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Stable delivery of high energy optical pulses through fibers is an attractive field of research owing to its wide
applications in defense, bio-medical industry, chemical industry and so on. Delivery of such high energy can be
possible by exploring the inherent potential of background-guided parabolic optical pulses. Asymptotic evolution of
parabolic pulses largely depends on the initial pulse energy fed at the input of the fiber. Here, we have investigated
the effect of presence of a hyperbolic tangent pulse as the background of an input Gaussian pulse. Further, we
have numerically demonstrated the stable propagation of the evolved parabolic pulse with its characteristic linear
chirp. A background-guided Gaussian pulse and a background-guided hyperbolic secant pulse, centered at 980 nm
wavelength, have been fed at the input end of a dispersion decreasing Bragg fiber and allowed to propagate over
several kilometers of the fiber length. The entire propagation has come out to be more stable, and shows closer
asymptotic behavior in comparison with the conventional propagation of a single Gaussian or a single hyperbolic
secant pulse of same energy. Such a scheme should be attractive in stable delivery of high energy pulses including
applications in mid-IR spectroscopy, defense and medical surgery. © Anita Publications. All rights reserved.
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1 Introduction

Lately, high-energy laser sources have witnessed a significant demand in the chemical industry,
and bio-medical industry other than the exclusive applications in defence. Such wide range of applications
eventually require compact, robust and easy-to-implement high energy all-fiber systems/devices that will
deliver stable and self-consistent high energy optical pulses. However, such high energy pulses undergo
wave-breaking due to the onset of strong nonlinear interactions during their propagation through fibers
which, limits their utility in such all-fiber systems [1]. Earlier it was really difficult to send high power
short pulses through a very long fiber length due to wave-breaking through nonlinear optical effects until a
group of researchers discovered that this limitation can be overcome by transmitting certain wave-breaking-
free pulse shapes through appropriate fiber design (s) [2].The first theoretical and experimental evidence
of the propagation of such breaking free pulses have been reported in [3] wherein an input pulse would be
reshaped into parabolic shape in their time-domain profiles [3]. Such parabolic pulses can suppress wave-
breaking due to the development of monotonically varying (mostly linear) frequency chirp which gradually
preserves the parabolic shape irrespective of its expansion or compression during their propagation [2].
Unlike Soliton, such pulses preserve their shape by scaling of their amplitude and temporal-width leading to
a self-similar evolution for which they are known as Similariton. In this context, we should note that there
are two fundamental approaches to the solution of the nonlinear Schrédinger equation (NLSE) with normal
disperion which governs all possible dynamics of pulse propagation. One approach leads to the solution of
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the nonautonomous NLSE with varying coefficients. It gives us an exact solution in the form of hyperbolic
secant (sech; bright similaritons) and hyperbolic tangent (tanh; dark similaritons) functions embedded in
infinite background, and these are hard to obtain as they need delicate balance between fiber parameters
such as dispersion, nonlinearity and gain-loss [4-7]. The other approach results in asymptotic solution of
autonomous NLSE in presence of amplification and spatial inhomogeneity. The realization of this scheme
is comparatively straight forward [3.8]. In fiber amplifiers, such asymptotic solutions of NLSE with gain
and normal dispersion leads to evolution of parabolic pulses with linear chirp from any input seed pulse
and the evolution depends on the input pulse energy rather than its specific shape. A number of reports
have successfully demonstrated parabolic pulse generation and its self-similar propagation through gain-
assisted fibers [3,8]. In 2000, Fermann et a/ reported the first experimental realization of linearly chirped
parabolic pulses through a Yb-doped fiber amplifier [3]. Their report also showed that the formed pulses
remain parabolic during their propagation through a standard single mode normally dispersive fiber, thus
establishing their self-similar nature. Afterwards, there are successive works on generation of parabolic pulse
through Raman fiber amplifier [9], mode-locked lasers [ 10] and normally dispersive fiber amplifiers [11]. All
of these works have eventually confirmed the potential of parabolic pulses to be a stable solution for long
range guided-wave propagation. However, formation and stable propagation of such wave-breaking free
pulses in passive fibers with no gain is crucial. However, formation and stable propagation of such wave-
breaking free pulses in passive fibers with no gain is crucial. In passive fibers, parabolic pulses are formed by
tuning the dispersion (normal) of the fiber in such a way that it decreases with propagation along the fiber.
Such dispersion decreasing fiber structure and pulse reshaping through it was first reported in 2004 by Hirooka
et al, which opened up a new avenue of self-similar pulse formation [12]. Though such passive formation
through dispersion decreasing fiber is not difficult but its stable propagation over longer distances is a critical
aspect due to the development of nonmonotonic frequency chirp during its propagation which ultimately
leads to quick deformation of the formed parabolic shape. It is referred to as an intermediate transient state of
propagation | 13] and is unlike the asymptotic solution as in case of the amplifiers. There are numerous reports
on passive formation of parabolic pulses through optical fibers [ 14-19]. In order to make such propagation
stable, various fiber design techniques like dispersion oscillating fiber etc. have been reported where a rapidly
varying mean-zero dispersion profile preserves the parabolic pulse over several meter-long fibers [20]. Such
oscillating dispersion landscape essentially explores a very small average positive value of dispersion to
keep the pulse shape maintained by a smooth roll over from normal to anomalous dispersion regime and
vice-versa. However, it is still a challenge to obtain self-similar propagation over very long distances of a
dispersion decreasing fiber with comparatively higher dispersion and nonlinearity.

