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Abstract 

   This study, aims to find the optimal values of some coefficients of the rate 

equations for a Cr : LiSAF  laser Q-switched by Cr: YSO saturable absorber. 

The mathematical model used is based on four first-order nonlinear differential 

equations that represent the evolution of the temporal behavior of the system 

components, as follows.  

   The first equation represents the rate equation for the cavity photon number (n). 

The second stands for the rate equation for the gain medium with population 

inversion (Ng). The third serves the rate equation for saturable absorber molecule at 

the ground state (Na). The fourth represents the rate equation for saturable absorber 

molecule at the first excited state (Nau). It was solved numerically using Runge – 

kutta – fehlberge method to determine the characteristics of the laser-generated 

giant pulse. 

After that the optimization technique was utilized to determine the following 

parameters, the excited state absorption cross-section to the ground state absorption 

cross-section of the saturable absorber molecules (β), the saturable absorber decay 

rate (γa), photons losses inside the laser cavity(γc), using constrained Rosenbrock 

optimization technique. Where it was found that the value of (β )increases with 

increasing the number of Cr: YSO molecules number, but values of both Cr: YSO 

relaxation rate (γa)  and photons losses rate (γc) decrease with increasing number 

of Cr: YSO saturable absorber molecules number until reaching a certain value, at 

which point the variation becomes negligible. Optimal solutions were reached with 

accuracy and balance that achieve the best operating conditions for the laser 

system.  The absolute error ratio between the theoretically calculated and the 

practically calculated parameters was (0.0299, 0.000009, 0.0000032), respectively.  
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1.1. Introduction 

   This chapter serves as an introduction to optical switches, providing an overview 

of their progress over time and some of their applications. Several types of 

switches are mentioned, such as thermo-optic switches, microelectromechanical 

switches, liquid crystal switches, and hybrid nonlinear switches. The chapter also 

presents the objective of this study. 

1.2. Optical switches 

  Switches are a device that uses binary numbers, zero and one, to signify "on" and 

"off"[1]. Optical switches are essential for enhancing optical communication 

systems and attaining high data transmission rates in integrated optical circuits 

[2].The primary advantage of optical switching is its capacity to route optical data 

impulses without converting them to electrical signals, rendering it independent of 

data rate and protocol [3]. Optical switching applications are effectively executed 

in high-speed signal processing using all-optical gates [4], extremely essential for 

the future of mobile broadband all-optical IP networks [5] and optical cross-

connects[6]. Optical crossconnects serve as fundamental components for routing 

optical communications inside an optical network or system [3]. 

Optical switches can be classified into several groups (for example): 

1.2.1. Thermo-Optic Switches 

   The Thermo-Optic effect refers to the alteration in the refractive index of a 

dielectric substance caused by a change in the material's temperature. The thermo-

optic effect exists in all materials and is characterized by the Thermo-Optics 

Coefficient (TOC), defined as dn/dT, where n represents the refractive index of the 

material at temperature T. The TOC is of considerable importance in several optical  
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and optoelectronics applications, including the guidance, coupling, and modulation 

of radiation [7]. The predominant materials employed in the manufacturing of 

thermo-optical switches are polymers and silica [8]. The most attractive feature of 

polymer waveguide technology is the simplicity and versatility of waveguide 

production techniques, along with the accessibility of a diverse array of 

inexpensive optical polymers that exhibit superior optical, chemical, and 

mechanical characteristics [7]. Polymer classes are utilized in integrated optics 

comprise acrylates, polyimides, and olefins (e.g., cyclobutene). The majority 

exhibits transparency within the wavelength range of 400 to 2000 nm [9]. Yet, they 

may suffer from high driving power and significant power dissipation [7]. 

1.2.2. Micro Electro-Mechanical Systems Optical Switches 

   This switch is a variant of the mechanical switch known as a "optomechanical 

switch" [6]. Micro electromechanical systems (MEMS) are small devices 

measuring in the micrometer range. They are typically fabricated from silicon 

substrates using a manufacturing process. Consequently, several micro 

electromechanical systems devices may be fabricated on a single silicon substrate. 

The dimensions of the devices range from micrometers to millimeters. In micro 

electromechanical systems technology for optical switches, the mirror orientations 

dictate the switching functionality of the devices. The locations may be altered by 

adjusting the mirrors [3, 6]. Electrostatic or electromagnetic forces are employed to 

modify the locations of these mirrors. This signifies that optical signals can go 

from one location to another by reflecting off mirrors. MEMS optical switches 

have several advantages, including scalability and insensitivity to wavelength and 

polarization, making them appealing diverse domains such as research, industry, 

and telecommunications production [10]. 

   Two prevalent methodologies exist for the implementation of micro electromech- 
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 anical systems optical switches [11]. As shown in the Figure (1-1): 

 •2D micro electromechanical systems switches  

•3D micro electromechanical systems switches 

 

Figure: (1-1) Micro electromechanical systems methodologies for optical 

crossconnect switching: a)Digital or two-dimensional micro electromechanical 

systems technology: b) Analog, scanning mirror, or three-dimensional technology 

[3]. 

1.2.3. Liquid Crystal Optical Switches 

  Certain organic compounds have a molecular order that is transitional between 

crystalline solids and amorphous liquids, contingent upon the ambient temperature. 

These substances are designated as thermotropic liquid crystals[12]. Liquid-crystal 

modulators employ polarization manipulation to direct optical signals without the 

use of movable mechanical components [13]. There are three types of liquid 

crystal[14]:  
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 Thermotropic they exhibit mesophases as a function of temperature without 

the need for solvents, and are widely used in optical switching due to their 

sensitivity to thermal and electric stimuli. 

 Lyotropic they form mesophases based on the concentration of amphiphilic 

molecules in a solvent, with structural behavior influenced by both 

temperature and concentration. 

 Polymeric They consist of macromolecules that retain liquid crystalline 

properties, providing enhanced mechanical stability and thermal durability in 

advanced optical applications. 

   Liquid-crystal cells need minimal control voltages and currents. Consequently, 

they utilize less power than optomechanical switches. Liquid-crystal material has 

little absorption in the infrared spectrum [13].  

1.2.4. Nonlinear Optical Switches 

   Researchers have attempted to manufacture and analyze several molecular 

Nonlinear Optical switches. This switches differ according on the stimulus 

employed to induce commutation these stimuli may encompass light irradiation, 

redox reactions and pH variations [15]. Photochromes, acid ochromes or 

halochromes, thermochromes, and electrochromes are the terms used to describe 

chemicals that generate a spectrum change, often of visible color, but not always. 

