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Suppression of the Stimulated Brillouin and Raman
Scattering in Actively Q-switched Fiber Lasers through

Temporal Pulse Shaping

Sina Jafari, Davood Fathi,* Hussein Taleb, and Derek Abbott

Despite the wide range of applications and versatility, actively Q-switched
fiber lasers (AQS-FLs) suffer from the multi-peak phenomenon or stepwise
pulse generation under certain conditions. As such, the advantage of the
stepwise tendency in AQS-FL to modify the pulse shape and create a temporal
profile that minimizes the power of stimulated Brillouin scattering (SBS) and
stimulated Raman scattering (SRS) Stokes components is taken. Accordingly
a multi-objective genetic algorithm (GA) and a Monte-Carlo method is
developed to solve the improved model for SBS. Additionally, the suppression
of SRS is predicted and examined successfully. The proposed method is
deployed for the simulation of the 5 and 10 kW peak and 10 ns wide pulses on
a 4 m long, single-mode, ytterbium-doped double clad fiber under the narrow
linewidth of 0.05 nm with promising suppression of SBS and SRS effects. To
the best of the authors’ knowledge this is the first time that such a
pulse-shaping strategy is demonstrated for the SBS or SRS suppression.
Furthermore reaching a 10 kW peak on single mode fibers was previously only
possible via custom made fibers. Our novel method offers the possibility of
optimizing and improving the utilization of different fiber types in

on/off switching or Gaussian modula-
tion. Gain-switched fiber laser (GS-FL)
concepts, design, modeling and applica-
tions are similar to that of the Q-switched
type in many regards. The novel method
and framework in this paper builds upon
the presented theoretical background,
improved numerical modeling, and sim-
ulations. Our novel method predicts that
using the slope (pulse growth rate) op-
timization, it is possible to eliminate or
very effectively suppress the unwanted
stimulated Brillouin scattering (SBS) and
stimulated Raman scattering (SRS) phe-
nomena in AQS-FLs. To properly model
and explain the different observed phe-
nomena in AQS-FL systems, it is neces-
sary to provide some details about their
different operational aspects and con-
tributing mechanisms, as follows.

Note that AQS-FLs offer a degree

AQS-FL systems.

1. Introduction

The actively Q-switched fiber laser (AQS-FL) is a conventional
choice for generating the nanosecond pulses. A single stage AQS-
FL can be utilized as a high beam quality seed to the input
of power amplifier stage in a master oscillator power amplifier
(MOPA) configuration or as a direct laser source for material pro-
cessing, scientific instrumentation, medical applications, rang-
ing, etc. The gain switching (GS) concept on the other hand,
can be explained via pump diode modulation!"*)—this can be
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of flexibility and are partially control-

lable due to employing a type of op-

tical Q-switch modulator, however, the

chaotic behavior, perturbation, and time
variance of the system make it difficult to generate predictable
and regular pulse shapes under desired repetition regimes.[>=]
One of the undesired phenomena in an AQS-FL is the multi-
peak phenomenon (MPP), shown in Figure 1 from our rigorous
numerical simulation results, which can be described by the sys-
tem dynamics and the impact of SBS.[>¢I Note that MPP occurs
when the modulator rise time is smaller than the cavity round trip
time and in a less serious form shows itself as a stepwise tempo-
ral profile as is explained and experimentally shown in refs. [7, 8].
An AQS-FL system is always prone to such a condition, thus we
exploit this stepwise tendency of AQS-FLs to create some small
steps during the initial stages of pulse growth. This stepwise ini-
tial growth combined with proper exponential behavior can give
rise to gain consumption or gain saturation dominating the main
lasing process over the SBS/SRS Stokes processes that leads to ef-
fective SBS and SRS suppression—in other words, it can be said
that some management of system energy storage/recovery is per-
formed.

The difficulty of realizing this idea and method which has its
roots in the complex behavior of the AQS-FLs, can be simplified
by exploiting artificial intelligence (AI) algorithms such as the ge-
netic algorithm (GA) to find an optimal, self-taught, and temporal
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Figure 1. The multi-peak and stepwise phenomena and their dependence
on the modulator rise time.

behavior for generating a proper pulse shape that excites the min-
imum Stokes power. We have already proposed and predicted in
our previous work®! that single and pulse train generation pro-
cesses for the AQS-FL can be optimized and customized in an ef-
fective and feasible manner using GA. In this paper, we have con-
sidered a single stage, single transverse mode pulsed fiber laser,
utilizing a large mode area (LMA) ytterbium-doped double clad
fiber (YD-DCF) with the core/inner cladding diameters of 10/125
um and featuring a combination of Q and gain switching tech-
niques. A rigorous, detailed, wavelength dependent and transient
model for SBS and SRS with some improvements over previous
developed models is deployed that accounts for the interplay be-
tween the ASE and SBS—SRS processes. Stochastic SBS analysis
is performed using one of the Monte—Carlo methods. A narrow
lasing linewidth of 0.05 nm is assumed to demonstrate a worst-
case scenario regarding SBS enhancement for narrow linewidth
lasers.!")