In this paper, we report our detailed and systematic investigation on possible stable delivery of high
energy pulses over longer distances to meet the existing technological challenges. Hence, we have studied
the asymptotic evolution and stable propagation of parabolic pulses from a background-guided input seed
pulse. Even though, the asymptotic evolution is largely dependent on input pulse energy, here we establish
that presence of a background pulse will eventually stabilize its propagation over longer distances. For our
study, we have chosen a Gaussian seed pulse guided by a hyperbolic-tangent pulse to be propagated through
a several-kilometer long dispersion decreasing Bragg fiber (DDBF) at 980 nm wavelength. The propagation
of guided-pulse has been compared with the propagation of a single Gaussian input through the same DDBF.
Such background guided pulse delivery scheme would find its wide applicability in high energy all-fiber
based optical devices for strategic, medical and precision machining applications.

2 Fiber design and numerical model

For the targeted pulse propagation, we have chosen a Bragg type fiber where light is guided by
photonic bandgap method. Such fibers can be termed as specialty optical fibers as we can customize the
properties of the fiber by suitably designing its transverse cross-section to realize the requirement. It is to be
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noted that a Bragg type fiber, along with other microstructured fibers, falls under the category of photonic
crystal fibers with one-dimensional periodicity [21]. Moreover, the method of light guidance through such
fibers is also different from standard step or graded index fibers where light is guided by the core-cladding
index difference. The schematic of the Bragg fiber cross-section has been depicted in Fig 1(a) along with
the refractive index variation. Unlike a standard step-index fiber (with single cladding layer surrounding the
core), such specialty fibers consist of a number of cladding layers with periodically arranged alternate high
and low indexed material surrounding a low indexed core (hollow or solid), which form a stop band for the
light to be confined in the core. We can obtain a specific band-diagram (frequency vs wave-vector) for a
particular cross-section of the designed Bragg fiber. Now in order to confine a particular mode in the core,
the frequency and the wave-vector of the mode must lie in one of the bandgaps of the fiber in such a way
that it does not leak through the cladding. However, photonic bandgap fibers are leaky structures in a sense
that there are always an evanescent field exists in the multilayered cladding. Figure 1(b) shows the mode
profiles of the fiber cross-section. The core is specifically designed to host resonances which falls within
the stop band of the cladding geometry. If the index contrast is large enough then one can easily employ a
simpler asymptotic approximation method for modal analysis. But such approximation method fails when
the index contrast is lower and one should explore transfer matrix method with scalar linear polarization
(LP) approximation to analyze the modes of the fiber. According to the matrix method technique, modal field
distribution will be computed at each cladding interface by expressing the radial part of the field equation
under LP approximation as [22],
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Fig 1. (a) Schematic of the Bragg fiber cross-section and the refractive index profile; (b) Field profile
of the designed Bragg cross-section; fundamental mode and first higher order modes are shown
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Jj-th layer refractive index, and Q is the total number of cladding layers. Now, at each cladding interface the
electric field of the particular mode (characterized by Bessel order /, /') and its derivative should be continuous
such that the coefficients (4 and B) of the field at one layer is related to the coefficients of the adjacent layer
by a 2x2 matrix. For the leaky nature of the Bragg fiber, the coefficients of the incoming component of
