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Abstract—We report on reflectivity of transient Bragg
gratings created in the active medium of a fiber laser with
longitudinal mode instability. Despite the long history of laser
physics, reflectivities of such gratings were theoretically
studied and experimentally measured only recently. Based on
the coupled-mode theory, we derived a theoretical model of
superimposed Bragg gratings for a special case of mode
instability known as spontaneous laser line sweeping (SLLS).
SLLS fiber lasers exhibit a periodic wavelength drift over an
interval of several nanometers, followed by a quick bounce
backward, narrowband and mostly single-frequency operation
as well as pulsed output with pulse lengths on the order of
microseconds. The refractive index modulation inside the
active fiber is given by the Kramers-Kronig relations. For
ytterbium, the refractive index change in the 1060-nanometer
band is directly proportional to the metastable level population
with a factor of 2.1x10%! m®. Taking into account realistic
values of temporal damping of the gratings, significant
reflectivity on the order of units to tens of percent is estimated.
The reflectivity can be controlled by setting the SLLS laser
parameters. Effect of the resonator length is shown as an
example.

Index Terms—narrow-linewidth lasers, single-frequency
lasers, wavelength tunable lasers, mode instability, fiber lasers,
fiber Bragg gratings

I. INTRODUCTION

iber lasers are considered one of the most rapidly
developing branch of lasers [1], but despite their coming

to maturity, a number of material and fiber design still
remain to be solved. These issues involve, among others,
mitigation of limiting effects of stimulated Raman and
Brillouin scattering [2, 3], cooling capabilities of the active
fibers [4], nonradiative quenching of excited ions [5], low-
effective pump absorption [6], photodarkening [7], and
instabilities of fiber laser devices [8]. Mitigation of various
types of instabilities is currently at the top of research
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interest in fiber lasers since the transverse mode instability
seriously limits maximum output power of single-
transverse-mode fiber laser devices [9-11]. Another
particularly frequent and dangerous instability is the self-Q-
switched pulse mode, which is characterized by intense sub-
microsecond pulses with a more or less chaotic repetition
rates [12].

One of the recently observed pulse instabilities is the
spontaneous or self-induced laser line sweeping (SLLS).
The designation of the effect reflects the fact that the self-
pulsing is accompanied by a spectacular drift of the laser
wavelength, either from shorter towards longer wavelengths
followed by an immediate bounce back, as observed in first
experiments with ytterbium fiber lasers [13-16], or in the
reverse direction, as observed later [17-20]. Self-sweeping
ranges up to 20 nm were reported [21]. The self-sweeping
regime was observed in fiber lasers with various active
fibers, including ytterbium [13-16], erbium [17, 18], thulium
[22] bismuth [23] and holmium fibers [24]. SLLS
applications in spectral testing of components with narrow
spectral features [21] and in testing high-speed spectrum
analyzers [25] were demonstrated. A relatively high power,
simple design and inherently narrow linewidths make these
swept sources attractive for applications in the interrogation
of fiber laser arrays and in laser spectroscopy. Thanks to the
stable periodic sweeping, SLLS lasers can advantageously
serve as a research platform for the investigation of
longitudinal mode instabilities in general [26].

The self-sweeping of the laser wavelength can be
explained by spatial hole burning along the active fiber. At
the threshold, the laser may radiate at a single longitudinal
mode which creates a standing wave in the cavity. The
population inversion is less depleted at nodes, where the
laser intensity is low, than at anti-nodes of the standing-
wave, where the laser intensity is high. Therefore, the
initially lasing longitudinal mode quickly becomes less
preferred than the neighboring longitudinal modes as its
gain decreased. The laser wavelength hops to the next
longitudinal mode and the situation repeats as long as the
spectral gain exceeds the cavity losses. Then the
longitudinal mode jumps back to approximately the position
of the initial laser wavelength. The SLLS can be recognized
as a special case of longitudinal mode instability, where
lasing of each longitudinal mode occurs only for a limited
time, and lasing of the modes obeys the order of
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consequential mode hopping. On the other hand, the
wavelength sweeping is quasi-continuous because of the
mode-hopping nature of the SLLS effect. Since each
longitudinal mode radiates for a limited time only, it does
not reach the continuous wave regime and emits only in its
temporal stage of relaxation oscillations. Therefore, the
temporal output of SLLS fiber laser is a pulse train of
sustained relaxation oscillations. The narrowband feature of
the SLLS favors the stimulated Brillouin scattering (SBS).
With increasing pump power, the SLLS regime may often
turn into a self-Q-switched regime. It is the longitudinal
mode instability that can trigger the self-Q-switched regime,
either through the SBS or due to enhanced Q-factor of the
cavity by creating highly reflective fiber Bragg gratings
(FBGs) that are the subject of this paper.