In order to highlight and clarify the framework and limita-
tions of this research, it is necessary to mention that the prac-
tical peak power range for single mode AQS-FLs would be a
few kilowatts!'12] and usually their pulse width lies in the range
of a few to hundreds of nanoseconds—higher peak powers fall
into one of the following categories; multistage configuration
(e.g- MOPA), specialty, rod type or custom (lab made) fibers, com-
pressed pulse FLs, stochastic FLs, multi-transverse mode FLs,
combined beam FLs or a combination of the above methods.
This work concentrates on ordinary LMA fibers featuring rea-
sonable cost, however the proposed method can be extended to
other (above mentioned) classes of fibers,[!**%] the aim in any
case is to maximize the fiber’s utility, while minimizing cost and
design time.

The paper is organized as follows. Section 2 is dedicated to
the theoretical background and dynamics of the AQS-FL systems,
gain switching concept and introduction to nonlinear scattering
effects in fiber. In Section 3 we derive and improve a numerical
model for the SBS analysis. Section 4 is dedicated to the numer-
ical modeling of the SRS effect. In Section 5 we introduce our
developed GA. Section 6 offers the details and values for the sim-
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ulation parameters and setup. Finally, in Section 7 we discuss the
SBS and SRS suppression results. Moreover, the feasibility and
practicality of our proposed framework and method is discussed
in this section.

2. Theoretical Background

The schematic of the proposed AQS-FL system is shown in
Figure 2, in which a beam sampler installed on the system out-
put reflecting a small percent of the beam to be detected by a
photodetector (PD) and trigger a control (driver) circuit for the
pump diode. The simple idea for gain switching is turning on
and off the pump diode at the proper times (¢; and t,). The tim-
ing diagram for the system can be depicted as in Figure 3a, also in
Figure 3b the output pulse shape and the transmission function
of the (AOM or EOM) modulator are displayed. Note that the de-
picted components for gain-switching (BS, PD, and diode driver)
are symbolic and there are several possible methods to synchro-
nize the pump diode on/off process with the desired times (t,
and t,).

In Section 1, we introduced the split pulse generation and MPP
due to system dynamics and the situation would be more compli-
cated under the effects of nonlinear scattering phenomena such
as SBS and SRSI®1617] that can completely distort or split the out-
put pulses in AQS-FLs. Shortening the fiber length and choos-
ing a larger fiber diameter are the common methods for mitigat-
ing the above nonlinear effects,’>] however for single mode op-
eration and producing sufficient pulse energy, two contradictory
conditions must be met; the fiber core diameter cannot be very
large for achieving a single mode operation and the fiber length
is required to be above a minimum to provide enough ions and
produce the desired pulse energy. These two requirements that
limit the effectiveness of the above-mentioned conventional so-
lutions. Another method for mitigating the SBS is phase modu-
lating (chirping) the pump source,'®1] however this solution is
more applicable to the communication transmission systems and
passive fibers rather than an AQS-FL system in which the pump-
ing effect would be indirect. Two other effective methods are: i)
increasing the laser linewidth and ii) decreasing the output pulse
duration.[?] Increasing the laser linewidth effectively reduces the
Brillouin gain (g;) because gy is inversely proportional to the laser
linewidth according to ref. [15]

= & (1)
&e gOAvL+AvB

where g, is the Brillouin gain coefficient (BGC) of the host mate-
rial with a typical value of 5 x 10711 m W~1,1% Ay, is the Brillouin
bandwidth in the range of tens of megahertz,['% and Ay, is the
laser linewidth, which is in the range of few gigahertz for narrow
linewidth fiber lasers. "]

If having a narrow linewidth laser is not critical, this solution
will greatly decrease the SBS effect, although in case of requiring
a narrow linewidth, one can examine the shortening of the out-
put pulse duration; if the output pulse duration is short enough,
the acoustic modes arising from SBS cannot find adequate time
for emergence and growth. Under these conditions the Stokes
powers experience an effective mitigation. Unfortunately reduc-
ing the timing parameters of the EOM or AOM modulator
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Figure 2. Schematic of the AQS-FL system featuring a simple beam sampler and driver circuitry to turn on (off) the pump diode on the desired times.
The components from left to right are high reflectivity fiber Bragg grating (FBG), EOM or AOM modulator, pump diode, WDM coupler, active fiber, pump
driver circuit, output coupler (FBG), beam sampler (BS), and photo-detector (PD).
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Figure 3. a) lllustration of the output pulse, pump power modulation function Py (t) and on/off times t; and t,, b) enlarged illustration of the output

pulse and modulator transmission function T (t).

particularly its rise time (t,), in order to reduce the output pulse
duration, strongly perturbs the cavity!*! and an irregular pulse
shape would be produced that may even further increase the SBS.
One can chose a lower core diameter!®! and shorter fiber to pro-
duce a shorter pulse; however, this solution may lead to signifi-
cant decrease of the system deliverable energy on the output be-
cause the total cavity volume (hence the number of ions) is re-
duced. A helpful aspect of producing high peak power pulses is
that they demand a high level of storage energy, meaning that a
considerable gain must be available along the fiber prior to pulse
inception. This large amount of gain, in turn, helps the rapid
growth of the pulse, which naturally results in a high peak power
and short pulse duration as the system available gain would be
rapidly consumed. In fact, contrary to usual criteria, a high peak
power pulse may excite lower SBS Stokes power. In spite of this
description, for a pulse width of a few ns, a situation may arise
that allows very rapid growth of SBS Stokes waves, according
to the power evolution equation of SBS Stokes, some amount
of power will be transferred from the main pulse to the Stokes
waves. This transferred power per unit length of the fiber can be
defined utilizing one the following equations!!¢17:21]