electric field at the last cladding layer should be zero, i.e. the eigenvalue equation becomes — E(f) = 0, where
[ is the propagation constant of the incoming electric field at the last layer. One can easily obtain the effective
refractive index and the leakage loss from the plot of |I/E(B)[* vs real (). The curve shows a Lorentzian peak
whose location gives the effective index and full width at half-maxima (FWHM) gives the leakage loss by
the relation — Loss (in dB/m) = (kexFWHM)/2 , where k is the free space propagation vector. In this context,
though such matrix method was actually implemented for analysis of leaky modes in a step index fiber, but it
can easily be employed to solid core Bragg fiber structure with low-index contrast without any involvement
of solving complex transcendental equations. As the Bragg fibers are less bend sensitive compared with their
conventional counterpart, even several kilometers are suitable for the target applications. In our study, the
fiber has been designed to be operating at 980 nm wavelength to confine the fundamental mode only. The
low indexed core material is LLF1 having refractive index 1.5360 and the cladding is composed of three bi-
layers of SF6/LLF1, SF6 being the high indexed material (R.1.=1.7763 at 980 nm). The input cross-section
of the fiber is as follows: core radius » = 7.5 um, high index cladding layer thickness d; = 0.5 pm, and low
index cladding layer thickness d, = 4.9 um. Such dimensions can be readily obtained by optimizing the
cross-sectional parameters using the quarter-wave stack condition for maximum confinement. According to
this condition, d,k, = d,k, = n/2, for fundamental mode (/ = 0) where &, , are the corresponding wave-vectors

and obtained by the relation - &, = k /n% 5= nﬁ e The fiber design should be such that the leakage losses

of higher order modes are readily higher than that of fundamental mode and along with propagation length
they die out faster leaving only the fundamental mode confined to the core. For our fiber design, we have
considered maximum confinement of the fundamental mode only. For higher order modes where [ = 1, the
relation becomes, d,k; = d,k, =« for anti-reflection.

Propagation of optical pulses through optical fibers is governed by nonlinear Schrodinger equation
(NLSE). It includes all the dispersion effects through various dispersion coefficients (like group-velocity
dispersion, third order dispersion and other higher orders), various nonlinear effects like self-phase
modulation, Raman effect, four-wave mixing through various nonlinear parameters and also fiber gain and
losses. There are various forms of NLSE among which the standard one will be implemented to study pulse
propagation through a dispersion decreasing fiber. Unlike standard step-index fiber, a dispersion decreasing
fiber (DDF) is one in which the second order dispersion parameter 3, varies in such a way that the dispersion
is longitudinally reducing. In order to form parabolic pulses through a passive medium based fiber, the
fundamental requirement is to have a counterbalanced normal dispersion and nonlinearity that essentially
reshapes any standard input pulse shape into parabolic profile during its propagation through the DDF [12].
We consider a slowly varying pulse envelope A(z, T) that is satisfied by any typical optical pulse from
commercially available sources, and study its evolution dynamics employing NLSE of the form [23],
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where, a is the loss parameter, y the nonlinear coefficient giving rise to self-phase modulation (SPM), /5, is the
second order dispersion coefficient at z = 0 and positive (normal dispersion), and D(z) is the length dependent
dispersion profile. D(z) is related to /5, by the relation,
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role of gain in passive fiber giving rise to the asymptotic evolution. For decreasing dispersion profile, it is
important to appropriately choose the longitudinal variation D(z). In ref [ 12], authors showed that D(z) should
be a hyperbolic profile, whereas in some articles this variation is an exponential one. For our work we have
chosen D(z) to be of the form,
D(0)