Aside from changes in linear optical properties (light absorption and emission), 

reactivity, and complexation behavior, stimuli can also cause variations in 

nonlinear optical (NLO) properties such as second-harmonic generation, two-

photon absorption, and third-harmonic generation[16]. An optical switch can 

quickly transmit or reject an optical signal. However, the majority of integrated 

optical switches developed to date rely on thermo-, magneto-, or electro-optical 
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phenomena, which restrict applications owing to sluggish reaction times, huge 

footprints, and manufacturing complexity. 

 [17]. The need for the development of high-performance nonlinear optical 

materials is significant due to the rise of photonic technologies in 

telecommunications, where information is encoded, transmitted, and routed 

optically [18-20]. The switchable nonlinear optical characteristics can function as 

readout signals for sensing and data storage [21]. A significant quantity of NLO 

materials has been created in the past two decades. Optical signaling, as an 

innovative communication approach, facilitates enhanced network speed and 

expanded bandwidth [22]. 

1.2.5. Hybrid Optical Switching 

   Hybrid optical switching (HOS) has garnered significant interest in recent years 

due to its potential to enhance overall network performance and facilitate 

substantial cost reductions [23]. HOS integrates optical circuit, burst, and packet 

switching within a single network, assigning each application to the optical 

transport method that optimally meets its traffic demands, hence facilitating service 

differentiation at the optical layer. Additionally, HOS anticipates the 

implementation of two concurrent optical switches. An optical switch with 

moderate speed and minimal power consumption is employed for transmitting 

circuits and prolonged bursts, while a rapid optical switch is utilized for packet 

transmission and brief bursts [24] 

1.3. Literature Review 

In 2000 Y.-K. Kuo et al. [25] proven numerically that Cr:YSO serves as an 

efficient solid-state saturable absorber Q-switch for the ruby laser at 694.3 nm, the 

tunable alexandrite laser from 700 to 818 nm, and the tunable Cr:LiCAF laser from 
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725 to 840 nm. These passively Q-switched laser systems are robust, resilient, and 

cost-effective. They can be exceedingly beneficial when compactness is a principal 

consideration. 

In 2001 Y.-K. K. Y.-K. Kuo et al[26]. studied the passive Q-switching 

performance 

of the tunable Cr: LiCAF laser utilizing the Cr: YSO solid-state saturable absorber 

is examined numerically. The modeling findings indicate that Cr: YSO can serve as 

an efficient saturable absorber Q-switch for the tunable Cr: LiCAF laser over its 

whole tuning spectrum from 725 nm to 840 nm. 

In 2002, C.-K. Chang et al.[27] The study investigates the optical performance of 

Cr:YSO Q-switched Cr:LiCAF and Cr:LiSAF solid state lasers, developed by 

Payne et al. These transition-metal vibronic lasers have broad emission spectra, 

long lifetimes, low nonlinear refractive indices, low thermal lensing, and low 

excited state absorption. The results show that the Cr:YSO can effectively serve as 

a saturable absorber Q switch for the tunable Cr:LiCAF laser over a significant 

portion of its tuning range. 

In 2005, H.-F. Chen et al. [28]the passive Q-switching performance of the tunable 

Cr: YSO Q-switched Cr: LiCAF laser is numerically studied with the Runge-Kutta 

method. From the simulation results we conclude that better passive Q-switching 

performance can generally be obtained with a higher Cr: YSO ground-state 

absorption and a higher pumping rate. The simulation results show that the Cr: 

YSO is an effective saturable absorber for the Cr: LiSAF laser over a major portion 

of its tuning range due to the high Q-switch absorption to laser emission cross-

sectional ratio. With a typical laser configuration, a Q-switched laser pulse of 10 

mJ in 17 ns at 850 nm is obtained when R = 0.62, Na0=2.7×10
16

 s
−1

, and Rp = 

4.5×10
21

 s
−1

. 
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In 2007, S. N. A.-W. M. Mutter [29]used the passively Q-switching method for 

chromic solid-state lasers with Cr
4+

:Y2SiO5 solid-state crystal. The saturable 

absorber crystal properties are studied, including molar extinction coefficient, 

coupling coefficient, optical density, ground-state absorption cross-section, and Q-

switching efficiency. The Cr 
4+

: Y2SiO5 Q-Switched Cr: LiSAF laser has better 

passive Q-switching performance than other laser systems. The study indicates that 

increased pumping rates result in elevated values of parameters like ε, Ka, power, 

and η. Nonetheless, augmenting output coupler reflectivity diminishes the molar 

extinction coefficient, coupling coefficient, output laser power, and Q-switching 

efficiency. 

In 2010 H. N. Van et al.  [30] numerically investigated the characteristics of 

diode-end-pumped passively Q-switched solid-state Cr
3+

: LiSAF lasers. A Cr
4+

: 

YSO crystal is used as an intra-cavity saturable absorber.  obtained results indicate 

the influences of resonator and pumping parameters on the characteristics of 

passively Q-switched solid-state Cr
3+

: LiSAF laser. Particularly, numerical 

investigations are done in respect to the Cr
3+

: LiSAF laser medium of a very wide 

gain spectrum from 700 nm to 920 nm. Using a CW diode pumping at 670 nm and 

a Cr
3+

: LiSAF crystal of 3 mm long. A stable generation of Q-switching 

nanosecond Cr
3+

: LiSAF laser pulse at 850 nm is obtainable with a pulse energy of 

about 2 mili-joule. 

In 2014 N. Van Hao et al. [31]The study examines the performance of a passively 

Cr:YSO Q-switched Cr:LiSAF laser at different power levels. The results show 

that the loss of the laser is large when intra-cavity light intensity is weak, with an 

initial value of 1.78 × 10
18

 ions. The gain is greater than the loss, and the intra-

cavity light intensity builds up due to noise, depleting the laser population 

inversion density. The loss decreases as the intra-cavity light intensity increases. 
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The laser gain is smaller than the total loss, and the Q-switched laser pulse is 

exhausted and disappears rapidly. The first Q-switched pulse is developed at 21.35 

ms after pumping, with a constant time interval between adjacent pulses. The 

numerically obtained results show the bandwidth of integrated laser spectrum to be 

1.15 nm, a pulse width of 178 ns and a pulse energy of 1.71 mJ. 

In 2014 A.-K. M. Salih et al.[32] The numerical solution of rate equations 

mathem- 

atical model was used to investigate the impact of the absorption cross section of a 

saturable absorber on the behavior of passive Q-switching laser pulse.  Studied the 

passive Q-switching of theCr
+4

:  BeAl2O4 (alexandrite) laser using the yttrium 

silicate Cr
+4

: Y2SiO4 (Cr: YSO) solid state saturable absorber.  The study reveals 

that the behavior of pulse energy, starting value of population inversion, and laser 

photon number is scaling up as the ground state absorption cross section of a 

saturable absorber increases, while the behavior of pulse length is scaling down. 