dp, __&uw
- A P @
dPs gB

=-22p
. 2 1sP G)
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where P, and Py, are respectively the lasing and Brillouin (Ra-
man) Stokes powers, gy, is the Brillouin (Raman) gain and A
is the core cross sectional area. Equation (3) is only applicable to
SBS and p in our modeling method would be the acoustic power
of hyper-sound waves induced by SBS or thermal noise. In the
next sections, we will use the Equations (2) and (3) to model
and describe the SRS and SBS processes respectively. Both of
the above equations include the multiplication of two power vari-
ables, which may lead to very rapid exponential growth, in this
case most of the power (and available gain) will be dedicated to
the Stokes components, therefore having a pulse width of a few
nanoseconds is not always adequate to suppress the SBS effect.
The key point here is finding a state of the system that allows the
growth of the main lasing signal over SBS or SRS Stokes orders.
The delay between the main pulse and Stokes pulses can be ex-
ploited for allowing the rapid growth of the main pulse, while the
main pulse consumes considerable gain, the inversion would be
decreased and the RHS term in Equations (2) and (3) remains
insignificant. On the other hand, dealing with SRS utilizing this
method is even more feasible, SRS Stokes orders experience very
small emission cross sections and partial FBG reflections in com-
parison to the main signal. Hence a controlled level of N, pop-
ulation above the transparency level during the initial stage of
the pulse formation can effectively prevent the inception of SRS
Stokes pulses, thus the N, population can be seen as an effec-
tive bottleneck to the SRS. Further details of this solution will be
discussed in Section 4.
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Knowing that there is a small delay between the main and
Stokes pulses, if the main pulse consumes enough inversion, the
SBS Stokes pulses cannot grow effectively, on the other hand,
a remaining level of extractable inversion in the fiber provides
a good environment for the emergence of considerable Stokes
pulses which can even reach to tens or hundreds of kilowatts
peak power. This criterion provides the background concept that
leads to the idea of inversion level control during the pulse initial
growth. In passive fiber SBS modeling, usually there is a pump
power and a Stokes power parameter, however in a fiber laser sys-
tem the pump is not directly engaged in the SBS process and it
has an indirect impact on the nonlinear scattering. What is called
a “pump” for passive fiber, is our main lasing pulse here. A ba-
sic idea might suggest that a stepwise or Gaussian increase of
the pump diode power may harness the process. However be-
cause of the complicated system behavior, the results are not so
promising and an examination of this basic idea leads to partial
SBS mitigation with 0.2 nm linewidth lasing—while, with nar-
row linewidth of 0.02 nm, this method is not effective at all, thus
an artificial intelligence (Al) algorithm appears promising. Con-
trolling the pump diode and modulator at the same time com-
bines the controllability and robustness of both gain switching
and Q-switching methods. The Al details can be found in Sec-
tion 5. The resulting Al generated pulse shape manages the sys-
tem energy in such a way that complete SBS and SRS suppres-
sion would be realizable.

3. The Stimulated Brillouin Scattering (SBS)

Thermal noise causes vibrations of the host material that is de-
scribed by acoustic phonons and spontaneous Brillouin scatter-
ing (SpBS). These acoustic vibrations can dramatically escalate
due to the intensity of laser beam that eventually leads to SBS;
the details can be found in the literature.l#2223] The modeling
of SpBS and SBS is commonly carried out based on the Gaeta
and Boyd model,3/for example, the modeling method which is
utilized in [18]; these models usually describe the long passive
fibers for communication systems and opto-mechanical details
of the fibers, considering only the propagation equations. The
acoustic waves usually are described in these models by mate-
rial density fluctuations.!'] On the other hand, there are models
that describe the acoustic wave by its power, in such models the
fiber laser (or amplifier) population rate equations are taken into
consideration and coupled to the propagation equations.l'! This
method of modeling is more suitable to properly describe the dy-
namics and behavior of an AQS-FL, additionally Fotiadi et al. in
ref. [24] have used some arrangements for the equation indices to
model the higher order acoustic and Stokes waves; such arrange-
ments are utilized in ref. [25]. In this work however, we do not
need to inspect many of opto-mechanical properties of the fiber
or higher order Stokes, so a partial differential equation (PDE)
system will be derived in the following to describe the AQS-FL
dynamics. A de facto and intuitive model for fiber lasers using the
propagation (evolution) and rate equations,®! suggests the follow-
ing set of coupled PDEs together with the boundary conditions
(BCs) defined by the reflectivity of the mirrors (or FBGs), trans-
mittance of the AOM (EOM) modulator, and the pump power.
Here, ytterbium is the dopant, so two-level modeling of the rate
equations is adequate to describe the system. The ASE spectrum
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is divided into K sections (channels), k = 1 represents the main
lasing (signal) and higher indices point to the ASE components.
All of the k-indexed parameters plus the parameters with 4 in the
parenthesis are wavelength dependent,

oP, 1 P
P P
P2 P g —q P 4
0z + v, ot [gp ap] P )
0P, 10P, = he?
t— wor (8 — o] P, +20,(4)N, A—;Aﬁk (5)
oN, A, S A + - N,
2 P, xp - = 6
ot oA S ; oA S\ Pt P )= (6)
N, =N, + N, )
g, =1',[0,(4,) Ny — 0,(4,)N;] (8)
g = Iilo (AN, — 0, (4)Ny] 9

