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Abstract: We explored the dynamics of frequency-modulated (FM) pulses in a cascaded fiber con-
figuration comprising one active and one passive optical fiber with multiple fiber Bragg gratings
(FBGs) of different periods inscribed over the fiber configuration length. We present a theoretical
formalism to describe the mechanisms of the FM pulse amplification and pulse compression in
such fiber cascades resulting in peak powers up to ~0.7 MW. In combination with the decreasing
dispersion fibers, the considered cascade configuration enables pico- and sub-picosecond pulse trains
with a sub-terahertz repetition rate and sub-kW peak power generated directly from the continuous
optical signal.

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

1. Introduction

Fiber laser technology has recently been improved with the emerging ultrashort
pulse (USP) sources emitting pulses of high peak power. Such laser sources are in great
demand for a variety of applications, e.g., material processing, cut edging, precise surface
structuring, and surgical procedures. In science and metrology, USP lasers are used with
ultrafast spectroscopy, multiphoton microscopy, or optical coherence tomography [1-4].
The achievement of higher pulse peak power in fiber lasers is associated with the use of
optical fibers possessing a low nonlinearity [5,6]. Among such fiber materials are single-
mode fibers with large mode areas (>100 um?) [5-10] and step- or grade-index tapered
fibers [8-14]. Additionally, the optical fibers with the dispersion varying along the fiber
length are commonly used for the generation of high peak power USPs [1-6]. Such fibers
also enable pulse compression, supercontinuum generation, and optical processing [15,16].

Therefore, the design of nonuniform fibers possessing low nonlinearity is of great
practical interest for high-power USP fiber lasers. However, the 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 cannot 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 [17-21].

Currently, FBG fabrication is a well-established technique [22,23]; in particular, it is
widely used with grade-index multimode fibers and is promising for applications in high-
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energy and high-peak power laser pulsed sources [24-30]. At present, FBGs are widely
used both as elements of various types of fiber lasers and as sensitive elements of various
fiber sensors [31-38]. Now, there are many papers in which the spectral characteristics of
FBGs, their manufacturing methods, and their application possibilities are considered.

In this paper, we describe the method enabling amplification and temporal compres-
sion of FM pulses in a fiber configuration comprising both passive and active (amplifying)
fibers with 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 the generation of an ultrashort pulse train with a high repetition rate (terahertz)
directly from the weakly modulated CW input light.

2. Fibers with Inscribed FBG Arrays

Let us consider the dynamics of an optical signal propagating in a fiber with inscribed
FBG arrays (Figure 1). The refractive index variation along the FBG is defined by the
function [15-19,39,40]:

ni(z) = ng[1 —mcos(2mz/Ai(z))], (1)

where 1y is the fiber average refractive index, m is the modulation depth of the inscribed
grating, and A, is the period of the i-th FBG, i =1,2...

&»\r /\—2-—

o As
M) N

FBG FBG: FBGs

-

Figure 1. Optical fiber segment comprising three FBGs with increasing period.

The contribution of the refractive index changes in the FBG to the GVD is known to
dominate the fiber material dispersion. The second-order GVD is expressed as [15,16,28,31]:

B sign(d) -x* 1 [ 9*(wnp(w)) sign(é) - k2
Ba(z) = dy — V25— )R = C( 92 >w_w0 - V2 - )27 )

where d; is the fiber material second-order dispersion, V, is the group velocity of the
pulse propagating in the fiber without FBGs, x = 27tm /Ay is the coefficient describing
the coupling between the forward and backward waves, Ay is the central optical signal
wavelength, and ¢; is the normalized detuning of the optical signal carrier frequency from
the peak FBG reflectivity frequency wp.

For a uniform FBG, this detuning can be written as [15,16,28,31]:

_ wo—wgi(z) 27TC( 1 1 ) 27c T

6i(z =" —=- = — )
1( ) Vg Vg /\0 )\Bi(z) Vg)\O Ai(Z)

®)

Depending on A;(z) the detuning J;(z) can be either negative or positive. Corre-
spondingly, the second-order GVD of the fiber is normal or anomalous at § < 0 oré > 0,
respectively.

