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Passive Nonlinear Pulse Shaping in Normally
Dispersive Fiber Systems

Sonia Boscolo, Anton I. Latkin, and Sergei K. Turitsyn

Abstract— We propose a novel approach to characterize the pulse, such as, e.g., optical telecommunications, other ap
parabolically-shaped pulses that can be generated from mercon-  proaches to the PP generation could be of interest. To this
ventional pulses via nonlinear propagation in cascaded sgons end, several techniques have been recently proposed: ¢he us

of commercially available normally dispersive (ND) fibers.The . . . ) L
impact of the initial pulse chirp on the passive pulse reshaipng is ©f @ dispersion-decreasing fiber [10]{13], the applicatd

examined. We furthermore demonstrate that the combination Superstructured fiber Bragg gratings [14], and the comimnat
of pulse pre-chirping and propagation in a single ND fiber of two carefully chosen ND fibers [15].

yields a simple, passive method for generating various tengpal In this paper, we present an accurate analysis of the
waveforms of practical interest. nonlinear reshaping of conventional pulses that occursiupo

Index Terms— Nonlinear fiber optics, nonlinear pulse propa- propagation in cascaded sections of commercially availabl
gation, passive pulse shaping, parabolic pulses. ND fibers. In many respects, our analysis follows and gen-

eralizes the pioneering work of [15], where a very important
and simple method of generating linearly chirped PPs in a
complete passive manner has been proposed. Compared to
ONLINEAR phenomena in optical fibers can be exprevious techniques, the approach suggested in [15] has the
ploited to develop new techniques for regeneratioplear advantage of relaxing the need to use an amplifying
processing and manipulation of the optical signals. Recantdium (and thus the need for a pumping source), or the need
developments in nonlinear optics have put into the foctisr additional custom devices [14]. Indeed, it relies ontytbe
of intensive research an interesting class of pulses withuae of commercially available fibers with normal dispersion
parabolic profile in the energy-containing core and a lineétere, we extend the results of [15] in several directions. We
(in time) frequency chirp that can propagate in a fiber witbharacterize in detail the evolution of an initial Gausgaise
normal group-velocity dispersion (GVD) [1]-[7]. While ih¢ into a pulse with a nearly parabolic temporal intensity peofi
normal dispersion regime nonlinear-dominated opticak@uland a nearly linear chirp during propagation in a ND fiber,
broadening generally leads to wave breaking which mardnd the subsequent pulse stabilization in a second ND fiber
fests itself as waveform steepening with subsequent gpwiwith suitably different nonlinear and dispersive charesties
oscillations at the pulse tails (see, e.g., [1], [8], [9] antklative to the first fiber. We discuss the tolerance of the PP
references therein), parabolic pulses (PPs) propagate ifoemation to the length of the initial reshaping fiber as vl
stable self-similar manner, holding certain relationsalisg) the impact of the initial pulse chirp on the pulse reshaping
between changing pulse power, width, and chirp parameterocess. We furthermore propose the combination of pulse
Because of their unique characteristics, parabolic pudses pre-chirping and propagation in a single ND fiber as a simple
of great interest for various applications including amg&ingmethod for passive nonlinear pulse shaping in the time domai
others high-power femtosecond lasers, spectral broagemicc  Techniques for the control and manipulation of the temporal
supercontinuum generation, and nonlinear all-opticahalig shape of optical pulses have become increasingly impdidgant
processing and regeneration. The problem of the PP gemerathany scientific applications, including, ultrahigh-speptical
in fibers has attracted a great deal of attention in recensyetelecommunications and computing systems, quantum optics
[7]. PPs can be generated through the asymptotic reshapamgl nonlinear optics. Here, we demonstrate that by means of
of sufficently powerful pulses that occurs upon propagaition control of the initial chirp and power, conventional lasetges
normally dispersive (ND), nonlinear fiber amplifying mediacan be transformed into pulses with various temporal wave-
Experimental demonstrations relying on amplification frorforms of practical interest, ranging from a parabolic psofil
either rare-earth doping [2], [3] or Raman scattering [8p a flat-top profile, and a triangular profile. Flat-top pslse
have confirmed the potential of this method, especially whame highly desired for nonlinear optical signal processing
dealing with the generation of ultrashort, high-power psls switching as well as for a range of wavelength conversion
However, in the context of applications where high signalpplications. Triangular pulses are also of interest,, day.
power is not necessarily required and the most valualilme-domain add-drop multiplexing, wavelength convemsio
features are the specific parabolic shape and phase of &ne other photonic applications.