The FBGs in the active medium of the laser cavity are
created since spatial hole burning causes also weak
refractive index modulation [27]. The effect of standing
waves on the refractive index along the fiber is known for a
long time [28, 29]. It was even used for the creation of the
first ever FBG [30], but despite the relatively long history of
laser physics, the first evaluation of reflectivity of the FBGs
spontaneously created in the active media itself [31-33] as
well as the inscription of phase gratings [20] has been
reported only very recently. Since the reflectivity is
significant in a wavelength range just around the lasing
wavelength, it is not easy to measure the reflectivity of these
FBGs experimentally. Finally, the reflection of about 5 % of
such FBGs was successfully measured in a self-swept Yb
fiber laser with a polarization-maintaining fiber cavity laser.
For the reflectivity measurement, the probe beam was
perpendicularly polarized with respect to the self-swept laser
radiation [34].

In this paper we present evaluation of the reflectivity of
superimposed transient FBGs using a numerical model of a
fiber laser with a refractive-index grating build-up. While
the case of a single refractive index grating was examined
earlier [32], here we present a more realistic case of several
superimposed gratings with damped modulation depths. A
special SLLS case of the longitudinal mode instability is
considered because the long-term stable periodic operation
of this special case allows easier mathematical formulation
of the FBG theoretical model and gives illustrative results.
In the second section we describe a theoretical model of
transient FBGs in a SLLS fiber laser. A brief summary of
the theoretical model for a single grating [32] is followed by
detailed derivation of the theoretical model for a series of
superimposed gratings. In the third section we present the
calculation of refractive index modulation of superimposed
gratings and spectra of their reflectivity. We show that
despite a small modulation depth, high reflectivity and thus
a rapid enhancement of the Q-factor of the cavity can be
easily achieved. Differences in reflectivities of the single
FBG and multiple superimposed damped FBGs are
discussed.

Il. THEORETICAL MODEL OF TRANSIENT FBGS IN A SELF-
SWEPT FIBER LASER

Theoretical modelling of FBGs in a self-swept fiber laser
consists of several steps: we begin with the evaluation of the
refractive index modulation without interference effects,

then we consider the interference pattern, and finally we
evaluate the reflectivity of the refractive index gratings. For
the sake of brevity and consistency with previous results, we
split the description of the theoretical model into two
subsections. In the first subsection we briefly summarize the
method of refractive index modulation described in [32]. In
the second subsection, the novel part of the theoretical
model that deals with superimposed fiber Bragg gratings is
described in detail.

A. Estimation of the refractive index modulation

We explain the method of estimation of the refractive index
modulation on an example of self-swept ytterbium-doped
fiber laser [32]. The fiber laser was built in the Fabry-Perot
configuration shown in Fig. 1. The Yb-doped fiber was
fabricated in house and has the inner hexagonal-shape
cladding with an outer diameter of 125 pm. Parameters of
the active fiber and the laser cavity are listed in Table I. The
combined length of the passive fibers of the signal branches
of the 1% tap and the signal and pump combiner was Lpassive
= 3.3 m. The laser operated in the self-sweeping mode
within an interval from the laser threshold pump power of
04 W to the pump power of about 1.5 W which
corresponded to the self-swept laser output power of 0.5 W.
Starting from about 0.4 W of the output power, the self-
sweeping became less regular. As an example, at the 0.4 W
of the output, the Yb fiber laser swept around 1062 nm in an
interval of 2.6 nm with a sweeping rate of 1.5 nm/s and
period of the pulse train T = 29 ps.

