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Ultraviolet and mid-infrared continuum generation by
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Using a photonic crystal fiber with a zero dispersion wavelength of the fundamental mode at 780 nm designed

and fabricated in our lab, the ultraviolet and mid-infrared continua are generated by cross-phase modulation between

red-shift solitons and blue-shift dispersive waves. The dependences of continuum on the pump power and wavelength are

investigated. With the pump working at 820 nm, when the pump power increases from 300 to 500 mW, the bandwidths

of ultraviolet and mid-infrared continua change from 80 to 140 nm and 100 to 200 nm, respectively. The wavelength of

ultraviolet continuum is below 246 nm, and the wavelength of mid-infrared continuum exceeds 2500 nm. Moreover, the

influences of pump power on wavelength and conversion efficiency of different parts of continua are also demonstrated.
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1. Introduction

Supercontinuum generation (SCG) in photonic
crystal fiber (PCF)!'=3 has attracted extensive
attention due to potential applications in pulse
compression,* sensing techniques,®! dispersion mea-
surements, ' all-optical telecommunication,”8! and
source for optical coherence tomography with ul-

9]

trahigh resolution in biological tissue.)’ The non-

linear phenomena of a supercontinuum are compli-
cated and have been widely investigated.'9=12 The

PCFs are particularly suited for SCG due to the tai-

[13,14]

lored dispersion of guided modes and strongly

enhanced waveguide nonlinearity!'®! by changing the
fiber structure. Self-phase modulation (SPM), four-
wave mixing (FWM),['6-18] Raman self-frequency

shift (RSFS), and three-wave mixing (TWM) have
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been used to understand the supercontinuum gener-
ation. The zero-dispersion wavelength plays a very
important role in the SCG. Usually, the wavelength of
the ultrashort pump pulse is located in the anoma-
lous dispersion region. It has been demonstrated
that the generation and evolution of the infrared
continuum are determined by higher-order soliton
fission,!'?! the visible component generation is caused
mainly by the Raman soliton self-frequency shift
(SSFS).[2921] There are many reports on the near-
infrared supercontinuum.?>=24 However, few PCF
experiments have been conducted for the generation
of ultraviolet and mid-infrared supercontinua.
Supercontinuum generation at 248 nm in high-
pressure gas has been experimentally demons-
trated,[?”) but the bandwidth was only about 240 nm.

The generation of supercontinua from 789 to 4870 nm
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was experimentally realized by using sub-centimeter
segments of highly nonlinear Tellurite PCFs.!2¢! How-
ever, it does not cover the ultraviolet wavelength. Bar-
tula et al.?”] experimentally demonstrated the genera-
tion of supercontinua covering 337-405 nm and 1500—
3400 nm, but not covering 450-1500 nm.

In the present paper, mid-infrared and ultraviolet
continua with bandwidth of above 2300 nm are gener-
ated by the cross-phase modulation between red-shift
solitons and blue-shift dispersive waves in the fun-
damental mode of photonic crystal fiber with 120-fs
Ti:sapphire laser. When the average pump power in-
creases from 300 to 500 mW, the wavelengths of ultra-
violet and mid-infrared waves can be less than 246 nm
and greater than 2500 nm, respectively. The influence
of other factors on experiment process are elementar-
ily discussed.

2. PCF properties and experi-

ment

The beam propagation method (BPM)[?®! has
been used to analyse the properties of group velocity
dispersion of the PCF. The group velocity dispersion
D can be expressed by

_2me8*5(w)
A2 Qw?

where A is the wavelength, w is the frequency, and 8

D:

is the. Figure 1 shows the group velocity dispersion
versus the wavelength for the fundamental mode of
the PCF with zero dispersion wavelength at 780 nm.
The cross-section structure of the PCF is shown in the
inset of Fig. 1, where the core diameter is 2.0 pum and
the relative air-hole size is 0.89 pum.
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Fig. 1. (colour online) Group-velocity dispersion ver-

sus radiation wavelength for the fundamental mode of the
PCF. The vertical dashed line corresponds to a zero dis-
persion wavelength of 780 nm and the inset indicates the
cross section of PCF used in the experiment.