I. INTRODUCTION
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ND fiber
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some shape and a linear chirp, we introduce dimensionless
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Fig. 1. Scheme of the pulse reshaper. (a) One-stage debicéwd-stage
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depicted in Fig. 1(a). Qualitatively, the idea for the metho - AT [($rr)r=ol . .
AT 77 )T=0

is as follows: a transform-limited (chirp-free) optical Ipel
generated from a laser source incoming to the reshapertis flis (1), the structural functionak characterizes the pulse
subject to the preferred chirping. Then the pulse is amglifiéémporal shape [18], [19]. For example,= 0.0796 for a
by the optical amplifier to enhance the effect of nonlingaritGaussian pulses = 0.072 for an ideal PP corresponding
in the ND fiber. During transmission along the ND fiber, th&o the intensity profile:|up(7)[> = 1 — (7/7p)* if |7| <
temporal waveform of the pulse can be changed to varions and |up(7)[* = 0 otherwise, ands = 0.0741 for an
profiles by the combined action of GVD and Kerr nonlinearitjeal triangular pulse defined dar(r)> = 1 — |7/7r| if
according to the chirping value and power level at the infut &/ < 7r and |ur(7)]* = 0 otherwise. Obviouslyr is not
the fiber. Note that the newly formed pulses in the device hatjte only possible choice of dimensionless quantity that can
all a nearly linear chirp (first time derivative of the phade) be used for shape characterization. Nonetheless the form of
is also worth noting that such pulse shapes representeérsnsthis coefficient provides the simplest way of describing the
states of the nonlinear pulse evolution in a passive ND fib&ulse shape in terms of meaningful physical charactesistic
This is in contrast with the self-similar PPs that can b€ pulse. Indeed, one may notice that= (Tin P/ E)?,
obtained as asymptotic, approximate solutions of the neali WhereTi,, = ([d7 r2[ul?/E)Y/? and Py, = [dr |u|*/E are
Schrodinger equation (NLSE) in a ND fiber amplifier in théhe second-order moments related to the pulse temporath widt
large-amplitude/small-dispersion limit [3], [4], [6], [Finally, and power, respectively, [19], [20] antl = [dr |u|® is the
we point out that the generation of PPs through passive pul$ése energy. In [19]s has been associated with an invariant
reshaping in a ND fiber has been already demonstrateddhthe propagation equations of the second-order moments of
[15], and different types of pulse temporal waveforms haJge pulse amplitude and effective power within the paraboli
been achieved in [16] using a two cascaded interferometedgProximation for the pulse phase. This invariant indlyect
reshaping architecture. The approach proposed here geneéd¥presses the conservation of energy. Since it is nornubliye
izes the method proposed in [15], offering additional flditip the energy, which is also an invariant, it describes theepuls
in the generation of the target waveform by control of thespul shape. In (1),& is an analogous functional defined for the
pre-chirping. pulse spectral shape, wheteis the (normalized) frequency
Our numerical simulations of the optical pulse propagatigi'd@ is the Fourier transform of the field envelope= argu
in fiber are based on the standard NLSE model including tiethe phase of the field, and parametegives a measure of
effects of fiber dispersion, nonlinearity and, when exjsigi the linearity of the frequency chirp across a time intexal

AT/2 [eS)
indicated, absorption [17]. To simplify the analysis, wee usaroundr = 0 such thatf_Ai/QdT [u]?> = a [7_drT|ul?, where
the dimensionless quantitiesi(¢,7) = NU, U(¢,7) = 0<a<1.In other words,® quantifies the misfit between

