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In this paper, we investigate the modulation instability for generating femtosecond pulses in fibres with slowly

decreasing dispersion.

Higher-order dispersion and higher-order nonlinear effects are taken into account when the

continuous wave or quasi-continuous wave evolves into sub-picosecond and femtosecond pulses by modulation instability

in the optical fibres. Our research results show that the gain spectrum of the dispersion-decreasing fibres is much wider

than that in conventional fibres.

The third-order dispersion effect has no contribution to gain spectrum, while the

self-steepening effect reduces the maximum value and gain bandwidth, and the Raman self-scattering effect widens the

extent to which the modulation instability occurs.
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1. Introduction

The continuous wave (cw) or quasi-continuous
wave (quasi-cw) exhibits an exponential growth due
to the interaction of nonlinear effects and dispersion
effects in optical fibres. This phenomenon is referred
to as modulation instability (MI).[] MI was first theo-
retically analysed?! by Hasegawa and Breinkman and
first verified experimentally by Tai et al.l¥] Because of
its various applications in frequency generation, op-
tical switching and laser techniques, MI has received
much attention recently. It is verified that picosecond—
femtosecond soliton pulses with high repetition rates
can be generated by MI in conventional fibres. How-
ever, experimental results have shown that the gen-
erated pulses have broad pedestals.l*] Pulse pedestals
not only lead to a deterioration in the quality of pulse
trains, but also make the compressed pulse unstable
due to the nonlinear interaction of pedestals with the
compressed pulses. Recently, a novel approach has
been used to compress and generate high-quality ul-
trashort pulses (pedestal free) in fibres with slowly
decreasing dispersion (FSDD) by adiabatic amplifica-
tion. This is regarded as a promising method for the

generation of ultrashort pulses.>~%! In this paper, we

analyse the properties of MI in the FSDD: the gain
spectrum of MI, and the influences of higher-order dis-

persion and nonlinear effects on MI.
2.Theoretical model

With the break-up of cw or quasi-cw radiation
into a train of sub-picosecond and femtosecond pulses
in the FSDD, the fibre loss, the higher-order disper-
sion, the nonlinear dispersion and the Raman self-
scattering effects are taken into account. We con-
sider the propagation of a light beam inside the
FSDD, which is governed by the generalized nonlinear

Schrédinger equation(®1]

dq P20%q |«
or gyt 7@*5
v 9 : dlql?
“inlaPa+ gt~ L o ala) - ivTna L, (1)

where z and t are the propagation distance and time,
respectively, ¢ is a slowly varying envelope, (31 is the
inverse of the group velocity, (5 is the coefficient of
group velocity dispersion (GVD), (3 is the coefficient
of third-order dispersion, «a is the loss coefficient of
fibres, 7 is the nonlinearity coefficient, wg is the sig-

nal frequency, and Twr is the Raman response time.
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The third and fourth terms on the left-hand side of
Eq.(1) represent the GVD and fibre loss, respectively.
The terms on the right-hand side of Eq.(1) are the
self-phase modulation (SPM), third-order dispersion,
self-steepening, and Raman self-scattering effects, re-
spectively.

We take the following transform

T=t—pz, E=-— [1feXp( z)],

A = exp <(;z> q. (2)

Then the normalized form of Eq.(1) can be obtained

as
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In the case of cw radiation, A(z,t) remains time-
independent during propagation in the FSDD. Assum-
ing that A is independent of T" at the input end of the
fibre at =0, then Eq.(3) has a steady-state solution

As = PoeXp(i’YP()f), (4)

where Py is the initial input power. Equation (4) in-
dicates that the cw beam remains unchanged except
that its phase increases with £. In order to study the
solution stability under a perturbation, we introduce
a small perturbation b, then the steady-state solution

has the following form

A= (VP +b)exp(ivPof), b < /Po.  (5)

By substituting Eq.(5) into Eq.(3) and linearizing in

b, we have
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Here, b* is the conjugate complex of b. We assume
that the solution of Eq.(6) can be expressed as follows

b(§,T) =U(E,T) +iV(¢,T), (7
where

U = Re(Upexpli(k& — wT))),
V = Im(Voexp[i(k€ — wT)]), (8)

and k and w represent the wavenumber and the shifted
frequency of the perturbation, respectively. Uy and Vj
are the amplitudes of the perturbation wave. Substi-
tuting Eq.(7) into Eq.(6) and separating Eq.(6) into

real and imaginary parts, we obtain two coupled equa-

tions
Z—[é - %ﬂgexp(az)%
:%53exp(az) 8;2 - 3wlopo Zga (92)
O;—‘g + %ﬂwxp(az) g;g
=2vPyU + 1ﬂgexp(ozz) g;‘g
_ —Po g;{ 27TRP03—;],. (9b)

