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Abstract—Highly nonlinear normally dispersive bismuth-oxide
fiber shows promise for applications such as supercontinuum
generation and femtosecond pulse compression in the telecom-
munications-wavelength range. To generate a wideband and flat
supercontinuum spectrum, the balance between fiber nonlinearity
and normal group velocity dispersion (GVD) is important. Highly
nonlinear bismuth-oxide fiber exhibits a large nonlinearity due
to the small effective area and nonlinear index of the host glass
material. The fiber also has a relatively flat dispersion profile over
a large wavelength range. Utilizing these features, we generate a
smooth unstructured supercontinuum between 1200 and 1800 nm.
This supercontinuum is passed through a grating pair, and pulses,
originally of 150-fs length, are compressed to 25 fs.

Index Terms—Nonlinear fiber, nonlinear optics, pulse compres-
sion, ultrafast nonlinear optics.

I. INTRODUCTION

ECENT advances in the development of novel fibers such
as photonic crystal fibers [1], [2], microstructure fibers,
[3] and other highly nonlinear solid-core fibers [4]-[7] have
sparked renewed interest in fiber nonlinear optics. These fibers
have high nonlinearities due to their small core and, in some
cases, material composition [8], [9]. They also have unique
dispersion profiles, enabled by the influence of waveguide
dispersion balancing that of the material dispersion. These char-
acteristics have allowed nonlinear experiments to be performed
with much lower powers than previously possible. Applica-
tions include frequency metrology [10], medical imaging [11],
spectroscopy [12], characterization of broadband devices such
as photonic crystals [13], [14], and communications systems.
Broad spectra can be generated directly from mode-locked
(pulsed) lasers [15], [16] or, alternatively, by seeding a non-
linear fiber with input pulses of high peak power [17].
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A Cr:YAG laser operating at 1550 nm has produced 20-fs
pulses and a spectrum with a 190-nm full-width-at-half-
maximum bandwidth [18]. An optical parametric amplifier with
stretcher/compressor has been used to generate 14.5-fs pulses at
the same wavelength [19]. While these mode-locked lasers can
produce extremely short pulses along with broad spectra, they
also often require costly state-of-the-art components, expensive
pumps, and are bulky. A less complex and more flexible alterna-
tive is supercontinuum generation and pulse compression using
a highly nonlinear fiber such as bismuth-oxide fiber.

In this paper, we demonstrate wideband flat supercontin-
uum generation in a highly nonlinear bismuth-oxide fiber
[5]-[7]. This fiber has a conventional step-index structure with
a small solid core, but it exhibits many of the properties
of photonic crystal and microstructure fibers. Its nonlinearity,
~ 1100 £ 15% (W - km) !, stemming from its small core size
(1.7-pum diameter) and the high nonlinearity of the bismuth-
oxide glass, is about two orders of magnitude larger than that
of standard single-mode fiber. Supercontinuum spanning from
1200 to 1800 nm has been generated in a short 2-cm piece of
this fiber with sub 0.5-nJ pulse energies. These pulses, with
input durations of 150 fs, have been compressed at the output
to 25 fs using a simple grating pair.

II. DESIGN THEORY OF SUPERCONTINUUM GENERATION
IN HIGHLY NONLINEAR FIBER

The optimum technique for the production of supercontin-
uum depends upon the parameters of the laser source to be
used and the needs of the application. In an optical fiber,
supercontinuum generation falls into two main categories. The
spectrum can be broadened in an anomalous-dispersion fiber, in
which nonlinearity and group velocity dispersion (GVD) cause
compression of the input pulse. Alternatively, supercontinuum
can be generated in a normal-dispersion fiber. In the latter
case, the pulse lengthens as it propagates, while self-phase
modulation causes spectral broadening.