1.4. Objective of Research 

   The aim of this research is to improve the performance of a Cr: LiSAF laser 

operating in passively Q-switched regime using Cr: YSO as a saturable absorber. 

This is achieved by determining the optimal values of three critical parameters in 

the rate equations are: 

1. The excited state absorption cross-section to the ground state absorption 

cross-section of the saturable absorber molecules (β). 

2. The saturable absorber decay rate (γa). 

3. Photons losses inside the laser cavity (γc). 

Optimization techniques are employed to identify these values and to investigate 

the in fluence of each parameter on the output pulse characteristics. 
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2.1. Introduction 

   This chapter introduction the fundamental concept behind the Q-switching 

theory. The difference the two main types of Q-switching (active and passive) has 

also been studied. Then, the type of the Q-switched active medium laser, Cr: 

LiSAF is discussed. After that, the saturable absorber materials and their types 

were reviewed, including the Cr: YSO saturable absorber. Finally, a model of rate 

equation is presented. 

2.2 Q-Switching in Lasers and its Applications 

   LASER is an abbreviation for "Light Amplification by Stimulated Emission of 

Radiation" [33]. The laser work to enhancing or amplifying light signals after they 

are generated by (1) stimulated emission and (2) optical feedback [34]. One method 

of lasers is quality factor switching (Q-switching). Q-switching is employed to 

generate substantial laser pulses within a cavity. This is accomplished by 

obstructing the cavity from lasing by the introduction of losses, preventing the 

attainment of the laser threshold.  The energy is retained as excited electrons until 

the losses are abruptly eliminated. Subsequently, the substantial gain will generate 

an oscillating field within the cavity [35]. Since the attributes of these pulses have 

facilitated advancements in laser applications across numerous domains, including 

material processing[36], and biomedicine [37], terahertz generation, remote 

sensing, precise measurement, and spectroscopy[21, 38-40], high-precision 

processing, laser medical therapy, spatial detection, radar technology, and laser 

communication [41-43]. 

Efforts persisted to enhance pulse parameters (energy and duration) about the 

quality factor of conversion technology, categorized into: 
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Efforts persisted to enhance pulse parameters (energy and duration) about the 

quality factor of conversion technology, categorized into: 

1- Empirical investigations concerning the advancement of qualitative factor 

converter technology switches. 

 2-Theoretical investigations aimed at enhancing the comprehension of factors 

associated with pulse creation and its specifications will be elucidated in depth 

through the establishment and development of mathematical models for rate 

equations. 

2.3. Quality Factor (Q) 

   The Q factor quantifies the extent to which light from the laser's gain medium is 

fed back into itself by the resonator and it is represented by the Equation[44]. 

       Q = 2𝜋 ∗  
𝐄𝐧𝐞𝐫𝐠𝐲 𝐬𝐭𝐨𝐫𝐞𝐝 𝐚𝐭 𝐫𝐞𝐬𝐨𝐧𝐚𝐭𝐨𝐫 𝐢𝐧 𝐜𝐲𝐜𝐥𝐞

𝐄𝐧𝐞𝐫𝐠𝐲 𝐝𝐞𝐩𝐥𝐞𝐭𝐞𝐝 𝐚𝐭 𝐫𝐞𝐬𝐨𝐧𝐚𝐭𝐨𝐫 𝐢𝐧 𝐜𝐲𝐜𝐥𝐞
                      (2-1) 

 

   The quality factor can also be defined by the geometric characteristics of the 

resonator and the optical properties of the active medium, for instance, a resonator 

of length (L) cm, with mirror reflectivities R1 and R2, and an active medium 

possessing an absorption coefficient of unit length (αc) cm, assuming (Eo) 

represents the energy at time (t=0). Upon completing one cycle within the 

resonator, the residual energy in the resonator is equivalent to[45]. 

E(𝑡) = E𝑜R1R2exp(−2αcL)                                         (2-2). 

The duration necessary to finalize one cycle is equivalent to 

t =
2noL

C
                                                                                

where (no) denotes the refractive index of the effective medium, C represents the 

speed of light. 
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   The quality factor technique allows the conversion of the quality factor (Q) from 

its minimum value, indicative of maximal energy loss, to its maximum value, 

representative of minimal energy loss. This must be executed promptly and 

abruptly; hence, it may be asserted that this technique the primary factor is the 

degree of control over optical losses within the resonator[46, 47]. This is achieved 

by inserting a shutter of various forms within the resonator to get a maximum state 

of inverse population, after which the shutter is rapidly and abruptly opened, 

resulting in the generation of a giant pulse[35]. 

 

There are two conditions for effective Q-switching: 

1- The pumping rate must exceed the spontaneous decay rate of the upper lasing 

level; otherwise, a sufficiently enough population inversion cannot be established. 

2-The Q-switching mechanism must function swiftly relative to the buildup of 

laser oscillation; otherwise, the oscillation would accumulate gradually, resulting in 

a prolonged pulse with less peak power. Practically, this implies that the switch 

should preferably function within around a nanosecond or so[48]. 

   Early in the optical pumping process of the active medium, the value of (Q) is 

low (the amount of photon loss is high). Due to this high loss value and the 

continuation of pumping, there is a good opportunity for the inverse distribution to 

become high through continued collection in the upper excited laser plane,). After 

a period of time, the duration of which is determined by the nature or type of 

shutter used, the value of (Q) is converted to a high value by making the photon 

loss as low as possible, while the inverse distribution has become high. This rapid 

and sudden decrease in photon loss generates laser oscillations, which ultimately 

produce a short pulse estimated at nanoseconds. It should be noted that the pulse 
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energy during key operation is less than its energy during normal operation, but its 

short duration makes its power high, as shown in Figure(2-1) [49].  

 

Figure: (2-1) Development of Q-switched pulse[49].   

