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Demonstration of soliton self-frequency shift below
1300 nm in higher-order mode, solid
silica-based fiber
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We demonstrate soliton self-frequency shift of more than 12% of the optical frequency in a higher-order
mode solid, silica-based fiber below 1300 nm. This new class of fiber shows great promise for supporting
Raman-shifted solitons below 1300 nm in intermediate energy regimes of 1 to 10 nd that cannot be reached
by index-guided photonic crystal fibers or air-core photonic bandgap fibers. By changing the input pulse en-
ergy of 200 fs pulses from 1.36 to 1.63 nd we observe Raman-shifted solitons between 1064 and 1200 nm
with up to 57% power conversion efficiency and compressed output pulse widths less than 50 fs. Further-
more, due to the dispersion characteristics of the HOM fiber, we observe redshifted Cerenkov radiation in
the normal dispersion regime for appropriately energetic input pulses. © 2007 Optical Society of America

OCIS codes: 190.2640, 190.5530, 190.5940, 060.2280.

The phenomenon of soliton self-frequency shift
(SSFS) in optical fiber in which Raman self-pumping
continuously transfers energy from higher to lower

frequencies1 has been exploited over the past decade
to fabricate widely frequency-tunable, femtosecond
pulse sources with fiber delivery.2_7 Because anoma-
lous (positive) dispersion (3,<0 or D >0) is required
for the generation and maintenance of solitons, early
sources that made use of SSF'S for wavelength tuning
were restricted to wavelength regimes greater than
1300 nm where conventional silica fibers exhibited
positive dispersion.”® The recent development of
index-guided photonic crystal fibers (PCFs) and air-
core photonic bandgap fibers (PBGF's) relaxed this re-
quirement with the ability to design large positive
waveguide dispersion and therefore large positive net
dispersion in optical fibers at nearly any desired
Wavelength.8 This allowed for a number of demon-
strations of tunable SSFS sources supporting input
wavelengths as low as 800 nm in the anomalous dis-
persion regime.™

Unfortunately, the pulse energy required to sup-
port stable Raman-shifted solitons below 1300 nm in
index-guided PCFs and air-core PBGFs is either on
the very low side, a fraction of a nanojoule for silica-
core PCFs,>% or on the very high side, greater than
100 nd (requiring an input from an amplified optical
system) for air-core PBGFs.” The low-energy limit is
due to high nonlinearity in the PCF. To generate
large positive waveguide dispersion to overcome the
negative dispersion of the material, the effective area
of the fiber core must be reduced. For positive total
dispersion at wavelengths less than 1300 nm, this
corresponds to an effective area, A g, of 2-5 um?, ap-
proximately an order of magnitude less than conven-
tional single-mode fibers (SMFs). The high-energy
limit is due to low nonlinearity in the air-core PBGF
where the nonlinear index, n,, of air is roughly 1000
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times less than that of silica. These extreme ends of
nonlinearity dictate the required pulse energy (u) for
soliton propagation, which scales as U~D A g/ny. In
fact, most microstructure fibers and tapered fibers
with positive dispersion are intentionally designed to
demonstrate nonlinear optical effects at the lowest
possible pulse energy, while air-core PBGF's are often
used for applications that require linear propagation,
such as pulse delivery. For these reasons, previous
work using SSFS below 1300 nm were performed at
soliton energies either too low or too high (by at least
an order of magnitude) for many practical applica-
tions, such as multiphoton imaging, where bulk solid-
state lasers are currently the mainstay for the exci-
tation source.”

In this Letter we demonstrate SSFS from 1064 to
1200 nm with up to 57% power efficiency in a higher-
order mode (HOM) fiber.'® This new class of fiber
shows great promise for generating Raman solitons
in intermediate energy regimes of 1 to 10 nd pulses
that cannot be reached through the use of PCFs and
PBGFs. The HOM fiber used in our experiments was
recently shown to exhibit large positive dispersion
(~60 ps/nm km) below 1300 nm while still maintain-
ing a relatively large effective area of 44 ,umz,lo ten
times that of index-guided PCF's for similar disper-
sion characteristics. Through soliton shaping and
higher-order soliton compression within the HOM fi-
ber, we are able to generate clean 49 fs pulses from
200 fs input pulses. Due to the dispersion character-
istics of the HOM fiber, we also observe redshifted
Cerenkov radiation in the normal dispersion regime
for appropriately energetic input pulses.

