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Abstract

:

Exploiting the computing power of the genetic algorithm, a numerical study of dissipative soliton resonance (DSR) in a ring laser mode-locked by a real saturable absorber (SA) is conducted. A section of photonic crystal fiber (PCF) is inserted into the laser cavity design to facilitate accurate control of both dispersion and nonlinearity. The influence of the cavity parameters on the evolution of the DSR pulses is systematically analyzed. The genetic algorithm demonstrates that the generation of DSR square pulses depends directly on the PCF dispersion, the PCF nonlinearity, the PCF length, and the modulation depth of the SA. Finally, the sensitivity of the DSR pulse width, peak power and energy to perturbations in a few key design parameters are highlighted.
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1. Introduction


Fiber lasers consist of a gain medium located inside a cavity designed to provide optical feedback. The discovery and subsequent use of rare-earth ions, such as erbium, neodymium, and ytterbium, in the manufacturing of optical fiber amplifiers enabled the construction of fiber lasers where an optical amplifier acts as a gain medium. In comparison to solid state bulk lasers, fiber lasers were found to produce higher energy and shorter pulses at a lower cost. Consequently, fiber lasers found numerous applications in industry, medicine, research, defense, and security [1], due in part to their ability to generate ultra-short pulses at high repetition rates.



The mode-locking of fiber lasers is a very efficient technique, which can produce ultra-short optical pulses in the femtosecond range [2]. Fiber lasers could be actively or passively mode-locked [3,4]. There are a variety of approaches for passive mode-locking, including nonlinear polarization evolution, saturable absorption, and nonlinear amplifier loop mirrors (NALM) [4,5,6]. Regardless of mode-locking technique, fiber lasers can generate stable optical pulses formed by the balances between gain and loss on the one hand, and dispersion and nonlinearity on the other. These pulses are called dissipative solitons, which were predicted theoretically [7,8], and observed experimentally [9,10].



Ultrafast fiber lasers are inherently a highly nonlinear feedback system producing a rich set of dynamics and are an excellent platform for investigating numerous pulsing phenomena including harmonic mode-locking [9,11], soliton rain [12], breathing dissipative solitons [13], composite-state soliton regime [14], and multiple-period soliton pulsation [15]. These regimes have been obtained in cavities such as figure-of-8, figure-of-9 and the simple ring cavity. The generation of self-starting passively mode-locked optical pulses using a figure-of-8 fiber laser has been demonstrated theoretically and observed experimentally [10,16,17]. The figure-of-9 fiber laser is a novel configuration employing a new-type of NALM mode-locking technique [18]. The ring cavity was also widely studied [2,4], and is the configuration used for the laser modelled in this work.



The characteristics of the output pulse in passive mode-locking are dependent on both the design of the laser cavity and the pump power. The precise control of the cavity dispersion and nonlinearity could be achieved through photonic crystal fibers (PCFs), in part due to their specialized geometric structures and versatile photonic guiding mechanisms. In fact, the great flexibility offered by photonic crystal fibers has paved the way to the development of high-energy pulse lasers arising from their pulse shaping mechanisms [19]. Increasing the pump power in passively mode-locked fiber lasers results in wave-breaking phenomena, in which multiple soliton pulsation arise, due to energy quantization. This transition from the single-pulse regime into a multi-pulse regime has limited the output pulse energies to below 20 nJ [20]. In order to overcome this limitation, the concept of dissipative soliton resonance (DSR) was introduced [21]. Such a regime was proved theoretically using the master equation that considers complex dispersion, nonlinear refractive index, and nonlinear losses [7]. It is obtained for particular parameters of the parameter space of the system where it is characterized by temporal coherence, clamped peak power, finite bandwidth, and energy scalability. A significant body of work has been published on the subject [22,23]. More recently, the DSR regime has been demonstrated in a bismuth doped fiber laser (BiDFL) with a figure-of-9 configuration producing high energy output pulses [24]. The reported regime is a rectangular wave-breaking free pulses, which widened considerably in the time domain with an increase in pump power while maintaining an almost constant peak power [21].



The primary objective of this work is the estimation of the pulse shape in a ring fiber laser operating in the DSR regime by using machine learning approaches, namely the genetic algorithm (GA). The GA method is a global optimization algorithm, which borrows from the laws of natural selection. A recent review of the latest advance in genetic algorithm implementation within a verity of research domains can be found in [25]. The GA has been employed in the optimization of photonic components. In [26], the authors utilize the GA to investigate the square pulses formed in the figure-of-8 fiber laser; by properly adjusting the parameters of the cavity, a square profile pulse having high energy and picosecond width could be obtained. Moreover, the concept of GA has been previously adapted in various optical contexts, including pulse shaping [27,28] and the optimization of super-continuum generation [29]. A recent study [30], compared three different search methods, namely brute force Monte Carlo, simulated annealing, and genetic algorithm, with respect to convergence speed, computational complexity, and accuracy in the context of binary phase-only time-domain optical pulse shaping. The GA was found to outperform the other methods [30].