  

2.4. Methods of Q-Switched Laser 

2.4.1. Active Q-Switching  

   Active Q-switching employs an externally-modulated Q-switch, enabling 

adaptable repetition rate modifications and temporal synchronization [27]. The 

electric pulse-driven modulators enable the laser cavity to alternate between high-

loss and low-loss states, therefore generating high-quality Q-switched pulses [50].  
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          The energy of the output pulse and its duration are contingent upon cavity 

loss and the energy accumulated in the gain medium, which is associated with 

pump power and repetition rate[51]. The benefit of the active Q-switch is its 

straightforward regulation of the pulse repetition rate and, consequently, the pulse 

width; nevertheless, its drawback is the necessity for an optical modulator[51]. It is 

divided into three types: 

A. Rotator Mirror Method 

   In this mechanical configuration, one laser mirror is stationary, akin to a 

traditional laser, while the second mirror rotates at high velocity, as shown in 

Figure (2-2). Although the two mirrors are not parallel, the hypothetical switch can 

be regarded as being in the 'off' position (the cavity exhibits low Q); during the 

brief interval when the mirrors are parallel, the 'switch' can be perceived as being 

in the 'on' position, allowing light to oscillate within the cavity (high Q). An 

electrical trigger synchronizes the flash bulb to ignite at the precise moment 

corresponding to the revolving mirror [52]. The advantages of this method are 

simple and affordable devices that can be employed at any wavelength. The 

undesirable side of this method is that it requires routine maintenance owing to 

their mechanical degradation and propensity to emit several pulses at a very 

moderate velocity[53]. 
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Figure: (2-2) Rotator mirror method of Active Q-Switching [52]. 

B.  Acousto-Optic Method 

   Acousto-Optic (AO) diffraction is extensively employed for beam control, and 

AO modulators utilizing this phenomenon serve as Q-switches in lasers [54].  

The phrase "acoustic-optical" describes the effect of a sound wave on a light wave, 

exemplified by the phenomena of photoelasticity, which alters the optical 

characteristics of an optically transparent material under stress. The propagation of 

sound waves in an optically transparent media induces a periodic alteration in the 

refractive index , causing the medium to function as a diffraction grating [55]. As 

seen in Figure (2-3). 

   Currently, single crystals of germanium (Ge) and paratellurite (TeO2) serve as the 

primary AO modulator materials throughout the critical wavelength range of 3 µm. 

The investigation of efficient materials for use at 3 µm has persisted for over 20 

years since their implementation as AO modulators[56], The germanium-based 

acousto-optic Q-switch is extensively utilized in the 10-µm CO2 laser for optical 

spectroscopy and environmental monitoring [57]. When the radio frequency driver 

(RF driver) is operational, the entry of sound waves into the transparent medium 

utilized as a switch to alter the quality factor induces a change in the medium's 

refractive index, resulting in the diffraction of incident light[58]. Due to a 

significant proportion of light deviates from its trajectory with high diffraction 

orders, resulting in reflection in directions distant from the return path to the laser 

medium. This occurs due to the light striking the reflecting mirror at angles other 

than perpendicular, leading to increased photon loss and a reduced value of (Q). 

Consequently, this presents a favorable opportunity for achieving high population 



Chapter Two                                                                                      Theoretical part 

 

15 
 

inversion with continuous optical pumping[55]. The AO Q-switching approaches 

have a small pulse width and elevated repetition rate.  A downside is that the sound  

wave's influence persists in the substance for a duration after the frequency wave is 

deactivated[53].   

 

 

Figure: (2-3) Schematic of an acoustic-optic modulator used for Q-Switching[59]. 

 

C.  Electro-Optic Method 

   The increasing diversity of electro-optic materials has led to their widespread 

application as Pockels cells for Q-switched production of high peak power pulses 

in solid-state lasers. Initially, water-soluble crystals of potassium dihydrogen 

phosphate (KDP) and its isomers  were extensively utilized in the longitudinal 

mode, namely when the electric field was oriented parallel to the path of the optical 

beam[60]. This may be accomplished using lithium niobate (LN, LiNbO3) in a 

transverse electrode configuration, with light traveling along the optical axis[61]. 

The electro-optic materials are depicted in Figure (2-4). The light emitted by the 

laser medium is randomly polarized, but subsequently becomes vertically polarized 
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by the polarizer. When a DC voltage is given to the electro-optic modulator, it 

functions as a quarter-wave plate, transforming the vertically polarized light 

entering its left side into circular polarization. The polarization direction is inverted 

upon reflection from the mirror. Light entering the right side of the electro-optic 

modulator is transformed to horizontally polarized light, which cannot pass 

through the vertical polarizer. This results in significant cavity loss, hence 

producing a poor Q factor. Upon removal of voltage from the electro-optic 

modulator, it no longer alters the polarization, resulting in a high cavity Q[55]. 

This type of switches is expensive[52]. 

 

 

Figure: (2-4) Electro-optic Q-Switching [55]. 

 

2.4.2. Passive Q-Switching 
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   The predominant pulsed lasers employ passive Q-switching, wherein a nonlinear 

optical component known as a Saturable Absorber material (SA) converts the 

laser's continuous output into a sequence of laser pulses by regulating loss in an 

oscillator[62].  

Generate high-power laser pulses using the passive switching approach; the stages 

are as follows [63]: 

 1- Upon pumping the active medium, population inversion is established, and the 

output laser is hindered by maintaining elevated resonator losses (low Q factor). 

 2- The passive Q-switch incurs considerable loss, inhibiting the initiation of laser 

activity in the absence of a feedback system.  

 3- The power often increases exponentially until the gain reaches saturation. The 

feedback process is then maintained by swiftly alternating the SA from low to high 

Q-value [64].  

   Passive Q-switching has garnered considerable interest for its potential to 

provide a small and cost-effective alternative, such as semiconductor saturable 

absorber mirrors [65]. Saturable carbon nanotube pipettes were employed for Q-

switching. (SA) is a conventional optical component that modulates loss in an 

oscillator. A nonlinear effect reliant on laser intensity is employed to achieve a 

saturable absorber (SA) that responds immediately to intensity changes. According 

to the SA, a laser pulse incurs less loss with elevated intensity. Consequently, a 

more intense segment of a laser pulse intensifies significantly, and the temporal 

length diminishes during the saturable absorption process [62]. Passive Q-switches 

rely on a process referred to as saturable absorption (SA). This phrase refers to a 

material's capacity to absorb a specific quantity of light at a designated wavelength 

before reaching saturation, resulting in temporary transparency. Consequently, if a 
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saturable absorber material is positioned within the laser cavity, it will absorb all 

naturally produced photons until saturation is achieved [66]. Passive Q-switched 

solid-state lasers are optimal for scientific and industrial applications, owing to 

their design simplicity, reliability, cost-effectiveness, and compactness [67]. This 

method, utilizing eye-safe lasers, has garnered significant interest due to its use in 

several fields such as laser surgery and remote sensing. Consequently, much work 

has been dedicated in recent years to the  

 

development and enhancement of doped stolite glass emitting at wavelengths 

ranging from 1950 to 2100 nm [68]. Without a dispersion control mechanism, the 

resultant pulse duration is determined by the equilibrium between pulse shortening 

from saturation absorption and pulse broadening from dispersion. The pulse 

duration is mostly dictated by the spectral bandwidth of the laser pulse, 

measuring[62]. The transform-limited pulse duration represents the minimum pulse 

length attainable for a specific spectral bandwidth[62]. The passive Q-switched 

method is an alternative technology for generating a portable and potent laser 

source that emits short-range, high-intensity Q-switched pulses[69-72]. 