Hereinafter, the pulse wavelength is assumed to be less than and far from the FBG
peak reflectivity wavelength, i.e., § > «. In this case, Equation (2) is reduced to:

K2

5 4)
Vzs?

B2(z) = dy —

The FBG reflectivity spectrum bandwidth is AAgsp, = mAg/2ny < 1nm.
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At a large frequency detuning J >> «, the 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 [15,16,28,31]:

36K> 1 (83(wno(w))> N 32
wW=wy

= d + = — —,
Bs(z) =ds Vi@ —p? ¢ 93 V3ot

©)

In accordance with Equation (5), the parameter f3(z) in a single-mode fiber is several
orders of magnitude higher than the material third-order dispersion d3 [15,16], 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, J also increases with z, leading to a decrease in the anomalous
GVD absolute value. As follows from Equations (2) and (5), the second- and third-order
dispersion parameters decrease as 6> and 64, respectively. The contributions of higher-
order dispersion (8, ~ ") reduce even faster, thereby preventing shape deformation for
the generation of high-peak power subpicosecond pulses considered below.

3. Soliton-Like FM Pulse Temporal Compression in Fibers with Inscribed FBGs

The dynamics of pulse propagation in an optical fiber with inscribed FBG arrays
(Figure 1) can be described by the nonlinear Schrodinger equation commonly used with
nonuniform fibers [29,33-35] and taking into account the fiber nonlinearity, gain factor, and
second- and third-order dispersion coefficients:

24 _ A raA 2 AP,
oz | 2 o 6 3T3+’R(Z)<|A| R=57 A=g(z)A, (6)

where T = t — foz dé¢/u(g) is the time in the running reference frame, u(z) is the pulse
group velocity, B 3(z) are the second- and third-order dispersion parameters, R(z) is the
cubic (Kerr) nonlinearity coefficient, g(z) is the gain factor, and 7y is the nonlinear (Raman)
response time in the fiber medium.

At B3(z) — 0 and g — 0, the pulse evolution described by Equation (6) could exhibit
unlimited temporal compression, resulting in an unlimited increase in the peak ampli-
tude [29,33,34]. To obtain this solution, the dispersion and nonlinear coefficient should be
kept unchangeable along the fiber with anomalous GVD (B,R < 0), and the gain factor
distribution determined by the function g(z) = go/(1 — 2g0z) should be provided. In
this case, for the fiber length 2gpz < 1, the pulse evolution described by Equation (6) is
expressed as:

T2 —Tz

N AO T
A(t,z) = T 2gozsech(l_s) exp (z 1= 2302 ) (7)

Here, Ay, Ts, xg are the input pulse amplitude, duration, and FM rate, respectively,
I'=go/ 20601’3.

A similar scenario of the FM soliton pulse evolution is also achievable in the optical
fiber with a constant gain but with the GVD varying along the fiber length. To obtain this
operation in the active fiber with a constant gain factor, the GVD profile has to be described
as [41-44]:

Ba(z) — —[Bao] exp [—”“’fj‘)'@xp@goz) 1) +zgoz] ®

This results in the evolution of the pulse duration:

T(z) = T exp {—%fozd(exp(Zgoz) - 1)] )
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For passive fibers with gg = 0, Equations (8) and (9) are reduced to:
P2(z) =~ —|Bao| exp(—2a0|B20|z), (10)

T5(z) =~ 19 exp(—2ap|Bao|z), (11)

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

Let us consider the dynamics of an FM pulse propagating in a passive or active optical
fiber with an 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 nyp = 1.5 and modulation
depth m are assumed to be the same for all FBGs.

