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ARTICLE INFO ABSTRACT
Keywords: We demonstrate experimental and numerical studies of supercontinuum generation for silica fi-
Optical soliton bers with longitudinally varying diameter and dispersion. The significant difference in the

Fiber laser
Dispersion varying fiber
Supercontinuum

spectral and temporal transformations of the pump pulse depending on the direction of propa-
gation in the researched fiber samples is shown. Numerical simulations demonstrate the possi-
bility of the supercontinuum spectra management by controlling the longitudinal profile of the
fiber. Ways to optimize the output in terms of spectral flatness and efficient energy transfer to the
desired wavelength region are presented.

1. Introduction

Typical features of nonlinear optical processes are spectrum broadening and generation of new spectral components. These effects
are most pronounced in optical fibers, where the waveguide nature of light propagation pushes the power thresholds for nonlinear
interactions towards their lower limits. Progress in fiber optic technology and the availability of fibers with a variety of performance
characteristics make them ideal media for studies of broadband optical supercontinuum (SC) generation [1-3]. In recent decades,
optical fiber SC generation has become the subject of research for many scientific groups, since this topic is of interest in various
applications, for example, remote sensing [4], respiration analysis [5], spectroscopy and residual gas detection [6], hyperspectral
microscopy [7], early diagnosis of diseases [8], coherence tomography [9], optical communications [10], etc.

Considering the problem of the SC generation in the telecom range (A ~ 1.53 — 1.56 pm) we should note its particular importance
for applications in wavelength division multiplexing systems strongly required high flatness of generated SC spectrum [11-13]. A
number of works have shown that longitudinally non-uniform silica fibers are extremely attractive for such applications [14-18]. In
this paper, we report on experimental and theoretical studies of laser pulses propagation in fibers with longitudinally varying profiles.
It is known that this kind of optical fibers have already been reported for the generation of parabolic pulses (in normal decreasing
dispersion fibers) [19,20], for reduction of intra-pulse optical chirp (in active normal dispersion increasing fibers) [21,22], and for
compression of chirped similariton sech?-shaped pulses (in anomalous decreasing dispersion fibers) [23-26]. The practical way to
develop dispersion varying fibers with arbitrary longitudinal profiles of the dispersion (e.g., periodically oscillating dispersion) has
been well established [27,28].
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The typical mechanism for SC generation by subpicosecond laser pulses is higher-order soliton fission, which occurs during the
propagation of N-soliton pulse in a fiber with anomalous dispersion. The delayed nonlinear response and the dependence of group
velocity dispersion (GVD) on wavelength are the basic factors contributing to the soliton fission dynamics. The first factor causes
Raman-induced shift of the soliton spectrum to longer wavelengths. The second is responsible for energy exchange between solitons
and linear optical waves, which leads to generation of dispersive waves in the spectral range near the zero dispersion wavelength [1,
12,29,30]. In the paper, we consider examples of these processes occurring in a silica fiber with a longitudinally varying diameter. A
principal feature of our work is the investigation of various experimental configurations associated with the original master-oscillators
(MOs) of different spectral ranges. In the first case, we use the MO of standard telecom range, so the pump pulse propagates in
anomalously dispersion decreasing (or increasing) fiber experiencing typical stages of N-soliton fission [1,12,14,31]. In the second
case, a relatively high-energy pulse at the wavelength of 1060 nm enters initially into the region of normal dispersion region of the
fiber. As a result, at the output we observed broadband SC generation in the range of 900 — 2400 nm [32]. A comparison of the forward
and backward pump pulse propagation for the configurations considered provides important information about the efficient pump
pulse conversion into the broad SC due to the N-soliton compression, soliton self-frequency Raman shift and dispersion wave
generation.

2. Experiment

We built the experimental SC sources using the standard scheme consisting of an MO, a fiber amplifier, and a nonlinear medium
(dispersion varying fiber). The use of silica-based fibers allows the realization of an all-fiber configuration without mechanical con-
nections and bulk optics.

The used sample of dispersion varying fiber was produced in the GPI RAS and IHPS RAS by the taper-type technique of fiber
drawing, that allowed a smooth linear change in core diameter from 6 to 9 ym to be maintained [28]. The fiber sample with a total
length of 78 m has a longitudinal profile with a linearly increasing cladding diameter from 120 pym to 150 um on the fiber ends. The
estimation of the fiber dispersion can be made from the Fig. 2(c) that shows the dispersion curves for similar single-mode fibers of
specified diameters. As one can see, the dispersion of the fiber at the wavelength of 1530 nm increases linearly from 0 (at the fiber end
with diameter 120 pym) to 11 ps/nm/km (at 150 um fiber end). We consider the pump pulse propagation from 150 pm to 120 um fiber
end as the forward direction in fiber with decreasing of anomalous dispersion (dispersion decreasing fiber - DDF) and propagation from
120 um to 150 pm fiber end as backward direction corresponding to increasing of anomalous dispersion (dispersion increasing fiber -
DIF).