   This technique allows the emission of significantly shorter pulses from the cavity 

in both directions. This is accomplished by integrating two elements: a gain-

providing laser amplifier and a nonlinear loss component[73]. 

 

   The efficacy of that technique is contingent upon the characteristics of the 

absorber substance employed:  

 

 1. The nonlinear reduction in absorbance corresponding to the rise in incident light 

intensity[74]. 



Chapter Two                                                                                      Theoretical part 

 

19 
 

2. The absorption spectra of the absorber materials corresponds to the emission 

spectrum of the active medium[75]. 

 

   This technique is distinguished by its straightforward integration within the 

resonator, cost-effectiveness, and independence from synchronization with the 

pumping process or electronic control circuits. Consequently, it has undergone 

further advancement through the incorporation of various liquid and solid switches, 

molecular gases, and semiconductors, as illustrated in table (2-1). 

Table (2-1): Effective medium and saturable absorber material[76-81]. 

Effective 

medium 
Wave length Saturated absorbent material 

Erbium-

doped fiber 

laser (EDFL) 

 

1564 nm 

 

1- (2-hydroxy-1,4-naphthoquinone), a natural 

dye material 

1558.92nm, 

1557.98 nm 

and 

1558.51nm, 

respectively 

2-graphene, single walled carbon nanotubes 

(SWCNT) and multi-walled carbon nanotube 

(MWCNT) 

Er–Yb: glass 1.53 µm (Co
2+

: MgAl2O4) solid material 

Nd: YVO4 1341.5 nm few-layer Platinum diselenide (PtSe2) 

Nd: GYAP 1080.4 nm β-Ga2O3 crystals 

Cr: ZnSe 2.5 µm 
Semiconductor Saturable Absorbing Mirror 

(SESAM) 

 

   Theoretical analysis is necessary to create or regulate the specifications of a high-

power laser pulse. The enormous pulse signifies a physical understanding of the 

interrelations among variables associated with fundamental elements in the pulse 

production system, hence producing mathematical correlations that elucidate this 

understanding. Subsequently, use these mathematical relationships to the actual 
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computations to derive findings that facilitate the assessment of their alignment 

with practical reality.  

   The fundamental elements of the examined system (laser system) are defined by 

the following: 

1) Pumping (pumping energy into the active medium). 

2) The effective medium. 

3) Resonator. 

4) Saturable absorber material (the passively switch for quality factor 

conversion). 

2.5. Pumping 

   Laser pumping is the process of transferring energy into the laser gain medium to 

achieve the necessary population inversion ∆N21. The energy is absorbed by the 

medium, resulting in the excitation of its atomic states. Pump energy is often 

supplied as light or electric current, however more unconventional sources, like 

chemical or nuclear processes, have also been utilized [82]. 

1) Optical Pumping 

   Optical pumping of lasers often pertains to the excitation of liquid (dye) lasers 

and dielectric solid-state lasers, facilitated by either flashlamps or alternative 

lasers. The predominant flashlamp forms utilized for laser pumping are narrow, 

cylindrical quartz tubes equipped with metal electrodes at both ends, filled with a 

gaseous medium like xenon that acts as the radiating substance within the lamp. A 

voltage is supplied across the flashlamp electrodes, causing current to flow through 

the gas, which populates the excited energy levels of the atoms, resulting in strong 

light emission [82]. 
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2) Electrically Pumping  

   Typically, it is executed by a continuous wave, radio-frequency, or pulsed current 

traversing a conductive medium, such as an ionized gas or semiconductor, 

typically achieved with a sufficiently powerful electrical discharge [59]. 

3) Chemical Pumping 

   Chemical reactions serve as a power source in chemical lasers. The energy 

produced by these reactions is utilized to energize the active medium and attain 

population inversion. This enables exceptionally high output powers that are 

challenging to achieve using alternative methods[59]. 

4) Others Pumping Ways 

    Nuclear fission is utilized in unusual nuclear pumped lasers (NPL), directly 

harnessing the energy of fast neutrons emitted from a nuclear reactor[83]. The 

aforementioned pumping processes optical, electrical, and chemical pumping are 

not the exclusive methods available for laser pumping. A process akin to optical 

pumping occurs when the medium is stimulated by a beam from an X-ray source 

(X-ray pumping). Similarly, a pumping process akin to electrical pumping occurs 

when the medium is stimulated by a beam of electrons from an electron-beam 

machine (e-beam pumping). Despite the capability of both X-ray and e-beam 

pumping to provide substantial pump powers or energies throughout a significant 

volume of active medium, both pumping methods are not commonly employed in 

practice due to the intricacy of the X-ray or e-beam equipment. It is noteworthy 

that the shortest wavelength attained in a laser, around λ≅1.4nm, which is at the 

threshold between the soft and hard X-ray regions, has been realized using the 

strong X-rays generated by a tiny nuclear explosion. The specifications of this laser 
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remain classified; nonetheless, it is evident that this pumping setup is not easily 

replicated in a standard laboratory setting[59]. 

2.6. Cr: LiSAF Laser 

   Nowadays, solid-state lasers play a significant role in the laser industry, owing to 

its numerous advantageous characteristics, including robustness, dependability, 

safety, user-friendliness, compactness, and cost-effectiveness [84]. Crystal growth 

of Cr: LiSAF(Chromium-doped Lithium Strontium Aluminum Fluoride) at 

Lightning Optical Corporation (LOC) commenced in 1991 following the 

acquisition of a license to cultivate and market this material [85]. Cr: LiSAF gain 

medium has an extensive gain bandwidth of about 800 nm, enabling complete 

tunability from 780 nm to 1110 nm and permitting the creation of pulses at the 10-

fs level[86, 87]. Furthermore, Cr: LiSAF crystals exhibit minimal passive losses, 

and the product of their fluorescence lifetime and emission cross-sections is 

notably high (320 μs x 10
-20

 cm²)[86, 87]. Consequently, the lasing threshold of Cr: 

LiSAF lasers can be quite low (a few milliwatts). Moreover, Cr: LiSAF has an 

inherent slope efficiency of 54%[88], facilitating the development of extremely 

efficient systems. Finally, it is crucial to note that Cr: LiSAF exhibits extensive and 

robust absorption bands at 650 nm, facilitating direct excitation by economical red 

laser diodes [89]. This laser is used in several applications, including generating 

very short light pulses, acoustic pulse amplification systems, medicine, and 

spectroscopy[90, 91] 

 

2.7. Resonator 
 

   The cavity is specifically designed to provide the requisite feedback for laser 

oscillation, forming optical structures. The resonator facilitates the amplification 
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process, generating highly coherent and monochromatic light, thereby enabling the 

construction of a high-intensity source[92]. 