1+7yz (5)
with D(0) =1 at z = 0, I, becomes the effective constant gain. Such a dispersion profile decreases with fiber
length z and eventually serves the purpose of equivalent gain in a passive fiber. Here, we have deliberately
neglected the higher order dispersion and nonlinear terms for the proposed operating condition. To solve Eq
(1) numerically, we have employed Split-step Fourier method (SSFM). SSFM exploits the operator method
in which we have two operators - D that accounts for all dispersion and loss terms and acts in frequency
domain; N that accounts for the nonlinear terms and acts in time domain. Moreover, the entire fiber length
is divided in small length steps dz and both the operators act within dz in an iterative process. This iterative
process is indeed faster and accurate in terms of simulation.
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Fig 2. (a) Schematic of the dispersion decreasing Bragg, whose down-tapering leads to decreasing
dispersion; (b) dispersion variation of the designed DDBF
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The schematic of the cross-section of the designed Bragg fiber is depicted in Fig 1. At the input
cross-section - D(0) = —17x107 ps.m™'.nm’!, »(0) = 1.7x10° W'm! and Iy = 28x10° m!, a constant
equivalent to the gain coefficient. The longitudinal fiber profile (down-tapered) has been shown in Fig 2(a).
The corresponding dispersion profile has been computed numerically by using Eq (5) and is shown in Fig
2(b). For a Bragg type fiber, the decreasing dispersion profile could be achieved by down-tapering of the
fiber. Such fiber tapering is a routine technology today and can be realized using State-of-the-Art fabrication
techniques with utmost accuracy. The tapering of the fiber means that there will be a fixed ratio of the initial
cross-section to the final cross-section either greater than (up-tapering) or less than (down-tapering) unity
and the intermediate variation is linear for the simplest case. It is to be noted that the nonlinearity parameter
y has been found to vary a little along the fiber length and considered as nearly constant. Likewise, for the
loss parameter o only confinement loss of ~ 10 dB/m for the fundamental mode have been incorporated.
The entire process of Bragg fiber designing has been done numerically by solving relevant field equations in
a Matlab® based code.

The quality of the formed parabolic pulses has been quantified by computing the mismatch factor
between the pulse obtained from simulation, and a fitted parabolic pulse of the same specification. The
mismatch parameter M is given by,

[[Jul® - |p|27dr
2 JUul— plaldt

M= (©)
where, p is the fitted parabolic pulse with the same energy as u.

3 Results and discussions

In passive fibers, parabolic pulse formation is driven by the counterbalance of normal GVD and
SPM. To understand the evolution, we consider a 2 m long dispersion decreasing fiber with Bragg type
cross-section. A unchirped Gaussian pulse of peak power 150 W and full width at half-maxima (FWHM) 2.0
ps is launched at the input end of the 2 m fiber. The evolution of the input pulse is depicted in Fig 3(a). We
can observe that gradually over the length of the fiber, the Gaussian profile gets reshaped into a parabolic
one. This is quite interesting to realize that in a dispersion varying landscape, the changing dispersion and
nonlinearity accumulates the phase in such a way that a Gaussian temporal pulse evolves with propagation to
a parabolic form. In Fig 3(b) the variation of the frequency chirp developed during the propagation is shown.
It is clearly seen that chirp is linear across the entire pulse width which is its significant characteristic. In
order to realize pulse reshaping through the designed DDBF, we have chosen two combinations of composite
pulse profiles : (i) a Gaussian input pulse guided by a hyperbolic tangent (fanh) pulse and, (ii) a hyperbolic
secant pulse (sech) guided by the fanh pulse, and compared the stability of the propagation. Moreover, the
input parameters for Gaussian and sech pulses have been kept same as peak power =100 W and FWHM = 3.0
ps. The tanh input parameters are chosen to be - peak power = 100 W and FWHM = 0.3 ps. We have studied
in-depth the evolution of the two pulse combinations through our designed DDBF. The temporal profile of the
input pulses (normalized) have been depicted in Fig 4(a) and 4(b) where the peak values are less than unity
due to the presence of the tanh pulse at the center. One should note that if the power of the fank background is
reduced, then the depth of the dip will automatically be decreased by rasing the peak values of the input pulse.
Such background guided pulses have been allowed to propagate over several kilometers of the same DDBF
and the output pulse profiles and developed frequency chirps are observed at the end of 4 km. The temporal
profiles of the output pulses are depicted in Fig 4(c) and 4(d) in which we observe a significant change in
pulse profiles. For both the input combinations, the output is parabolic in shape. However, the normalized
peak power has reduced as it has undergone significant broadening in width (output FWHM ~ 20 ps). Such
large broadening is due to a large accumulation of dispersion and nonlinear phase shift. During the pulse
evolution, the pulse width is widened; the power profile is also being adjusted in such a way that the parabolic
shape is maintained throughout. This dynamics approaches the self-similar evolution. We can observe such
self-similar evolution effect for both the dual-pulse but the stabilities differ.
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Fig 3. (a) Evolution of an input Gaussian pulse to parabolic pulse after propagating 2m through
a tapered fiber; (b) frequency chirp variation with time developed during the propagation of the

