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ABSTRACT Coherence of both self-frequency shifted solitons
and short-wavelength non-soliton radiation generated in a
micro-structure fibre was investigated experimentally for the
first time. Their spectral, temporal and polarization character-
istics were studied as well. We found the solitons generated
in 30-cm-long fibre pumped with 50-fs pulses at 795 nm and
835 nm from Ti:Sapphire oscillator to be coherent, whereas
degree of coherence of blue-shifted radiation was amounted
to 0.25-0.57 depending on wavelength.

PACS 42.65.Wi; 42.81.Dp

1 Introduction

The effect of continuous shift to the low-frequency
domain of ultra-short pulse spectrum observed when increas-
ing the peak power of pulses propagated through a non-linear
medium is known as soliton self-frequency shift. This effect
makes it possible to generate solitons with tuneable carrier
frequency in a broad spectral region by adjusting the power
of the pumping source that emits in the spectral region of the
anomalous medium dispersion [1, 2]. In the last several years,
this effect has been demonstrated in different micro-structure
fibres (MF) and tapered fibres (TF) [3-8].

In well-defined instances of this effect, the spectrum of
the radiation exiting from MF/TF contains isolated or clearly
distinguishable spectral components corresponding to these
solitons. These spectral peaks are tuned into the longer-
wavelength domain as the pumping power increases, their
number being determined by the order of the soliton. This or-
der depends on the following parameters: N ~ T (y P /| /2
[9], where T and P are duration and power of the pumping
pulses, whereas y and $, are the non-linear and the disper-
sion coefficients of the medium correspondingly. In case the
power of the pumping pulses is fixed the degree of manifesta-
tion of spectral peaks corresponding to self-frequency shifted
solitons (SFSS) is determined by the duration of the pumping
pulses [10]: the shorter the pumping pulses, the fewer SFSS
are formed and, accordingly, their spectra do not overlap or
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only overlap slightly. For typical MF/TF the y parameter
amounts to ~ 50-100 W~! km~!, which gives N = 3-5 at
P ~ 10kW and B> ~ 30 ps’/kmand T < 40-50 fs. When the
number of SFSS is large (N > 5-10) their spectra begin over-
lapping and finally form a continuous spectrum—continuum
that exists in the domain of anomalous medium dispersion. In
parallel with this effect (both at small and at large N), there
is also the possibility of formation in the region of positive
medium dispersion (in the short-wavelength domain) of con-
tinuum. The latter one has a different origin and is generated
both because of self-modulation of pump radiation and/or
because of so-called resonant radiation [11, 12].

At a small number of SFSS (N ~ 3) their energies may
amount to dozens-per-cent fraction of the pump pulse en-
ergy [8], the spectral width of soliton pulses being 25-50 nm
[4, 8]. The specific case in which a small number of SFSS is
generated together with a continuum in the short-wavelength
spectral region is important for a number of applications,
in particular for optical comb generation. In f-to-2f scheme
[13, 14] one of the soliton radiation frequencies may be used
that is separated by an octave from a frequency of short-
wavelength non-soliton radiation. In order to employ this gen-
eration mode, one has to know the coherence of both soliton
components of radiation and those of the short-wavelength
continuum.

It is necessary to note that coherent properties of super-
continuum were studied earlier both experimentally [15-18]
and theoretically [16-20]. Besides that it was experimen-
tally corroborated that continuum is acceptable in applica-
tions where its coherent properties are critical [13, 14, 21].
However, in these investigations no studies of continuum gen-
eration modes with strongly expressed soliton components in
the long-wavelength spectrum wing were performed, in spite
of the fact that these components manifested themselves in
various degrees during different stages of continuum spec-
trum formation and were well identifiable in the temporal
representation [19, 20]. In this context it seems important to
characterise both experimentally and numerically the degree
of coherence of radiation in all spectral areas of continua that
contain well-formed long-wavelength spectral peaks corre-
sponding to SFSS.

When radiation with a special spectrum is produced that
may be used in optical comb generators, it is obviously
preferable to use highly bi-refringent micro-structured fibres
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FIGURE 1 Scanning electron micrograph image of MF used for experi-
ments

[22] or dual-core tapered fibres [23] that provide polarised ra-
diation. Polarisation features of transformation of ultra-short
pumping pulses in such fibres have been explored earlier [10,
23-25], however these studies were conducted in cases when
SESS in the output spectrum were not isolated or were not
clearly identifiable. In this relation it would be interesting
to investigate polarisation effects, which are present in when
small number of SFSS is generated in bi-refringent micro-
structured fibre.

In the present work, for the first time were studied the
coherent properties of solitons generated in polarisation-
maintaining MF with femtosecond pumping, as were their po-
larisation and temporal parameters experimentally measured.

