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We introduce the genetic algorithm for the optimization of an Yb**-doped double-clad fiber laser
based on a multi-variable scheme. The output characteristic of the laser is numerically simulated
using real practical values. This is performed through solving the associated steady-state rate
equation and investigating the effects of input variables such as pump and signal wavelengths and
length of the fiber on the laser output. It is found that pumping of the medium around 975 nm is
conducted to attain the maximum output power of ~34.8 W, while the stability of the outcoupled
power is significantly improved when pumping at 920 nm, confirming good agreement with the
reported experimental results. We have also found that by using genetic algorithm base multi
-variable optimization, the output power can be significantly increased by about three orders of
magnitude and reaches to ~28.5 W with optimum and shorter fiber length of ~57.5 m. Obtained
results show that based on the genetic algorithm multi-variable discipline, fiber characteristics can
be optimized according to the gaining of maximum output power.
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1. Introduction

Owing to the unique properties of high-power fiber lasers, including high conversion
efficiency, excellent beam quality, low thermal effects as well as small physical size and
weight, they replace other conventional laser sources for numerous applications in
medicine [1] defence [2], industrial processing [3] and modern telecommunication [4].
Recently, ytterbium-doped double-clad fiber lasers have attracted considerable atten-
tion because they benefit from a relatively broad fluorescence bandwidth (>150 nm),
which is quite appreciable for the applications which require tunable laser sources [5, 6].
The energy system of the Yb>" ion is quasi-three-level which makes the excited-state
absorption of pump and signal beams quite negligible provided that the laser efficiency
is significantly high [7]. Moreover it has a large absorption cross-section around
980 nm band where low-cost and high power diode lasers are commercially available
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for employing them as a favorable pump source in the entire absorption band of
an Yb>"-doped fiber [8]. However, it is found that the laser performances such as out-
put power stability and optical efficiency are strongly dependent on the operating
wavelength of the utilized pump source [9]. On the other hand, by precisely stabilizing
and adjusting the pumping wavelength, Yb>"-doped fiber laser is capable of lasing at
different wavelengths. In this regard, several schemes have been demonstrated for
multi-wavelength operation, for example, by using two Sagnac loop mirrors inside the
cavity [10]. This guarantees that pumping and lasing wavelengths lie in quite different
spectral regions even with low absorption and emission cross-section of Yb*" ion.
The feasibility of using Yb*" fibers with a double-clad scheme is recently investigated
as the promise choice for high power laser sources in different applications which may
require a compact and robust fiber format. The performance of a double-clad fiber laser
is associated with many dependent variables that can be simultaneously optimized
through using the steady-state rate equations with particular attention to the fiber
length and operating pump and signal wavelengths which are prior to any experimental
setups. Much of the research efforts have been established on a common assumption
in which the absorption and emission cross-sections are wavelength-independent pa-
rameters [11-13]. However in practice those have been introduced as sensitive varia-
bles to the operating wavelengths and surrounding environment as well. Therefore,
the optimum performance of a typical double-clad fiber laser needs a multi-variable
optimization algorithm. The genetic algorithm (GA) is known as search heuristic that
simulates the process of natural selection to generate useful solutions to optimization
of multi-variable problems [14]. It has widely found application in different areas of
optics and lasers [ 15—17] where by routine methods simultaneous solving of multi-var-
iable equations is impossible. The GA is based on the generation of a large population
which can be mutated and altered toward better solution. The generated population
contains a certain number of “individuals”, each has a set of properties which are de-
scribed by a coded datum called “chromosome”. Once the initial population is gener-
ated, the evolution continues with an iterative process including selection, crossover
and mutation to produce a new generation. The best individuals are then randomly se-
lected from the current population to produce another generation and next iteration of
the algorithm is started again. After many consecutive generations, the iteration ter-
minates when a satisfactory performance has been reached for the population [18]. In
the case of fiber optimization, chromosomes are fiber length and operating pump and
signal wavelengths. Despite impressive achievements reported in literature, optimiza-
tion of a fiber laser with pump and signal wavelengths and fiber length as variables
has not been performed yet [12, 19].

In this work, for the first time to our knowledge, based on the multi-variable
GA discipline, the performances of a typical Yb**-doped fiber laser are characterized
and optimized by setting the pump and signal wavelengths and fiber length as optimi-
zation variables. This is performed through numerical solving of the associated stand-
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ard steady-state rate equations using real practical values. The motivation of using
the GA is the maximizing of the output power while keeping the fiber length and op-
erating wavelengths as dependent variables. The dependence of the optimum pump and
signal wavelengths and fiber length as well as the doping concentration of the Yb>"
and scattering loss on the laser output power have been accordingly discussed and ana-
lyzed. Our results on optimizing the fiber length and operating wavelengths with GA
provide very useful guidelines prior to the experiment with the attainment of highest
output power. The process is repeated for different levels of Yb®" concentrations and
scattering losses and associated results are extracted from the presented plots.