k=1,23,..,K

In the above system of equations P, is the pump power along
the fiber, v, and v, are the phase velocities of the pump and sig-
nal, a, and a are the fiber (host) linear attenuation coefficients
per meter for the pump and signal wavelengths, Py, represents
the signal powers travelling in forward and backward directions,
g, and g, are the absorption and gain coefficients for the pump
and signal per meter, o, and o, are the absorption and emission
cross sections of Yb** ions in pm?, h is the Planck constant, ¢
is the speed of light in free space, 4, and 4, are the pump and
signal wavelengths, N, is the dopant concentration in fiber core,
N, and N, are the populations of the lower and upper states, 7
is the upper state life time, I', and I', are the unitless pump and
signal overlapping factors. The last RHS term in Equation (5) de-
scribes the interaction of spontaneous emission with the laser
beam, here the normalized Planck emission term over the ASE
range is multiplied by a small angle geometrical approximation
for the beam!?¢] and the presence of A4 is to consider the division
of ASE range to K channels. The parameter values that are used
in our simulations can be found in Section 5. In order to perform
a complete transient analysis of the SBS impact on the AQS-FL
system for the assessment of AQS-FL behavior under this effect,
we need to model and evaluate the noise initiation of SBS, emer-
gence and propagation of acoustic modes, and the interplay be-
tween the acoustic field, Stokes fields, and the main lasing field.
This implies the conversion of the above PDE system to electric
field equivalent system and adding the acoustic equation plus a
source of thermal white Gaussian noise. Converting the powers
(P) to equivalent electric field (E) terms according to ref. [18]

P=¢|E* s E= L

z (C = %nceoAc>

(10)

with the n being the refractive index, ¢, the vacuum permittivity,
and recalling that the derivative of a function like u? is 2uu’, we
divide both sides of Equation (5) by 2¢E which yields

+ +

0E, 10E, 1 £ o,(A)N, he?
L N TR 2 22 A 11
t= +Vk o = g8 T alE+ ——— X"=Ak (11)
CE k
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Since the division of spontaneous term (last RHS term) by E
leads to a divide by zero, the initialization of the fields in a proper
manner becomes necessary. Improper field initialization during
the simulation leads to a different pulse shape and result and the
next step would be subtracting the power that is transferred to
the Stokes waves according to Equation (3), which leads to

0, | 108
T o0z vy, ot
1 = & 7 ox (AN,  he?
=3l —ak]f— ﬁ Egy py +% — Ak (12)
eff é‘Ek k

where E,* is the Brillouin Stokes field of the k; ASE channel,
g; is the Brillouin gain that is introduced in Section 2, and ¢ is
the conversion constant defined in Equation (10), A4 is the in-
teraction area between acoustic and laser (Stokes) field. This area
should be carefully modeled in multimode conditions—unlike
for single mode lasing, it can be approximated by wavelength de-
pendent beam cross sectional area; further details on evaluating
this parameter can be found in ref. [27]. A similar approach can
be adopted in order to create the Stokes waves propagation equa-
tion as follows,

L0 BBk d E;k 1 J EBk
ooz vk ot
1 = & o (4N, he?
= =g — o] Eg + Ek Py +— — AL (13)
2 24 PR
¢ ¢ EBk

In modeling of the Stokes waves, the conditions are very sim-
ilar to the main lasing field; since the SBS only causes a very
small shift (around 11 GHz) in frequency,!* the wavelength
and similarly all of the wavelength dependent parameters in the
model remain almost the same. It should be emphasized that a
term for spontaneous emission impact on Stokes components
is needed here.[?#?%] A quantitative estimation of this impact on
the Stokes components can be performed by utilizing an en-
hancement/reduction factor or coeflicient that is multiplied by
a spontaneous emission term. This factor can be dependent on
a number of other nonlinear phenomena too, such as four wave
mixing,[*! thus a proportionality coefficient based on the lab ex-
periments can be fitted to our model and Al algorithm by design
to account for the enhancement or reduction of the ASE effect; for
instance in Equation (13) we have used a coefficient of unity. An-
other consideration should be the ASE spectrum, which is omit-
ted in some models and simulations that is in some models only
the main lasing wavelength is taken into account when evaluat-
ing the Stokes fields. Here, ASE and SpBS have a dramatic effect
on each other, in fact the above system of PDEs tells us these are
two sources that compete to inject their own seed to the system,
therefore discretization and application of ASE spectrum to the
numerical model is fundamental to the accuracy of simulations.

Now we can add the other constitutive equations to the system
in order to finalize it. To model the acoustic modes in the fiber,
a second order ordinary differential equation (ODE) similar to
one of Navier-Stokes equations is utilized in the literature and
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is convertible to a first order ODE considering the slow varying
envelope approximation (SVEA),[*®] leading to

I, £ =
p= L EEyf <f V Gzt~ 1otz - >> (14

in which the Gaussian white noise term f is added to model the
SpBS, f is delta-correlated in space (z-direction) and time do-
mains, dt and dz are the temporal and spatial steps and the square
root term is the strength of noise or noise amplitude that is de-
fined based on the random walk theory and It calculus,*% Q
(the strength parameter) can be calculated using ref. [16]

dap Ty
at+ 2

Ky TA T,

285V, )

where Kj is the Boltzmann constant, T is the temperature, 'y is
the relaxation rate of the acoustic modes, v, is the group velocity,
v, is the speed of sound in the fiber, which is equal to 5960 m
57118 and g is the Brillouin gain defined earlier in Section 2.