The anomalous-dispersion fiber generates the broadest spec-
tra, but it is often structured and noisy due to pulse breakup,
modulation instability, and other nonlinear effects [20]. The
spectral variation and noise associated with supercontinuum
spectra produced in this manner cause difficulty in some ap-
plications and make balanced detection a necessity [13]. On
the other hand, smooth Gaussian-like spectra can be produced
with the normal-dispersion fiber. Modulation instability cannot
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Fig. 1.

Cross-section of highly nonlinear bismuth-oxide fiber.

occur, and the pulse propagates as a single pulse with high
coherence. Because normal dispersion acts to linearize the chirp
produced by self-phase modulation, the accumulated chirp of a
pulse propagating through the normal-dispersion fiber can be
more easily compensated at the output. Thus, supercontinuum
spectra produced in the normal-dispersion fiber are better suited
for pulse compression. A bismuth-oxide-based glass fiber is
a newly developed fiber with sufficiently high nonlinearity to
permit stable supercontinuum generation at low powers under
conditions of normal dispersion [5]-[7].

In a normal GVD fiber, supercontinuum generation can be
described by the nonlinear Schroedinger equation. Second-
order dispersion and the Kerr effect must be included. The ratio
of \/Lq/Ln), where Ly is the dispersive length, and Ly, the
nonlinear length, governs the amount of spectral broadening
achievable in a normal-dispersion fiber [21], [22]. The spectral
broadening factor, which is defined as the ratio of the 3-dB
bandwidth of the supercontinuum to that of the initial spec-
trum, is approximately proportional to \/ L4/ Ly. The disper-
sive length can be written as Lq = Tf /Bav, Where 7, is the
pulsewidth parameter, and ,, is the average second-order dis-
persion. The nonlinear length is defined as L, = 1/~ P,, where
P, is the peak power of the input excitation, and -y, the nonlinear
coefficient. Thus, \/Lq4/ Ly can be written as /(72 Py7)/Bay-
The nonlinear coefficient + is defined as v = (27n2/AAeg),
where 15 is the material nonlinear refractive index coefficient,
A is the wavelength, and A.g is the effective core area of
the fiber. The spectral broadening factor can be improved by
increasing the nonlinear index coefficient v of the fiber and by
using pulses with high peak powers. The nonlinear coefficient
can be increased by the use of a material with high nonlinearity
and a reduction in the effective core area of the fiber. GVD
limits the maximum amount of spectral broadening possible.
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Fig. 2. Index of refraction versus wavelength for bismuth-oxide glass.

Therefore, the balance between the nonlinear coefficient and
the GVD is important.

The bismuth-oxide fiber used in this experiment had a non-
linearity of 1100 & 15% (W - km)~!. This was caused by the
highly nonlinear nature of the bismuth-oxide glass, approxi-
mately an order of magnitude larger than standard silica fiber,
and the small effective core area of the fiber, 3.3 um2. The core
diameter of the fiber was 1.7 um and was made feasible by the
high-index contrast of the fiber. The refractive index of the core
was 2.22, and that of the cladding, 2.13. The refractive index
of the core is increased by doping it with In,O3. The fiber is
single mode at 1550 nm and becomes multimode at 1400 nm.
Fig. 1 shows a cross section of the fiber and Fig. 2 shows a plot
of the refractive index of the bismuth-oxide glass as a function
of wavelength. The material-dispersion relation for the core can
be estimated using the Sellmeier equation [23]:

b2
n:\/a—km—kd)@

with ¢ = 1.0,b = 3.93225, ¢ = 0.04652, and d = —0.00796.

Fig. 3 shows a simulation of the fiber dispersion versus wave-
length, with the material and waveguide components plotted
separately. The dispersion of the fiber is calculated for the
lowest order HE mode, assuming a step-index fiber with a
core-cladding index difference of 0.09. The mode propagation
constant is solved iteratively and the mode index and dispersion
of the fiber [24] are calculated in turn. Thus, the dispersion
of the waveguide balances that of the material, resulting in
relatively flat total dispersion between 1200 and 1800 nm.