Equations (9) provide a set of two homogeneous equa-
tions for U and V. This set of equations has a nontriv-
ial solution only when k£ and w satisfy the dispersion

relation
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Equation (10) indicates that the MI occurs only in
the region of anomalous group-velocity dispersion.
For conventional fibres, the dispersion parameter of
the fibre is constant for a certain wavelength, that
is B2(z) = B2(0).

fect, higher-order dispersion and fibre loss are negli-

If the higher-order nonlinear ef-

gible, k and w. can easily be obtained. This is in
For the FSDD,

the dispersion parameter decreases with the fibre dis-

agreement with the result in Ref.[1].

tance at an exponential growth rate, that is, 32(z) =

B2(0)exp(—pz). Then Eq.(10) should be modified

1
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We now introduce the gain spectrum in order to 15 61
5 -
study the MI in the FSDD. The gain spectrum is de- P
fined as 5 3]
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From Egs.(14) and (15), we can clearly see that

(15)

the pump power, fibre dispersion parameter, fibre
loss, higher-order nonlinear effect (including the self-
steepening and Raman self-scattering effects) con-
tribute to the MI, but the third-order dispersion does
not influence it. This is in agreement with the results
in Refs.[11]-[13].

3. Results and discussion

3.1. The MI of picosecond pulse in FSDD

We neglect the higher-order nonlinear and higher-
Then
the dispersion relation and gain spectrum from
Eqgs.(12) and (14) are

order dispersion effects on picosecond pulses.

k= i%wiﬂm|exp<az>exp<—uz><w2 — w2, (16)

G(w) = |wf2(0)[exp(az)exp(—pz)(ws — w?)'/?, (17)

where Lo P
wf _ Y oexp(uz) ) (18)
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Equation (17) shows that the gain spectrum of MI
exists only in the case of small shifted frequency per-
turbation w that satisfies the relation |w| < w.. When
c 2~ P, —

o —x e oy [P {(u a)z

V2 |82(0)] 2

spectrum G(w) has a maximum value

}, the gain

Gmax :G(Wmax)

:%|ﬂo(0)|exp(—uz)exp(az)wg = 2vP.(19)

Equation (19) indicates that the maximum value of
the gain spectrum is independent of the dispersion
parameter u, fibre loss a, and increases linearly with

the initial power Fj.

Frequency shift/THz

Fig.1. The MI gain spectra with the following pa-
rameters: curve a, FSDD, Py=2W; curve b, FSDD,
Py=1W;j curve ¢, CF, Py=2W; curve d, CF, Pp=1W.
The other parameters for all the curves are as fol-
lows: |B2(0)|=20ps?/km; v=2.0/W-km; x=0.5dB/km;
a=0.2dB/km; z=1km.

Figure 1 shows the results of the gain spectra of
the MI in conventional fibres (CF) and the FSDD with
the initial pump powers of 1 and 2 W, respectively.
The parameters are selected to be: |32(0)|=20ps?/km;
~=2.0/W-km; p=0.5dB/km; a=0.2dB/km; z=1km.
The similarity of the two types of fibres are as follows.
(1) The maximum values of the gain spectra are equal
under the same power. For both CF and FSDD sam-
ples, the maximum gains are 4/km for Py=1W. (2)
The fibre loss reduces the bandwidth of the gain spec-
trum. Although the gain spectrum becomes broader
with increasing initial pump power and propagation
distance in both fibres, the bandwidth of the gain
spectrum in the FSDD is wider than that in CF at
the same initial pump power. The bandwidth ratio of

gain spectra in the two fibres is obtained from Eq.(17)

AwrspD uz az
SWESDD _ oy, [ £2 ~22) . (20
Aoy~ P\ g )exp 5 (20)

As pu — a=0, the ranges of the gain spectra are the
same. As p — a > 0, Eq.(20) shows that the range
of the gain spectrum in FSDD increases at an expo-
nential growth rate, compared with that for CF. As
©— a < 0, the FSDD loss is so large that the range
of FSDD is smaller than that of CF. So, in order to
acquire broader range of MI to generate ultrashort
pulses, we should produce FSDD with a larger disper-

sion parameter p and a lower loss a.