Adding the pump power propagation Equation (4) and two rate
Equations (6) and (7) conclude the coupled PDE system as follows
with all of the parameters defined during the derivation of equa-
tions above, expect Py, which can be calculated from the Stokes
field using Equation (10). As such we have the following derived
equation system,

oP, 1 0P
P P
2 Ty T e wlh 16)
P
0E, 1 0E,
T o0z vy, ot
o8 o ox G(AIN,  he?
= -lg - ak]f ﬁ Egy py —: X A4 (17)
eff é‘Ek k
9 Ey, 19 Ep
ooz v, Ot
8 = T SN, he?
= 58 — o] Ep + A Ek P+ T X544 (18)
off g EBk £
ap T Iy = #
5% TBP_ TBEk Ey+f (19)
ON, A c -
5 = A Z (Pk+Pk+PBk+PBk>
(20)
Ny=N;+ N, (21)

Since we are using a DCF, the interaction between the pump
field and acoustic fields is negligible, hence Equation (16) has
been left intact without conversion to a field equivalent. The con-
version between fields and their equivalent power, and vice versa,
can be carried out when needed during simulation. Care should
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Dbe exercised to consider the integrity of dimensions in each equa-
tion. All of the terms in each equation should have the same di-
mension, for example looking at Q in Equation (15) points us to
the dimension W?m, and results in consistency with other terms
in Equation (19) and hence Equations (17) and (18). Also looking
at Equations (17) and (18) one can conclude that the acoustic field
(p) appears as power in this type of modeling. To impose the BCs
on the solutions of Equations (16)—(21) system, we arrange them
as follows

B,(0) = 1, P, (1) 22)
E(0,8) = B0,V Rig (. T() (23)
B(L 1) = B(L )V Roc(hny (24)
E(0.0= E (0.0vRaelAnT0) 5)
E (L) = E (L)VRoclhn, (26)
k=1,2,3,...,K

where (according to schematic in Figure 2) T (t) is the time depen-
dent modulator transmission, Ry is the FBG reflectivity, Rz
is the left mirror reflectivity, P, () is the time dependent pump
power, 7, is the splicing efficiency between the fiber and FBG,
1, is the WDM coupler efficiency for the pump wavelength and
1, is the total efficiency for WDM and other probable coupling
components (i.e. lenses, etc.) at the lasing wavelength. The uti-
lized values of these BC parameters can be found in Section 6.

Regarding the presence of a coupled stochastic (Langevin)
equation, the system falls into the category of Stochastic PDEs!*‘!
and may be solved using an appropriate Monte—Carlo method.
We have solved the system of Equations (16)—(21) using a
centered-space-forward-time combinational scheme of the finite
difference method (CSFT-FDM)B! that together with the ran-
dom walk method, results in a suitable and stable Monte— Carlo
algorithm.®1 It is worth pointing out that each loop of the FDM
algorithm is called a realization in this method. The mentioned
algorithm is implemented later in Section 5 to achieve the opti-
mal pulse shape for suppressing the SBS.

4. The Stimulated Raman Scattering (SRS)

A widely used SRS model for fiber lasers!?”-*! is considered and
improved resulting in the following system of Equations (27)—
(31) and utilized to perform the simulations:

P
2 Ty, TB T wlh 27)
P
ob 1 0h,
0z v, ot
* ARI( gr b - = hCZ
=g —ap- R (p 4 +26,(4)N, £ A2
8 “]f 4 A 1;1( 1;1( 1}? o.(4) Zﬁks k

(28)
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eff Rk
(29)
oN, P K + -
—F = g, X x ( py+
ot heA e [; hoa 8\ Pet P
2 K g4 . B
Rk 2
+ Gy X + + = 30
ZthARk wX( P+ P) ] (30)
g=1 k=1
Ny = N; + N, (31)

k=1,23,...,Kqg=12, ..

where Py, denotes the power of k; Raman wavelength compo-
nent, the g superscript the Raman Stokes order, Ay, is the k,, Ra-
man shifted channel wavelength and oy, is the emission cross
section corresponding to the Raman shifted wavelengths, the ab-
sorption cross section in shifted wavelength range is almost equal
to zero, gz denotes the Raman gain and like the case of SBS it is
dependent on the SRS bandwidth and laser linewidth, although
since there is a very broad Raman shift in silica fibers and ac-
cording to Equation (32), g is almost equal to the Raman gain
coefficient g, which is around 1 X 107> m W~ for silica fibers,[>]

Avg

gOAvL+AvR &o (32)