2. Theoretical model

We start by the fact that when the pumping level is strong enough, the effect of
amplified spontaneous emission (ASE) is quite negligible [12] and therefore can be
ignored. Here, a numerical method is used to solve the rate equations of a laser in
a steady-state regime. Eventually, the rate equations of a typical rare-earth-doped
double-clad fiber laser can be described as [20]
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where P,(z) and P(z) are the pump and signal powers, respectively, with the associated
forward P"(z) and backward P(z) powers; Ouprep(A,) and o, (A,) are the wave-
length-dependent absorption and emission cross-section of pump and signal beams,
respectively; 7 is the lifetime of spontaneous photons; N,(z) is the population density
of the upper laser level; N, is the density of Yb>" dopant; AA, is the signal bandwidth
which is assumed ~9 nm throughout the simulation; 4 is the effective area of the fiber
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Fig. 1. Pumping scheme of a lengthy Yb**-doped double-clad fiber laser. By assuming P;(L) = 0 the
backward pumping is ignored.

core and 7, and @, are the filling factor and scattering loss of the pump and signal
waves, respectively. The physical situation is schematically shown in Fig. 1. The re-
quired boundary conditions for the laser power are determined by the following ex-
pressions:

P!(0) = R,,P,(0) (4a)

P.(L) = R, P/(L) (4b)

where R, and R, are forward and backward reflectivities at the laser wavelength which
in our investigation are assumed 4% and 98%, respectively.

It is further assumed that the fiber ends are completely transparent for the pumping
wavelength and hence P;(L) = 0. As long as the input variables such as pumping
and signal wavelengths as well as fiber length are optimally determined, the contribu-
tion of P;’(z) and P(z) to the generated power along the z-axis can be evaluated and
numerically simulated for real experimental data. The optimum pumping region de-
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Fig. 2. Digitized absorption and emission cross-sections, ¢, and &,, of the Yb** which is obtained through
fitting mathematical functions into the experimental curves reported in [12]. The regenerated plot gives
the data with an accuracy of better than 0.1% when compared with the real values.
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pends on the spectral feature of absorption and emission cross-sections, ¢, and o,, of
the Yb>" ion. In Figure 2 the required pieces of information are extracted through dig-
itizing the measured data reported in [12]. This is performed by fitting the appropriate
functions into the experimental curves.

As can be seen from the plot, g, shows two maximums about 920 and 975 nm.
The same trend can be observed for o, at 975 nm with a very sharp peak, while around
1027 nm it benefits from a relatively smooth curvature, making it very advantageous
for the generation of laser radiation in a relatively wide range of possible wavelengths
far away from the pumping region.

3. Optimization of fiber laser performance:
results and discussion

We follow the procedure through maximizing the laser efficiency with respect to the in-
put parameters. It is performed by taking pumping and laser wavelengths and fiber
length as initial variables while Yb®" concentration and pump power were set at de-
sirable values. Therefore, the optimum performances like pumping and laser wave-
lengths can be attained through numerical solving of Eqgs. (1) to (3) while we assumed
the absorption and emission cross-sections are variables. Such a multi-variable prob-
lem which to the best of our knowledge is performed for the first time is the subject
of GA technique that is executed in MATLAB GA toolbox. For making the consistency
with the experlmental data, we have assumed that 7,=0.0012, 7;=0.82 and
A =5x10"" cm? throughout this work [12]. Figure 3 111ustrates the results of simulation
for the laser output power versus fiber length. The GA solution is also given to indicate
how the optimum length can be obtained for different scattering losses. The plot con-
firms that for greater scattering losses the optimum fiber length is decreased and
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Fig. 3. Variation of the signal output power with fiber length for different scattering losses (solid lines).
The optimized fiber length obtained by GA solution is specified by the dashed line. Pump power and
Yb** concentration are assumed 20 W and 4x10%> m>, respectively.
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the output power seems more sensitive to the fiber length. This can be explained by
the fact that stimulated photons and scattering loss are in competition with each other
where due to the scattering for longer fibers, larger number of induced photons will
be lost. Therefore, to decrease the power dissipation, shorter fiber length is preferred.
In contrast, approaching higher signal power is necessarily achieved through using
longer length and thus GA solution shows that for gaining optimum performance those
two effects must be properly balanced. However, obtained results shown in Fig. 3 con-
firm that the GA is capable enough to find an optimum fiber length while the maximum
output power is preserved for each level of scattering loss. As long as the optimum
fiber length is determined, the second variable can be arrived into the optimization loop
for the same amount of scattering losses. Next we consider the effect of signal wave-
length on the output power within 980 to 1100 nm range. Using the simulation
results deduced in Fig. 3, the optimum signal wavelength can be evaluated by running
the GA technique. Obtained results are shown in Fig. 4. As can be seen, while the scat-
tering loss is decreased, the maximum of the output power is increased. Indeed, for
low loss and longer fibers the optimum signal wavelength is sustained by a red shift
of about 6.5 nm where for the scattering losses varying from 1x1072 to 5x10~* m™' the
optimum signal wavelength is changed from 1066.5 to 1073 nm, respectively.