   The propensity of the laser to oscillate in several patterns arises from the 

resonator's dimensions being greater than the laser's wavelength[93]. 

The resonators employed in the laser oscillator typically consist of an open 

configuration with a pair of mirrors oriented towards one another and 

perpendicular to the optical axis of the active medium[94]. 

 

2.8. Resonator Losses 
 

    Photon losses inside an optical resonator refer to the mechanisms by which 

photons are lost or dissipated from the resonator, reducing its efficiency and 

performance. These losses can be originated from various factors, including 

absorption within the cavity materials, scattering due to imperfections or surface 

roughness, diffraction losses at the cavity boundaries, and imperfect mirror 

reflectivity. Minimizing these losses is crucial for achieving high-quality (high-Q) 

resonators [95]. 

There are many photon losses inside the resonator, including: 

 

2.8.1. Non - Radiative Transmission Losses 
 

    Losses resulting from non-radiative transitions occur between layers above the 

quasi-steady level or beneath the lower laser level (not associated with the laser 

activity, i.e., the laser transition) [96]. As it happens of spontaneous emission from 

excited states to lower states, the loss due to spontaneous emission is dispersed 

throughout all modes of the gap[97]. 

 

2.8.2. Diffraction Losses 
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    The electromagnetic field within the resonant gap may experience decay with 

this loss being ascribed to diffraction occurring at the final ports of the mirrors 

when the wave oscillates between them. This loss results in an additional loss 

referred to as diffraction loss for the resonator mode is defined as the energy loss 

incurred during a single pass[98]. 

   Diffraction losses are quantified by a parameter known as the diffraction loss 

coefficient, as delineated in equation (2-3) [99]. 

L=-In (
1

M2
)                                                          (2-3) 

Where: 

L: The round-trip loss coefficient is defined as the ratio of the area of the starting 

wavefront to the area of the wavefront after one complete round trip.  

M : It is the magnification factor of the round trip. 

The likelihood of diffraction escalates as the wavelength of the electromagnetic 

beam exceeds the dimensions of the edges that obstruct it [100]. 

2.8.3. Losses of Non-Uniformity of Reflectivity of the Resonator 

Mirrors 
 

   Due to one resonator mirror being partially reflective and the other fully 

reflective, the former transmits a fraction of the electromagnetic rays within the 

resonator during each traversal through the gap. Consequently, the transmittance of 

this mirror constitutes a significant source of loss in the resonator, thereby 

preventing laser action unless this loss is mitigated attains the benchmark or 

exceeds it. Oscillation will not take place unless the gain of the active medium 

above the loss in the laser (output loss). The gain per traversal of the active 

medium, defined as the ratio of the outgoing photon flow to the incoming photon 

flux, is 

 𝑙(exp[𝜎𝑇(𝑁2 −𝑁1)]))   
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then (𝑙) the length of the active medium. Assuming that the sole loss in the 

resonator is attributable to permeability, then the requisite condition for laser 

oscillation is [101] 

R₁R₂ exp[2𝜎𝑇(N₂-N₁)𝐿] =1                                                       (2-4) 

Since 𝑅1𝑅2: the reflectivity of mirrors (1) and (2) respectively 

𝜎𝑇 ∶is the cross-section of the permeability(cm). 

L : Resonator length. 

𝑁1𝑁2: the population of levels (1) and (2) respectively. 

Thus, the output loss (𝐿𝑜) is defined by the following equation. 

Lo=
1−𝑅𝑂

M2
                                                                                     (2-5) 

Where 𝑅𝑜: the peak reflectivity. 

M: the magnification factor [102]. 

 

2.8.4. Reflection and Refraction Losses 
 

   The electromagnetic beam experiences several reflections from the interior walls 

of the pumping cavities, resulting in significant energy loss prior to the laser output 

process [103]. When a planar electromagnetic wave impinges upon a boundary 

between two mediums with distinct refractive indices at a specific angle of 

incidence, the coefficients of reflection and transmission are contingent upon the 

components of the incoming polarized light [28]. 

 

2.8.5. Absorption Losses 
 

    The pumping cavities, composed of core materials with varying refractive 

indices, may absorb electromagnetic radiation inside prior to their emergence from 

the partly permeable mirror [103]. 

2. 9. Saturable Absorber Materials  
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    In a passively Q-switched technique, the selection of a saturable absorber 

material is a critical design consideration. The material must possess superior 

qualities within production tolerances, be readily available in the market, and have 

the appropriate characteristics to facilitate effective Q-switching. The following 

qualities are summarized below [104]: 

1. Significant ground-state absorption cross section to facilitate rapid activation of 

the Q-switch. 

 2. The absorption cross section in an excited state should be minimized to reduce 

residual absorption losses once the Q-switch is saturated (open). To prevent the Q-

switch from shutting prematurely, its excited state lifetime must significantly 

exceed the duration of the output pulse. Numerous varieties of saturable absorber 

materials may be identified, including the following: 
 

2.9.1. Dye Saturable Absorber 

   In this context, researchers focused on more efficient developing nonlinear 

optical materials, particularly organic compounds, which exhibit a remarkable 

nonlinear optical response conducive to the creation of appropriate ultrashort 

pulses[105]. Organic materials provide diverse properties that demonstrate 

significant potential for all-fiber pulsed lasers. Most organic materials have 

extensive spectrum tunability, little processing costs, and rapid nonlinear 

responses. The organic group is very environmentally benign and is extensively 

utilized in the fabrication of novel photonic devices, including thin film transistors, 

organic solar cells (OSCs), and light-emitting diodes (LEDs)[106]. Moreover, 

organic groups exhibit straightforward processing that facilitates flexibility in 

controlling physical attributes. Nevertheless, they have not been substantially 

researched for fiber laser applications despite their significant promise in this area. 

An illustration of this is lawsone (2-hydroxy-1,4-naphthoquinone), a natural dye 
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material suggested and proved as a saturable absorber (SA) for passive Q-

switching in an Erbium-doped fiber laser (EDFL) cavity [76].  