In this paper, the numerical model of the ring fiber laser cavity containing the photonic crystal fiber based on a real saturable absorber is presented in Section 2. Subsequently, the genetic algorithm is tasked with exploring and optimizing the cavity parameters to obtain a high energy rectangular pulse operating in the DSR regime as presented in Section 3. Finally, in Section 4, results are shown for the effect of the principal cavity parameters on the characteristics of the generated pulses. The work is concluded in Section 5.




2. Ring Fiber Laser Numerical Model


The proposed photonic crystal based mode-locked fiber ring laser is shown in Figure 1. The laser cavity consists of two sections of standard single mode fiber (SMF), denoted   SMF 1   and   SMF 2  , a section of erbium doped fiber amplifier (EDFA), a section of photonic crystal fiber (PCF), a saturable absorber (SA) and a 30% output coupler. The PCF section facilitates an improved control of the cavity dispersion and nonlinearity. The total cavity length is 16 m, which corresponds to a fundamental repetition rate of   f R   = 12.5 MHz. The fiber laser is modelled numerically and is designed to operate in the normal dispersion regime with a net cavity dispersion of    β 2  × L   = 0.0427    ps  2  .



The laser cavity is simulated under the assumption of linearly polarized light propagating through an isotropic fiber exhibiting no birefringence, optical Kerr nonlinearity, group velocity dispersion (GVD), attenuation and saturable gain for the EDFA section. Consequently, the use of the following scalar modified nonlinear Schrödinger equation (NLSE) to describe the optical field evolution inside the fiber laser cavity is justified [17,31]:


    ∂ U   ∂ z   +  j 2   j  g    ω g   2   +  β 2      ∂ 2  U   ∂  τ 2    −   ( g − α )  2  U = j γ   U  2  U  



(1)




where U denotes the slowly varying envelop approximation of the electric field, z is the propagation coordinates,  τ  is the local time within the rest frame of the mode-locked pulse,  γ  represents the fiber nonlinearity (  γ = 2 π  n 2  / λ  A  e f f    ),   β 2   is the GVD coefficient,  α  is the loss coefficient of the fiber and   ω g   is the bandwidth of the laser gain (taken as   ω g   = 15.7    ps   − 1   ). Moreover, g describes the gain function of EDFA and is given by [17,26,31]:


  g =   g 0   1 +   E p   E  s a t       



(2)




where   g 0   is the small signal gain, which characterizes the pumping level,   E  s a t    is the saturation energy and   E P   is the pulse energy given by [31]:


   E p  =  ∫  −   T R  2     T R  2      U   2    d t   



(3)




where   T R   is the cavity round trip time. The simulation of pulse propagation through the optical fiber sections, employed the symmetric split step Fourier method to numerically solve the modified NLSE. The transmission function T of the real SA is power dependent and modelled according to [32]:


  T =  q 0  +  q 1  sin  0.5 π  P  P  s a t      



(4)




where    q 0  = 0.58   is the initial transmission,    q 1  = 0.215   is the initial SA modulation depth, P is the instantaneous power proportional to    | U  ( z , τ )  |  2   and   P  s a t    = 30 W is the minimum power at which saturable absorption switches to reverse saturable absorption. The simulation properties of the EDFA and SMF sections of the laser cavity are fixed and detailed in Table 1. The EDFA small signal gain used in the numerical modelling was   g 0   = 2.1    m   − 1    and the saturation energy   E  s a t    = 100 pJ [31]. All numerical simulations employed   N =  2 13    time samples at a temporal resolution of 0.02 ps. The laser output pulse is examined after 500 round trips, which is sufficient for reaching a steady state solution.