2 Experiment

In our experiments MF was used. The cross-section
of itis shown in Fig. 1. This MF was 30 cm long and had trans-
verse structure close to that of cobweb fibre with an elliptical
core of dimensions 1.4 x 2 m?. This MF was pumped at
the wavelength of 835 or 795 nm by 50-fs pulses with 100-
MHz repetition rate and the average power of 300 mW. The
diagram of the experimental set-up is given in Fig. 2. Dur-
ing the experiments interference between the radiation of two
successive soliton pulses was registered by an asymmetric
Michelson interferometer, the arm difference of the latter pro-
viding for the required temporal delay of one of the two pulses.
The degree of coherence of the self-frequency shifted solitons
was calculated from the visibility of the interference pattern

FIGURE 2 Block diagram of the experimental setup: 1-fs Ti:Sapphire laser,
2-micro-objectives, 3-microstructured fiber, 4-optical spectrum analyzer,
5-Michelson interferometer, 6-grating, 7-CCD camera, 8-computer
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FIGURE 3 Soliton pulse-to-pulse interference pattern and corresponding
intensity distribution in the direction perpendicular to the interference fringes

registered on a CCD camera within a given spectral range.
Given in Fig. 3 is a typical image of registered interference
fringes and corresponding to it intensity distribution of radia-
tion along the direction normal to the fringes. In Figs. 4 and 5
are shown: the radiation spectra at the exit from MF and the
measured degrees of coherence of the output radiation within
different spectral ranges at pump wavelength of 835 and
795 nm.

The output spectra contain three isolated spectral peaks
shifted into the long-wavelength domain relative to the pump
wavelength. In the short-wavelength domain one observes a
continuous spectrum shown in the log scale in the insets of
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FIGURE 4 The spectrum of radiation at the exit of MF
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FIGURE 5 The degrees of coherence within different spectrum ranges of
radiation at the exit of MF

Fig. 4. At 835-nm-pump this continuum covers the spectral
range between 330 nm and the pump radiation wavelength
with a gap at 640 nm, which is close to the zero dispersion
wavelengths for each of the two eigenpolarization modes of
the MF. The frequencies of solitons with spectral peaks at
950 and 1073 nm have spaced by octave 2f components in
the central part of the short-wavelength continuum, whereas
the 2f components of frequencies of the soliton with peak at
1250 nm are located close to the dip at 640 nm. Theoretically,
the f-to-2f scheme can be implemented with frequencies of
any of these solitons, since the spectral location of the soliton
peaks is easily adjusted by changing the pumping power.

The results of the coherence degree measurements pre-
sented in Fig. 5 demonstrate that the degree of coherence of
the radiation exiting from MF is the largest for the solitons
(as well as for the pump radiation), whereas for the short-
wavelength continuum, it is considerably lower than unity and
amounts to for different wavelengths of “blue-shifted” radia-
tion: 0.25 (434 nm), 0.45 (531 nm), and 0.3 (609 nm) at pump
wavelength of 835 nm and 0.34 (465 nm), 0.57 (527 nm), 0.5
(600 nm) at pump wavelength of 795 nm.

A noticeable difference between the degrees of coherence
of SESS and “blue-shifted” radiation may arise due to a num-
ber of reasons. To explore this topic in more detail, we mod-
elled the effect of SFSS generation on the basis of a numerical
solution of the generalised non-linear Schrédinger equation.
Earlier we used this model to explain generation of SFSS
in TF. The results obtained in its framework exhibited good
qualitative and quantitative (with respect to the amount of
shift in the soliton frequency) agreement with experiment [8].
To study the coherent properties of the radiation some noise
was added to the pumping source — one photon with a random
phase in each mesh node of the frequency domain [19, 20].
Modelling revealed the presence in the short-wavelength part
of the continuum spectrum of a fine structure: oscillations of
the spectral power / (w) with period Aw ~ 0.5-1 THz, which
are brought about by spectra superposition of two or more
pulse fragments with close frequencies. Fluctuation of pump
radiation power from pulse to pulse leads to a shift of the
fine structure of the spectrum (which is confirmed by single-
shot experiments [26]). Corresponding relative changes in

the spectral power at an arbitrary (fixed) frequency can be
close to unity, which leads to considerable reduction of visi-
bility of the interference pattern observed in the experiment.
Calculations show that in order to trigger this scenario, it
is enough to have pump power fluctuations at the level of
~ 0.5%. Thus, alongside with phase fluctuations, the shift
of fine spectral structure can be one of possible reasons of
reduced coherence of short-wavelength radiation. This shift
may be due both to pump power fluctuations and to the influ-
ence of noise on the dynamics of pulse propagation along the
fibre and on the spectral broadening, which is also confirmed
by numerical calculations. It is pertinent to note that soli-
tons do not contain fine structure in their spectra, this is why,
perhaps, the experimentally observed degree of coherence
is substantially higher for solitons because it is not subject
to the influence of small fluctuations in energy of pumping
pulses.