The MO in the first configuration (Fig. 1(a)) generates pulses of 1.3 ps at a wavelength of 1529 nm with repetition rate of ~
92 MHz. The power launched into dispersion varying fiber is controlled by the power of the pump laser diode (LD). The spectrum
corresponding to the launched power ~ 10.5 mW is shown in Fig. 2(a). The — 3 dB pulse spectrum width is about 3.5 nm. The time
bandwidth product of the ~0.585 shows that the output pulse is slightly chirped, which is also confirmed by FROG-trace (see inset of
Fig. 2b).

We estimate that the pump pulse at the input of the variable dispersion fiber experiences an insertion loss of ~30 %. Fig. 3(a, b)
show the spectra at the DDF and DIF outputs, respectively. During forward propagation of the pump pulse, at the DDF output one can
observe wide SC spectra corresponding to an average output power of ~ 5 mW. In the case of backward propagation, the generated
spectrum is much narrower, despite the higher output power (~ 6.4 mW). The spectrogram obtained for the forward propagation
(Fig. 4(a)) shows that source of the broad SC is the ultrashort single pulse accompanied by patchy background. The spectrogram
corresponding to the backward propagation shows generation of at least two pulses (Fig. 4(b)).

The second configuration based on Yb MO (Fig. 1(b)) with pulses repetition rate of ~1 MHz has the output spectrum centered at the
wavelength of 1063 nm. The ytterbium-doped fiber amplifier allows increasing the average power up to 800 mW with pulse energy of
~0.8 pJ. Fig. 2(b) shows the oscilloscope trace (see inset) and the spectrum of the output pulse. As we believe, the strongly asym-
metrical shape of the pulse spectrum caused by the action of stimulated Raman scattering (SRS), in particular, intense band centered at
the wavelength of 1120 nm relates to the 1st Stokes component.

As in the previous case, insertion losses at the dispersion varying fiber input were rather significant (more than 30 %). The SC
spectra obtained at the fiber output for different directions of pump pulse propagation are shown in Fig. 5(a, b). Structure of both
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Fig. 1. Experimental setup. (a) SC generator of telecom range. (b) SC generator with master-oscillator at the wavelength of 1060 nm. LD - pump
laser diodes, DIF — dispersion increasing fiber, DDF — dispersion decreasing fiber.
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Fig. 2. (a) Spectrum and spectrogram of the pulse at the input of dispersion variable fiber for SC generator of telecom range. (b) Spectrum and
envelope of the pulse at the input of dispersion varying fiber for SC generator with master-oscillator at the wavelength of 1060 nm. (c) Dispersion
curves for single-mode fibers of the same structure as used dispersion varying fiber. Curves for the fibers with diameters 120 ym (green), 135 um
(orange) and 150 um (blue) are shown.
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Fig. 3. SC optical spectra obtained for the propagation of the pump pulse with central wavelength of 1529 nm in DDF (a), in DIF (b).
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Fig. 4. Spectrograms obtained for the propagation of the pump pulse with central wavelength of 1529 nm in DDF (a), in DIF (b).

spectra is similar. Several intense bands in the range of 1063-1250 nm relate to sequential orders of SRS originated from the pump
pulse spectrum. In the range of anomalous dispersion (1 > 1500nm), one can observe broad flat spectral plateau spreading into the
area with wavelength A > 2000 nm. It is important to note that for backward pump pulse propagation this spectral plateau has a
significantly larger width with a long-wave boundary close to 2400 nm. On the contrary, pump pulse propagating in forward direction
provides the generation of short-wavelength SC band near the 950 nm (Fig. 5(a)).

Oscilloscope traces presented in Fig. 5 demonstrate the pulse envelopes observed at the output of dispersion varying fiber. In case of
forward propagation pulse duration does not exceed 740 ps (Fig. 5(c)), but for backward propagation it grows up to ~ 1 ns (Fig. 5(d)).
This can be explained by the wider spectrum at the output of DIF, where the spectral components of the pump pulse are more strongly
stretched in time.
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Fig. 5. The comparison of the SC spectra obtained at the output of dispersion varying fiber for forward (DDF) (a) and backward (DIF) (b) pump
pulse propagation. Pulse envelopes obtained at the output of dispersion varying fiber for forward (c) and backward (d) pump pulse propagation.
FWHM pulse durations are shown.