Figure 1(a) shows the dispersion curve for the LP,
mode in the HOM fiber used in our experiment. To
generate positive dispersion below 1300 nm while si-
multaneously maintaining a large effective area,
light propagates solely in the LPy,, mode. Light is
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Fig. 1. (a) Total dispersion for propagation in the LPg,
mode. (b) Experimental near-field image of the LPj, mode

with effective area A,p=44 um?. (c) Experimental setup
used to couple light through the HOM fiber module.

coupled 1nto the LPy, mode using a low-loss long pe-
riod gratlng 1 (LPG). The index profile of the HOM fi-
ber is made such that the mode becomes more con-
fined to the higher-index core with an increase in
wavelength, resulting in net positive dispersion.'”
Figure 1(a) shows a dispersion of 62.8 ps/nm km at
1060 nm, which is comparable with that of micro-
structured fibers used previously for SSFS,*® and ex-
hibits two zero dispersion wavelengths at 908 and
1247 nm. The mode profile at the end face of the
HOM fiber is shown in Fig. 1(b), demonstrating a
clean higher-order LPy, mode and an effective area of
44 ym?. A schematic of the fiber module used for this
experiment is shown in Fig. 1(c). Here light propa-
gates in the fundamental mode through 12.5 cm of
standard SMF (flexcore) before being coupled into
1.0 m of the HOM fiber with a 2.5 cm LPG (entirely
contained within a fiber fusion-splicing sleeve). Light
resides in the LPy; mode for about half the length of
the grating after which more than 99% is coupled
into the LPy, mode. The module has a total loss of
0.14 dB, which includes all splices, fiber loss, and
mode conversion. We also note that the all-silica
HOM fiber leverages the standard silica fiber manu-
facturing platform and retains the low-loss proper-
ties (for both transmission and bending) of a conven-
tional SMF, allowing easy termination and splicing.
The experimental setup is shown in Fig. 1(c). The
pump source consisted of a fiber laser (Fianium
FP1060-1S) that delivered a free space output of
~200fs pulses at a center wavelength of 1064 nm
and an 80 MHz repetition rate. We were able to
couple a maximum power of 130 mW into the fiber
module, corresponding to 1.63 nd input pulses. Using
a variable attenuator, the input pulse energy was
varied from 1.36 to 1.63 nd to obtain clean spectrally
shifted solitons with a maximum wavelength shift of
136 nm (12% of the carrier wavelength) as shown in
Fig. 2(a). Theoretical traces from numerical simula-
tion for similar input pulse energy are plotted adja-
cent to the experimental data in Fig. 2(d). We used
the split-step Fourier method in our simulation and
included self-phase modulation, stimulated Raman
scattering, self-steepening, and dispersion up to fifth

order. We obtained the dispersion coefficients by nu-
merically fitting the experimental curve in Fig. 1(a)
and used a nonlinear parameter =22W-1km! and
a Raman response of Tr=5 fs.1? We also approxi-
mated the irregularly shaped spectrum of our input
source [Fig. 1(b)] with an 8.5 nm Gaussian shape cor-
responding to 200 fs Gaussian pulses. Though a more
accurate description should include the full integral
form of the nonlinear Schrodinger equation,12 our ex-
cellent qualitative match and reasonable quantita-
tive match validate this approach.

We measure 57% power conversion from the input
pulse spectrum to the redshifted soliton for the case
of 1.39 nJ input pulses to achieve ~0.8 nd output soli-
ton pulses [Fig. 2(a)l. The corresponding second-
order interferometric autocorrelation (Fig. 3) gives an
output pulse width of 49 fs, assuming a sech? pulse
shape, showing a factor of four in pulse width reduc-
tion due to higher-order soliton compression (soliton
order N=2.1) in the HOM fiber. The measured spec-
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Fig. 2. (a) Soliton self-frequency shifted spectra corre-
sponding to different input pulse energies into the HOM fi-
ber. All traces taken at 4.0 nm resolution bandwidth
(RBW). Input pulse energy noted on each trace. (b) High-
resolution trace of the initial spectrum, 0.1 nm RBW. (c¢)
High-resolution trace of the shifted soliton for 1.63 nJ input
into the HOM, 0.1nm RBW. (d) Soliton self-frequency
shifted spectra calculated from simulation by using a 200 fs
input Gaussian pulse and shifted soliton energies compa-
rable with those in (a). Input pulse energy noted on each
trace.
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Fig. 3. Second-order interferometric autocorrelation trace
of HOM output for 1.39 nd input pulses. Autocorrelation
FWHM measured to be 92fs, corresponding to a decon-
volved pulse width of 49 fs.
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tral bandwidth of 35nm gives a time-bandwidth
product of 0.386, which is 23% beyond that expected
for a sech? pulse shape. We believe the discrepancy is
likely due to dispersion from ~5cm of glass (colli-
mating and focusing lenses) between the fiber output
and the two-photon detector inside the autocorrela-
tor. This explanation is supported by our numerical
simulation, which gives an output pulse width of
40 fs. We further note the ripple-free, high-resolution
spectrum of the shifted soliton for 1.63 nd input [Fig.
2(c)]. This is indicative of propagation exclusively in
the LPy, mode, since multimode propagation would
surface as spectral interference. .

