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Abstract: Short lengths of highly nonlinear bismuth-oxide fiber are used to
generate smooth supercontinuum spanning from 1200 nm to 1800 nm, with
sub-0.5 nJ pulse energies. The spectral broadening in a 2-cm length of this
fiber was used to compress 150-fs pulses to 25 fs.
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1. Introduction
Broad spectra, spanning hundreds of nanometers, are useful for a variety of applications
including frequency metrology [1], medical imaging [2], spectroscopy [3], characterization of
broadband devices, such as photonic crystals [4,5], and communication systems. Such
spectra can be generated either directly from ultrafast modelocked lasers [6,7] or in highly
nonlinear fiber [8]. At 1550 nm, 20-fs pulses, with a spectral width of 190 nm, have been
produced directly from a Cr:YAG laser [9]. At the same wavelength, 14.5-fs pulses have
been generated from an optical parametric amplifier stretcher/compressor [10]. A
semiconductor laser, producing 1-ps pulses, followed by four stages of soliton compression
[11] was used to generate 20-fs pulses. More highly nonlinear, normally dispersive fiber can
offer a less complex solution. In this paper, we report the generation of smooth, unstructured
supercontinuum spectra spanning 1200 to 1800 nm with a highly nonlinear bismuth-oxide
fiber. Pulses of 150 fs duration from an optical parametric oscillator (OPO) are also
compressed to 25 fs with a 2-cm length of fiber and a grating pair compressor.
2. Design theory of supercontinuum
To generate supercontinuum, we use highly nonlinear normally dispersive bismuth oxide
fiber. While supercontinuum has attracted much interest, the optimum method for generating
it is still under discussion. The widest spectra are observed in anomalous dispersion fiber, but
pulse break-up and the variety of subsequent nonlinear effects that occur under this condition
generally produce structured and noisy spectra [12]. Spectral broadening obtained with
normal dispersion fiber, on the other hand, results in less spectral structure and noise, and is
better suited to pulse compression [12,13]. Bismuth-oxide-based glass fiber is a newly
developed fiber [14,15] with sufficiently high nonlinearity to permit stable supercontinuum
generation at low powers under conditions of normal dispersion.
In a normal dispersion fiber, the spectral broadening is proportional to Ld / Lnl , where
Ld is the dispersive length, and Lnl, the nonlinear length [13]. The nonlinear length can be
written as, Lnl = 1 / γPo , where Po is the peak power of the input excitation, and γ, the
nonlinear index coefficient. The dispersive length is defined as Ld = τ o / β av , where
2

the pulsewidth parameter and

β av , the average dispersion.

Thus,

τ o is

Ld / Lnl can be written

as (τ o Poγ ) / β av . We can increase the spectral broadening by increasing the nonlinearity
of the fiber and using pulses with high peak power. Dispersion limits the maximum amount of
spectral broadening possible, but the supercontinuum generated is still smooth and controlled.
2