3. Numerical simulations

For a better understanding of the processes occurring during the SC generation, a numerical simulations of pump pulse propagation
in an experimental sample of dispersion varying fiber. We performed it on the base of well-known generalized nonlinear Schrodinger
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Fig. 6. Propagation of the pump pulse with central wavelength 4 = 1530 nm in dispersion varying fiber. Results of numerical simulations. The pulse
propagates in the DDF (a, b) or in the DIF (c, d). (a, ¢) Pulse spectrum at the input (red) and at the output of the fiber (blue line). (b, d) Evolution of

the spectrum intensity during pump pulse propagation.
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equation (NSE) for the field amplitude A(z,t). This type of the NSE takes into account higher orders of dispersion, Raman scattering and
nonlinearity dispersion [1,2,33,34]:

0A p(z) FA 1A i 0 o )
SN Y T Zoh(1+—=) (A ROIAG—)dl 1
e w014+ ) (4 [ OG- 0Fa) W
Here, wy is the carrier frequency,
7+ 17 .
R(1) =0.82-5(r) +0.18 -7exp( —t/7,)sin(t/7,)O(t)
12

is the Raman response function, where the parameters 7; = 12.2fs, 7, = 32fs correspond to the silica fiber response, O(t) and §(t)are
the Heaviside and Delta functions, respectively. The dispersive parametersgy (z) (8,is the group velocity dispersion, f; is the third order
dispersion, etc., k < 8) are determined by the longitudinal profile of cladding diameterd(z). The f, values for the diameters shown in
Fig. 2(c) are obtained from polynomial approximation of dispersion curves and taken as the references. The intermediate values are
calculated by second-order interpolation. The Kerr nonlinearity parameter y also depends on the outer cladding diameter and here is
assumed to be linearly growing in the forward fiber direction from the value y =7 W~'km™! up to the valuey =9 W~'km™'; [ is the
loss in the fiber (~1 dB/km).

For the first configuration with the pump at the wavelength of 1530 nm, the input pulse is specified in the form of chirped N-soliton
pulse A(t) = +/Pg sech(t/z)exp( —iCt?/27?) with duration z = 0.75ps, chirp C = 1.5 and peak power P, = 30W. Results of simulation of
the pulse propagation are shown in Figs. 6 and 7. One can see several stages of the pulse evolution process. At the first stage, the initial
pump pulse is compressed due to cooperation of the self-phase modulation and anomalous dispersion, and its spectrum is strongly
broadened. In the next stage of soliton fission, the fundamental soliton is detached from the pump pulse. After soliton fission, the
detached soliton propagates separately due to a Raman-induced frequency shift.

Significant differences in the propagating pulse evolution for forward and backward directions relate to the difference in longi-
tudinal distribution of dispersion and nonlinearity. It is known that in uniform fiber the length of Raman soliton formation can be
estimated as Lg = 7/4/yPo|f,| [35]. Significantly higher dispersion at the beginning of the DDF ensures that the soliton fission occurs
much faster than in the DIF. Besides that, the detached Raman soliton experiences either adiabatic compression (in the DDF forward
propagation) or broadening (for backward propagation) [25,36,37]. The case under consideration when one of fiber ends has zero
dispersion is quite remarkable. The results of forward and backward propagation are drastically different. As one can see, the forward
pump pulse evolution in the DDF provides the formation of a single ultrashort Raman soliton with a broad continuum spectrum.
Whereas, backward propagation leads to the pulse decay with rather narrow spectrum width. The simulation results are quite similar

(a)l

Frequency

(100 Widiv) (10"s/div)
Frequency
(25 Wrdiv) (10%3s'/div)

Power
Power

Time (2.5 ps/div) Time (2.5 ps/div)

50 50 -
~ i P m
€ fission 3 o
= = 8
o [} =
& 5 s
| -~ g
0 _ 0 E 1
Time (2.5 ps/div) Time (2.5 ps/div)

Fig. 7. Propagation of the pump pulse with central wavelength 4 = 1530 nm in dispersion varying fiber. Results of numerical simulations. The pulse
propagates in the DDF (a, b, ¢); or in the DIF (d, e, f). (a, d) Instantaneous frequency at the input (dashed red) and at the output of the fiber (blue
solid line). (b,e) Envelopes of the pulse at the input (dashed red) and at the output of the fiber (blue solid line) (c, f) Evolution of the intensity during
the pump pulse propagation.
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to the experimental data. As we believe, solution of this kind can be proposed as the base for development of new-type fiber-optic
photonic logic elements.