8r

All of the other parameters were already defined in Sections 2
and 3. Similar to the SBS PDE system, here there are some plus
terms and some minus terms—the plus terms account for the
shifting of energy from lower order to the current order and mi-
nus terms account for the energy shifting to higher order from
the current order. The lowest order of course, is the main las-
ing pulse (signal) and the minus terms are wavelength depen-
dent because the shift to higher orders is not spectrally local. In
fact, there is a considerable red shift of 13 THz during the Ra-
man scattering that should be accounted here, while for SBS the
shift is just in the range of gigahertz, so the wavelength depen-
dent ratios are negligible. In most of the cases SRS is consid-
ered as a detrimental effect to the fiber laser systems second to
SBS. Although the reason of this classification is conventionally
considered due to the higher SRS threshold,[*?°] the SBS/SRS
threshold is not always the main contributing factor, by contrast,
the SBS threshold may be higher in many cases particularly in a
pulsed fiber laser system. Furthermore, defining a threshold for
these two phenomena principally does not make sense in AQS-
FL systems while they show very diverse and irregular behavior.
According to different simulations and comparing to the experi-
mental results of other researchers,[1¢172829.33-37] we can express
that the SBS is a more serious problem in fiber lasers because
the red shift caused by SBS is negligible, hence the Stokes modes
enjoy almost the same conditions that are provided for the main
lasing component. As such, they can be dramatically amplified
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Figure 4. Raman shift spectrum for silica fibers; the spectral data is taken
from ref. [40].

to a level that can completely exhaust the energy of the main
pulse. Also, SBS strongly perturbs the cavity which is another
reason for MPP, additionally in some occasions the pulses are
completely separate and irregular. Note that SBS Stokes can reach
very high peak power levels that make them catastrophic to the
optical fiber. On the other hand, SRS Stokes experiences a very
broad shift between 40 to 50 nm for each order. First order SRS
Stokes can only partially benefit from the mirror reflections if the
mirrors are wavelength selective, for example, FBGs can very ef-
fectively reduce the detrimental effects of SRS.[*®! Furthermore,
if we consider the conventional 70 nm range (1030-1100 nm)
for ASE modeling!>®! and in case of 1080 or 1064 nm lasing, the
first order SRS goes beyond 1100 nm, according to extended ab-
sorption and emission cross section curves of Yb** ions,**] there
is a very small emission cross section and almost zero absorp-
tion in this range. For the second order SRS, the spectral region
is totally out of FBG reflection range and Yb** emission cross
sections can be omitted; so, the above discussion highlights the
reasons that make the SRS less detrimental than the SBS in our
system.

In our simulations, the Raman gain spectrum of Figure 4
is considered, additionally the effect of FBGs on the Raman
shifted components, the effect of ASE spectral components, and
the emission cross sections in the extended range of 1100-1200
nm and the FBG response to the shifted Raman components
are taken into account. The Raman Stokes are computed to
second order.

5. Genetic Algorithm Development and
Implementation

We have developed a multi-objective optimization framework
based on the GA that aims at a five-objective goal including peak
power, pulse width (FWHM), pulse shape (Gaussian), repetition
regime state (attractor),*!l and SBS suppression. The Monte—
Carlo method described in Section 3 is implemented in the GA
and the chromosomes of algorithm include the Q-switch mod-
ulator parameters (t,, t, t,,), gain-switching timing parameters
(t;, t,) and pump power (P;). Each set of the aforementioned six
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e Crossover
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Figure 5. Flowchart of the genetic algorithm.

Table 1. Boundary condition parameters.

Parameter Description Value/Range

T Modulator transmission (Sinusoidal function of 0-1
time)

Roc Output coupler reflectivity 0.25

Rur High resolution mirror reflectivity 0.995

fsp Splicing efficiency (Fiber/FBG) 0.98

y WDM coupler efficiency for the pump wavelength 0.85

M Total efficiency for WDM and other probable 0.65-0.95
coupling components (e.g. lenses) at the lasing
wavelength

parameters specify an individual, and a group of such individ-
uals constitute an evolutionary generation. The GA flowchart is
illustrated in Figure 5. Further details on the genetic algorithm
development and implementation can be found in refs. [9, 42].
Note that the GA must be run after proper fitting of its param-
eters (chromosomes) and mutation process; exploring the dif-
ferent conditions/ranges, and having the knowledge about the
physics of the system is essential. It is considered that GA or
other AT algorithms are helpful tools for effectively reducing the
time of design for solving inverse problems.[*>*] In case of im-
proper fitting (overfitting or underfitting) the algorithm does not
yield the desired results.

6. Simulation Setup and Parameters

We have chosen the following parameters according to
the schematic configuration of the Figure 2 and the PDE
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Figure 6. The resulting pulses for the a) 5 kW peak power and b) 10 kW peak power and FWHM of 10 ns in both cases in single pulse operation and

based on EOM utilization.

Table 2. The selected ranges for the GA chromosomes.

Parameter Description Range

t Pumping start time 0-0.2/f,,,
t, Pumping stop time t=1/fow
t, Modulator rise time 10-30 [ns]
t Modulator fall time 10-30 [ns]
ton Modulator on time 10-100 [ns]
Pp Pump power 20-35 [W]
Table 3. GA results for single and pulse train generation.

Figure t, [ns] t¢ [ns] ton [NS] Pp [W] ty [ns] t, [ns]
6a 15.93 21.17 160.12 25.34 834 24797
6b 13.45 13.24 120.75 31.80 1858 20295
8a 15.23 15.23 15.01 18.01 2982 16732
8b 15.23 15.23 15.01 18.01 2982 16732