Considering the parameters of the Yb-fiber laser listed
above and the input pump power of 1 W that correspond to
the laser output of about 0.4W, we calculated the
longitudinal evolution of the pump and laser signal powers
P* and P~ that propagate in forward and backward
directions, respectively. The optical power distribution
along the fiber laser resonator is shown in Fig. 2. The optical
power evolution was calculated using a numerical model
that solves simultaneously laser rate equations and
propagation equations [35, 36]. The model was initially
developed for thulium fiber devices but it is easily adaptable
to various rare-earth-doped fibers by selecting of the
respective  spectroscopic parameters. The interference
effects were not involved in the calculations yet, in other
words, the physical quantities were assumed constant
(averaged) over fiber section Az, while it holds Lypr >> Az
>> Ag, where Ay is the pitch of the grating induced by the
standing wave of the single-longitudinal mode of the laser
cavity. Grating pitch Ag = 0.36 um corresponds to the laser
wavelength of 1062 nm.

The interference pattern inside the single-frequency laser
is governed by the interference equation and the optical
power oscillates between the maxima and minima given by
Pragmin= P* + P~ + 2 (P* P)Y2. The visibility of
interference fringes depends on the ratios of the forward and
backward laser signal powers and maximum visibility
appears at the position where both waves have the same
power, see the black curve in Fig. 2. The population of the
upper laser level can be derived from the laser rate equations

[36] as:
I'Po
W,e = J hvaA(e) dv, (1)

N, = NtotWa
2TW, +W, +1/ 7
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= [[e"(xy)-e" (x,y)dxdy @

core

where 7 is the excited level lifetime, W, and W, are the
absorption and emission rates, Av is the photon energy, A is
the core area, o, and o, are the Yb absorption and emission
cross sections, and P is the total optical power at a given
longitudinal position and frequency v, respectively. T is the

TABLE |
PARAMETERS USED IN THE MODEL OF THE SELF-SWEPT FIBER LASER
Parameter Symbol Value
Yb ions concentration Niot 4.63x10%°m™
fiber core diameter 2a S pm
numerical aperture NA 0.18
Yb fiber length Lvor 10m
Overall cavity length Lvor+ Lpassive  13.3m
excited level lifetime T 1.5ms
pump wavelength Ao 977 nm
mean signal wavelength As 1062 nm
background loss in the core oG 0.4 dB/m
overall pump absorption op 9.3dB
pump overlap I, 0.356x102
signal overlap r 0.87
insertion loss of the combiner 1L combiner 0.46 dB
pump absorption cross section Galp) 13.0x10% m?
pump emission cross section e(Ap) 12.8x10% m?
signal absorption cross section  ga(4s) 0.023x10% m?
signal emission cross section e(s) 1.78x10% m?

overlap factor representing the fraction of the fundamental-
transverse mode power interacting with dopants [35].
Assuming that ytterbium ions are homogenously distributed
in the core, the overlap factor is given by eq. (2). The
transverse distribution of the electric field of the
fundamental transverse mode is described by e'(x, )
normalized so that the integral of its squared absolute value
over the fiber cross section is unity.

The refractive index change is related to the excited level
population through the Kramers-Kronig relation. Since for
Yb the dominant contribution comes from the UV transition,
the refractive index change is almost spectrally independent
in the wavelength range of the Yb fiber laser [28, 29, 32].
The refractive index change around 1062 nm is then
proportional to the metastable level population N, via
relation [32]:

AN=¢N,, £=21x10"m? (3)

The resulted refractive index modulation for the case of
single grating is represented by the black curve in Fig. 3.
Note that only the envelope of the refractive index
modulation can be seen from the figure because the grating
pitch is seven orders of magnitude shorter than the fiber
length.