The simulations of the second experimental configuration with pump pulse centered at the wavelength of 1063 nm is of significant
computational difficulty due to the fact that it is necessary to take into account a large amount of data both in temporal (~ 1 ns) and
spectral (more than 10" 57! wide) domains. To reduce computational costs, we limited the consideration to the initial conditions in
the form of a frequency-modulated Gaussian pulse A(t) = v/Poexp( —(1 +iC)t?/272) with the duration of z = 100ps, chirp C = 1000 and
peak power Py = 1000W. The simulation window has 2! points with grid stepaAt = 2.75 fs.

The pump pulse evolutions corresponding to propagation in both directions in spectral and temporal domains are shown in Figs. 8
and 9, respectively. A well-observed typical feature of the evolution process in the spectral region is sequential multiple SRS bands,
which transfer pump energy to longer wavelengths closer to the region of anomalous dispersion. The part of the radiation that crosses
the zero dispersion wavelength (ZDW) decays into a large number of ultrashort Raman solitons with a peak power of several kilowatts.
Under the SRS action, these solitons are shifted towards the long-wavelength part of the spectrum.

In the time domain, one can see the optical wave-breaking process beginning near the top of the pulse, where the nonlinear effects
are strongest. Several traces of multiple sequential SRS cascades are noticeable near the trailing (right) edge of the pulse as sections
with flat frequency modulation. Due to the normal fiber dispersion, the part of radiation with longer wavelengths moves to the leading
(left) edge of the pulse. Further, this part of the pulse envelope passes into the region of anomalous dispersion and decays into ul-
trashort Raman solitons. As one can see, the smoothed shape of the output pulse envelope with a steep leading and flat trailing edge is
in good agreement with experimental observations.

Considering the evolution processes for forward and backward pump pulse propagations, we should note that the differences
between them are not so prominent. We assume that this is due the fact that generated SC width is much wider than the spectral
features of longitudinal dispersion distribution in the fiber sample. Nevertheless, some peculiarities associated with the longitudinal
change of the ZDW can be highlighted. When the pump pulse propagates in forward direction, the ZDW shifts towards longer
wavelengths providing a gradual broadening of the normal dispersion region. As a result, a smaller part of the pump energy is
transferred into the anomalous dispersion region and transformed into the ultrashort solitons. On the contrary, in the case of the fiber
with a longitudinally increasing diameter, the ZDW shifts to the left, increasing the region of anomalous dispersion. Thus, a larger part
of intense radiation, initially located in the normal dispersion region, can cross the ZDW and enter into the region of anomalous
dispersion, forming a wide soliton spectrum. Despite the longitudinal decreasing of the nonlinearity, the simulation results show that
the output spectrum obtained for backward pump pulse propagation is significantly wider than otherwise (Fig. 8(a, c)). In addition,
change in the ZDW position leads to variation in generation conditions of dispersion waves that appear at the short-wavelength edge of
the SC spectrum. Although there are some differences between the simulation results and the experiment explained by the difference in
the form of the initial signal, inaccuracies in the specification of fiber parameters and neglecting the frequency dependence of
nonlinearity and linear losses, we should note that the simulations are in principal agreement with the experimental data.
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Fig. 8. Propagation of the high-energy pump pulse with central wavelength 2 = 1063 nm in dispersion varying fiber. Results of numerical sim-
ulations. Spectra at the input (red) and at the output (blue lines) of fiber with longitudinally decreasing (a) and increasing (c) diameters. The
evolution of the spectral intensity during the pump pulse propagation through the fiber with longitudinally decreasing (b) and increasing
(d) diameters.
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Fig. 9. Propagation of the high-energy pump pulse with central wavelength 2 = 1063 nm in dispersion varying fiber. Results of numerical sim-
ulations. Frequency modulation of radiation at the input (red) and at the output (blue lines) of fiber with longitudinally decreasing (a) and
increasing (d) diameters. The initial pulse envelope (red) and the radiation intensity at the output (blue lines) of fiber with longitudinally decreasing
(b) and increasing (e) diameters. The evolution of the radiation intensity during the propagation of the pump pulse through the fiber with longi-
tudinally decreasing (c) and increasing (f) diameters.

