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Abstract—Soliton self-frequency shift isrealized for the first time in a tapered fiber, whose core with a diam-
eter of 2.3 um is surrounded by air, in the presence of pump pulses with a duration of 55 fs and a wavelength
of 805 nm. The self-frequency shift is observed up to a wavelength of 1127 nm. The soliton energy is about
23% of the total energy of the output light pulse. Good agreement between the results of numerical simulation
of the soliton self-frequency shift based on the generalized Schrédinger equation and the experimental datais

obtained.

1. INTRODUCTION

The effect of continuous low-frequency shift of an
ultrashort pulse spectrum with increasing peak power
of the pulse known as the soliton self-frequency shift
[1-3] makesit possible to generate solitons whose car-
rier frequency can be tuned in a wide spectral range
using the variation in the power of the pump radiation,
when its wavelength is in the vicinity of the zero-dis-
persion point of the medium. Over the last two years,
this effect was observed in various photonic-crystal
fibers [4]. The soliton wavelength is shifted to 1.26 [5,
6], 1.65[7], and 1.7 um [8] in the presence of pumping
at wavelengths of 0.81, 1.3, and 1.55 pm, respectively.
The soliton self-frequency shift is demonstrated both in
conventional photonic-crystal fibers (core diameter
1.9-2.6 um [5, 6, 8, 9], fiber length 0.8-1.7 m) and
tapered holey fiber with a core diameter of 3 um and a
length of 15 cm [7].

In thiswork, we report on the first observation of the
soliton self-frequency shift in a tapered single quartz
fiber, whose core with a diameter of 2.3 um is sur-
rounded by air.

2. EXPERIMENTAL RESULTS

A tapered fiber made of SMF-28 fiber at the Labo-
ratory of Laser Systems, Novosibirsk State University,
with the method from [10] was used in the experiments.
The sizes of the sample under study are as follows: the
fiber waist diameter is 2.3 pum, the waist length is 12
cm, the length of biconical junctions (connecting the
original fiber and the waist) is 2.5 cm, and the lengths
of the input and output fragments of the original fiber
are 5 and 35 cm, respectively.

Figure 1 shows the scheme of the experimental
setup. The duration of Ti:Sapphire laser output pulses
with arepetition rate of 81 MHz is 50 fs. The mean out-

put power is 380 mW. The spectrum of the laser radia-
tion with an FWHM of 20 nm is centered at 805 nm.
Tapered (biconical) fiber is pumped in the spectra
range of anomalous dispersion (the zero-dispersion
wavelength is 755 nm). Laser radiation passed through
the optical system and the Faraday isolator is coupled
into the input, undrawn end of the biconical fiber using
a 8%/0.2 microscope objective. The mean power at the
sample entrance is about 110 mW, and the peak pulse
power is about 20 kW. The losses inside the samples
mainly depend on the shape and the length of fiber frag-
ments with varying diameter. The typical transmittance
of the sample is 30-50%. We measure the spectrum of
the output radiation in the wavelength range 400-1200
nm with a spectral resolution of 3 nm using an Ang-
strem automatic spectral analyzer.

To monitor the phase modul ation (chirp) of the laser
pulses, we employ a two-prism compensator. The out-
put pulses of the femtosecond laser exhibit asmall pos-
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Fig. 1. Experimental setup with a Faraday isolator (FI) and
amicroscope objective (MO). Pulse duration is measured at
pointsa, b, and c.
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Fig. 2. Interferometric autocorrelation traces of (&) output laser pulses and pulses passed through (b) a Faraday isolator, two-prism
compensator, and launch optics and (c) a microscope objective and 10-cm-long fiber.
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Fig. 3. (a) Experimentally measured and (b) calculated output radiation spectra at various mean output powers.

itive initial chirp that increases when the pulses pass
through the elements of the optical isolator, microscope
objective, and the starting undrawn fragment of the
fiber. The compressor makes it possible to compensate
for this positive chirp, so that the pulses arrive to the
fiber taper transition with minimum phase modulation.
Compressor tuning leads to minimization of the pulse
duration immediately in front of the convergent part of
the sample. We control pulse duration at three pointson
the optical path using an autocorrelator (Fig. 1). At
points a, b, and ¢, we measure durations of laser output
pulses, pulses passed through a Faraday isolator and
compressor, and pulses passed through a microscope
objective and an isolated fragment of SMF-28 fiber cor-
responding to the initial undrawn fragment of the fiber,
respectively. Figure 2 demonstrates the autocorrelation
function of pump pulses measured at the above three
points. The compressor allows for compensation of the
developed positive chirp acquired by the pulses passed
through the optical elements and the initial fragment of
the fiber. Note the similarity of the autocorrelation
functions of the output laser pulses and the pulses mea-
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sured at the entrance of the convergent fragment of the
fiber. The pulse duration measured at the entrance of
thefiber taper transition is 55 fs. Thewaist length of the
fiber taper transition fiber coincides with the dispersion
length of the sample under study (10.8 cm for a pulse
duration of 55 fs).