B. Reflectivity of the transient Bragg grating

The calculation of reflectivity of superimposed FBGs is
based on the coupled-mode theory [37-39] applied to the
case of fiber gratings [40-42]. Since the superimposed
transient FBGs that are generated in the self-swept fiber
lasers are of a rather unique type, we have to modify the
derivation of equations governing the gratings' reflectivity.
We do not provide complete derivation as it is based on the
coupled-mode theory detailed in numerous references.

Instead, we outline the derivation of modifications specific
to our particular grating’s case, as shown below. We follow
mostly the notation used in the book by Othonos and Kalli

laser output pump &
at ~ 1062 nm pump LD signal laser output
at 976 nm bi at ~ 1062 nm
R=3.5 % combiner
<« -

laser output / 1% tap

monitor

f-’ Yb-doped double-clad fiber

Fig. 1. Experimental setup of the self-swept ytterbium fiber laser.
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Interference Fringes Visibility

tap  combiner Yb-doped double-clad fiber

0 1 1 1 1 1 0
-2 0 2 4 6 8 10

Position in the resonator, z [m]

Fig. 2. Longitudinal evolution of the optical power of the pump and laser
signal inside the cavity. Note that the position z = 0 is arbitrarily chosen at
the beginning of the Yb-doped fiber. The visibility of the interference
fringes of the standing wave is largest at the position where the backward
and forward waves have equal amplitudes.

Given that only the fundamental mode is excited, we can
write the transverse component of the electric field in the
single-mode optical fiber as a superposition of the forward
and backward propagating waves, comp. equation (5.3) in
Othonos and Kalli [40]:

ET(xy,2,t) = [a(l)ei’”+ b(z) e“ﬂz]eT (x,y)e ',
(4)

where the coefficients a(z) and b(z) are slowly varying
amplitudes of the fundamental mode propagating in the
forward and backward directions, respectively. The
propagation constant /5 is given by 2z ng /2. In the presence
of a periodic perturbation of the refractive index profile with
the spatial period A, along the fiber, the forward and
backward modes are coupled via the following set of
differential equations, comp. equations (5.4) and (5.5)
in [40]:

da _. . -i2ipz

E—laCHbCe

db _ (%)
— =-ibC —iaC e?/*

dz

Generally, couplings between various modes have to be
considered and described by the respective coupling
coefficients. In our particular case of single-mode
propagation, the coupling is described by a single coupling
coefficient C [37, 40]:

4]

C(z)= _U Ae(x,y,2)e" (x,y)-e" " (x, y)dxdy, (6)

co CO

where Ae(x,y,z) is the relative permittivity perturbation
which is approximately equal to 2n,,An for the perturbation
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An < n . Note that the normalization factor 1/(nCo) in eq.

(6) appears due to the normalization of the transversal
electric field e'(x, y) defined in section III.A; c, is the
vacuum speed of light. Since we assume homogeneous
ytterbium doping in a relatively small core (it is not a large-
mode-area fiber), we correspondingly also assume that the
refractive index changes occur only in the core and are
almost uniform. Then, the coupling coefficient C is given

by:

C :a+27ccos(2—”z+(p(z)j, @)
A0
where
(4]
=—Anpy (2)T, 8
(o2 ZCO DC( ) ( )
and
w
=——An,~(2)T. 9
K 4c, ac(2) 9)

The coupling coefficient C is given by the sum of the slowly
varying "DC" coupling coefficient ¢ given by the period-
averaged refractive index modulation Anpc; and the fast
varying "AC" part characterized by the "AC" coupling
coefficient x given by the refractive index modulation depth
Anpc. In our case of single-frequency operation of the fiber
laser, we may assume that Anac can vary along the fiber
grating without any phase shift, i. e., p(z) = 0. The effective
index nek of the fundamental mode is approximated by ng, in
the definition of . The angular frequency w = 2zcy/lq IS
evaluated at the wavelength 1, where the self-sweeping
starts. Under the so-called "synchronous approximation™
[38, 42], which neglects terms rapidly oscillating in z, we
can write equations (5) by using the coupling coefficients o
and « as follows:
98 _ a4 ibree 122071

dz (10)
I~ b —jax ei25-A0)

dz

So far, the single period of the refractive index modulation
Agwas assumed. However, in the self-swept fiber laser, each
lasing longitudinal mode m inscribes its own transient
grating with the spatial period A