/Py, T = t/Ty and & = z/Lp. Here,¢(z,t) is the field the slope of the frequency chirp at someand the slope at
envelope in the comoving system of coordinatBs,and P, 7 = 0 in the energy-containing central portion of the pulse,
are respectively a characteristic temporal width (e.@ Hhif- Which is parametrized by. For the purpose of comparison,
width at 1/e-intensity point in the case of a Gaussian-shapae Will also consider in our analysis the misfit parametér
pulse) and the peak power of the initial pulse, dhsl, Ly;, Petween the pulse temporal intensity profile and a parafiblic
and N are respectively the dispersion length, the nonlinegf the same energy and full-width at half-maximum duration
length and the energy parameter (“soliton” number) definéged in [15]:

as. Lp = TOQ/ﬁQ, Lnt, = 1/(7P0) and N = \/LD/LNLa J"OO d7(|u|2 _ |UP|2)2
where 3, and v are the respective GVD and nonlinearity M? === o )
parameters of the fiber. For the purpose of illustration, we f—oodﬂu'
consider the propagation of an intial Gaussian-shapecepuls Following [15], it is possible to stabilize the PP shape
U(0,7) = exp(—72/2 + iC7?) in a highly nonlinear (HNL) generated in a length of ND fiber by launching the pulses into
fiber. Propagation in the fiber is considered up to a maximuansecond fiber such that the soliton numbé&ris higher than
length of Lp. C is the (normalized) chirp parameter. Noteéhe soliton numbe# in the initial reshaping fibetv' /N > 1.
that for a different choice of the initial pulse shape, sémil Here, N’ is defined byN'? = TZ~'Py/3,, where3, and+’
pulse shaping regimes to those reported in this paper are the parameters of the second fiber, @pcand P, relate
expected to occur upon propagation in a ND fiber, whereas tiwethe pulse parameters at the input of the first fiber. The

)
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schematic diagram of the two-stage fiber device is depict  Relative temporal shape factor Misfit parameter
in Fig. 1(b). As an illustrative example, we choose to us 10w T 10— ‘
a fiber with nonlinearity and dispersive characteristicehsu R
that v'/B5 = 9v/02. With this respect, we would like to
mention that an alternate approach to incredderelative to
N is to amplify the pulses before propagation in the secoi
fiber (in such caseV’ is defined by:N"? = T¢~'GPy/ 3%,
where G is the gain between the two fibers), whereas th
approach is not completely passive and might bring abc
perturbation of the pulse due to amplification. The totagten
of the two-stage system is set 4d.p. Such (not optimized)
length yields a reasonable compromise between the qudlity ~ Relative spectral Shape factor Phase factor
the parabolic pulses obtainable at the system output and 10 | o ‘ “ :
system complexity.

The dimensionless analysis performed in this paper enab
us to obtain results that can be applied to a variety of sanat
in the real world’s units by simple scaling of the relevar
guantities. A target operational regime and output pulsgsh
can be achieved here by changiagN and C. In practical
situations, it is usually the case that one has a pulse sou i [
with a given pulse duratiody, and a ND fiber with given 0 02 04 06 08 1 0 02 04 06 08 1
dispersive and nonlinear characteristigs,and~. Therefore, Distance, § c=0 Distance, ¢
to achieve the desired operational regime and pulse shape

simply needs to change the fiber lengththe input pulse peak
Ply 9 gt putp P 2. First-stage evolution of the relative temporal apelcsral shape factors

powerF, (or input pulse energy) and the input chirp paramet%lgand K, the misfit parametei, and the phase factab (for a = 0.95)
C/T¢. versusé and N for C = 0.

Energy parameter, N

0 02 04 06 08 1 0 02 04 06 08 1

Energy parameter, N

I1l. PARABOLIC PULSE GENERATION IN A NORMALLY

parabolic precedes the onset of wave breaking [15]. Figure
DISPERSIVE TWGSEGMENT FIBER DEVICE