4. Discussion and conclusions

It is known, that the optical fibers with waveguide parameters varying in length according to some predetermined law have
substantial applications for optical signal processing and novel fiber laser sources. The key to the stable SC source is a properly
designed dispersion profile of the fiber, which allows generating a continuum that could be extremely broad, smooth (less than a few
dB of ripple) and stable against input pump noise [13-17, 38, 39]. In this work, we consider two different examples of fiber SC
generators based on the same fiber with longitudinally varying diameters.

The considered examples differ by the principal different scale of nonlinear spectrum transformation. The power pump pulse with
kW peak power and energy of about hundreds of nJ provides the generation of SC with spectrum width ~ 800 nm in standard uniform
fiber [32]. Nevertheless, application of dispersion varying fibers allows to get some special properties of the SC generated. Longitudinal
change of the ZDW can be used to control the energy of the soliton part of the pump pulse and to increase the intensity of long- or
short-wavelength edges of the SC spectrum.

On the contrary, the evolution of the pump pulse of rather low energy (~ tens of pJ) drastically depends on direction of propa-
gation. The fiber with anomalous dispersion decreasing from the value of about ~ — 15 ps?m™! down to the zero can provide the
formation of broadband single ultrashort soliton accompanied by low intensity background. This result is radically different from the
backward propagation leading to the minimum spectrum broadening of the pump pulse. The observed fundamental difference in
direction-dependent propagation properties makes the DDF perspective element of logical photonic circuits.

Development of the management of the SC spectrum by variation of the longitudinal dispersion profile opens the way to solving a
number of important problems. It seems appropriate to mention in this context the methods using soliton propagation in a periodically
and quasi-periodically dispersion modulated or dispersion oscillating fibers (DOF) [40-42]. In particular, the DOF can be used to
change the velocity, amplitude, and number of solitons by changing the pulse parameters as functions of the dispersion modulation
period and phase in a fiber [43]. Moreover, it has been explored a novel class of soliton solutions for the nonautonomous NLSE models
with linear and harmonic oscillator potentials, which substantially extend the concept of classical solitons and generalize it to the
elastically interacting solitons moving with varying amplitudes, speeds, and spectra and adapted to both the external potentials and the
dispersion and nonlinearity variations [44].

In fibers with a complex longitudinal profile, the SC generation scenario can be substantially extended. The known scenarios are
generation of polychromatic dispersion radiation in a fiber of a special design with longitudinal profile of the zero dispersion
wavelength (ZDW) synchronized with “red” Raman shift of a soliton pump pulse [45] or in a fiber with an axially oscillating profile
allowing the generating soliton pulse to approach ZDW repeatedly [46]. Therefore, the provided conditions lead to multiplication of
the resonant radiation generation points along the fiber length and contribute to almost complete transfer of the pulse energy into a
wide dispersion spectrum. In [47] an original way to control simultaneously the wavelength and duration of Raman-shifted solitons
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due to longitudinally non-uniform photonic crystal fibers was proposed. In [48] soliton pulse propagation is modeled in a tapered
photonic crystal fiber for various taper profiles with the purpose of optimizing the Raman frequency shift. However, the interesting
results of this work are limited to the case of a single fundamental soliton propagating in tapered fiber.

To evaluate the wide possibilities of the methods applying the longitudinal fiber profile management, following the basic idea of
[48], we shortly consider the spectrum transformation of the pump pulse of the telecom range into the spectrum domain of 2 — 2.5 pm
employing fibers with special dispersion profile. A more detailed description of the problem can be found in [34]. The original task was
to study the spectrum transformation of the pump pulse of telecom range in inhomogeneous fiber and to determinate the optimal
longitudinal fiber profile d(z) enabling high efficient energy transfer into the given spectrum range (1 > 2 pm) required for a number of
applications [49,50]. Initially, it seems to be enough to inject a pulse into a fiber with low anomalous dispersion and then match the
profile d(z)providing the soliton Raman shift without an increase in the local dispersionD(4). To solve the task is convenient to apply
the fibers with so-called flattened dispersions. Their dispersion curves for various values of diameters are shown in Fig. 10 (a).
Therefore, the task solution is the longitudinal profile of tapered fiber d(z) providing a flat dispersion dependence on the wave-
lengthD(1). Let us consider an example: a transform limited Gaussian pulse with a duration of 7, = 0.3ps and peak power of 250 W is
injected into the flat dispersion fiber with the initial diameter of d = 115.5um (Fig. 10 (b)).