In the numerical calculations, we used the parameters typical for standard optical
fibers and inscribed gratings: the cubic nonlinearity coefficient R = 1072 (W x m) L at the
wavelength Ag = 1550 nm, the mode effective area S, ff =50 um?, and the nonlinear response
time of the medium of Tz ~ 5 x 107 %s,dy = —2 x 1077 s2/m, d3 = 107403 /m [15,16]. 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 parameters used for the inscribed FBGs were the Bragg
wavelength Ag;(z = 0) = 2n9A; = 1556.5nm, detuning 6 ~ 2.5 x 10*m~!, and refractive
index modulation depth m = 5 x 107%. The coupling coefficient x ~ 2.5 x 103m™!
corresponds to these parameters. The proper distribution of the FBG period along the fiber
length was used to provide the exponential GVD profile B,(z) = —|Baolexp( — gz).

The optimal fiber parameters are those that enable the FM soliton pulse generation
determined by relations (7) and (8) [43,44]. The generation of high-peak power FM pulses is
provided by tailoring the GVD profile ,(z) and the proper selection of the initial frequency
modulation rate . In turn, the B,(z) parameter is governed mainly by the variation of
the FBG parameters according to (2) and (4), whereas higher-order dispersion has to be
relatively low:

|B2| >> , n>3,

anAwn—2
n!

where Aw is the FM pulse spectrum width.

Figure 2 compares the results of the FM pulse (6) temporal compression in a 20 cm
passive optical fiber comprising 5, 10, or 20 inscribed FBGs separated by 4, 2, or 1 cm,
respectively. The pulse duration at the fiber input is Ty = 10 ps, the FM rate is ag ~ 1072,
and the peak power is Py = |Ap|* = 7.7 kW. The output pulses obtained in three cases are
shown in comparison with the similar pulse obtained in the fiber with the perfect exponen-
tial GVD profile. Along the fiber length, the GVD decreases from B(0) ~ —5 x 1072 s2/m
to By ~ —2.5 x 1072052 /m, with the period increasing from 516 to 534 nm. One can see
that the discretization of the GVD profile into individual gratings leads to worse com-
pression and causes an increase in the noise pedestal level. Nevertheless, the use of the
fiber with at most 5 FBGs enables an effective compression of the initial pulse. A larger
number of FBGs inscribed within the same fiber length provides a higher peak power and
a smoother pedestal. We observed that the use of a fiber length larger than 20 cm causes
rapid distortion of the FM pulse independently of the number of FBGs used. In this case,
the less smooth the GVD profile is, the sooner the destruction occurs.

In our opinion, to implement the proposed scheme, the long chirped FBGs with
a smooth change in the period seem to be the most suitable. However, as mentioned
in our work, the inscription of the chirped FBGs is technically difficult. Therefore, the
use of multiple uniform FBGs of different periods inscribed over the fiber length is a
simpler way to provide a smooth decrease in the anomalous GVD induced by the FBG.
Therefore, in the revised manuscript, Figure 2 shows the FM pulse peak power achieved
in the fiber with a different number of FBGs. One can see that a chirped grating with a
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smooth change of the period ensures the most compression efficiency. On the other hand,
discrete uniform gratings can also provide a good result. Moreover, the shorter the grating
with a fixed period we used, the smoother dispersion profile that can be achieved. The
analysis shows that an increase in the FBG number (within the same fiber length) leads to
better compression, a reduced number of sidebands, and a higher power concentration in
the pulse.

0.8[ A A A
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s ] mmmman. 7 () grat.
% ! —— 10 grat.
=5 ol = = 5 grat.
S | N - (e, exp profile
|
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Figure 2. Temporal compression of frequency-modulated pulse in the passive fiber with inscribed
FBGs providing the dispersion decreasing distribution along the fiber length. The initial pulse power
is 7700 W, the duration is 10 ps, and the fiber length is 20 cm.