unchirped Gaussian pulse

It is clear from the Fig 4(c) that the output is smoother up to 4 km of the DDBF length, whereas
Fig 4(d) shows some distortions in the output pulse profile which indicates that the pulse has entered the
wave-breaking regime. Figure 4(e) and 4(f) are the logarithmic plots of the output pulse profiles. The top hat
profile is the signature of the temporal parabolic shape at the output. The presence of the central dip is due to
the tanh pulse which can be controlled by tuning the power and width of the guiding background. Both the
output profiles are clearly showing a difference between the two evolutions. The tanh-guided sech input has
evolved to a parabolic profile (characterized by the top hat log plot) but with certain oscillations at its edges
which indicate a clear limitation of its maximum stable propagation length and its asymptotic evolution.
On the other hand, the evolution of the fanh-guided Gaussian pulse through the DDBF has been stable
and smooth indicating its potential for long-distance stable propagation. Moreover, the developed frequency
chirp for both the pulse combinations are linear across the entire pulse width having a small kink at the
position of the central dip shown in Fig 4(g) and 4(h). Here, also we can observe that the chirp profile for the
tanh-guided Gaussian pulse is smooth and linear than that of the fank-guided sech pulse. For the second case
we observe small oscillations at the same time-scale where ripples in temporal profile has occurred, which
eventually reassures the wave-breaking. Such nonmonotonic nature of the chirp for fank-guided sech pulse is
a clear indication that with further propagation it will undergo complete wave-breaking. Comparatively, the
monotonic chirp of the tanh-guided Gaussian pulse is a better combination that could survive over several
kilometers self-similarly through the DDBF.
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Fig 4. (a) The input power profiles of a single Gaussian and a tanh-guided Gaussian pulse; (b) The input
power profiles of a single sech and a tanh-guided sech pulse; (c) The output power profiles obtained from a
single Gaussian and fanh-guided Gaussian pulse; (d) The output power profiles obtained from a single sech
and tanh-guided sech pulse; The logarithmic plot of (c) and (d) are shown in (e) and (f), respectively. The
corresponding frequency chirp variations are shown in (g) and (h), respectively
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For a better understanding of the effect of via a background pulse, we have compared these results
with the observations made from the propagation of a single Gaussian pulse and a single sech pulse of same
power and FWHM through the designed DDBF. Figure 4(a) and 4(b) depict the single Gaussian and sech
inputs of peak power = 100 W and FWHM = 3.0 ps which has been allowed to propagate through the DDBF
over 4 km and the output pulse profile (both linear and log plot) has been captured at the end of 4 km shown
in Fig 4(c) — 4(f). Again, the top hat profile shows that the output is a parabolic pulse with a clean linear chirp

depicted in Fig 4(g) and 4(h).
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Fig 5. The evolution of the misfit parameter M through the designed DDBF for (a) a single Gaussian and a
tanh-guided Gaussian pulse, and (b) a single sech and a tanh-guided sech pulse. The locations marked by

the colored circles are the points where we have obtained minimum misfit M_;,.
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Fig 6. The output spectra obtained from (a) a single Gaussian (black dashed curve) and a tanh-guided
Gaussian pulse (blue curve), and (b) a single sech (grey dashed curve) and a tanh-guided sech pulse (red

curve).