Ay JotmAL _ J +m( % Jz (11)
2nef‘f,0 ,

- 2n 2nef‘f,0 - 2ef‘f,0 L

eff ,\m
where nepn i the effective index of the fundamental
transverse mode of the m-th longitudinal mode where the
index m is relative to the initial lasing longitudinal mode for
which m=0. The characteristic lifetime of the transient
gratings is assumed to be comparable to the inversion
population build-up [43]:

t _ T

t— " o5 < -

* 1+ Pp PS
Psat Pssat

(12)

For the fiber laser parameters and optical powers used for
the calculation of Fig. 2, we got tg of around 100 ps and the

ratio T/ts = 0.29, where T is the period of the pulse train of
the sustained relaxation oscillations. While for the slow
refractive index change Anpc we can assume negligible
changes within the time scale comparable to tg, the fast
refractive index change Anac may vary considerably within
such a time scale. Let us denote the estimates of the
refractive index modulations obtained from the steady state
numerical model by Anacg and Anpcg. Then we estimate the
overall refractive index modulation An as a series of damped
refractive index gratings with spatial periods Ap:

Nmod
s0(2) = anoea(@)+ 3 D@~ e 27 ).
1

m=1 TFBG m—

(13)

where Ny is the number of longitudinal modes involved,
and m denotes the index of the respective longitudinal mode.
The characteristic lifetime trgg IS comparable to tg;
however, it is not known because the numerical model of
the laser assumes steady state, i. e., the model is not time-
resolved. Therefore, the ratio T/trgg is a parameter that we
will vary in the following calculations of the FBG
reflectivities. The fast refractive index modulation of the
superimposed transient grating is represented by the second
term on the right-hand side of eq. (13) and its envelope is
Anac(z). The coefficient D of the series above is set in such
a way that the envelope Anac(z) never exceeds the fast
refractive index modulation Anaco(2):

D(z) = NAnAco(Z) (14)

(m=-1)T

mod -

Z e TreG
m=1

In the case of the series of gratings with close periods A,
the coupled-mode equations (10) can be transformed into
the following equations:

da - Nmod _(m—l)T )
—==ziac+ibxke '’ Y De e o’
dz o] )
moa -1 T
=iac +ibxDe 2Pk | 1 Zd: g Trac gl (Kn=Kg)2 ,
m=1
db . Nimod _(m-T _
% =—ioh—iax"e?” Y De e g na?, (16)
m=1
27
Kn =1 (17)

m

Note that the first term in the summations containing K, can
be separated from the sum as shown in eq. (15). Equations
(15) and (16) can be simplified by introducing a new form
of slowly varying amplitudes A=a exp(idz) and B=b exp(-
i0z), where 6 =  — n/A,. Equations (15) and (16) now read
as follows:

dA Npog -1 M
- = i(O'+§)B+iKD Bl1+ z e Trec e'(Km*Ko)Z (18)
dz ~

m=1

B Npog 1 -
d—=—i(o-+§)B—izc*DA 1+ Y e wegitnz ) (19)
Z
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From equations (16) and (17) we can obtain the Riccati
differential equation for the ratios of amplitudes of
backward and forward propagating modes R(z)=B(z2)/A(z):

dR Nmod’l - mT .
_=_-K*D 14 Z e TERG efl(KmeD)z
dz ~
(20)
Nmod’l —ﬂ .
—-i2(6+o0)R—-ixkD| 1+ z e rec gi(Kn-Ko)z |p2
m=1

Since the coupling coefficients vary along the active fiber,
the Riccati equation (20) has to be solved numerically, e. g.,
by the Runge-Kutta method. The initial condition for the
numerical solution is that the amplitude of the backward
wave at the end of the grating is zero, R(z = L) = 0. The
value of the optical power reflectivity is then given by |RJ%.
The validity of the model was checked on the known case of
a single FBG by using the transfer matrix method [42] and
examples described therein.