2. 9.2. Solid Saturable Absorber 

   All-solid-state pulsed lasers are crucial in scientific research, industry, medicine, 

information technology, and military applications due to their small pulse width, 

high peak power, and substantial pulse energy [87, 107-111]. In recent years, the 

need for ultrashort pulses with elevated average power has surged across several 

fields, including precision micro-nano processing, biomedicine, scientific research, 

and ultrahigh-speed optical communication [112-117]. As semiconductor laser 

technology matures, laser diode pumped solid-state lasers (LDPSSLs) are 

emerging as superior laser sources characterized by small design, high efficiency, 

longevity, and exceptional beam quality [118, 119]. In commercial and industrial 

systems, the predominant semiconductor saturable absorber mirror (SESAM) is 

utilized[120, 121]. Which has seen swift development and commercialization in 

recent decades, finding applications in fiber lasers, solid-state lasers, and thin-slice 

lasers[122-124]. In recent years, the advent of low-dimensional (LD) materials, 

encompassing two-dimensional (2D), one-dimensional (1D), and zero-dimensional 

(0D) materials, presents a novel possibility for the advancement of pulsed 

lasers.[125-127]. The 2D material denotes atomic layer material, which may 

consist of a single layer or many layers in thickness. It possesses robust covalent 

bonds inside the layer and weak interlaminar van der Waals forces. In the absence 

of interlayer interactions, electron mobility is constrained in two-dimensional 

systems, leading to the emergence of several novel electrical and optical features in 

2D materials. [128, 129]. Graphene is the inaugural monatomic layer material 

identified, with remarkable mechanical, thermal, electrical, and optical 

characteristics [130, 131]. Subsequently, topological insulators (TIs), transition 
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metal dichalcogenides (TMDs), black phosphorus (BP), and perovskite materials 

were documented[131-133]. Furthermore, the advent of one-dimensional materials 

like carbon nanotubes (CNTs) and zero-dimensional materials such as quantum 

dots (QDs) has significantly contributed to the advancement of pulsed solid-state 

lasers [134, 135] see in Figure (2-5).  

 

 
Figure: (2-5) The development of SA ranged from SESAM to LD materials [136].  

2.10. Cr: YSO Saturable Absorber 

 
   The Cr: YSO (Cr

4+
: Y2SiO5) (Chromium-Doped Yttrium Orthosilicate) is a 

purely tetravalent chromium system. It is blue in hue and is a biaxial solid-state 

crystal [137]. Deka et al. published the initial spectroscopic investigations of Cr
4+

: 

YSO and the detection of laser action from 77 to 257 ºK in 1992. Kück et al. also 

documented room-temperature laser operation of Cr
4+

:YSO [27]. It was 

experimentally established that, the Cr:YSO crystal may also function as a 

saturable absorber Q-switch for the tunable Cr:LiSAF laser[30]. The material 

possesses a melting point of 2070 ºC, a chromium atom concentration of 9.7 x 10
19
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atoms/cm³, a density of 4.6 g/cm³, a refractive index of 1.8, and a damage 

threshold of 30 J/cm² [25, 138]. It possesses four absorbance bands with peaks at 

around 390 nm, 595 nm, 695 nm, and 750 nm [25] as shown in Figure (2-6). Its 

absorption spectrum encompasses the visible and near-infrared spectral regions, 

hence enabling its application as a saturable absorber. Q-Switch for ruby, 

alexandrite, Cr:LiCAF (Chromium-Doped Lithium Calcium Aluminum Fluoride), 

and Cr:LiSAF lasers[25]. 

 

Figure: (2-6) Cr 
4+

:Y2SiO5 absorption spectrum[25]. 

    The absorption process within it may be delineated as follows Figure (2-7).  

Most of  the molecules located in the ground state level, ions absorbed the 

stimulated  photons and excited to level (3), the ions relax fast to temporal 

equilibrium level (2) of excited state (τ32 very short), ions in level (2) absorbed the 

incident photons and excited to level (4) and relax to level (2), within stay the ions 

in the first excited state (relaxation time τ1 relatively long) they may be excited to 

level (4) (relaxation time τ3 very short) ions back to level (2).That make all the 

molecules in the first excited state advert in  the  absorption activity  to this  level, 

the  absorption  will increase  with  increasing the  incident photons in the  
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saturable  absorber. So the absorption will not stop unless transfer the majority of 

ions  to  the  excited  state[139].  

 

 

 
 

Figure: (2-7) Energy level diagram of Cr+4: YSO[140]. 

 

   This material is suitable for use in high-axial-resolution optical coherence 

tomography (OCT)[141-143], remote sensing, precision cutting, marking 

materials, and in medicine to treat skin diseases[28, 31, 144].  

2.11. Rate Equations for Passive Q-Switching 

   This thesis focuses on passive Q-switching technique, which employs some solid 

materials. Used a system of rate equations for four energy levels. 

   This model will appropriately depict the rate equations for a passive Q-switched 

laser based on the absorption process of the saturable absorber in this system. This 

model considers the contribution of the first excited state absorption of the 

stimulated photons as shown in the Figure (2-7). Consequently, this results in a 

reduction in the cavity photon number. The current formulation of the rate equation 

𝝉𝟑 

𝝉𝟐 

𝝉𝟏 
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for passive Q-switching utilizing a saturable absorber as a four-level system may 

be expressed as[145]. 

𝑑𝑛

𝑑𝑡
=[𝐾𝑔𝑁𝑔 −  𝐾𝑎𝑁𝑎 −  𝐾𝑎𝑁𝑎𝑢 −𝛾𝑐]n                                           (2-6) 

   Equation (2-6) delineates the rate equation for the cavity photon number (n). The 

first term denotes the temporal increase rate of the signal attributable to stimulated 

emission, which serves as the source of laser photons. The second component of 

this equation denotes the rate at which the ground state of the saturable absorber 

absorbs laser photons. The third term denotes the rate at which laser photons are 

absorbed by the first excited state of the saturable absorber. The last element of this 

equation denotes the reduction in signal energy resulting from the interplay of 

internal cavity losses and cavity output coupling.  

𝑑𝑁𝑔

𝑑𝑡
= 𝑅𝑝 −  𝛾𝑔𝑁𝑔 - 2 ∗ 𝐾𝑔𝑁𝑔n                                                       (2-7) 

   Equation (2-7) delineates the rate equation for the gain medium exhibiting 

population inversion (Ng). The first component denotes the pumping rate, which 

contributes to the augmentation of population inversion in the gain medium, 

whereas the second term signifies the rate of decline of population inversion 

resulting from spontaneous emission. The last limit represents the rate of decrease 

in the population inversion of the active medium due to stimulated emission.  