3. Genetic Algorithm Optimization


The Genetic Algorithm (GA) describes a class of global optimization methods which borrow from biological evolution and use the principle of natural selection for fitness function optimization. Through environmental pressures, random mutations and the process of natural selection, fairly primitive systems can evolve into a plethora of complexity and diversity. In this work, the objective of the GA is to optimize the PCF and SA parameters in the laser cavity for the purpose of obtaining a mode-locked pulse with a predefined flat-top temporal intensity profile within the DSR regime. In particular, the GA will find the optimum PCF length   L  P C F   , PCF chromatic dispersion coefficient   D  P C F   , PCF effective area   A  e f f , P C F    and the modulation depth of the SA   q  1 , S A   . These selected parameters directly perturb the balance between dispersion and nonlinearity, on one hand, and gain and loss on the other. In this work, a single individual chromosome within a population is defined as an array recording the values of four elements, namely, the three PCF parameters and the SA modulation depth:   [  L  P C F   ,  D  P C F   ,  A  e f f , P C F   ,  q  1 , S A   ]  . The flowchart illustrating the steps involved in the GA optimization is shown in Figure 2. At each generational step, the GA enacts the process of selection, crossover, mutation and the evaluation of the fitness function for each individual chromosome within the population. The GA terminates once the number of generations reaches a maximum set value.



The GA attempts to minimize the misfit between the (normalized) output pulse intensity profile   I  o u t    and the target pulse intensity profile   I  t a r g e t   . Consequently, the following objective function J is minimized over the N time samples [33]:


  J =    ∑  k = 1  N     I  o u t   −  I  t a r g e t    2     ∑  k = 1  N     I  t a r g e t    2     



(5)







The hallmark of the DSR regime is the generation of wave-breaking-free flat-top pulses [21]. As a consequence, setting the target intensity profile   I  t a r g e t    to a rectangular pulse shape allows the GA to guide the cavity parameter towards operating in the DSR regime. The objective function J is evaluated over the entire simulation window with   N =  2 13    samples. The typical parameters employed in GA simulations are presented in Table 2.



The values of each element in the chromosome are restricted to a predefined range. The particulars of the minimum and maximum values for each element are outlined in Table 3. In this work, the effectiveness of the GA optimization hinges on its ability to simultaneously optimize parameters of different optical components, while maintaining an impartial and agnostic view of each element within the individual chromosome. To fully realize the benefits of this ability, the elements of each chromosome must be scaled appropriately to fall within proximity of each other. In this current GA implementation, beyond the trivial step of removing the standard units, the   L  P C F    is scaled by a factor of 10 and   q  1 , S A    is scaled by a factor of 100. The details of the GA operations, outlined in the block diagram of Figure 2, are described in the items listed below:




	
Initial population: Each individual chromosome in the initial population is generated randomly. This is achieved through initializing each element in the individual chromosome using a uniform distribution from within the range restrictions outlined in Table 3.



	
Selection operator: In this operation the GA selects the best two individual chromosomes from the generation at hand with the smallest objective function value. These individuals are deemed “fittest” and are denoted (  P 1   and   P 2  ) and act as parents for generating offspring in the next combination operation. The applied selection rule is deterministic.



	
Crossover operator: This operation is executed if a generated uniform random number is less than the assigned value for the crossover probability parameter. In such case, the elements of the two parents (  P 1   and   P 2  ) are combined in a certain way to produce two new individual children. In multi-point crossover a binary mask with four values corresponding to each element in the individual chromosome is generated using a uniform random number generator. The elements of the two individual children (  C 1   and   C 2  ) are selected from the elements of either parents (   P 1  or  P 2   ) based on the if a “0” or “1” appears at the corresponding binary mask index, respectively [34].



	
Mutation operator: This operation is executed if a generated uniform random number is less than the assigned value for the mutation probability parameter. In such case, a random element from within the individual chromosome is re-initialized with a random value using a uniform distribution from within the range restrictions outlined in Table 3.



	
Elitism operator: This function reduces genetic drift by adopting the fittest individuals from previous and new populations after a predefined number of selection, crossover and mutation.
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Table 3. Boundary conditions imposed on the available range for each element in a chromosome.






Table 3. Boundary conditions imposed on the available range for each element in a chromosome.





	Element
	Description
	Minimum Value
	Maximum Value





	   L  P C F    
	Length of the PCF
	1 m
	10 m



	   D  P C F    
	Dispersion of the PCF
	−30 ps/nm·km
	0 ps/nm·km



	   A  e f f , P C F    
	Effective area of the PCF
	10   μ   m  2   
	30   μ   m  2   



	   q  1 , S A    
	SA modulation depth
	0.1
	0.4








A representative example of the GA optimized output pulse shape in the DSR regime is shown in Figure 3. The target pulse was set to a rectangular intensity profile with a width of 40 ps and a maximum peak power   P  m a x    = 10 W. The minimized error reported from the objective function J calculation was 1.9%. The optimized cavity parameters required to generate the 40 ps DSR pulse are outlined in Table 4. The total pulse energy was 0.45 nJ, which is naturally higher than the theoretical target of 0.4 nJ due to the rise and fall time of the output optical pulse. The evolution of the DSR pulse intensity profile and energy   E p   per number of round trips and with the optimized PCF and SA parameters in Table 4 are shown in Figure 4a,b, respectively. The corresponding spectrum is depicted in Figure 5, which exhibits a bell-shaped profile centred at 1550 nm with 4 nm spectral bandwidth at −3 dB.