I1l. RESULTS AND DISCUSSION

A. Effect of the ratio T/zepg

Firstly, we analyzed the refractive index grating build-up
and its optical power reflectivity for the case that is as much
similar as possible to the experimental self-swept fiber laser
in Fig. 1. The refractive index modulation along the active
fiber calculated according to (13) is shown in Fig. 3a. The
simplified scheme of the laser setup is shown in the inset for
convenience. Since the ratio T/tegg could not be obtained
from the model described in section 111.A, we calculated the
gratings for several values T/iggg around the value
Tlt5=0.29. The value T/trgg =10 represents a case when the
grating inscribed by a single longitudinal mode dominates.
Indeed, the modulation depth of the second grating is e *°
times smaller than the modulation depth of the grating
created by the initial longitudinal mode. In this limiting
case, almost complete reflection can be expected. For the
more realistic case of superimposed gratings, the maximum
reflectivity decreases to 55, 9.1, 1.2, and 0.04 % for the
T/tege ratio of 1, 0.29, 0.1 and 0.01, respectively. The
decrease of reflectivity can be explained from the Fig 3a.
The more gratings are superimposed on each other, the
narrower the apodization of the refractive index modulation
i, i. e., the shorter the FBG is, while the modulation depth is
not changed. Therefore, the reflectivity decreases for slower
temporal damping of the gratings.

B. Effect of the resonator length

In the previous section we have seen that the refractive
index grating becomes shorter for slower temporal damping
of the individual gratings, i. e., a larger number of gratings
are effectively involved in the superposition. The peak of
the refractive index modulation depends not only on the
power ratio of the forward and backward waves in the laser
cavity but also on the interference pattern of the electric
field of the forward and backward waves. It means that the
peak may shift along the active fiber for different lengths of
the resonator. Indeed, the shift of the phase grating pattern
for different resonator lengths was also observed

experimentally [20]. The refractive index modulation pattern
for a laser resonator created only from the active fiber itself
is shown in Fig. 4(a). For the sake of the comparison of the
two cases, only the length of the passive part was changed
and the other parameters remained unchanged. The length of
the resonator determines the position of the interferogram
local maxima. The maximum reflectivity decreases to 75,
33, 7.9, and 0.36 % for the T/tggg ratio of 1, 0.29, 0.1 and
0.01, respectively. It was experimentally demonstrated that
the self-sweeping regime can be to some extent controlled
by changing the pump wavelength [17, 19] or the resonator
length [20]. The results presented in this paper indicate that
the control of the self-sweeping regime can be accomplished
not only by changes in the spectral gain [14, 19] or phase
grating [20] but also by a change in the reflectivity of the
transient refractive index gratings.
4 . ;

@) EN )
R=3.5% R=3.5%
+ = = —Vodoped foar ~ P
S 3t Length of passive J
= fibers: 3.3 m
@
o
< Ratio T/ . :
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0 2 4 6 8 10
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Fig. 3. (a) Refractive index modulation along the active fiber for various
values of T/zrgs. The value T/zrsc=10 corresponds to practically only one
grating (the gratings are not superimposed on each other). The value
T/rese = 0.29 corresponds to the case of zrsg = tsar. The scheme of the self-
swept fiber laser of the numerical model is in the inset. (b) Reflectivity of
transient fiber Bragg gratings created by the standing waves of the
consequential hopping longitudinal modes for various values of 7/zgc.

