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ABSTRACT

In this paper it was investigated the dynamics of frequency-modulated pulses in fiber cascades, consisting of a fibers
with sequentially formed refractive index gratings with different periods. It is shown that the proposed scheme can be
used to generate picosecond and subpicosecond pulses with peak powers of the order of ~1 MW. In the considered
cascade structures, it is shown that it is possible to form stable sequences of pico- and subpicosecond pulses with a
subterahertz repetition rate directly from continuous wave signals as a result of a modulation instability regime.

Keywords: generation of ultrashort pulses; fiber Bragg gratings; frequency modulated pulse temporal compression;
modulation instability.

1. INTRODUCTION

The fiber laser technology has recently been raised with the emerging ultrashort pulse (USP) sources emitting
the pulses of high peak power. Such laser sources are of great demand for a variety of applications, e.g., material
processing, cut edging, precise surface structuring, surgical procedures. In science and metrology, USP lasers are used
with ultrafast spectroscopy, multiphoton microscopy or optical coherence tomography [1,2]. An achievement of higher
pulse peak power in fiber lasers is associated with the use of optical fibers possessing a low nonlinearity [3]. Among
such fiber materials are single-mode fibers with large mode area (>100 um?) [4-6], step- or grade-index tapered fibers
[5,7,8]. Besides, the optical fibers with the dispersion varying along the fiber length are commonly used for the
generation of high peak power USP [1-3]. Such fibers enable as well pulse compression, supercontinuum generation, and
optical processing [9,10]. Therefore, design of nonuniform fibers possessing low nonlinearity is of great practical interest
for high-power USP fiber lasers. However, precise control of the fiber dispersion parameters is a technically challenging
task. In particular, in grade-index (parabolic) and step-index tapered fibers, the group velocity dispersion (GVD) is
determined by the fiber material dispersion and could not be tailored. A simple way to overcome this limitation is to
inscribe the array of refractive index fiber Bragg gratings with different periods distributed along the fiber length in a
proper way. This concept has been demonstrated to control the frequency-modulated (FM) pulse dynamics in Ref. [11-
13].

Currently, the FBG fabrication is a well-established technique [14], in particular, it is widely used with grade-
index multimode fibers promising for applications in high energy and high peak power laser pulsed sources [15-17]. In
this paper, we describe the method enabling amplification and temporal compression of FM pulses in a fiber
configuration comprising both passive and active (amplifying) fibers with the inscribed refractive index fiber Bragg
gratings (FBGs) of different periods. We demonstrate that in combination with the tapered fiber such a fiber
configuration could be used for generation of ultrashort pulse train with a high repetition rate (terahertz) directly from
the input weakly modulated CW light.
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2. FIBERS WITH INSCRIBED FBG ARRAYS

Let us consider the dynamics of an optical signal propagating in a fiber with the inscribed FBG arrays (Figure
1). The refractive index variation along FBG is defined by the function [9-12]:

n (z) =n,[1-mcos(27xz/ A(2))], (1)
where n, is the fiber average refractive index, m is the modulation depth of the inscribed grating, A, is the period of the
i -th FBG, i=1,2.... Contribution of the refractive index changes in FBG to the (GVD) is known to dominate the fiber
material dispersion. The second-order GVD is expressed as [9,10]:
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where d, is the fiber material second-order dispersion, V, is the group velocity of the pulse propagating in the fiber
without FBGs, x=2zm/ 4, is the coefficient describing the coupling between the forward and backward waves, 4, is
the central optical signal wavelength, &, is the normalized detuning of the optical signal carrier frequency from the peak
FBG reflectivity frequency @, . For a uniform FBG, this detuning can be written as [15,16,18]:

@(z)zwzﬁ(i_ 1 ]zzm_ T A3)
v, V, (b @) Vo A
Depending on A, (z) the detuning &;(z) can be either negative or positive. Correspondingly, the second-order GVD of

the fiber is normal or anomalous at & <0 and & > 0, respectively. Here in after, the pulse wavelength is assumed to be
less than and far from the FBG peak reflectivity wavelength, i.e. § >>« . In this case, Eq. (2) is reduced to:

ﬂz(z) = dz (4)

K
The FBG reflectivity spectrum bandwidth isA4,, =m4,/2n,<<1 nm. At a large frequency detuning 6 >>« , the
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inscribed FBG has no effect on the effective cubic nonlinear coefficient in the fiber, since it is determined by the fiber
material only. However, the contributions of higher-order dispersion coefficients still have to be taken into account. In
particular, the third-order GVD contribution is expressed as [10,18]:
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In accordance with Eq. (5), the parameter f,(z) in a single-mode fiber is several orders of magnitude higher than the
material third-order dispersion d, [9,10] and so it can deteriorate the FM pulse compression quality resulting in pulse

shape distortion and even decay.

Let the period A, (z) of FBGs inscribed in the optical fiber increase along the fiber length z. In this case, 6 also
increases with z leading to the decrease of the anomalous GVD absolute value. As follows from Eqs.2 and 5, the second-
and third-order dispersion parameters decrease as 6> and o *, respectively. The contributions of higher-order dispersion
(B,~o6") reduce even faster, thereby preventing the shape deformation for the generation of high peak power

subpicosecond pulses considered below.
3. SOLITON-LIKE FM PULSE TEMPORAL COMPRESSION IN FIBERS WITH INSCRIBED FBG