Finally, we note the appearance of Cerenkov radia-
tion centered about 1350 nm for 1.45 and 1.63 nJ in-
put pulse energies [Fig. 2(a)]. Here, as has been dem-
onstrated previously in PCFs,'® Cerenkov radiation
is generated from phase matching between the soli-
ton and resonant dispersive waves. This process oc-
curs most efficiently when the soliton approaches the
zero-dispersion wavelength where the dispersion
slope is negative. Pumping more energy into the fiber
does not redshift the soliton any further, but instead
transfers the energy into the Cerenkov spectrum. As
the input pulse energy is increased from 1.45 to
1.63 nd [Fig. 2(a)], the soliton is still locked at a cen-
ter wavelength of ~1200 nm, but more energy ap-
pears in the Cerenkov spectrum. Our simulations
suggest that an ultrashort pulse can be filtered and
compressed from this radiation to achieve energetic
pulses across the zero-dispersion wavelength.

Though not demonstrated in our experiments, light
can be easily coupled back into the fundamental
model by using another LPG at the output end. Pre-
vious work showed that by using a dispersion-
matching design, ultralarge bandwidths can be sup-
ported by a LPG.1 Recently conversion efficiency of
90% over a bandwidth of 200 nm was obtained for a
similar fiber structure.'* Such a LPG will ensure the
output pulse is always converted back to a Gaussian
profile, within the tuning range. An important con-
sideration for the output LPG is its length. Since the
energetic output pulses are solitons for a specific
combination of dispersion and Ay of the LPy; mode,
nonlinear distortions may occur when the energetic
pulse goes to the (smaller A,y fundamental LPg,;
mode at the output. However, the length over which
the signal travels in the LPj;; mode, and hence the
distortion it accumulates, can be minimized because
the high-index core of the HOM fibers enable LPG
lengths of <5 mm. Note that the requirement for
short LPGs actually complements the need for broad-
bandwidth operation, since the conversion bandwidth
is typically inversely proportional to the grating
length.™

Both the wavelength shift and pulse energy can be
significantly increased beyond what we have demon-
strated through engineering of the fiber module. For
example, simple dimensional scaling of the index pro-
file can be used to shift the dispersion curve of the
LPyy mode. Our numerical modeling shows that an
output soliton energy of approximately 2 nJ can be

realized if the dispersion curve is shifted ~100 nm to
the longer wavelength side. Additionally, pulse en-
ergy can be scaled by increasing D A . Aside from in-
creasing the magnitude of dispersion through ma-
nipulation of the index profile and dimensions of the
fiber, the effective area can be significantly enhanced
by coupling into even higher-order modes. An effec-
tive area of ~2000 um? (more than 40 times this
HOM fiber) was recently achieved by coupling to the
LP,; mode.**

In summary, we demonstrate SSF'S between 1064
and 1200 nm in a higher-order mode, solid silica-
based fiber. We are able to obtain 49 fs Raman-
shifted solitons at 0.8 nJ with up to 57% power con-
version efficiency. Due to the dispersion charac-
teristics of the HOM fiber, we also observe Cerenkov
radiation for appropriately energetic input pulses.
We believe that HOM fiber should provide an ideal
platform for achieving soliton energies from 1 to
10 nd for SSFS at wavelengths below 1300 nm, filling
the pulse energy gap between index-guided PCFs and
air-core PBGFs. This intermediate pulse energy re-
gime, which could not be reached previously for
SSFS, could prove instrumental in the realization of
tunable, compact, all-fiber, femtosecond sources for a
wide range of practical applications.

C. Xu’s e-mail address is cx10@cornell.edu.
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