It should be recalled that we made use of several relevant
approximations in this paper. Firstly, sinusoidal refractive
index modulation is assumed, but in fact, the modulation can
be different as shown for an analogical case of spatial hole
burning in the erbium-doped twin-core fiber [44]. Secondly,
the steady-state model is assumed and the change in the
refractive index is compared with the unpumped state. In
this case, the refractive index change is always positive and
accordingly, the red-shift wavelength detuning of the
maximum FBG reflectivity is obtained. On the other hand,
the local change in the refractive index along the fiber can
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be also negative during the actual laser operation and
correspondingly, the blue-shift wavelength detuning of the
maximum FBG reflectivity can be obtained. The temporally
resolved model, yet with the spatial step >> Ao, would be
the natural upcoming extension of the model presented in
this paper. Such a model shall allow description of the blue-
shift wavelength detuning of the FBG reflection peak.
However, the potential non-sinusoidal refractive index
modulation can be simulated only with a spatially resolved
model that resolves spatial features on the scale << A,,
which is a extremely demanding from the point of view of
programming as well as computing time. Indeed, in the case
of the erbium-doped twin-core fiber [44] the grating pitch
was on the order of millimeters, but the pitch of the transient
FBG is three orders of magnitude shorter and the computing
time will be correspondingly longer. Fortunately, the
simulations can be compared with measurements at least
qualitatively, because first experimental evidence of
reflectivity of the transient FBGs appeared in a conference
paper recently [34]. More details about the experiment were
revealed later in a journal paper [45] while our paper was
under reviewing. The self-swept fiber laser examined in [45]
was principally similar to the setup described here. The
measured reflectivity of the FBG was about 7 %, the
bandwidth was 50 MHz (0.2 pm) and a number of small
sidelobes in the short-wavelength side of the reflection peak
were observed. All these features correspond qualitatively to
the reflection spectra calculated above by our model despite
various approximations used in the model.
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Fig. 4. (a) Refractive index modulation along the active fiber for various
values of T/ese and for fiber laser without any passive fiber. (b)
Reflectivity of transient fiber Bragg gratings created by the standing waves
of consequentially hopping longitudinal modes for various values of 7/zggc.

IV. CONCLUSIONS

We presented evaluation of the reflectivity of the Bragg
gratings that are spontaneously built-up in fiber lasers with
longitudinal mode instabilities. The FBG reflectivities were
reported in self-swept fiber lasers which represent a unique
case of longitudinal-mode-instability lasers. We described a
significantly improved theoretical model of transient FBG in
a self-swept fiber laser by taking into account a
superimposition of many gratings created by lasing
longitudinal modes which are consecutively hopping in the
direction of decreasing or increasing frequencies. Detailed
derivation of the theoretical model is presented. The model
is based on the coupled-mode theory and takes the
advantage of close proximity of periods of the superimposed
gratings, which corresponds to close frequency spacing of
the respective longitudinal modes responsible for the
individual grating build-ups. The resulted spectra of FBG
reflectivity show that the overall reflectivity of the series of
superimposed gratings decreases but for realistic values of
temporal damping of the transient gratings they can still
reach significant values on the orders of units or tens of
percent. The reflectivity depends on the mutual position of
the interference pattern and in the ratio of the optical power
of the forward and backward propagating laser signal.
Therefore, the reflectivity can be to some extent controlled
by parameters of the laser. We have shown the influence of
the resonator length. The calculated reflection spectra
correspond qualitatively to the recently reported reflectivity
measurement of spontaneously created distributed Bragg
mirror in a fiber laser with a similar setup.

The model represents an important step towards the
understanding of origins of the self-sweeping of fiber lasers,
namely the direction of sweeping — blue shift or red shift,
and consequently it will allow for control the self-sweeping
operation and design of self-swept laser for specific
application. Therefore, the model is important from the
point of view of practical applications as well as laser
physics. The range of practical applications of swept laser
sources is increasing and the self-swept fiber lasers may be
useful wherever high power and cost-effectiveness are
important and the slow scanning speed is not a big obstacle,
e. g., in the interrogation of fiber sensor arrays, precise laser
spectroscopy, hyperspectral component testing, Brillouin
optical spectrum analyzers, etc. Since the self-sweeping is a
special case of mode instabilities, the results will be
beneficial for the investigation of longitudinal mode
instabilities in general and their mitigation. In turn, the
understanding of triggering the self-Q-switched regimes
may result in the development of cost-effective, high-power
self-Q-switched fiber laser. Despite fundamental differences
between the transversal and longitudinal mode instabilities,
both types of instabilities are analogical in terms of creating
the refractive index grating along the fiber. Therefore, the
knowledge acquired in the description of transient FBG may
also be useful for understanding the transversal mode
instabilities.
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