The dynamics of pulse propagation in an optical fiber with the inscribed FBG arrays (Figure 1) could be
described by the nonlinear Schrédinger equation commonly used with nonuniform fibers [19,20] and taking into account
the fiber nonlinearity, gain factor, second- and third-order dispersion coefficients:
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wherer:t—_[:dglu((f) is the time in the running reference frame, u(z) is the pulse group velocity, g,,(z) are the
second- and third-order dispersion parameters, R(z) is the cubic (Kerr) nonlinearity coefficient, g(z) is the gain factor,
7, 1s the nonlinear (Raman) response time in the fiber medium. At f,(z) - Oandz, — 0, the pulse evolution described

by Eq. (6) could exhibit unlimited temporal compression resulted in unlimited increase of the peak amplitude [19]. To
get this solution, the dispersion and nonlinear coefficient should be kept unchangeable along the fiber with anomalous
GVD ( S,R <0) and the gain factor distribution determined by the function g(z) = g, / (1—-2g,z) should be provided. In

this case, in the fiber length 2g,z <1, the pulse evolution described by Eq. (6) is expressed as:

2_
A(z,z) = A sech| = exp iLFZ . @)
1-29,z 2 1-29,z

Here, A, 7., «, are the input pulse amplitude, duration, and FM rate, respectively, I' = g, / 2,z . Similar scenario of

the FM soliton pulse evolution is also achievable in the optical fiber with a constant gain but the GVD varying along the
fiber length. To get this operation in the active fiber with a constant gain factor, the GVD profile has to be described as

[21,22]:
a |ﬁzo|
ﬂz(z) _>_|:Bzo|exp —g—(exp(Zgoz)—1)+2902 . (8)
0
It results in evolution of the pulse duration:
% B
7(2) > 1, exp{—%(exp(z%z) —1)}- ©)
0

For passive fibers with g, =0,Egs. (8, 9) are reduced to:
B(D) = _|ﬂzo| exp(—2a, |ﬂ20| 2), (10)
7,(2) = 7eXp(—2c1, |ﬂ20| 7). (11)

Figure 1. Arrangement of the second-order dispersion profile in the cascaded fiber configuration comprising one active and one
passive fiber. The length of active and passive fiber segment is 1=22.5cm, g,=0.2cm™ and g, =0. On inset is optical fiber

segment comprising three FBGs with increasing period.
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Therefore, under the condition that the proper GVD profile is provided by a proper distribution of the inscribed
FBG period along the fiber length, the fibers with the inscribed FBG arrays could be employed for the generation of high
peak power USPs.

Let us consider the dynamics of FM pulse propagating in a passive or active optical fiber with the inscribed
FBG array (Figure 1). All inscribed FBGs differ only in the period A, , where i is the FBG order number. The average
refractive index n, =1.5 and modulation depth m are assumed to be the same for all FBGs. In the numerical
calculations, we use the parameters typical for standard optical fibers and inscribed gratings: the cubic nonlinearity
coefficient R =107 (W-m)™ at the wavelength 4, =1550 nm, mode effective areaS,, =50 um?”nonlinear response
time of medium 7, ~5-10®s, d, =—2-10% s?*/m, d, =10 s*/m [10]. It is worth noting that the parameter d, can
play a crucial role at the final stage of pulse compression, when the light bandwidth is maximal and the effect of the
inscribed FBG on the dispersion is minimal. The used parameters of the inscribed FBGs are the Bragg wavelength
Ag(z=0)=2n,A, =1556.5 nm, detuning & ~2.5-10" m™, and refractive index modulation depth m=5.10"*. The

coupling coefficient x ~2.5-10° m™ corresponds to these parameters. The proper distribution of the FBG period along
the fiber length is used to provide the exponential GVD profile £, (z) = —| ﬁ20|exp(—qz) .

4. AMPLIFICATION AND TEMPORAL COMPRESSION OF FM PULSES IN A CASCADE OF FIBERS

Amplification and temporal compression of pulses will be consider in the cascaded configuration comprising
active and passive fibers of the same length L with the inscribed FBGs. A gradual decrease of the FBG period down to a
certain minimal value corresponds to the GVD increase.

P=0.7 MW
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Figure 2. Temporal compression of FM pulse in the cascaded fiber configuration comprising one active and one passive fibers. The
parameters: duration z, =10 ps , initial power P, =1 W , initial frequency modulation ¢, =10* s, nonlinearity R =10"° (W-m)™ and

dispersion profile are shown in Figure 1.

In the cascaded fiber configuration, the first fiber has a constant uniform gain g, >0 along the whole fiber length,
whereas in the second passive fiber g, =0. In the first fiber, the inscribed FBG period smoothly decreases, whereas in
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the second segment it smoothly increases getting the initial level. The period of each FBG is set so that the GVD profile
shall be approximated by the exponential functions g, = 5,, exp(£qz) (Figure3). In the first fiber, the FBG period

decreases from 517.5 to 529.2 nm and the GVD increases by the factor 3,/4,, ~10°. In the second fiber, the GVD
decreases exponentially down to its original value 5, .

Figure 2 shows the shape (a) and evolution (b) of the pulse as it propagates in the fiber cascade. In the active
fiber, the input pulse experiences rather weak pulse temporal compression and its power (black curve) increases up to
P ~16 kW (Figure 2, red curve). In the passive fiber, a strong temporal compression with a drastic increase of the peak

power up to a megawatt level occurs (Figure 2, blue curve). Importantly, the pulse FM at the cascade output is nearly
linear (Figure 2, inset). So, the pulse is suitable for further temporal compression by standard tools, like a pair of
diffraction gratings.

CONCLUSION
We have explored evolution of the FM pulses in the fiber cascaded configurations comprising one active and
one passive optical fibers with the inscribed FBG arrays. Both amplification and temporal compression in such a fiber
cascade resulting in peak powers up to ~700 kW are theoretically described. The quality of generated pulse increases
with the number of FBGs inscribed in the fiber of the given length. We have shown that the amplified pulses could
possess the linear frequency chirp making them available for further compression.
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