In Figure 4a, In the first few loops, both the pulse rising and falling edges are rapidly suppressed while the pulse center is amplified. The pulse profile is gradually shaped to be close to a square waveform. This can be attributed to the shaping effect of the saturable absorber. Fluctuations in the square signal disappear depending on the number of round trips. After 300 rounds, the pulse becomes stable and maintains its rectangular shape.




4. Results and Discussion


In the previous section, the genetic algorithm’s ability to guide the cavity parameters towards the generation of DSR square pulses with a target pulse-width of 40 ps and a target peak-power of 10 W was demonstrated. In this section, the influence of each of the optimized cavity parameters on the output pulse shape is systematically analyzed. First of all, the PCF length, PCF effective area and SA modulation depth were fixed at the aforementioned optimum value, while the PCF chromatic dispersion was varied. The output pulse evolution versus the PCF’s chromatic dispersion is shown in Figure 6. It is evident that the PCF’s chromatic dispersion has significant influence on the pulse width and the maximum peak power. While the optimum PCF chromatic dispersion is −13 ps/nm·km for the specified target pulse, slight perturbations of this optimum, in particular towards higher negative values, has measurable effect on the pulse width. An increase in the full width at half maximum (FWHM) of approximately ≈ 50% is observed for only an additional −2 ps/nm·km in the PCF chromatic dispersion coefficient. As such, any experimental implementation of the laser requires accurate characterization and control of the PCF dispersion. The spectra illustrated in Figure 7 show an inverse behaviour to those of the temporal profiles. The spectral bandwidth at −3 dB decreases from 6 nm to 3.6 nm when the PCF chromatic dispersion increases from −11 ps/nm·km to −19 ps/nm·km.



In the second stage of this analysis, the PCF length, PCF dispersion coefficient and SA modulation depth were fixed at the aforementioned optimum value, while the PCF effective area was varied. The pulse evolution versus the PCF’s effective area is shown in Figure 8. The output pulse that best matches the target pulse was achieved with a PCF effective area of 20   μ   m  2   . The results in Figure 8 show that the perturbation of the PCF effective area towards higher or lower values from the optimum has a marginal influence on the output pulse shape and width. When the PCF effective area was increased from 12   μ   m  2    to 28   μ   m  2   , the spectral bandwidths at −3 dB decrease as in Figure 9.



Subsequently, the PCF effective area, PCF dispersion coefficient and SA modulation depth were fixed at the aforementioned optimum value, while the PCF length was varied. The pulse evolution versus the PCF’s length is shown in Figure 10. The output pulse that best matches the target pulse was achieved with a PCF length of 4.2 m. The results in Figure 10 show that the perturbation of the PCF length has a significant influence on the pulse width and shape. This effect becomes fully pronounced when the length of the PCF fiber is shortened. The results in Figure 10 show that a change of −1 m results in a 50% increase in the FWHM of the output optical pulse. This is expected as changing the PCF length inherently changes the cavity dispersion, resulting in an effect that is quite similar to one reported in Figure 6. The spectra presented in Figure 11 reveal the same dynamics as observed for the PCF chromatic dispersion. Indeed, when the PCF length increases the spectral bandwidth at −3 dB decreases.



Finally, all of the PCF parameters were fixed at the aforementioned optimum values, while the SA modulation depth was varied. The pulse evolution versus the SA modulation depth is shown in Figure 12. The modulation depth of the SA has significant influence on both the DSR pulse width and peak power. Increasing the SA modulation depth results in an increase of both the pulse width and the peak power. Figure 13 illustrates the evolution of the spectrum versus the SA modulation depth. The spectral bandwidth at −3 dB is 4 nm for   q 1   equal to 0.25 and 0.35, and is 6 nm for   q 1   equal to 0.15.



Another consideration is the effect of changing the saturation power   P  s a t    of the saturable absorber on pulse generation. The change in the output pulse intensity with the change in   P  s a t   , while maintaining all of the cavity parameters at their optimum value, is shown in Figure 14. It is evident, that increasing the saturation power results in a decrease of pulse width and increase in the peak power. The SA imparts a significant influence on the output pulse energy and shape. Consequently, SA parameters should be the target of experimental observation and precise control to produce higher pulse energies. In Figure 15 spectral bandwidths at −3 dB are 4, 5, 4.8 and 6 nm, corresponding, respectively, to 20, 25, 30 and 35 W of saturation power   P  s a t    of saturable absorber.