The configuration of the experimental setup is
given by Fig. 2. The light source is a mode-locked
Ti:sapphire laser, emitting a pulse train with a full
width at half maximum (FWHM) of 120 fs at a repe-
tition rate of 76 MHz. A variable attenuator is placed
behind the laser to control the input energy, and an
isolator is inserted to block the back reflection from
the input tip of the fiber into the laser cavity. The
40x objective lenses each with a numerical aperture of
0.8 are used for adjusting input and output efficiency.
CCD1 and CCD2 are used to observe the output mode
field and check the coupling state of the input field, re-
spectively. The fundamental mode can be selectively
excited by using the offset pumping technique. After
the beam passes through the first split-beam mirror,
one part is coupled into a power meter to monitor the
input average power, and the other part is coupled
into a 50-cm-long PCF span. The coupling efficiency
is above 70%. The transmission loss is 10 dB/m at 800
nm with the cutback method. The output spectra are
monitored by two optical spectrum analyzers (OSA,
Avaspec-256 and Avaspec-NIR-256) in the measure-
ment scopes from 200 to 1100 nm and 900 to 2500 nm
and with resolutions of 0.025 and 15 nm, respectively.

attenuator isolator 40X

Fig. 2. Configuration of the experimental set up.

3. Results and discussion

The experimental condition and process are care-
fully optimized. The experiment is carried out by cou-
pling femtosecond pulses with working wavelengths of
800 and 820 nm (lying in the anomalous dispersion
region) and average power from 300 to 500 mW with
the fundamental mode of PCF.

As shown in Fig. 3, when the pump wavelength
is 800 nm, because of the interplay between the SPM
and the negative dispersion, the fundamental solitons
are formed. Due to the intra-pulse Raman scattering

(IRS) (soliton self-frequency shift), this Raman-type
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amplification appears, and the solitons constantly
shift from 2000 to 2300 nm and the second solitons
generated from the residual pump are observed in
a range from 1100 to 1500 nm as the input pump
power increases from 300 to 500 mW, as shown in
Fig. 3(b). Simultaneously, the higher-order dispersion
induces the instability of the first solitons, and the
Cherenkov radiations (CRs) are generated in a range
from 500 to 700 nm based on the phase matching be-
tween the red-shift solitons and the blue-shift waves.

The ultraviolet waves are generated from 300 to
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Fig. 3. (colour online) (a) Output spectrum power in

a wavelength range from 200 to 2500 nm. Amplified out-
put spectrum power of mid-infrared (b) and ultraviolet (c)
components, with the pump pulse working at 800 nm and
the input average power being 300, 400, and 500 mW.

450 nm because of the XPM between the blue-shift
waves and the solitons, as shown in Fig. 3(c). Since
the soliton group velocity continuously decreases in
the shift process, the XPM traps the CR, resulting in
the equal group velocities of two waves. The pump
power is greatly transferred into the solitons, CRs,
and the ultra-blue waves, as shown in Fig. 3(a). Ow-
ing to the fact that the large index contrast between
the diffraction and index-step guiding in PCF can be
well controlled, the SPM and normal dispersion ex-
perienced by the femtosecond pulse broaden the CRs
and the ultra-blue spectra. The absorption loss of the
silica material at wavelength above 1800 nm will re-
strict the SSFS.

At 820 nm, when the input power increases from
300 to 500 mW, the higher-order dispersion and IRS
make the spectra spread out asymmetrically, as shown
in Fig. 4(a). The continuum generation (CG) consists
of four basic phases: when the femtosecond pulse is
launched into the anomalous dispersion region, the
SPM induces the broadening of the spectrum. The
fission of a higher-order soliton into fundamental soli-
ton components is due to the pulse self steep (SS) ef-
fect, higher-order dispersion and the propagation dy-
namics of the generated solitons and interaction be-
tween the soliton and the short-wavelength part of SC
caused by SSFS, ultraviolet waves generated by the
XPM between blue-shift wavelength and solitons. In
the first phase, the SPM is viewed as the FWM of
different frequency components belonging to a broad
spectrum of radiation. Frequency components near
the zero dispersion wavelength then serve as a pump
for phase-matched FWM, which depletes the radiation
spectrum around the zero dispersion wavelength and
transfers the radiation energy to the regions of nor-
mal (< 780 nm) and anomalous (> 780 nm) disper-
sions. In the second phase, due to the simulated Ra-
man scattering, the shorter-wavelength components
are gradually converted into longer ones and the Ra-
man spectral components are generated on the longer-
wavelength side. In the third phase, on the one hand,
the fundamental solitons constantly shift toward a
longer wavelength due to the SSFS and this process
is the Raman-type amplification at the expense of the
depletion of its short-wavelength wing. On the other
hand, the high-order dispersion induces the instabili-
ties of these solitons and the dispersive waves referred