3. Bismuth-oxide fiber and experimental setup
The bismuth-oxide fiber we used has a core diameter of 1.7 µm and an effective area of 3.3
µm2. The nonlinear coefficient is approximately 1100 +/- 15% (W-km)-1, about 400 times
larger than that of standard dispersion-shifted single mode fiber. The large normal dispersion
of the fiber, –250 ps/nm/km, provides the ultimate limit on spectral broadening, but is
responsible for the smooth unstructured supercontinuum produced. Calculations indicate that
the dispersion of the fiber is relatively flat, within 20%, over a large wavelength range of 1200
to 1800 nm. The refractive index of the core is 2.22, and that of the cladding 2.13 at 1550 nm.
The experiments reported in this paper were performed with two different lengths of the
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nonlinear fiber: 1 m and 2 cm. A standard fiber cleaver was used to prepare the ends of the
1-m length. The 2-cm piece of fiber was mounted in two connected ceramic ferrules with a
thin coating of wax and the ends were polished.
An OPO, producing 150-fs pulses tunable between 1400 to 1600 nm, is used as the signal
source. It is synchronously pumped by a Ti:Sapphire laser, at a repetition rate of 82 MHz.
The output of the OPO is coupled into a 3-cm length of single-mode fiber, which serves as a
spatial filter. Next, the light from the SMF is recollimated and focused into a length of highly
nonlinear bismuth-oxide fiber, with an aspheric lens. After the fiber, either an aspheric lens
or a reflecting objective (for compression experiments) is used to collimate the light. The
output is sent to either an optical spectrum analyzer, an autocorrelator, or grating compressor.
4. Experimental results
In Fig. 1, typical spectra produced from a 2-cm piece of fiber are shown as a function of
power. The input excitation was centered at 1540 nm and the coupling loss was 6 dB. For 32
mW of output average power, spectrum is generated from 1300 nm to >1700 nm, with a 3-dB
spectral width of 170 nm. (The optical spectrum analyzer had a range limited to wavelengths
less than 1700 nm.) The interference in the center of the spectra comes from insufficient
attenuation of cladding modes. 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
shoulders apparent in the spectra are caused by optical wave breaking [16], which occurs
when the effects of self-phase modulation (SPM) are much larger than that of group-velocity
dispersion (GVD).
Spectra obtained with the 2-cm length of fiber for three different input wavelengths: 1450
nm, 1500 nm and 1540 nm, are shown in Fig. 2. The power is kept constant for the three
measurements In order to obtain a more complete evaluation of the spectrum generated with
1540-nm input, we extended our measurements with a spectrometer to observe the actual rolloff of the spectrum at 1800 nm. The spectra generated at the three different wavelengths are
nearly identical, indicative of the flat dispersion profile of the fiber. The fiber becomes
multimode at ~1390 nm, and it is probable that this limits the short wavelength side of the
spectrum.
For the case of the 1540-nm input, we compressed the output pulse using a grating pair.
The gratings had 75 lines/mm and were separated by 8.5 cm. The average power exiting the
compressor was roughly 6 mW, with 20 mW entering (this also takes into account the 30%
loss of the reflecting objective). The pulses were then sent into a broadband autocorrelator,
utilizing metallized beamsplitters, a speaker to dither the delay, a parabolic mirror, rather than
a lens, to focus onto a detector, and a GaAs LED as the two-photon absorption detector. We
were able to compress the pulses to 25 fs, as shown in Fig. 3. The autocorrelation was fitted
with the PICASO phase retrieval algorithm [17]. The transform limit of the spectrum was ~16
fs. The time-bandwidth product of our compressed pulses, assuming a sech pulse envelope, is
~0.49. The pulsewidth is likely limited by incomplete higher-order chirp compensation as
well as the roll-off in spectral efficiency of the gratings at wavelengths shorter than 1500 nm.
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Fig. 1. Spectra from a 2-cm piece of fiber generated by 1540-nm excitation at average powers
exiting the fiber of: a) 32 mW b) 21.4 mW c) 14 mW d) 7 mW. The interference at the center
of the spectra is due to insufficient attenuation of cladding modes.

Fig. 2. Spectra from a 2-cm length of fiber of input wavelengths of: a) 1540 nm b) 1500 nm c)
1450 nm. The spectra were taken up to 1700 nm with an optical spectrum analyzer, and the
measurement from 1700 – 1900 nm was taken with a spectrometer. The spectra were all taken
for comparable powers and are vertically offset for ease of viewing.
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Fig. 3. Fringe resolved autocorrelation of 25-fs pulses generated from 2 cm of fiber with 150fs input pulses at 1540 nm. The pulse is fitted with the Picaso phase retrieval algorithm.

Some applications of supercontinuum require only broad spectrum, and not short pulses.
If short pulses are not required, a longer length of highly nonlinear bismuth-oxide fiber may
be more suitable. Figure 4 shows some typical spectra versus power produced with a 1-m
length of the fiber, with an input at 1540 nm. For 34 mW of output average power, spectrum
is generated from 1300 nm to > 1700 nm, similar to that of the 2-cm length. We estimate that
the output pulse in this case is approximately 80 ps. However, one will notice that the longer
piece of fiber suppresses the cladding modes more effectively than the 2-cm length. After 2
cm, the pulse is already broadened to 800 fs, and the effect of SPM becomes greatly reduced.
Nevertheless, some additional spectral smoothing is evidenced by the reduction of the
shoulders due to wave breaking.

Fig. 4. Supercontinuum spectra from 1 m of highly nonlinear bismuth oxide fiber generated by
1540-nm excitation at average powers exiting the fiber of: a) 34 mW b) 20 mW c) 10 mW.

5. Conclusion
In conclusion, highly nonlinear small-core bismuth oxide fiber with normal dispersion has
been used to generate smooth, unstructured continuum at telecommunication wavelengths,
spanning from 1200 to 1800 nm. Compression experiments produced 25-fs pulses. It is
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important to note that the pulses were produced with a commercially available source as well
as grating compressor. Such pulses have many applications including nonlinear optics,
spectroscopy, and frequency metrology. Broad, Gaussian-shaped spectra could be particularly
useful for medical imaging techniques such as optical coherence tomography.
Acknowledgments
The authors gratefully acknowledge valuable advice and technical contributions from P.
Rakich, J. W. Sickler, K. Taira, F. O. Ilday, T. E. Murphy, and K. S. Abedin.

#5559 - $15.00 US

(C) 2004 OSA

Received 25 October 2004; revised 4 November 2004; accepted 5 November 2004

15 November 2004 / Vol. 12, No 23 / OPTICS EXPRESS 5702