Fig. 4 shows the simulation results of supercontinuum
generation. The fiber length is 2 cm. The input pulses are
150-fs-duration sech-shaped pulses with a center wavelength
of 1540 nm and a peak power of 2.6 kW. These parameters
correspond to the pulses used in the experiments described
below. In this case, the dispersion length is 0.0258 m, and the
nonlinear length is 3.9 x 10~* m. The resulting 3-dB spectral
width is 200 nm, which corresponds to a spectral broadening
factor of 10. The spectral shape is smooth and flat and is suitable
for pulse compression.
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(material), (b) waveguide, and (c) total dispersion of the fiber.

III. EXPERIMENTAL RESULTS
A. Supercontinuum Generation in 2-cm Fiber

For the experiments discussed here, an optical parametric
oscillator (OPO), synchronously pumped at 82 MHz by a
Ti:Sapphire laser, is used as the signal source. We note, how-
ever, that similar pulse characteristics are now also available
from more compact mode-locked fiber lasers. The OPO is tun-
able between 1400 and 1600 nm and produces 150-fs pulses. In
Fig. 5(a), the experimental setup for supercontinuum generation
is shown. The OPO pulses are passed through an isolator, and
then spatially filtered with a 3-cm length of single-mode fiber.
This 3-cm fiber does not chirp the pulses significantly due to
its short length. An aspheric lens, with numerical aperture of
0.5, is then used to couple the pulses into a length of highly
nonlinear bismuth-oxide fiber. The output is collimated with a
reflecting objective, and sent to an optical spectrum analyzer,
autocorrelator, or grating compressor. The reflecting objective
had ~ 30% loss.

Spectra from a 2-cm length of fiber, embedded in two con-
nected ceramic ferrules with a thin coating of wax and with
polished ends, are shown in Fig. 6. The coupling loss was 6 dB,
and the OPO input was centered at 1540 nm. Supercontinuum
is produced from 1200 nm to > 1700 nm, with 32 mW of
output average power, and a 3-dB width of 170 nm. (The optical
spectrum analyzer had a ranged limited to < 1700 nm.) For an
average power of 32 mW exiting the fiber, the pulsewidth was
865 fs; for a power of 21.4 mW, the pulsewidth was 759 fs;
for a power of 14 mW, the pulsewidth was 724 fs, and for
a power of 7 mW, the pulsewidth was 488 fs. The spectral
widths and spectral shapes agree well with the simulation
results. Insufficient attenuation of cladding modes causes the
interference seen in the center of the spectra. Optical wave
breaking is responsible for the shoulders apparent in the spectra.
This effect occurs in regimes where the effects of self-phase
modulation are much larger than that of GVD [25].

Fig. 7 shows typical spectra obtained for input wavelengths
of 1450, 1500, and 1540 nm, with the 2-cm length of fiber.
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Fig. 4. Simulation results for supercontinuum generation in 2 cm of bismuth-
oxide fiber with 2.6 kW of peak power incident at 1540 nm.

The power is kept constant for the three measurements. The
spectra generated at the three different wavelengths are very
similar, indicative of the relatively flat dispersion profile of
the fiber shown in Fig. 3. A more complete evaluation of the
long wavelength extent of the spectra was obtained by using
a standard tunable spectrometer in addition to the OSA. As
shown for the case of the 1540-nm input, the spectrum extends
to about 1800 nm.

B. Femtosecond Pulse Compression

Pulse-compression experiments were performed for spectra
generated with the 1540-nm input. A grating pair, providing
—6400 fs> of dispersion, is shown in Fig. 5(b). Two gold
75-lines/mm gratings, separated by 8.5 cm, were used to com-
press the pulses. The compressor had 5 dB of loss, with 6 mW
of average power exiting the grating pair. Fig. 5(c) shows a
schematic of the broadband autocorrelator used to measure the
compressed pulses. It consisted of two metallized beamsplit-
ters, a speaker to dither the delay, a parabolic mirror to focus
light onto a detector, and a GaAs light-emitting diode (LED)
used as a two-photon-absorption detector. In order to estimate
the pulsewidth, the PICASO phase-retrieval algorithm was used
to fit the spectrum and autocorrelation [26]. The pulses were
compressed to 25 fs. A typical autocorrelation is shown in
Fig. 8. The time-bandwidth product of our compressed pulses,
assuming a sech pulse envelope, was 0.49. Higher order chirp
as well as the roll off in spectral efficiency of the gratings
for wavelengths shorter than 1500 nm probably limits the
compressed pulsewidth.