system Equations (16)—(21); a silica YD-DCF of 4 m length,
with core/inner cladding diameters of 10/125 um, Yb** doping
concentration of 5.5 x 10?° m™~3, NA equal to 0.06 that leads to
single transverse mode of operation, and switching frequency of
40 kHz for the AOM or EOM.P! The absorption and emission
cross sections are taken from refs. [39, 46] and Raman shift is
performed according to Figure 4. The Brillouin and Raman gain
coefficients for silica fiber are 5 X 107! and 1 x 107 m W3]
and the Brillouin bandwidth is assumed to be 50 MHz." The
output FBG is assumed to have 0.25 reflectivity under the lasing
wavelength of 1080 nm and pumping is done on the 976 nm
wavelength. The pump and signal overlap factors (T, and I'})
and loss coefficients (@, and «,) are calculated based on the
geometry of cylindrical DCF and their wavelength dependency is
considered in the model.[”] The spatial step (Az) is chosen to be
5 cm which provides an appropriate accuracy for the numerical
model. Sinusoidal ramp-up and ramp-down is supposed for the
modulator transmission function and the values of efficiencies
and boundary conditions are specified in Table 1. Additionally
the chromosome ranges for the single pulse GA are specified
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Figure 7. 2D fitness map corresponding to Figure 6b with the color bar
indicating the normalized fitness values.

in Table 2. The chromosome ranges are selected in such a way
to provide suitable fitting, also f;, in Table 2 represents the
switching frequency. It is also worth pointing out that a fairly
complete set of parameter details for AQS-FL modeling can be
found in ref. [9].

7. Results and Discussion

The GA results (the values of six chromosomes) while aiming at
5 and 10 kW peak powers and FWHM equal to 10 ns for single
pulse and pulse train generation are shown in Table 3. Figure 6
shows the corresponding pulses for single pulse generation, as
can be seen in the figure, the power of Stokes wave is almost zero
and the GA has been able to mitigate the SBS effectively. Note
that the lasing linewidth in our simulations is supposed to be
0.05 nm that is assumed to be the worst-case scenario; according
to Equation (1), having such a narrow linewidth leads to greater
Brillouin gain and accordingly the GA is encountered with more
difficult conditions.

Figure 7 is the fitness map corresponding to Figure 6b that
indicates the GA evolutionary process. The mutations and im-
provements in generations are obvious through the areas with
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Figure 9. Logarithmic display of the output pulse shape corresponding to
Figure 6b.

high level of fitness variation, these areas constitute a horizontal
color frontier usually when the GA is properly fitted. The fitness
map shows that the GA has the ability to escape from the local op-
tima when looking at the area between 80 and 100 generations,
choosing a proper mutation rate is one reason for this successful
performance. Figure 8 demonstrates the GA result for the repeti-
tion regime of AQS-FL under the switching frequency of 40 kHz
using the AOM, aiming at 10 kW peak power and pulse width of
10 ns. In Figure 8a the linewidth is set to 0.05 nm and the Stokes
component totally vanishes while for Figure 8b the linewidth is
0.02 nm and the Stokes component is not totally eliminated. Fig-
ure 8c displays one of the pulses corresponding to Figure 8b.
The GA takes around 48 h on a 4 core Core i5 and 12 h on a 16
core Threadripper PC for this optimization run and the essential
number of generations surprisingly was lower in comparison to
the single pulse optimization that is, only 50 generations were
needed to reach the results of Figure 8.

A stepwise increase is observable in all of the generated pulse
shapes in the above figures, in order to illustrate the pulse shape
in detail, a log scale display of Figure 6b is redrawn in Figure 9
that properly depicts the combination of stepwise and exponen-
tial pulse growth. This combination of pulse growth (temporal
behavior) leads to very effective suppression of SBS. While it is
nearly impossible to manually find such a temporal profile by
analytical or trial-error methods, the GA is able to find the desir-
able temporal profile utilizing the robust and flexible method of
combined gain and Q-switching. The initial variations in Figure 9
show that it is almost impossible to find the proper pulse shape
by trial and error or classical methods and this is why utilizing
the GA is beneficial.
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Now let us examine the six GA generated parameters, for ex-
ample the corresponding result to Figure 6b in our SRS numer-
ical model that was introduced in Section 4; Figure 10 illustrates
the SRS simulation results with the chromosomes correspond-
ing to Figure 6b, by looking at the Figure 10a, a considerable
Stokes pulse with the peak power of around 2 kW is observable
while we have already predicted that by the effective suppression
of SBS, the SRS also should be eliminated and no SRS Stokes
pulse should be observed. However by examining the spectrum
of the Stokes pulse that is depicted in Figure 10D, it is obvious that
the wavelength of this Stokes component is 1080 nm which is the
same as in the main lasing process. In Section 4, we had modeled
the effect of ASE in our numerical PDE system for SRS simula-
tion and in fact, here we are observing the wavelength compo-
nents around 1035 nm that are red shifted to 1080 nm by SRS.
As a result we must depict and illustrate the sum of both pulses
because they are from the same wavelengths. Figure 10c shows
the sum result that is consistent with the pulse shape and specifi-
cations that we had achieved in Figure 6b when suppressing the
SBS. As such, as it was predicted and explained before in Sec-
tions 2 and 4, because of the bottleneck created by N, population
and other limiting factors for the SRS Stokes such as low FBG
reflection and very small absorption/emission cross sections, no
SRS is observed with this pulse shape and SRS is even more ef-
fectively suppressed than SBS.