2 also shows that the phase factor has a similar qualitative
In this section, we study the progressive nonlinear restgapibehavior as the temporal shape factor. On the other hand,
of an initial pulse into a pulse with a close-to-ideal padabo the band of operating conditions for whigh is very low is
shape and a nearly linear chirp in a ND fiber, and thghifted towards the region of larger distances compareld wit
subsequent shape-maintaining propagation of the pulse itha band where the pulse temporal profile is nearly parabolic
further piece of fiber. Moreover, ® takes its absolute minimum value fég¥ = 1
Figure 2 shows the evolution of the relative temporal ar@bw energies) or, in other words when the pulse evolution in
spectral shape factofs and k&, the misfit parameteh/, and the fiber is almost linear. Again, such a behavior consttute
the phase facto® versus the length of the first fiber sectiora major difference compared to the asymptotic generation of
(¢ ranging from 0 to 1) and the energy parametei(from 1 a self-similar PP which leads to a perfectly linear chirp. [3]
to 10) for an initial Gaussian pulse with = 0. Here, K and However, it is evident from Fig. 2 that there exists a rekstiv
K are defined ask = (k — kp)/kp, andK = (i —iip)/fp, large region IV, ¢) around the optimum pointNop, Eopt)
wherekp = kp = 0.072, anda is set to 0.95. It is seenfor K (M) where the frequency chirp is sufficiently linear
that parametersX and M exhibit similar trends, confirming (¢ < 0.1) over the majority of the pulse.
the results of [15]. The initial pulse energy, or in other d®r  Figures 3 and 4 show the pulse temporal and spectral inten-
the value of N strongly influences the pulse reshaping to sity profiles and the chirp profile at the output of the first and
parabolic form. The optimum distancg,. where K (M) second fiber segments obtained from numerical integration o
reaches a minimum decreases with increasiigand the the NLSE, when the pulses are launched into the second fiber
higher the value ofV, the faster the increase &f (1/) after at the optimum distancg&,; and for the optimum energy,
&pt, indicating that the parabolic temporal intensity profiléor which K and M reach their minima in the intial reshaping
is more difficult to maintain. This represents a very diffdre fiber, respectively. It can be seen that after propagatichen
behaviour compared to that of self-similar PPs which maintafirst stage, the pulse temporal profile is already very close
their intensity profile during amplification [3].We can alsee to the desired parabolic shape, as confirmed by the good
in Fig. 2 thatN influencesK,ps = K (éopt) (Mopt) and that agreement between the temporal intensity distributiontaed
an optimumi exists: Nopt ~ 2.5-4 (moderate energies). Theparabolic fit (of the same energy and FWHM width), and
absolute minimum ofi (corresponding tos.p, =~ 0.0723) the chirp (instantaneous frequency) is linear over thegnrer
occurs here atl{,pt = 2.8, {ope = 0.446). M is at its absolute containing part of the pulse. On the other hand, the spectrum
minimum (Mope ~ 0.033) for (Nopt = 2.6, &pe = 0.413). It of the pulse remains substantially Gaussian-shaped — as the
is worth noting that the distance at which the pulse becomiegial pulse spectrum is — during propagation in the firagst
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the input and output of the second stage starting at0.446 for N = 2.8.
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ending at the optimung for M, while the beginning of a

relatively moderate nonlinear effects during the firsgeta
pulse evolution. The situation is different at the output of
the second stage. There, the temporal intensity profile has
stabilized to an almost ideal parabolic shape and the chirp i
highly linear over the entire pulse duration. Moreover, rgda
degree of spectral broadening and reshaping is observaxhwhi
can be fitted well with a parabolic shape. The PPs generated
in the first stage are thus seen to undergo large self-phase
modulation-induced spectral broadening without evideoice
any oscillations in the wings and concomitant side lobefién t
spectrum characteristic of wave breaking [1]. These resuk:

in agreement with the results reported in [15]. Moreoveg, th
comparison between Figs. 3 and 4 indicates that starting the
second stage at the poinV{,:, &pt) Of either minimumi

or minimum M vyields similar results in terms of degree of
parabolicity of the pulse shape in the temporal and spectral
domains and of linearity of the frequency chirp. Here and
here after, we will use parametéf as an indicator of the
pulse shaping process.
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factors K and K, and the phase factob versus¢ in the second fiber,
for N = 2.8 and the second stage starting at differéntDashed curves,
corresponding evolutions over a single-stage fiber dewiceM = 2.8. Right

graphs, temporal and spectral intensity facterand = and phase factor at
the output of the second stage as a function of the second stading point.