From the observations made so far, it is established that presence of tanh pulse at the background
of both the Gaussian and sech pulses help in retaining the pulse reshaping through the DDBF and it evolves
smoothly with the main seed pulse without any further significant evolution of its own. To understand the
impact of its presence on propagation, we have plotted the evolution of the misfit parameter M as a function
of fiber length L for all four types of input pulses — two combination of pulses and two single pulses. From
Fig 5(a) it is clear that the reshaping of single Gaussian to parabolic is faster than the fanh guided Gaussian
and also it reaches a minimum of 10~* around 2.5 km of fiber length. However, it starts to rise again with
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further propagation, gradually revealing the intermediate transient state (shown as inset in Fig 5(a)) reported
earlier in case of passive reshaping. Whereas, the tanh guided pulse slowly evolves into parabolic, reaches
a minimum of 10~ at around 4 km and on further propagation it keeps on decreasing showing asymptotic
nature of pulse evolution (inset of Fig 5(a)). Similarly, Fig 5(b) depicts the faster evolution of single sech
pulse than the dual-pulse. We can observe that tanh guided sech pulse has an initial distortion at near 100 m
but it gradually comes down and matches the parabolic profile with further propagation. In this case also, we
have obtained an asymptotic nature of evolution for tanh+sech pulse with gradual fall down of M (shown
as inset of Fig 5(b)), whereas single sech pulse starts rising up after certain length of the DDBF. Thus,
the presence of fanh pulse at the background actually stabilizing the pulse propagation and gives a robust
parabolic pulse with linear chirp at the end of a passive fiber. The stability of the pulse may depend on the
input energy of the pulse which may be investigated in depth.

Moreover, the respective output spectra have been depicted in Fig 6(a) and 6(b). The output spectrum
of the single Gaussian pulse has a smooth flat top, and so the case of a single sech pulse, whereas the tanh
guided pulse is showing small oscillations at its output. Such spectrum is distorted in case of tanh+sech pulse
where the oscillations at the top are unequal and random. On further tuning of such comb-like spectral profile
of the background guided Gaussian pulse, it should be useful for applications like comb-spectroscopy.

From application point of view, such background guided pulse propagation is of immense importance
for long distance distortion-free high-power pulse delivery. From the results of Fig 5, we can eventually
conclude that a fanh guided Gaussian pulse would carry more energy over longer distances than its single
Gaussian counterpart. The striking result of this investigation is that the evolution of pulses nearly asymptotic
in a passive fiber that matches the evolution of parabolic pulses in amplifiers mitigating the issues related to
amplifier-based pulse formation. Moreover, its self-similar nature of propagation is maintained, thus resulting
in no or little further temporal distortion which makes it suitable for long distance delivery. For high energy
applications like precision machining [24], bio-medical imaging [25], laser-launched detonation processes
[26] where very high energy (~ several mJ) optical pulses have to be delivered over distances from several
meters to few kilometers, such background guided pulse will undoubtedly meet the requirement for its robust
nature. Furthermore, the comb like output spectrum corresponding to the fanh guided pulse should be very
interesting for more in-depth study because of its potential applications in all-fiber based comb spectroscopy
[27].

4 Conclusion

In summary, we have investigated the robustness of a parabolic pulse through longer propagation
distances by exploring the evolution of a Gaussian input pulse and a hyperbolic secant pulse guided by a
hyperbolic tangent pulse at its center. For this, we have designed a Bragg fiber with longitudinally decreasing
dispersion profile. At the end of 4 km of the DDBF we have obtained a parabolic pulse with an intensity
dip which evolves asymptotically with propagation through the designed fiber. For comparison, a single
Gaussian pulse and a single sech pulse of same input parameters have been allowed to propagate through the
same DDBF which leads to an intermediate transient state of evolution. Such findings should be of interest
in further development of passive pulse reshaping and would eventually open up new routes to deliver stable
high-energy pulses in all-fiber device applications such as strategic applications, medical and industrial
machining.
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