Figure 3a shows experimental spectra of the output
radiation for the fiber taper transition fiber under study.
When the mean power of the output radiation exceeds
2 mW, we observe splitting of the original spectrum
into individual components, which exhibit a red shift
with increasing power. If the output power is greater
than 10 mw, the generation of single tunable spectral
components is supplemented by continuum generation
in the blue part of the spectrum, although the power of
the continuum radiationisrelatively low. When the out-
put power is 16 mW, the energy of the self-frequency-
shifted soliton at a wavelength of 1007 nm amounts to
44% of the total energy of the output pulse. A further
increase in the pump power gives rise to two isolated
spectral peaks at wavelengths of 1014 and 1127 nm.
When the total mean power of the output radiation is
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Fig. 4. Experimental and calculated plots of the soliton fre-
quency shift vs. the output radiation power.

43 mW, the mean powers of these spectral components
are 7 and 10 mW, respectively.

3. NUMERICAL MODEL

To numerically simulate the experimental results,
we use the generalized nonlinear Schrédinger equation
from [11] written as

(D
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Here, A(z, t) is the envelope of the €eectric field
strength, B, are the dispersion coefficients at the pump
frequency wy, and y = n,uy/(Ag €) isthe nonlinear coef-
ficient, where n, = 3.2 x 107° m?/W is the nonlinear
refractive index of quartz and Ay isthe effective area of
the fundamental mode cross section. Kernel R(t) of the
integral operator of nonlinear response taken from
experiments mentioned in [12] contains both electron
and vibrational (Raman) contributions.

Equation (1) obtained without using approximation
of the dowly varying amplitudes can be used to
describe the propagation of pulses whose duration
equals afew cycles of the light wave at the correspond-
ing frequency. Equation (1) is derived under the
assumption that the radiation propagates inside fiber in
only one (fundamental) mode. The validity of this
assumption follows from the axial symmetry of the
transverse cross section of intensity experimentally
measured at the fiber exit. In calculations, we expand
the dispersion operator in a Taylor series in terms of
frequency up to the term K., = 5. The second addend
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in the right-hand side of Eq. (1) corresponds to such
nonlinear optical effects as the self-phase modulation,
self-steepening of the envelope wing, and stimulated
Raman scattering (SRS) [11]. In Eg. (1), we do not take
into account the linear losses owing to the short (afew
tens of centimeters) lengths of the fiber samples under
study. These losses lead to exponential decay of the
radiation intensity upon propagation along the fiber.
Conservation of energy is not fulfilled in Eg. (1), since
we take into account the SRS effect. The number of
photonsis conserved [11, 12].

Figure 3b shows the results of calculations for the
drawn fiber with a diameter of 2.3 um and a length of
12 cm represented as spectra of the output radiation for
various pump powers. The anaysis of the data pre-
sented in Fig. 3 shows qualitative agreement between
the experimental results (Fig. 3a) and the results of cal-
culations (Fig. 3b). Each spectrum exhibits an isolated
intense long-wavelength peak corresponding to soliton
and short-wavelength peaks. Both the experimental
data and the results of calculations show that an
increase in the pump power leads to a decrease in the
soliton carrier frequency and an increase in the number
and amplitudes of the short-wavelength peaks. How-
ever, note that the experimental intensities of the short-
wavelength peaks are higher than the corresponding
calculated intensities. In addition, the spectral compo-
nents that peak at about 420 nm in the experimental
spectra measured at output powers of 33 and 43 mwW
(two upper curvesin Fig. 3a) are missing in the results
of calculations.

To additionally compare the results of calculations
and the experimental data, Fig. 4 demonstrates the
dependence of the soliton frequency shift on the output
power measured in the experiments. It is seen that there
exists good qualitative and quantitative agreement
between the experimental and calculated dependences
of the soliton frequency shift on the pump power.

4. CONCLUSIONS

We demonstrate soliton self-frequency shiftinasin-
gle drawn quartz fiber, whose core with a diameter of
2.3 um is surrounded by air, in the presence of femto-
second pumping. Tapered fiber is pumped by the pulses
of a Ti:Sapphire laser with a duration of 55 fs and a
wavelength of 810 nm in the spectral range of anoma-
lous dispersion in the vicinity of the zero-dispersion
point. The soliton self-frequency shift is observed at
wavelengths of up to 1127 nm. The soliton energy
amounts to about 23% of the total energy of the output
pulse. Numerical simulation of the soliton self-fre-
guency shift based on the generalized Schrodinger
equation with allowance for the experimental parame-
tersmakesit possible to qualitatively and quantitatively
interpret the results obtained.
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