spectral reshaping of the pulse is observable at the oufput oNext, we investigate the tolerance of the PP generation in
the first stage ending at the optimupfor K. In any case, at the two-stage fiber system to the length of the initial regigp

this stage the spectrum does not have the parabolic ingendiber segment. The left graphs in Fig. 5 show the evolutions of
profile characteristic of a highly chirped PP [1], indicatin the relative temporal and spectral shape factors and theepha
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factor over the distance in the second fiber, when the secc < 10 ‘ il

stage starts at differergt and the energy parameter is set ¢ g 8

the optimum value ofN,,; = 2.8 relative to K in the first GE’

fiber. The corresponding evolutions in a single-stage ayst¢ g 6 Ll C=25

are also plotted for comparison. The values of the tempol i 4 j

and spectral shape factors and the phase factor at the ou 2 |

of the second stage are plotted as a function of the starti & J‘ ’

point of the second stage in the right graphs of Fig. 5. -

can be seen that launching the pulses into the second fi 0 02040608 1

at the optimum¢ relative to the first stage is not of crucial Relative spectral shape factor Phase factor
importance, especially with regard to the degree of paiebpol > 101 s —— 10— ')

of the temporal profile of the output pulse. A closer inspatti s |

of Fig. 5 reveals that also the deviations of the spectrghshe g 8 ~
and phase factors from their optimum values are, neveghgele % 6 ‘
very small. These results are confirmed by Fig. 6, which sho g !
the pulse temporal and spectral intensity profiles and tippch > 4 l
profile at the output of the second stage, when the secc %

stage starts at the boundaries of theegion considered in G 2| . ] RS i )
Fig. 5. It is worth noting here that starting the second stax 0 02 04 06 0.8 1 0 02 04 06 08 1
beyond¢,,. leads to small oscillations in the far wings of the Distance, & Distance, &

PP at the output of the second stage, which are an indicat

that the pulse will be subject to wave deformations on furthe

propagatlon However’ St'” for a Second Stage Startlng'npc)llzlg 7. First:stage evolution of the relative temporal arpntctral shape
hat i imatelv twi | h f d factors K and K, and the phase factap (for a = 0.95) versus§ and N for
t at is approximately twice as large dSp¢, Suc ar-end o ") 5andC = 2.5.

oscillations in the output pulse from the two-stage deviee a

very small, as it is seen from Fig. 6. The relatively large

freedom in the choice of the initial reshaping fiber length fop gre plotted in Fig. 7 for a Gaussian pulse with= —2.5 and

the generation of good-quality linearly-chirped PPs in a-tw ¢ = 2.5 used as the input. We observe that pulse reshaping

stage fiber device suggested by the results in Figs. 5 and 6 gaBgain obtained in the first fiber and that, just as for the cas

be particularly important for experimental implementa®f  of an input chirp-free pulse, operational bands exist foicwh

the approach. the output temporal intensity profile approaches the pdiabo
Next, we highlight the influence of the initial chirp on theshape K ~ 0.01) and the frequency chirp is close to linear.

PP generation process. Maps similar to those presentedin Huch bands correspond again to moderate values of thd initia
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Parametef( reaches its minimumig,, ~ 0.0725) at (Nopt = 0072006 o8 1 %4 06 o8 1
5, &opt = 1) for C' = —2.5, and at (Vopt = 3, &opt = 0.496) Second stage starting point, & Second stage starting point, &

for C = 2.5. We note that wherC' < 0, the curves of the

; [ Fig. 9. Temporal and spectral intensity facterand = and phase facto®
Sh‘?‘p? and phase facmrs for a givahare mor.mtomc II’E t the output of the second stage as a function of the secaigg starting
This is because the chirp parameter of an ideal PP is alght for ¢ = —2.5 (N = 5), C = 0 (N = 2.8), andC = 2.5 (N = 3).
negative. On the other hand, whéh> 0, the curves exhibit
peaks and deeps, which indicate that the pulse is changing it

chirp. More importantly, an initial non-zero chirp can stie tolerance to the first fiber length. The results achieved here

"Y€monstrate that the initial chirp can be used to tailor the
linearly chirped PPs generated in a fiber system, thus offeri
an additional degree of freedom. The chirp selection should
be done in accordance with the available fibers.