The use of passive fibers with inscribed FBG arrays as a means of pulse compression
is possible if the input FM pulse contains enough energy. Therefore, we propose to use it
as the second segment of the cascaded fiber configuration employing the active amplifying
fiber as the first segment. The active fiber has to amplify the input pulse up to the required
level. In the next section, we consider the cascaded fiber configuration comprising active
and passive optical fibers with inscribed FBGs.

On the other hand, the type I-IR gratings allow a smooth variation of the grating
period. For example, chirped gratings can be manufactured as the type I gratings. Thus, the
choice of the optimal grating type for the proposed configuration is a subject to be studied
separately elsewhere. However, we believe that both types can ensure significant results.

In our configuration, the modulation depth m of the FBGs plays a crucial role. The
greater the modulation depth, the shorter the FBG that can be used, and the higher GVD B,
that can be achieved within a single FBG. As follows from relation (4), B2(z) increases as the
square of the FBG modulation depth. According to [25,45], type II gratings inscribed with
the pulsed laser are preferable for obtaining deeply modulated FBGs providing m > 1075.

On the other hand, the type I gratings allow a smooth variation of the grating period.
For example, chirped gratings can be manufactured as type II gratings. Thus, the choice
of the optimal grating type for the proposed configuration is a subject to be studied
and published elsewhere. However, we believe that both FBG types are applicable for
our purposes.

We consider the proposed configuration to be quite universal. Such FBGs can be
effectively used in ytterbium-doped active fibers able to provide the generated pulses
with high energy (consequently, high peak power over 100 kW), and our configuration is
primarily proposed to generate high power pulses. The simplest implementation of such
technique can be considered using Ge-doped fibers [31,36], as the inscription technique
is well developed for them [31]. Additionally, Er-doped active fibers are suitable for
this purpose.
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4. Amplification and Temporal Compression of FM Pulses in a Cascade of Active and
Passive Fibers

This section may be divided into subsections. It provides a concise and precise de-
scription of the experimental results, their interpretation, and the experimental conclusions
that can be drawn.

The cascaded configuration comprising active and passive fibers of the same length
L with inscribed FBGs is presented in Figure 3a. Figure 3b shows the distribution of the
FBG period A; along the fiber length. A gradual decrease of the FBG period to a certain
minimal value corresponds to the GVD increase.

BN 10 [ By iy 1O
529 2 o]
@ A, A Aw | As An A, @
526
o @
53+
(6] [¢]
@ o
20 o] o}
o, o®

517 L I L

0 0.4 0.8 1:2 1.6 L 2

(a) (b)

Figure 3. Arrangement of the inscribed FBGs (a) and the second-order dispersion profile (b) in the cascaded fiber config-

uration comprising one active and one passive fiber. The length of the active and passive fiber segment is [ = 22.5cm,

g1 =02cm™!, and go = 0.

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 the second segment, it smoothly
increases, achieving the initial level. The period of each FBG is set so that the GVD profile
shall be approximated by the exponential functions B, = B exp(%qz) (Figure 3). In the
first fiber, the FBG period decreases from 517.5 to 529.2 nm, and the GVD increases by the
factor By /oo = 103. In the second fiber, the GVD decreases exponentially to its original
value Byo.

Figure 4 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 4, 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 4, blue curve).

Importantly, the pulse FM at the cascade output is nearly linear (Figure 4, inset).
Therefore, the pulse is suitable for further temporal compression by standard tools, such as
a pair of diffraction gratings.
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Figure 4. The shape (a) and evolution (b) of the pulse as it propagates in the fiber cascade. Temporal
compression of FM pulse in the cascaded fiber configuration comprising one active and one passive
fiber. The parameters, duration 1y = 10 ps, initial power Py = 1W, initial frequency modulation
®o = 10**s72, nonlinearity R = 1075 (W x m)_l, and dispersion profile are shown in Figure 3.

5. Generation of High Repetition Rate Trains of Soliton-Like Pulses

In the previous section, we showed that the fiber cascaded configuration comprising
one active and one passive optical fiber with inscribed FBGs enables a strong temporal com-
pression and amplification of the chirped pulse. These mechanisms could be implemented
at laser pulse parameters close to the parameters of FM solitons.