to as CRs are generated at the shorter wavelengths
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based on the phase matching between the red-shift
solitons and blue-shift waves.['"] Because the soliton
group velocity continuously decreases in 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. As the solitons
progressively shift towards a longer wavelength, the
dispersive waves experience SPM and are constantly
widened.?4 In the fourth phase, due to the XPM be-

tween the blue-shift waves and the solitons, the ultra-

violet and mid-infrared waves are generated. The in-
trinsic loss at mid-infrared and ultraviolet wavelengths
and the SS effect are the main limiting factors. As seen
in Fig. 4(a), CRs in a range from 450 to 550 nm are
efficiently generated. The ultraviolet CG at 200 nm
is shown in Fig. 4(b).
continuum can be over 2500 nm, limited by the mea-
surement range of OSA. The observed far fields of CG

at different wavelengths are shown in Fig. 4(d).

The generated mid-infrared
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Fig. 4. (colour online) (a) Output spectrum powers in a wavelength range of 200-2500 nm. Amplified output spectrum
powers of (b) mid-infrared and (c) ultraviolet components. (d) Corresponding far fields observed at different wavelengths
(pink-white, orange-white, purple-blue). The pump pulse works at 820 nm and its input average power is 300, 400, and

500 mW, respectively.
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As seen from Fig. 5(a), with the increase of the
input power (P,), the output spectrum bandwidth
(> 0) of the pump at 800 nm increases from 2034 to
2300 nm and then decreases from 2300 to 2276 nm.
However, for pump pulse at 820 nm, the bandwidth
increases from 1722 to 2300 nm. IRS, SPM, SS,
XPM, and FWM lead to different results for the two
pump pulses. In Fig. 5(b), nn1, nuv, nv, and nur are,
respectively, the ratios of the output powers of the
near-infrared waves, the ultraviolet waves, the visi-
ble waves, and the mid-infrared waves to the output
power of the residual pump with the pump working
at 820 nm. The nnr is much higher than nuv, nv,
and nyp. As the pump power increases from 300 to
400 mW, nn1, nuv, and 1y increase and my decreases,
because more pump power is transferred to the near-
infrared waves, the ultraviolet waves, and the visible
waves. When the pump power continues to increase
from 400 to 500 mW, nn1, nuv, v, and ny decrease.
This is because with the increase of the pump power,
the SPM, XPM, solitons, and CRs make the spec-
trum become broader and flatter. The peak powers
of the near-infrared waves, the ultraviolet waves, the
visible waves, and the mid-infrared waves decrease.
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Fig. 5. (colour online) (a) Bandwidths (> 0) of pump
pulses at 800 and 820 nm versus Py, and (b) conversion ef-
ficiencies of the near-infrared waves, the ultraviolet waves,
the visible waves, and the mid-infrared waves versus Pi,.

More power is required to broaden the spectrum.

4. Conclusions

With 120-fs pump pulses at 800 and 820 nm, mid-
infrared and ultraviolet continua with a broadband of
above 2300 nm are generated by cross-phase modula-
tion between red-shift solitons and blue-shift disper-
sive waves in the fundamental mode of photonic crys-
tal fiber. The dependences of the near-infrared waves,
the ultraviolet waves, the visible waves, and the mid-
infrared waves on the pump wavelength and power
are investigated. The corresponding nonlinear-optical
processes are analysed. The generated broadband con-
tinuum can be extensively applied to mid-infrared and

ultraviolet photonics.
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