that, although the minimum value d& for C = F2.5 is
higher than that for the zero chirgy sets itself to a close-
to-parabolic valuek < 0.01 (k < 0.0727) after the distance
£~ 0.55 for C = —2.5and¢ =~ 0.4 for C = 2.5 in Fig. 7.
The temporal intensity and chirp profiles at the output of the
fiber ¢ = 1) for C = F2.5 andC = 0 are plotted in Fig. 8.
Here, the corresponding optimuiv values are used. We note
that the generated PP has a linear chirp with a negative slope
as the ideal PP does, regardless of its initial chirp. Mogeeov
the intensity profiles illustrate how the initial chirp aas a
parameter (in addition to the initial energy) related witfe t
width of the output PP.
The stabilization of the temporal shape factor in the first

o h . . . -50 0 50
stage by an initial non-zero chirp observed in Fig. 7 is gener Time, 1
ally expected to lead to a higher tolerance of the charatiesi
of the pulses generated in the two-stage system to the len
of the initial reshaping fiber compared with the case of a
zero chirp. These expectations are confirmed by Fig. 9, which
shows the temporal and spectral shape factors and the phadénally, we briefly discuss the influence of fiber loss on
factor at the output of the second stage as a function of ttiee pulse reshaping process. It is well known that the loss
second stage starting poigtfor C = F2.5 and C = 0, effectively reduces the lengthof the fiber to a length.g =
and the corresponding optimuf¥ values. It is seen that an(1 — exp(—2T'2))/(2T"), whereT' = 0.05In(10)« is the loss
initial non-zero chirp yields a higher tolerance to the firstoefficient, andx is given in dB/km [17]. A simple estimate
fiber length in the spectral and phase domains irrespectiee the typical valuean = 0.2 dB/km of standard monomode
of the chirp parameter sign, whereas in the temporal domdibers indicates that for the purpose of lossless propagétie
the tolerance forC' > 0 is slightly reduced compared withfiber length should be <« 1/T" =~ 40 km. The effect of fiber
the case ofC = 0. However, we can see that the deviationkss remains negligible even for the more lossy HNL fibers
of the temporal shape factor from its ideal parabolic valugith o ~ 1 dB/km as long ag does not exceed some hundreds
are very small for all chirp values. We also observe thaf meters. In Fig. 10 we have plotted exemplary pulse termpora
launching an initially positively chirped pulse into thedw intensity profiles at the output of the two-stage fiber defice
stage device yields the best compromise between minimtie lossless and lossy (witfz ~ 0.01) systems. It can be seen

achievable values ok, = and ® at the device output andthat the two curves are, indeed, indistinguishable.
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ig. 10. Pulse temporal intensity profiles at the output & tivo-stage
vice for the lossless and lossy systems=( 0.2 dB/km).
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IV. NONLINEAR PULSE SHAPING IN A NORMALLY
DISPERSIVE FIBER

k (%) used in this paper, which is defined solely in terms
of the second-order moments related to the pulse temporal

In Sec. Ill, we have seen that pulses with a paraboﬁépectral) width and power, does not characterize unigtnay

intensity profile can be formed by passive nonlinear res‘rgapiShape of the.p.ulse. Some infgrmation abc_)ut the ,ShaF’e is still
in a ND fiber. The best-quality parabolic pulses occur for mo@"€Sent and it is useful for gaining a physical insight irfte t
erate values of the initial pulse energy. Here, we demotestrRU/S€ dynamics. More complete shape information could be
that using initial pulses with sufficiently high energy, et prowde_d by higher-order momen_ts, WhICh contain inforiomti
different reshaping processes are possible in a shortHeofgt in the time and frequency domains simultaneously.

ND fiber.

