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ABSTRACT

We report on numerical modeling of the spectral dynamics of telecom range laser pulse of moderate power in a silica
fiber with a flattened dispersion and longitudinally varying diameter. In the simulation experiments, the optimal fiber
profile has been proposed for more than 60% energy transfer from the initial telecom range pulse to subpicosecond pulse
at 2.2-2.3 um. Another option of the fiber diameter profile provides flat radiation spectrum in the range 2-2.5 pm.
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1. INTRODUCTION

Due to a wide range of applications, design of supercontinuum laser sources is among hot topics of nonlinear fiber optics
[1-3]. In this field, the current challenge is generation of a broadband spectrum in the visible and near-IR ranges.
Supercontinuum sources operating at the wavelengths over 2 pum is of particular interest for applications in tomography,
spectroscopy, and atmospheric analysis [4, 5]. To generate supercontinuum in this spectrum range special fibers, such as
microstructured fibers based on oxide glass of complex composition [5] or fibers based on ZBLAN [6], are commonly
used. However, poor compatibility of special fibers with the standard fiber laser sources makes this solution rather
complicated. Supercontinuum generation above 2 pm in standard telecom silica fibers has been reported in Refs. [4, 7].
Alternative solution is the use of inhomogeneous fibers with the diameter varying along the fiber length. However, their
applicability to this problem is still questionable.

The studies of supercontinuum generation in longitudinally inhomogeneous fibers performed since the 90s [8] for a long
time have been limited to anomalous decreasing dispersion fibers used for generation of maximally broad and flat
spectrum [1, 9-12]. Some interesting results have been obtained for laser pulse compression in increasing normal
dispersion fibers [13]. However, modern drawing techniques allow fiber manufacturing with arbitrary longitudinal
profiles of the dispersion (e.g., periodically fluctuating dispersion [14]). In fibers with a similar longitudinal profile, the
supercontinuum 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 [15] or in a fiber with an axially oscillating profile allowing
the generating soliton pulse to approach ZDW repeatedly [16]. So, 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 [17] an original way to control simultaneously the wavelength and duration of
Raman-shifted solitons due to longitudinally non-uniform photonic crystal fibers was proposed. In [18] soliton pulse
propagation is modeled in a tapered photonic crystal fiber for various taper profiles with the purpose of optimizing the
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Raman frequency shift. However, the interesting results of this work are limited to the case of a single fundamental
soliton propagating in tapered fiber.

In this paper following the basic idea of [18], we continue to study the spectrum transformation of the pump pulse
laying in the telecom range into the spectrum domain of 2 -2.5 um employing fibers with different longitudinal
dispersion profiles while maintaining a pulsed character of the radiation [19, 20].

2. THEORY AND NUMERICAL SIMULATIONS

Here, we study propagation of a laser pulse of moderate power injected into a fiber with an arbitrary variation of group
velocity dispersion (GVD) along the fiber length and initially propagating in the anomalous dispersion domain. We limit
our consideration to optical fibers with flattened dispersion. In such fibers, the third-order dispersion is low in absolute
value and changes the sign. The fibers under consideration can be manufactured as a photonic crystal fiber with a broad
fiber transmission spectrum ranging from 300 to 2500 nm or using a standard for telecom fibers pure silica preform with
a W-profile of the refractive index, both with induced variations of the outer fiber diameter [21]. The fibers with a W-
profile of the refractive index are used as prototypes for modeling in this paper. Fig. 1 presents the dispersion curves
obtained for different values of fiber cladding diameter. Specifically, the anomalous dispersion spectral domain in these

fibers is bounded by two ZDWs.
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Figure 1. (a) Dispersion curves for fibers with flattened dispersion calculated for different values of the fiber
cladding outer diameter (um). (b) Refractive index profile of the fibers preform.