In fact, the proposed fiber configuration is also applicable for the generation of high-
repetition rate soliton-like pulse (SLP) trains of high peak power from weakly modulated
CW radiation. To achieve the effect, the cascaded fiber configuration under consideration
should be spliced with the dispersion decreasing fiber (DDF) enabling the conversion of
weakly modulated CW light into a train of low-power ultrashort pulses with a linear chirp.

The proposed fiber system is shown in Figure 5. Figure 6 presents the results of
numerical simulation based on Equation (6) by the split-step Fourier method (SSFM) [15,16].

A weakly modulated low-power optical signal introduced into the fiber configuration
is expressed as:

A(0,7) = /Po[1+ x cos(QunodT)], (12)

where x < 1is the signal modulation depth, ()04 = Wy — wy is the modulation frequency,
wy is the carrier frequency of the quasi-continuous optical signal, and wy, is the frequency
of the perturbation signal. The input signal power is Py =1W, and the modulation depth
and frequency are x = 10~* and Qy,,q = 10257}, respectively.
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Figure 5. Fiber configuration comprising the DDF optical fiber and the cascade of active and passive
fibers with inscribed FBG arrays (a). The GVD distribution over the fiber configuration length (b).
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Figure 6. Generation of FM pulse trains in the cascade of active and passive fibers with the inscribed
FBG arrays.

The parameters of the fibers used in the numerical simulation are listed in Table 1.

Table 1. Parameters of the fiber cascade elements.

Cascade Length Nonlinearity = Dispersion Dispersion Gain

Element I,m R, (Wxm) ! B2o,s*/m B2, s*/m gom !
DDF fiber 1370 0.001 —5x 1026 —1x10% 0
FBG fiber 1 0.3 0.001 —1x107% —1x1028 6
FBG fiber 2 0.3 0.001 —1x107% —1x10"% 0

The evolution of the weakly modulated signal propagating in the cascade is as follows.
In the DDEF, because of modulation instability, the weakly modulated signal is converted
into a train of low-power FM pulses (Figure 6, red curve) [15,16,43,44]. Then, in the
amplifying optical fiber with the inscribed FBG array, the average power of the generated
pulse train increases (adiabatic amplification), and the pulses are slightly compressed (blue
curve). In the last stage, in the decreasing GVD passive optical fiber, the pulse receives
its final temporal compression, resulting in the maximal output pulse peak power (black
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curve). In this way, the train of short picosecond pulses with a peak power of more than two
orders of magnitude higher than the power of initial weakly modulated light is generated.
It is worth noting that further optimization of the considered system is still possible. In
particular, we observed that the use of 0.3 m longer passive fiber segments and better
matching of the DDF fiber parameters enabled the peak power increases of up to ~1 kW .

6. Conclusions

We explored the evolution of FM pulses in fiber cascaded configurations comprising
one active and one passive optical fiber with inscribed FBG arrays. It was shown that
the use of chirped gratings with a “smooth” change in the period was most effective. In
addition, we considered a technologically simpler version, which offers the use of a set of
“uniform” gratings of finite length with different periods. This sequence of refractive index
gratings is also capable of providing effective amplification, modulation, and compression
of laser pulses up to sub-megawatt peak powers.

Both amplification and temporal compression in such a fiber cascade resulting in peak
powers up to ~700 kW were theoretically described. The quality of the generated pulse
increases with the number of FBGs inscribed in the fiber of a given length. We showed
that the amplified pulses could possess a linear frequency chirp, making them available for
further compression. We also demonstrated the ability of the considered fiber cascades in
conjugation with DDF optical fibers to generate terahertz picosecond pulse trains from a
weakly modulated CW light. The peak power of the pulses in the train achieved a ~sub-kW
level. Higher peak power pulses are probably available with systems comprising several
cascades similar to those considered in the work.
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