V. CONCLUSION
Cc=2
We have presented an accurate characterization of the

nonlinear reshaping of conventional pulses that occursiupo
propagation in cascaded sections of commercially availabl
ND fibers. We have analyzed in detail the evolution of an
initial pulse into a pulse with a nearly parabolic temporal
intensity profile and a nearly linear chirp during propagain

a ND fiber, and the subsequent pulse stabilization in a second
ND fiber with specially adjusted nonlinear and dispersive
characteristics relative to the first fiber. We have invedéd

the tolerance of the PP formation against variations in the
length of the initial reshaping fiber as well as the influence
of the initial pulse chirp on the pulse reshaping process.
We have furthermore proposed the combination of pulse pre-

We have observed that an initial, sufficiently powerful |eulsChirping and propagation in a single section of ND fiber as a
ethod for passive nonlinear pulse shaping, which provides

can evolve towards a flat-top temporal shape for both zeft , X
simple way of generating various pulse temporal shapes

and non-zero initial chirp and to a triangular shape wh tund | and ical | - h
C > 0 during propagation in a ND fiber. Both types oot fundamental and practical interest. We anticipate that t

generated pulses have a negative chirp parameter sirnitarlypbt_amed result; mlght be O,f great mtert_ast in the f'e"?' of
the ideal PP. It is to be re-iterated that such pulse intgns ptical communications and S|gnal processing, as \.Ne” dsein
profiles correspond to transient evolution regimes in ther.ﬁb_IeIOI Ofl pulseo_l _Iasers. we lzjeheve _that oufr analyss,ez?sed on
Figure 11 shows examples of the temporal intensity profilé’%tegra quantities (averaged over time or frequency)eeléo

and corresponding chirp profiles obtained using an initiHFe main pulse charactensucs,.wnl stimulate thg deplegm
chirped Gaussian pulse anyf 10. The left graph in of a larger array of mathematical tools to achieve a better

Fig. 11 shows a flat-top pulse generated for — —1.5 description of the nonlinear pulse dynamics in ND fibers,

at ¢ 0.215. Such a pulse is characterized by a ﬂatte\’lthCh Is becoming an active field of research.
top and steeper edges than a PP. The trial fitting function
Jur(7)[2 = [1 — (r/m)?" if |7] < m and [ur(r)* = 0 REFERENCES
otherwise, is also plotted fdr = 0.382 and the same energy (1] p. Anderson, M. Desaix, M. Karlsson, M. Lisak, and M. L. i@hga-
and peak power as those of the actual pulse, showing a good Teixeiro, “Wave-breaking-free pulses in nonlinear-agiifibers,”J. Opt.
agreement with the actual pulse shape. This function yields Soc. Am. B, vol. 10, no. 7, pp. 1185-1190, 1993 .

] K. Tamura and M. Nakazawa, “Pulse compression by noafirmilse
“(b_) = 21—‘(2[7)21—‘(17"'3/2)4/(7Tb2(b+3/2)1—‘(b)4r(2b+3/2)2)’ evolution with reduced optical wave breaking in erbium-elbpfiber
which matches the value of the generated puise- 0.0739)
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Fig. 11. Temporal intensity and chirp profiles in the ND fiber v = 10,

andC = —1.5 at £ = 0.215 (left) andC = 2 at € = 0.33 (right). Solid

curves: NLSE numerical simulation results, circles: cgpanding fits. In the

left graph, the parabolic fit (thin solid curve) is also shown

amplifiers,” Opt. Lett., vol. 21, no. 1, pp. 68-70, 1996.
for b = 0.382. The corresponding parabolic fit is also shown[3] M- E. Fermann, V. I Kruglov, B. C. Thomsen, J. M. Dudleynda
Note that such a flat-top intensity profile corresponds to the
evolution regime in the fiber immediately preceding wave
breaking [1]. Function:(b) has the minimum ak = 1, which ~ [4]
corresponds to a parabolic intensity profile. A triangulaisp
generated fo€ = 2 at¢ = 0.33 is shown in the right graph of [5]
Fig. 11. There is a good agreement between the actual ibtensi
profile and the ideal triangular fit. In this example= 0.0752
for the generated pulse. Note that the triangular pulseisbap [6]
regime seems to be peculiar to the nonlinear evolution of an
initial pulse with a positive chirp parameter in a ND fiber 17 7]
We can furthermore see from Fig. 11 that the frequency chirp
exhibits a linear and monotonic behavior over the majorit)lf
of the flat-top pulse profile and over the entire triangula
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