Our findings provide an excellent design tool for optimizing the mode-locking performance and the enhancement of energy delivered per pulse. The square pulse characteristic could be improved with certain laser parameter selections. Hence, a high non-linearity could be used to improve the pulse energy and to control the pulse width. Our results are in good agreement with the experimental observations reported by Z. Cheng and F. Ben Braham, respectively, in the case of Yb-doped fiber laser and figure-of-eight Er:Yb co-doped fiber laser [35,36].




5. Conclusions


The computing power of the genetic algorithm was utilized in the numerical study of DSR pulse generation in a ring fiber laser, mode-locked by a real SA. The cavity of the laser included a PCF section, which facilitated accurate control of the cavity dispersion and nonlinearity. The genetic algorithm attempted to minimize the difference between the output optical pulse intensity and a flat-top pulse with a width of 40 ps and a peak power of 10 W, while updating the PCF length, the PCF dispersion, the PCF effective area and the modulation depth of the SA. These selected parameters directly perturbed the balance in the laser cavity between dispersion and nonlinearity, on one hand, and gain and loss on the other. The results indicate that the genetic algorithm has demonstrated its ability to guide the cavity parameters towards the generation of flat-top optical pulses in the DSR regime. Furthermore, the influence of the cavity parameters on the evolution of the DSR pulses was systematically analyzed. Simulations indicate that the output pulse width and peak power are both sensitive to perturbations in the SA modulation depth, SA saturation power, PCF length and PCF dispersion coefficient. In practice, several PCFs with different linear and non-linear characteristics must be tested before a stable DSR regime can be obtained, hence the importance of this study which can guide experimenters.
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Figure 1. Schematic of the modelled ring photonic crystal fiber laser. EDFA: Erbium doped fiber amplifier; SMF: Single mode fiber; PCF: Photonic crystal fiber; SA: Saturable absorber. 
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Figure 2. Block diagram of the Genetic Algorithm. 
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Figure 3. Optical pulse shaping with a flat-top target rectangular intensity profile with a width of 40 ps and a maximum peak power of   P  m a x    = 10 W. The error (objective function) = 1.9%. 
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Figure 4. The generation of DSR pulses in a ring fiber laser with   g 0   = 2.1    m   − 1   ,   E  s a t    = 100 pJ and optimized PCF and SA parameters in Table 4: (a) The evolution of pulse intensity with the number of round trips, (b) the evolution of the pulse energy with the number of round trips. 
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Figure 5. Spectral profile of DSR pulses in a ring fiber laser with   g 0   = 2.1    m   − 1   ,   E  s a t    = 100 pJ and optimized PCF and SA parameters in Table 4. 
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Figure 6. Pulse evolution versus PCF’s chromatic dispersion. 
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Figure 7. Spectral intensity evolution versus PCF’s chromatic dispersion. 
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Figure 8. Pulse evolution versus PCF’s effective area. 
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Figure 9. Spectral intensity evolution versus PCF’s effective area. 
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Figure 10. Pulse evolution versus PCF’s length. 
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Figure 11. Spectral intensity evolution versus PCF’s length. 
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Figure 12. Pulse evolution versus the SA modulation depth   q 1  . 
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Figure 13. Spectral intensity evolution versus the SA modulation depth   q 1  . 
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Figure 14. Effect of saturation power   P  s a t    of saturable absorber on pulse generation. 
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Figure 15. Effect of saturation power   P  s a t    of saturable absorber on spectral profile. 
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Table 1. Fixed simulation properties of the EDFA and SMF sections.
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	Parameter
	    SMF 1    
	EDFA
	    SMF 2    





	L (m)
	2
	5
	5



	 α  (dB/km)
	0.2
	0.5
	0.2



	 γ  (    W   − 1     km   − 1    )
	1.2
	4.7
	1.2



	  β 2   (   ps  2  /km)
	−21.6
	25.5
	−21.6
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Table 2. Genetic algorithm parameters.
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	Parameter
	Value/Method





	Population size
	100



	Fitness function
	minimize the misfit between the intensity profile of the output pulse and the target pulse



	Selection technique
	Select the best two individuals in the population



	Crossover probability
	95%



	Mutation probability
	10%



	Number of generation
	20
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Table 4. The optimized cavity parameters after genetic algorithm optimization.
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	Parameter
	Value





	   L  P C F    
	4.2 m



	   D  P C F    
	−13 ps/nm·km



	   A  e f f , P C F    
	20   μ   m  2   



	   q  1 , S A    
	0.22
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