Numerical simulations of the pulse propagation along the optical fiber are based on the generalized nonlinear
Schrodinger equation (NSE). The NSE describes the complex field amplitude A(z,t) and takes into account high order
dispersions (up to the 7" order k <7) and high nonlinear factors: stimulated Raman scattering and dispersion of
nonlinearity [1]

oA i“'B(z) A 1A . i 0N T N2
E—;TW—?_W(u;oa](AiR(t)|A(z,t—t)| dtj (1)

Here, w, is the carrier frequency corresponding to the wavelength of 4 =1.55 pm,

R(t) =0.82-5(t) + 0.18-@exp(—t/r2 )sin(t/z,) O (t)
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is the Raman response function, where the parameters 7, =12.2 fs, z, =32 fs correspond to the silica fiber response,
O(t) and o(t) are the Heaviside and Delta functions, respectively. The dispersive parameters 5, (z) ( 5, is the group
velocity dispersion (GVD), g, is the third order dispersion, etc., k <7) are determined by the longitudinal profile of
cladding diameter d(z) . Their values for the diameters presented in Fig.1 are obtained from polynomial approximation of
dispersion curves and taken as the references (e.g., for d =115 pm: 3, = —-2.963ps*km™, B, =0.04275ps’km™, g, =
1.882 .10 ps*km™, B, =-2.69-10°ps°km™, B, =1.928 -107° ps’km™, B, =-6.287-10"'ps’km™). The intermediate
values are calculated by second-order interpolation. The Kerr nonlinearity parameter » weakly depends on the outer

cladding diameter and here is assumed to be unchangeable along the fiber length y =6 W'km™ ; | is the loss in the fiber

(0.25 dB/km).
Generation of resonant dispersive radiation is the physical effect accompanying the process of supercontinuum

formation in optical fibers. The condition for generation of a low amplitude dispersive wave at the frequency “ow s the

phase matching between the generating soliton and dispersive wave B (@) = Bow (a’DW), where A, and Bow are the
propagation constants of soliton and dispersion waves, respectively. This condition can be expressed as [11, 15]:

Zﬂk |((6|00)((ODW _CUO)k :ﬂso +ﬁs1 (ws)(wDW _w5)+§’ (2)

where S, (e, )is the inverted soliton group velocity at its frequency @, , P is the soliton peak power. Fig. 2 illustrates
this relation for two cases: the soliton at the wavelength of 4, =1.6 pymand A, =1.75 pm in the points corresponding to

the fiber diameters of d =120 um and d =115 wm, respectively. Assuming the pulse propagating in the fiber with a
monotonically decreasing diameter (for simplicity, the peak power in both cases is P =500 W) experiences a "red"
Raman shift of the carrier wavelength from the initial value of 1 =1.55 um. One can see that in the first case, the
condition for generation of resonant dispersive radiation at the wavelength of A, ~1.2 um is satisfied. The radiation
spectral intensity is
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Figure 2. Scheme of dispersive wave generation by a soliton at different carrier wavelengths A, in the fiber points
of different diameters. S, (1) and g,(1) are shown by solid and dashed curves. The domains of phase matching
(2) are pointed by red and blue dots.
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proportional to the soliton spectrum intensity at this frequency o sech’ (72’((05 — Opy )rs) [22] The second intersection

outside the figure corresponds to generation of the radiation of negligibly low intensity, since the frequency difference is
large. In the second case, generation of two resonance radiation domains at A, =1.15 um (outside the figure) and with
much higher intensity at A,, = 2.2 um is also possible. As a result, it is expected that two spectral domains of resonant
radiation with variable intensity and associated with two dispersion zero wavelength, (inflection points of the curves
Bow (1)) are excited in the fiber with decreasing diameter as the pulse propagates through.

The aim of the work is to study the spectrum transformation associated with the telecom laser pulse propagation in an
inhomogeneous fiber and to determinate the optimal longitudinal fiber profile d(z) enabling high efficient energy
transfer into the given spectrum range (A > 2 pm).