Temporal parameters of the SFSS were studied with the
help of an experimental installation analogous to that used in
[27]. A small fraction of the pump laser radiation (at 795 nm
in this specific experiment) was directed into a delay line
(bypassing MF) and then into a non-linear crystal where it
was combined with the radiation coming out of MF. At a cer-
tain angular position of the crystal and zero delay between
the pump pulses and those exiting MF we observed genera-
tion at the sum radiation frequency. The wavelength of the
maximum of the spectral distribution of the sum-frequency
radiation intensity was dependant on the delay of the refer-
ence pulse of a Ti:Sapphire laser with respect to the radiation
pulse exiting MF. The measurement of temporal delay of the
reference pulse and the wavelength of the maximum of the
spectral distribution of the sum-frequency radiation intensity
was used to obtain the temporal distribution of the relative
super-continuum radiation intensity /(5¢). Temporal resolu-
tion of this dependency was determined by the duration of the
reference pulse and amounted to 50 fs.

The measured values of the temporal shift of SFSS with
respect to the pumping pulses are given in Fig. 4 for the
wavelength of pump pulses 795 nm. Delay of soliton pulses
with respect to the pumping pulse amounts to 1.2 ps (for the
soliton with peak at 834 nm), 4.6 ps (at 966 nm), and 15.5 ps
(at 1175 nm).

In order to investigate polarisation properties of self-
frequency shifted solitons, we used pumping radiation po-
larised parallel to the fast or slow axis of the MF elliptic core.
In addition, circularly polarised pump radiation was used. In
Fig. 6 the spectra at the exit from MF are given for cases when
the pump radiation was polarised parallel to either of axes of
the MF elliptic core. One of substantial differences between
these spectra is the fact that in one of them only blue wing
of the short-wavelength continuum is present, whereas in the
other — only the green-red wing.

3 Discussion of results

From the viewpoint of metrological applications,
the mode in which small number of SFSS is generated to-
gether with a continuum in the short-wavelength domain of the
spectrum may have advantages compared to the traditionally
employed for this purpose broad-bandwidth super-continuum.
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FIGURE 6 Dependence of output spectrum on input polarization orienta-
tion for MF of 39 cm long: Apump = 795 nm

As was pointed out in [20], the formation of broad-band con-
tinuum involves large phase fluctuations, which tend to lower
the degree of coherence of the super-continuum components.
“Soliton-continuum” mode features advantages of high co-
herence degree of the soliton components and relatively high
spectral density of their radiation, however the coherence de-
gree of the short-wavelength continuum in this mode turned
out to be far from the highest in our experimental imple-
mentation. It is possible that for maximisation of the degree
of coherence of the short-wavelength continuum one has to
use even shorter pump pulses. As it was demonstrated in the
studies carried out in [17, 19, 20], the coherence degree of
continuum components grows when the pumping pulses are
shortened.

Temporal distribution of SFSS radiation is correlated
with the spectral distribution and contains analogous iso-
lated structures with duration of no more than 0.3 ps. It is
worth noting the considerable temporal delays of the soli-
ton pulses with respect to the pump pulse. These delays for
different SFSS amount to between §¢(ps) = AA/37 ps/nm
and 8t(ps) = AA/24 ps/nm, where AA (nm) is the differ-
ence of the central wavelengths of the soliton and pump
radiation.

Polarisation features of SFSS radiation generated in
polarization-maintaining MF turned out in general analogous
to those of super-continuum generated in such fibres [10].
Spectra of the output radiation differ for the cases, in which
the pump radiation is polarised along the fast and slow axes
of the elliptic MF core, whereas the output spectrum in the

case of circularly polarised pump radiation is a superposition
of the two just-mentioned spectra. The coherence degree of
the short-wavelength continuum was measured in both cases
of linearly polarised pump; however, the result of these mea-
surements was virtually identical.

4 Conclusions

In the present work, for the first time the coher-
ence degrees of the SFSS radiation were experimentally mea-
sured as well as those of components of the simultaneously
generated short-wavelength continuum. For solitons the de-
gree of coherence amounted to unity (as it did for the pump
radiation), whereas for components of the short-wavelength
continuum the degree of coherence was on a lower level and
amounted to a pump wavelength of 835/795 nm to 0.25—
0.45/0.34-0.57 for different radiation wavelengths within the
430-610 nm range. In this respect, the application of the
combined “soliton-continuum” method of broad-band gen-
eration for optical combs requires additional studies into
the conditions leading to higher coherence degree of com-
ponents of the short-wavelength continuum. Nevertheless,
a set of highly coherent solitons within a relatively broad
spectral domain presents a number of independent prospec-
tive applications, among these being optical tomography and
others.
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