12 4
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Fig. 4. Output power variation with a relatively wide range of signal wavelength while the optimum
length of fiber and corresponding scattering loss are acquired from Fig. 3 with similar pump power and
Yb** concentration.

This relatively large shift indicates that the fiber performance is very susceptible
to the optimum operating signal wavelength, confirming the significance of our pre-
sented GA-based multi-variable optimization process.

So far two variables have been investigated and to account for the next one, we
introduce the pumping wavelength. Regarding the obtained results shown in Figs. 3
and 4, the influence of pump wavelength on the output power is evaluated and numer-
ically simulated in Fig. 5.
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Fig. 5. Variation of signal output power in a relatively wide range of pump wavelengths for the same
parameters as used in plotting Fig. 3. Solid line shows the optimal values obtained from GA solution.

The optimum lengths at corresponding scattering losses are extracted from the results shown in Fig. 3.
Signal wavelength is assumed 1090 nm.

As clarified in the plot, the optimum pump wavelength is located between 977.6
and 975 nm range when the scattering loss in accordingly changed from 1x107
to 5x10~* m™!, respectively. Referred to Fig. 2, since the maximum of absorption
cross-section o, occurs at 975 nm it is quite reasonable to conclude that the active me-
dium is potentially capable of absorbing most of the pump energy at the same wave-
length. On the contrary, displayed results illustrated in Fig. 5 indicate that the optimum
wavelength is strongly dependent on the scattering loss inside the medium where for
higher losses optimal point is displaced toward longer pump wavelengths. However,
despite the severe dependence of the output power on pumping wavelength, the opti-
mum circumstances can be lost by the variation of the energy loss within the fiber. This
again underlines the significance of the presented optimization method in designing
an efficient fiber laser. Based on the GA solution, we develop the procedure through
calculating the optimum pump wavelength within two maximum bandwidths of
the absorption cross-section characterized in Fig. 2. In the first one, the pump wave-
length is changed from 912 to 919.5 nm while in the second, the maximum band pump
wavelength varies from 970 to 980 nm. In both bands the scattering losses are assumed
to change systemically from 1x1072 to 5x10~* m™'. Although for the first band the cal-
culated output power is about 12% less than that of the second pumping region,
the laser output is more stable even though the input pump fluctuation is dominant.

Experimental results show similar achievements where as reported close to the first
pumping maximums the output power stability is raised [9]. Therefore it is quite ade-
quate to define a criterion for output power instability as the displacement of the power
from its maximum point with taking into account the obtained optimum parameters.
Figure 6 shows the ordinary numerical solution for the above instability for two
maximums of pumping wavelength.
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Fig. 6. Simulated output power instability while the pump wavelengths are displaced from their
maximums. Calculation is performed for 920 and 975 nm. The scattering loss and optimum fiber lengths
are assumed 5x10* m~! and 145 m, respectively.

As evident in the figure, by a displacement of about +5 nm from those maximum
peaks, the instability is almost increased. The plot confirms that for 975 nm of pumping
wavelength, the output power instability reaches to ~5%, and for shorter wavelength
it rapidly declines and tends to a negligible value of ~0.04%. This is quite in agreement
with the experimental results reported in [9].

The aim of using GA method in the present work is the optimization of signal wave-
length and fiber length around the maximum output power while other parameters of
the fiber like Yb>" doping level and dissipative losses remain unchanged. In solving
such a multi-variable problem the former are assumed as input variables while the
pumping wavelength is scanned over a certain range from 900 to 980 nm. Figure 7
shows the results in which the maximum output power is accordingly determined. Re-
ferred to Fig. 5, the calculated output power included two band maximums. The first
one was between 900 and 930 nm of pumping wavelength with about 27.5 W while
the next occurred nearly at 975 nm with 34.8 W of output power. Although a similar
trend can be observed in both Figs. 5 and 7, however, several remarkable points are:

— Figure 5 is based on one-variable optimization while multi-variable discipline
is used in plotting Fig. 7.

— In the first maximum zone in Fig. 5 the output power is peaked at ~10.9 W for
the optimum length of 64.7 m but in Fig. 7 it reaches ~28.5 W for the optimum length
of ~57.5 m.