Another point is that the observable initial tail during the ini-
tial stages of the pulse growth in the Figures 6, 9, and 10, is a key
contributor to the SBS suppression here; since the SBS is a self-
induced process and according to Equations (2), (3), and (18), a
rapid growth of the main lasing pulse leads to very rapid expo-
nential growth of the Stokes pulse. On the other hand, a slow
growth of the main pulse (regarding the phonon lifetime of the
host material) offers the Stokes pulse adequate time and opportu-
nity to use the unconsumed stored energy (available gain) of the
fiber.*18] As such, the designer should find an intermediate so-
lution while the stepwise and exponential nature of the AQS-FLis
considered; here the developed GA finds this middle solution for
designers which includes the described initial tail. Additionally
we should note that the stepwise or multi-peak behavior occurs
when the modulator rise time (£,) is smaller than the cavity round
trip time,3] examining our GA for example for 2 kW peak power
and FWHM of 60 ns with the same fiber length (4 m) showed
that the effectiveness of the proposed method is decreased and
the GA could eliminate the SBS with the linewidth of 0.1 nm (in-
stead of 0.05 nm) because the system cannot generate the essen-
tial stepwise tail, thus one should consider a longer fiber length
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Figure 10. SRS simulation result corresponding to the chromosomes of Figure 6b, a) main and Stokes pulse b) the waterfall diagram for Stokes pulse

) sum of the main and Stokes pulses.

or shorter rise time in order to boost the effect of the proposed
SBS suppression method before executing the proposed GA. Itis
also necessary to explain that the above measure would not lead
to MPP, which is a result of the proposed gain and Q-switching
combination, in fact using the proposed framework we can gen-
erate any sub round-trip Gaussian pulse even within the lower
peak power ranges.

7.1. The Feasibility of the Proposed Method

The AOM/EOM modulator limitations are considered in the pro-
posed framework,°] additionally we have utilized the exponential
nature of the fiber lasers and the inherent stepwise tendency of
the AQS-FLs. As such, the proposed method just takes advantage
of the system behavior and does not try to alter the system nature.
On the other hand, according to Figure 3, for the simple gain-
switching idea, the pump on/off times (t, and t,) are lying out of
the modulator activity time frame. Therefore, the spikes and re-
laxation oscillations of the fiber cavity or initial instabilities of the
pump diode do not interfere with the Q-switching process. Fur-
thermore the pump on/off mechanism can be carried out using
a couple of different methods and the schematic of Figure 2, does
not strictly recommend the simple gain-switching realization; in
fact just realizing the desired ¢, and t, parameters matters, for
example a modulator controller device featuring the pump diode
driver/controller can perform this task. Note that the system is
tolerable against the slight variations of the GA result parame-
ters for example, regarding the first row of Table 3, it is not nec-
essary to have the precise modulator rise time of 15.93 ns; a small
change in the timings just creates a small change in the output
pulse specifications, additionally as mentioned earlier, utilizing
a second GA run, one can chose a practical (commercially avail-
able) value for the rise time (for instance 15 ns) and run the GA
for the second time; further details can be found in ref. [9].

8. Conclusion

In conclusion, we have considered the dynamics of the AQS-
FL system in order to exploit its temporal behavior and effec-
tively suppress the SBS. We have considered particularly the step-
wise behavior of AQS-FL to manage the stored/consumed en-
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ergy (hence gain) in the fiber in such a way that most of the en-
ergy is dedicated to the growth of the main lasing pulse and al-
most no energy (gain) remains for the SBS Stokes components.
For achieving this goal, we have developed and utilized an in-
novative multi-objective genetic algorithm (GA) to train the sys-
tem a temporal behavior that excites the minimum acoustic and
therefore the minimum Stokes power. The developed genetic al-
gorithm uses a numerical model for transient SpBS and SBS
simulation which we have improved over the previous models,
theoretical background, and experiments from other researchers.
Additionally, we have improved a conventional numerical model
for SRS simulation to form our SRS PDE system. A combina-
tional forward time centered space FDM scheme is utilized for
this work and for the stochastic SBS PDE system we have utilized
one of the Monte—Carlo methods alongside the aforementioned
FDM scheme.

For improved robustness and control over the behavior of the
system we have combined the gain switching technique in its
simple (on/off) form to activate/deactivate the pumping diode on
the proper times. Six chromosomes considered for the GA are
including the pump turn on time (t,), pump turn off time (t,) in
addition to the rise time (t,), fall time (£;), and on time (,,) of the
modulator plus the pump power (P,), these six parameters are
then found using the GA as a solution to an inverse problem. The
optimizations in this work are performed both in single pulse and
repetition regimes of AQS-FL and we have used both EOM and
AOM to demonstrate the capabilities and feasibility of our pro-
posed algorithm. We theoretically predict that the results of the
GA also will cause an effective SRS suppression, as such the re-
sulting parameters from the GA were set into an improved SRS
numerical model to examine if the predicted SRS suppression is
realizable and the answer was consistent with our theoretical pre-
diction. Furthermore, the resulting pulses from the GA show a
temporal tail that is the effective tool in our SBS suppression, this
tail can be realized if we set a smaller modulator rise time in com-
parison to the cavity round-trip time. Using the above-mentioned
framework and method, we can achieve 5 and 10 kW peak power
and 10 ns wide pulses under the single transverse mode of oper-
ation in a 4 m LMA 10/125 YD-DCEF silica fiber while a narrow
linewidth of 0.05 nm is assumed in the simulations as a worst-
case scenario. Under the above conditions, the peak powers of
SBS and SRS Stokes waves are negligible. Our proposed frame-
work and method offers the potential for optimized utilization of
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different fiber types either for single mode or multi-mode opera-
tion over higher power ranges.
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