Let us determine the longitudinal profiles of optical fiber d(z) that supports a shift of the soliton pulses formed
through injection of an initial telecom range signal into the fiber towards the wavelength of 4 > 2 pum and above due to

stimulated Raman scattering and with minimal loss of the soliton energy. The dispersion in the range of soliton
propagation is anomalous, obviously. The Raman self-shift velocity in a fiber with varying dispersion could be found

from a well-known approximate relation between the velocity of Raman shift and the frequency [23] dQ/dz o |D|/r4 ,
where 7 is the soliton duration, D is the dispersion. For simplicity assuming an adiabatic manner of the soliton
transformation and neglecting impact of high-order dispersions on soliton characteristics, i.e. maintaining the relation
between the soliton energy and dispersion |D|/z = ¥E /2, we can obtain

44
d_QmE%:LS_ )
dz 2 7° 16|D(w,,2)

where D(a,,z) = Z,Bk (z)(a)S —a)o)k_z/(k - 2)! is the local dispersion value (in ps’km™) taking into account not only the
k>2

diameter changes but also displacement of the carrier frequency during the pulse propagation along the fiber (see Fig. 1).
Due to the dependence dQ/dz o |D|'3, for getting a far Raman shift, 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 dispersion. So the longitudinal profile of tapered fiber with a flat dispersion dependence on the frequency
can be obtained. Let us consider an example: a transform limited Gaussian pulse with a duration of 7, = 0.3 ps and peak

power of 250 W is injected into the fiber with the initial diameter of d =115.5 um (Fig. 3).
For the first 20 meters of the fiber, the diameter of d(z) =115.5 um is not changing and the anomalous GVD is

B, =-3.7 ps’km™. In this fiber section, the initial pulse breaks into a fundamental 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 (see Fig. 1). After that, the fiber diameter increases synchronously with the fundamental
soliton frequency w, to maintain the constant current fiber dispersion D(w,, z)

To satisfy this condition, one should use a tapered fiber with a diameter increasing with the length in such a way that
resonant radiation emission point shifts towards long wavelengths and center of soliton spectrum stays in a certain
constant distance (~ 75 nm) from the second "red" zero dispersion ZDW 2 (Fig. 3). Due to this tapering, the soliton
spectrum intensity in dispersion radiation emission point along the whole fiber length remains low, so 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 frequency maintains the constant spectrum width during the
pulse propagation. The soliton peak power also tends to be approximately constant.
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Fig. 3. Evolution of the 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.
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Figure 4. (a) Evolution of the initial pulse spectrum in an optical fiber with a special longitudinal profile. Left:
change of the fiber diameter and radiation peak power along the length. Top: radiation spectrum at the fiber output.
(b)The same as in fig. 4 (a), but diameter of the final fiber section (from 440 to 480 m) decreases rapidly.
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However, low dispersion value in the first fiber section enhances generation of resonance 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
dispersive radiation. Here, the higher peak power of the compressed pulse supports stronger energy transfer from the
pulse. The Raman self-shift velocity also decreases due pulse energy loss (Eqg.3). As a result, this technique does not
allow to move a pulse to the wavelength over 2 um using a fiber length of hundreds of meters. The resulting spectrum is
a band of non-uniform intensity located in the range of 1.3-2 pum.

For efficient generation of pulses at a 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, thereby allowing: 1) to
avoid generation of short-wave resonant radiation at the initial stage; 2) to form a fundamental soliton of higher energy.

The soliton order of the initial pulse is N o |D|'“2 [24], so, for a large initial dispersion a major part of the initial pulse

energy belongs to the fundamental soliton. However, in this case, having passed the initial fiber segment with constant
diameter, the soliton carrier wavelength occurs to the left of the dispersion curve minimum determined by the given
initial diameter (Fig. 1). Then, the fiber diameter has to decrease to avoid an increase of the anomalous 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.4. Similar to the previous case, transform-limited
Gaussian pulse with the duration of 7, =0.3 ps and peak power of 250 W is taken as an initial pulse. In the first fiber

section with the length of 11m and d(z) =128.5 um (5, =~ =17 ps’km™) a fundamental soliton separates from the initial