C. Supercontinuum Generation in a 1-m Length of Fiber

If only broad spectra are required for an application, and not
short pulses, a longer length of the highly nonlinear bismuth-
oxide fiber may offer some advantages. A 1-m length of highly
nonlinear bismuth-oxide fiber, with ends prepared by a standard
fiber cleaver, was used to produced the spectra shown in Fig. 9.
In this case, we used an aspheric lens to collimate the output.
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Fig. 6. Spectra as a function of input power produced in a 2-cm length of
fiber at an input wavelength of 1540 nm. Average powers exiting the fiber were
(a) 7 mW, (b) 14 mW, (c) 21.4 mW, and (d) 32 mW. Insufficient attenuation of
cladding modes causes the interference apparent at the center of the spectra.

The input excitation was 1540 nm and the maximum average
output power 34 mW. The spectrum generated from 1200 to >
1700 nm is very similar to that produced in the 2-cm length. Af-
ter 2 cm of highly nonlinear fiber, the pulse broadens to 800 fs,
and the effect of self-phase modulation is greatly decreased.
Nevertheless, some additional spectral shaping is evidenced by
the reduction of the shoulders due to optical wavebreaking.
Effective suppression of cladding modes is another advantage
of the longer 1-m length of fiber. At the maximum output
power, the output pulsewidth was estimated to be 80 ps, using
an analytical expression for chirped pulse propagation derived
from the nonlinear Schroedinger equation.
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Experimental setup for (a) supercontinuum generation in highly nonlinear bismuth-oxide fiber, (b) subsequent pulse compression using a grating pair,
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Fig. 7. Spectra as a function of input excitation wavelength from a 2-cm fiber
at an average input power of 32 mW. Input wavelengths were (a) 1540 nm,
(b) 1500 nm, and (c) 1450 nm. An optical spectrum analyzer was used for the
spectra up to 1700 nm, and a spectrometer was used from 1700-1900 nm. The
spectra are vertically offset for ease of viewing.

All the supercontinuum and pulse-compression experiments
were performed with fiber with cleaved or polished ends. How-
ever, some applications may require connectorized and spliced
nonlinear fiber. It is possible to splice the highly nonlinear
bismuth-oxide fiber to a single-mode fiber, for ease of use.
Currently, the splicing loss is around 1.76 dB/splice [6].

IV. CONCLUSION

Highly nonlinear bismuth-oxide fiber has been used to
generate smooth unstructured spectra at telecommunications
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Fig. 9. Spectra as a function of input power produced in a 1-m length of fiber
at an input wavelength of 1540 nm. Average input powers and pulse energies
were (a) 10 mW/0.12 nJ, (b) 20 mW/0.24 nJ, and (c) 34 mW/0.41 nJ.

wavelengths in very short lengths. Pulses have also been com-
pressed from 150 to 25 fs, using a 2-cm length of this fiber.
Broad, somewhat smoother, Gaussian-like spectra suitable for
applications such as medical optical coherence tomography,
which do not require pulse compression, have been pro-
duced with a 1-m length of this fiber. These results show
that highly nonlinear step-index bismuth-oxide fiber is a
promising tool for applications requiring broad spectra and/or
short pulses in the 1200-1800 nm wavelength regime. Poten-
tial applications include frequency metrology, spectroscopy,
communications, characterization of broadband devices, and
medical imaging techniques such as optical coherence
tomography.
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