For the first 20 m of the fiber, the diameter and dispersion of the fiber are not changing. In this fiber section, the initial pulse breaks
into a fundamental Raman soliton with a maximum peak power that exhibits a "red" Raman shift and a residual radiation at the pump
frequency. The residual pulse peak power is relatively low and its Raman shift is negligible. In this fiber segment, the soliton moving to
the right crosses the dispersion curve minimum. After that, the fiber diameter increases synchronously with the Raman soliton
wavelength /s to maintain the constant current fiber dispersionD(4). To satisfy this condition, one should use a tapered fiber with a
longitudinally increasing diameter in such a way that resonant radiation emission point shifts towards longer wavelengths and center
of soliton spectrum stays in a certain constant distance (~ 75 nm) from the second "red" zero dispersion ZDW 2 (Fig. 10 (b)). Due to this
tapering, the transfer of soliton energy to the dispersive waves in the normal dispersion long-wavelength spectral domain (to the right
of ZDW 2) is inefficient. The constant dispersion value at soliton carrier wavelength maintains the constant spectrum width during the
pulse propagation. The soliton peak power also tends to be approximately constant.

However, low dispersion value in the first fiber section enhances the generation of resonant dispersive radiation in the normal
dispersion short-wavelength domain (to the left of ZDW 1). Even in the first fiber segment, when the compression of the input pulse
occurs but the fundamental soliton is not formed yet, one can see the generation of power dispersive wave. As a result, this technique
does not allow to move a pulse to the wavelength over 2 ym using a fiber sample with the length of hundreds of meters. Ultimately, at
the output of the fiber one can observe rather broad SC spectrum (in the range of 1.3-2 um) of non-uniform intensity.

For efficient generation of pulses with carrier wavelength over 2 um, we propose an alternative solution. In our configuration, the
initial fiber section has a larger diameter and, consequently, higher anomalous dispersion. As one can see the high dispersion at the
fiber beginning decreases the soliton order (No<|D\’1/ 2 [35]) thereby allowing: 1) to avoid generation of short-wave resonant radiation
at the initial stage; 2) to form a fundamental soliton of higher energy. Next, the fiber diameter has to decrease to avoid an increase of
the local dispersion and decrease of the soliton peak power, and then, similar to the described case, the diameter has to increase in
order to maintain a constant dispersion at the soliton carrier wavelength.

The spectrum evolution in this configuration is shown in Fig. 10 (c). Similar to the previous case, we take transform-limited
Gaussian pulse with the duration of 7o = 0.3 ps and peak power of 250 W as the initial pump pulse. In the first fiber section with
the length of 11 m and d(z) = 128.5 um (4, ~ — 17ps%km 1) a fundamental soliton separates from the pump pulse. Importantly, in this
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Fig. 10. (a) Dispersion curves for single-mode dispersion flattened fibers of various diameters. (b) Evolution of the pump pulse spectrum in an
optical fiber with a diameter increasing with fiber length. Left: changes of the fiber diameter and radiation peak power along the fiber length. Top:
radiation spectrum at the fiber output. DW is the dispersion radiation spectrum; ZDW 1 and ZDW 2 are changes of zero-dispersion wavelengths. (c)
The same as in (b) but for evolution of the pump pulse spectrum in the optical fiber with a special longitudinal profile.
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case, the resonant radiation is not generated. Then, in a 100 m fiber segment, the fiber diameter decreases. In this fiber section, the
longitudinal profile of the diameter maintains the soliton peak power constant during the Raman shift. Importantly, the main soliton
moving to "red" side goes beyond the frequency minimum of dispersion curve. Passing a short transition zone in the next segment, the
fiber diameter smoothly increases ensuring a constant dispersion value at the carrier wavelength. Note, similar to the previous case, in
this segment, the soliton peak power is nearly constant. As a result, at the output of 450 m fiber, a spectrum in the range of 2.2-2.3 ym
contains more than 60 % of full spectrum energy. Importantly, in contrast to a number of alternative converters [49-51] transforming
the pump pulse spectrum into a broadband supercontinuum comprising a dispersive component, in this case, the pump energy is
concentrated in a subpicosecond pulse with duration of about 120 fs and peak power of P~500 W that is of particular interest for many
applications.

As a conclusion, we consider a number of specific methods of using fibers with varying longitudinal dispersion profiles for SC
generation. The description of direction-dependent pump pulse propagation for the considered configurations, obtained through
experimental results and numerical simulations, will be in demand in the development of new SC fiber laser sources and systems of
optical signal processing.
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