— In Fig. 5 the maximum output power at 975 nm of pumping wavelength and
optimum fiber length of 64.7 m is ~12.4 W whereas in Fig. 7 we found 38.4 W for
a much shorter length of ~26 m.

The above comparison shows that with multi-variable optimization it is quite pos-
sible to attain maximum output power at a proper length of Yb>*-doped fiber which
shows GA optimization method to be a promising candidate in terms of efficiency and
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Fig. 8. Variation of the Yb>"-doped output power with operating signal wavelength while both fiber length
and pump wavelength are assumed as initial variables for GA environment. The pump power, scattering
loss and Yb* concentration are assumed 50 W, 5x1073 m™' and 4x10%° m™3, respectively.
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very cost-effective technique. This again confirms that the use of GA method is re-
sponsible for obtaining a desirable output in a multi-variable scheme. The next impor-
tant feature of the calculation shown in Fig. 7 is that the efficiency of the generated
ytterbium laser is strongly dependent on the pumping wavelength where in the range
of 935 to 970 nm it is decreased even though the fiber length is designated relatively
long. As illustrated in Fig. 8, the above problem can be followed in a different manner
where pump wavelength and fiber length are assumed as input variables while the sig-
nal wavelength is scanned over a certain range to obtain the maximum output power.
As evident in the figure, the maximum output power can reach ~38.4 W within a signal
wavelength range of 1030 to 1055 nm at mostly constant pump wavelength close
to 975 nm. To further indicate the capability of GA technique, as a final step, preceding
constant parameters like Yb** concentration and scattering loss can be systematically
added to the simulation as initial variables to attain maximum output power. Figures 9
and 10 show the results of fiber optimization provided by GA solution in which the
new added variables have been scanned over a particular range.

As can be seen from the plot, beyond 3x10%° m~ of Yb>* concentration, the output
power is not significantly increased and tends to almost constant value of ~16.8 W.
Asitis clear, the optimum pump wavelength is located around 975 nm, the second peak
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Fig. 9. Optimum characteristics of the Yb>*-doped fiber laser. It is performed by the variation of Yb**
concentration within a proper range and taking other parameters like fiber length, pumping and signal
wavelengths as input variables in GA. The pump power and scattering loss are 50 W and 5x107> m™!,

respectively.
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Fig. 10. Optimum characteristics of the Yb**-doped fiber laser. It is performed by the variation of scat-
tering loss within a proper range and taking other parameters like fiber length, pumping and signal wave-
lengths as input variables in GA. The pump power and Yb>" concentration are 50 W and 4x10% m™,
respectively.

of absorption cross-section is specified in Fig. 2, again confirming the consistency be-
tween the results. Moreover, the optimum signal wavelength is in 1054 and 1062 nm
range away the maximum peak of emission cross-section indicated in Fig. 2. The main
reason is that close to the peak wavelength of emission cross-section generated photons
will be significantly absorbed. Finally, as shown in Fig. 10, the Yb*" concentration is
replaced by the scattering loss while the same procedure is performed for the fiber op-
timization. As evident in the figure, the optimum output power is a decreasing function
of scattering loss. Similar to Fig. 9 we found that the optimum pump wavelength is
around 975 nm while the optimum signal wavelength is varying from 1053 to 1065 nm.

4. Conclusion

In this paper, we have investigated the effect of pump and signal wavelength as well
as fiber length, Yb>* concentration and scattering loss on the output power based multi
-variable solution using GA technique. This is performed by the optimization of fiber
laser performance and earning the optimum parameters regarding the maximum at-
tainable output power. To the best of our knowledge, for the first time GA discipline
is used for multi-variable optimization of a typical Yb*>*-doped double-clad fiber laser.
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Obtained results show that the optimum fiber laser parameters are strongly dependent
on pump and signal wavelengths. It is found that for 920 and 975 nm of pumping wave-
lengths the output power reaches to its maximum values as 28.5 and 34.8 W, respec-
tively. Moreover, despite a higher output efficiency at 975 nm, the fiber output stability
at 920 nm is significantly increased which is in good agreement with the reported
experimental results. It is further shown that the multi-variable solution based on the
GA method enables to improve the optimization of fiber laser performances more ef-
ficient than the single-variable scheme. For example, in a single-variable solution when
the pump wavelength is taken as an initial variable, the maximum of the output
power reaches its peak at ~10.9 W for the optimum length of ~64.7 m while in the
GA-based multi-variable optimization it reaches to ~28.5 W for the optimum length
of ~57.5 m. It is further indicated that further increasing of Yb>" concentration beyond
3x10%° m™3 does not increase the output power more than 16.8 W. In contrast, the out-
put power shows to be quite susceptible to the inherent scattering losses. In summary,
based on the GA multi-variable scheme gaining the optimum characteristics such as
pump and signal wavelengths as well as fiber length is simultaneously possible.
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