the pulse spectrum at the expense of the de-
pletion of its short wavelength wing. On the other
hand, the high-order dispersion induces instabilities
of these solitons and the emission of dispersive waves
referred to as Cherenkov radiations are generated at
the shorter wavelengths based on the phase matching
between the red-shift solitons and blue-shift waves.[!?]
Because the soliton group velocity continuously de-
creases during the Raman shifting process, the XPM
traps the dispersive waves, leading to blue-shift up
to wavelengths that make the group velocities of two
waves equal. In the time domain, the optical pulses
in the normal dispersion region are trapped by the
soliton pulses in the anomalous dispersion region and
then the two pulses co-propagate along the fibre. As
the solitons progressively shift towards longer wave-
lengths, the dispersive waves experience XPM and are
widened constantly. As shown in Fig. 5 (a), the ex-
perimental result agrees well with the predictions of
GNSE simulations. This process will move the blue
edge towards shorter wavelength and generate broad
and flattened visible continuum as long as the solitons
continuously shift towards longer wavelength. The in-
trinsic loss at near-infrared wavelengths and SS effect
are considered to be the primary limiting factors.
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Fig. 5. The normalized intensity of output spectrum from
400 nm to 1700 nm (a), the corresponding output mode
field (the white light at the centre and sky-blue light at the
edge) observed with a fibre length of 1.85 m (b), and the
output mode field (the white light at the centre and weak-
green light at the edge) with 2/3 length (c). The dash
line in (a) shows the numerical solution of the generalized
nonlinear Schrodinger equation (GNSE) in the wavelength
range of from 500 nm to 1500 nm and the circles associated
with arrowheads indicate the different evolution phases in
the SCG process.

Figure 6(a) shows the output SC spread by the
Bragg gratings with different central wavelengths.
The normalized intensity of output spectrum from
400 to 850 nm is presented in Fig. 6(b) and the in-
serts show the output fields at given wavelengths. As
shown in Fig. 6(b), the 3 dB bandwidth output spec-
trum in the range from 470 nm to 805 nm does not
emerge significant ripples due to higher pump peak
power (15 kW), indicating significant walk-off in time
domain of adjacent spectrum components, instead of
significant overlap in the time domain of the SCG in
the case of lower pump peak power. Especially, the

spectrum feature in the wavelength range from 530 nm
to 640 nm is much broader and smoother, as shown in
Fig. 7.
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Fig. 6. (colour online) (a) The output SC spread by the
Bragg gratings, showing different colours (red, green and
blue light). (b) The normalized spectrum intensity from
400 nm to 850 nm and the corresponding 3 dB bandwidth
is from 470 nm to 805 nm (as indicated by horizontal and
vertical solid lines). Inserts show the corresponding mode
fields with red (1), green (2) and blue (3) lights at given
wavelengths, respectively.

At the short wavelength, the soliton trapping of
dispersive waves is the dominant mechanism and the
FWMe-like interaction between solitons and DWs leads
to the continuous blue shift of the trapped pulses
and enhances the flattened and smooth degree. In
Fig. 7(a), the flattened SC in the wavelength range
from 530 nm to 640 nm is shown, the maximal and
minimal normalized intensities are 1.0 at 607 nm and
0.972 at 640 nm and the relative intensity fluctu-
ation (defined as |Imax — Imin| /Imax) is only 0.028.
The Fig. 7(b) shows the output spectrum from 543
to 590 nm labeled by circle in Fig. 7(a), and the cor-
responding maximal and minimal normalized intensi-
ties are 0.9915 at 585 nm and 0.9845 at 590 nm, the
relative intensity fluctuation being only 0.0071.
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Fig. 7. (a) The normalized spectrum intensity from 530 nm to 640 nm, (b) the output spectrum from 543 nm to

590 nm corresponding to the region labeled by circle.

5. Conclusions

In summary, the PCF with central holes is fab-
ricated through extracting air from the central hole
and the broad and flattened SC in the visible wave-
lengths is generated by coupling a train of femtosec-
ond pulses into the fundamental mode. The SC from
470 nm to 810 nm is mainly considered and the ultra-
flattened SCs in the wavelength ranges from 530 nm
to 640 nm and 543 nm to 590 nm are shown. Such
SC provides a light source with specific spectrum re-

gion where other lasers are not readily available and
is the essential building block in state-of-the-art SC
microscope system. Especially, it is also important
for WDM in high speed optical communication in the
visible wavelengths. Our further works are primarily
concentrated on optimizing the fibre design, choosing
the appropriate length, optimizing the parameters of
experimental system to generate much broader and
flatter SC in the ultraviolet and mid-infrared wave-

lengths.
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