pulse. Importantly, in this case, the resonance radiation is not generated. Then, in a 100 m fiber segment, the fiber
diameter decreases. In this fiber section the profile of the diameter change maintains the soliton peak power constant
during the Raman shift. (Note the small event at 120 m that is the second fundamental soliton of lower peak power and
with much lower Raman shift rate separated from the pump. Further it will not be discussed). 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 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 um contains more than 60% of full spectrum energy. Importantly, in
contrast to a number of alternative converters [4-7, 25] transforming the pump pulse spectrum into a broadband
supercontinuum comprising a dispersive component, in this case, the energy is concentrated above 2 um and in a
subpicosecond pulse with duration of about 120 fs and peak power of P =440 W that is of interest for many
applications. Besides, the optical fiber longitudinal profile can be designed to convert the output soliton pulse into
spectrally flat dispersion radiation. For this, a fiber section several tens of meters long with a monotonically decreasing
diameter could be attached to the described fiber configuration. The effect of ZDW shift rate on the characteristics of the
dispersion wave spectrum generated by a soliton has been explained in Ref. [15]. At sufficiently slow approaching of the
Raman shifted soliton to ZDW, the soliton detuning from the zero point GVD periodically increases and decreases, and
therefore the intensity of the dispersion radiation is modulated in time. This modulation happens because the periodic
recoil on the soliton from the intense radiation and new convergence of the soliton and the ZDW. Increasing the rate of
the ZDW slope we can ensure that the ZDW moves fast enough so that it catches up not only with the bare shifted soliton
but also with the addition from the recoil contribution. Then the latter does not adversely impact the radiation intensity as
much, and the modulations smooth over, giving a homogeneous plateau in the spectrum and a strongly chirped radiation
pulse in time domain. In this case, the spectrum is widened over shorter propagation distances, but the soliton crosses to
the normal GVD spectral side, ending the radiation emission process. In the issue, the ZDW shift rate slightly affects the
width but determines the flatness of the spectrum. In our case, the rate of the ZDW shift is fast enough for getting flat
dispersion spectrum and suitable for the drawing technology based on fiber diameter change (~3um/10m ). The
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performed simulation shows that the obtained subpicosecond pulse is converted into a flat spectrum radiation spread over
a 2-2.5 pm range (fig 4 (b)).

A certain drawback of the proposed method is that a fiber with a special longitudinal profile is suitable for one type of
initial pulse only. Numerical simulation demonstrates that the results shown in Fig. 4 are reproduced reasonably well for
the same longitudinal fiber profile and an input Gaussian pulse with a peak power differing by not more than+ 0.7%
from the given peak power and a wavelength differing by not more than = 1 nm from 1.550 pm. For higher peak power
or shorter wavelength, the earlier emission of the dispersion spectrum by a soliton occurs. As a result, at the fiber output,
the subpicosecond pulse spectrum splits into 2 bands-the soliton (in the range around 2.1 pm or shorter) and the
dispersion spectrum in the range of 2.3-2.4 pum. In the opposite case, (at lower peak power or longer wavelength), the
Raman shift of the soliton stops earlier than expected and does not reach a range of 2.3-2.4 um. However, even at not
perfect matching of the parameters (about + 5% for power and =5 nm for wavelength), the developed profile
contributes to successful transformation of the spectrum of the pulsed telecom-range source into the wavelength region
above 2 pm. This limitation does not allow the proposed approach to be applied universally. However, for a particular
source with certain parameters of the output pulse one can calculate and simulate the longitudinal profile of the fiber that
after drawing will be able to transform the spectrum as required. Of course, prediction of the practical applicability of the
method can be done just after a series of experiments with various sources of subpicosecond pulses

3. CONCLUSION

We have considered the spectrum transformation of the pulse emitted by a laser operating in telecom spectrum range and
moderate power as it propagates in an inhomogeneous silica fiber with a flattened dispersion. The performed computer
simulation allowed us to find the optimal fiber profile providing transfer of more than 60% of the initial pulse energy to a
subpicosecond pulse operating in the spectrum range of 2.2-2.3 um. The resulting soliton pulse is spectrally isolated from
other radiation and so can easily be filtered for further utilization with holmium or thulium amplifiers. In prospect,
manufacturing of the fibers with the determined profiles will be followed by experimental verification of the proposed
technique.
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