3.2. The influence of the self-steepening effect
on MI

When Tr=0 (omitting the Raman self-scattering

effect), the dispersion relation and the gain spectrum
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can be written in the following forms from Egs.(12)
and (14)
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the gain spectrum also has the maximum value
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4~ P,
where w? = LP(MZ). From Egs.(22) and (23),
|52(0)|exp(crz)

we can see that the self-steepening effect not only
makes the range of gain spectrum narrower, but also
reduces the maximum value of the gain spectrum. The

bandwidth of the gain spectrum is

4y Pyexp(pz)
|82(0)[exp(az)
L a(fwy PR3
B3 (0)exp(—2uz)exp(2a2)

Awgge =2

(24)

Figure 2 shows the influence of the self-steepening
effect on the MI gain spectrum bandwidth. The self-
steepening effect is referred to as v/wy. With the self-
steepening effect strengthening, the bandwidth be-
comes narrower for a certain dispersion parameter p.
Equation (24) also shows that the largest bandwidth
exists under a certain condition which must be satis-

fied, as follows
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Fig.2. Influence of the self-steepening effect on MI
gain spectrum bandwidth in FSDD. The self-steepening
coefficient is equal to +/wg. The parameters used
are: |B2(0)|=20ps?/km; y=2.0/W-km; pu=0.5dB/km;
a=0.2dB/km; z=1km; Pp=2W.

2(y/wo)*Po
|82(0)|exp[(a — p)z] = -
The largest bandwidth is Afpmax = 2wp/(27). For
a sample, if the initial power Py is 1 W, the fi-
bre nonlinear coefficient y=2.0/W-km, the light wave-
length A=1.55pm, fibre loss @=0.2dB/km and the
propagation distance z=10km, then we should have
u=1.782dB/km in order to satisfy Eq.(25), and the
largest bandwidth is A f,.x=387THz. Figure 3 shows
that there is actually an optimal value of the disper-

(25)

sion parameter g when the MI bandwidth is maxi-

muil.
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Fig.3. Different bandwidths induced by MI with different
values of dispersion parameter u for |32(0)|=20ps?/km,
~v=2.0/W-km, a=0.2dB/km, 2=10km, and A=1.55pm.

3.3. The influence of the self-steepening and
Raman self-scattering effects on MI

When the MI-induced femtosecond pulses propa-
gate in the FSDD, higher-order dispersion and higher-
order nonlinear effects must be taken into account.
From the above discussion, we know that the third-
order dispersion effect does not contribute to the gain
and bandwidth that are induced by MI. The higher-

order nonlinear effects (including the self-steepening
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Fig.4. Influence of higher-order nonlinear effects (including
the self-steepening and the Raman self-scattering effects) on
MI gain spectrum. The parameters are: |G2(0)|=20ps?/km;
~v=2.0/W-km; #=0.5dB/km; a=0.2dB/km; z=5km; T =6fs;
Py=2W.

and the Raman self-scattering effects) play a strong
role in MI. We have solved Eq.(14) numerically,
and the parameters are selected to be: wavelength
A=1.55um; pump power Py=2W; initial dispersion
coefficient 32(0) ~ 20ps?/km; nonlinear coefficient
v=2.0/W-km; Raman response time Tr=6.0fs; fibre
loss @=0.2dB/km; and dispersion slowly varying pa-
rameter ©=0.5dB/km. The gain spectrum curve is
shown in Fig.4 after the pulses propagate over a dis-
tance of 10km. From Fig.4, we know that when
the perturbation frequency is less than 0.3 THz, the
GVD, SPM and self-steepening effect dominate the

MI. When the perturbation frequency is larger than
0.3 THz, the Raman self-scattering effect becomes ma-
jor in the gain spectrum. The gain increases linearly
with the perturbation frequency that represents the
difference between FSDD and CF. This is because
the gain spectrum G(w) increases with w?/? when
w >0.3THz, according to Eq.(14). As the perturba-
tion frequency w increases, the self-scattering effect
dominates MI and results in a new region of gain spec-
trum where MI occurs in the optical fibres. Therefore

the Raman self-scattering effect widens the extent of

MI.
4. Conclusion

The MI of the femtosecond pulses in FSDD has
been investigated. We have found that the bandwidth
of the MI gain spectrum, induced by a lower pump-
ing power in FSDD, is much wider than that in con-
ventional fibres. When the cw break-up evolves into
a train of sub-picosecond or femtosecond pulses, the
higher-order dispersion and the higher nonlinear ef-
fects strongly affect the pulse evolution in the optical
fibres. We also find that the third-order dispersion
effect does not contribute to MI, whereas the self-
steepening effect reduces the maximum value of the
gain and bandwidth, and the Raman self-scattering
effect widens the region of MI.
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