𝑑𝑁𝑎

𝑑𝑡
 = 𝛾𝑎 𝑁𝑎𝑢 − 𝐾𝑎𝑁𝑎n                                                                     (2-8)  

   Equation (2-8) delineates the rate equation for a saturable absorber molecule in 

its ground state (Na). The first component denotes the rate of rise in decay from the 

first excited state, whereas the second term indicates the rate of reduction in the 

number of saturable molecules in the ground state owing to incoming photons on 

the saturable absorber.         
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𝑑𝑁𝑎𝑢

𝑑𝑡
= 𝐾𝑎𝑁𝑎 𝑛 − 𝛾𝑎𝑁𝑎𝑢                                                                   ( 2-9) 

   Equation (2-9) delineates the rate equation for saturable absorber molecules in 

the first excited state (Nau), wherein the initial term signifies the rate of increase in 

the quantity of saturable absorber molecules at this state, attributable to incident 

photons that excite molecules from the ground state to the first excited state. The 

second term represents the rate of decrease in the number of the saturable 

molecules at the first excited state due to spontaneous decay from the first excited 

state to the ground state. 

Where n is the photon count within the laser resonator. 

 Ng represents the population inversion(cm
-3

). 

 Na represents the ground state population of the saturable absorber(cm
-3

).  

Nao represents the initial value of Na.  

γg = 1/τg represents the effective decay rate of the upper laser state (sec
-1

)  

 τg represents the laser emission lifetime (sec).  

Rp represents the pumping rate (sec
-1

).  

Kg is the coupling coefficient between the stimulated photons and the active 

medium component. 

Ka = 2σag/τrAa is a coupling coefficient between photons and the saturable 

absorber molecules. 

𝛾𝑐 = 1/𝜏𝑐  represents the cavity decay rate, where 

𝜏𝑐 = 𝜏𝑟/𝛾 represents the cavity lifetime. 
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3.1. Introduction 

   This chapter introduces the concept of optimization in general first. Then, a 

classification of programming is presented based on linear and nonlinear objective 

function programming to find the optimal solutions in algorithms. After that, the 

physical analysis of the rate equations, decision variables, objective functions, and 

constraints for this study is explained. Finally, the decision of selecting the 

appropriate technique (Constraint Rosenbrock) for this study is discussed.   

3.2. General Optimization 

   The notion of optimization is now well established in the examination of several 

difficult decision-making or allocation issues. It provides a notable level of 

philosophical sophistication that is difficult to contest, and it frequently delivers an 

essential degree of operational simplicity. Employing this optimization 

methodology, one addresses a complicated choice issue that entails selecting values 

for several associated variables by concentrating on a singular objective intended 

to quantify performance and assess the quality of the solution. This singular goal is 

optimized (either maximized or reduced, contingent upon the formulation) under 

the restrictions that may restrict the selection of decision variable values. Isolating 

and characterizing a specific aspect of a problem, whether it pertains to profit or 

loss in a business context, speed or distance in a physical scenario, expected return 

in risky investments, or social welfare in government planning, allows for the 

application of optimization as an effective analytical framework [146]. 

         Optimization challenges have the following essential components:  

 Variables that can assume a wide range of values. The most prevalent forms 

of variables are real numbers, integers, or binary values (specifically, 0 and 

1), but matrix variables are also feasible. 
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  Constraints that delineate permissible values or ranges for the variables.  

  An objective function that quantifies the attractiveness of a certain 

combination of variables.  

The optimization issue involves selecting among all variables that meet the 

restrictions the values that minimize the objective function [147]. 

   Optimization algorithms may be classified into two primary categories: 

deterministic algorithms and stochastic algorithms. Deterministic algorithms 

employing gradients, such as hill-climbing, exhibit a systematic progression and 

will produce identical solution sets if the iterations begin from the same initial 

position. Conversely, stochastic algorithms that do not utilize gradients frequently 

provide varying solutions despite identical beginning values. Nonetheless, broadly 

speaking, the ultimate values, while marginally distinct, will converge to identical 

optimal solutions within a specified precision [148]. Optimization techniques can 

be categorized based on the structure of the issue into: 

  

3.3. Linear Programming 

   Linear programming focuses on optimizing (minimizing or maximizing) a linear 

function while adhering to a series of linear equality and/or inequality constraints. 

The linear programming issue was initially formulated by George B. Dantzig about 

1947 [149]. 

   Linear programming is perhaps the most intuitive method for articulating a wide 

range of problems with minimal effort. A linear programming problem is defined 

by linear functions of the variables; the objective function is linear in the variables, 

and the constraints consist of linear equalities or inequalities involving the 

variables. Those acquainted with various disciplines of linear mathematics may 

first presume that linear programming formulations are easy due to the more 
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favorable mathematics and the simpler computations associated with linear issues 

compared to nonlinear ones. However, they are not the principal causes. 

Mathematically and computationally, there exist bigger categories of optimization 

problems beyond linear programming that possess sophisticated theories and for 

which efficient methods are accessible. The appeal of linear programming appears 

to reside mostly in the formulation phase of analysis rather than the solution phase 

and for valid reasons. A significant proportion of restrictions and objectives 

encountered in practice are unequivocally linear. For instance, if one defines a 

problem with a budget constraint limiting the total funds to be distributed between 

two distinct commodities, the budget constraint is expressed as x1 + x2 < B, where 

xj (for i = 1, 2) represents the allocation for activity i, and B is the budget[150]. 

Numerous optimization approaches address the linear optimization issue, namely: 

 Simplex  

 Graphical 

 Interior point 

 Revised simplex 

 Cutting plane 

 Branch and bound 

 Dual simplex 

3.4. Nonlinear Programming 

   The primary challenge in nonlinear programming is to minimize or maximize a 

specified function of several variables while adhering to a finite number of 

inequality and/or equality constraints. Numerous theoretical and practical issues 

that may be formulated as nonlinear programming problems emerge across several 

domains, including economics, game theory, operations research, statistics, and 
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physics. Nonlinear programming is a domain of optimization theory that addresses 

static, finite-dimensional optimization problems, focusing on computational 

elements. The term "mathematical programming" is also utilized. The expression 

was initially established by Robert Dorfman in 1949. as per the recollections of 

G.B. Dantzig about the inception of Linear Programming [151]. 

These strategies are categorized into four types based on the structure of the 

problem they aim to address: 

1- Single Variable Unconstrained 

Unconstrained optimization issues arise in several domains, especially when the 

problem formulation is straightforward. More intricate formulations frequently 

incorporate explicit functional limitations. Many limited issues are often 

transformed into unconstrained problems, such as by the application of barrier 

functions, for instance, the analytic center problem in (dual) linear programming 

[152]. The Regula Falsi method, the Bolzano method, and the Newton method are 

classical techniques for determining the roots of equations in a single variable 

[153]. 

 

2-Single Variable Constrained 

   Constrained optimization comprises strategies aimed at systematically and 

effectively identifying the optimal solution to a problem defined by several 

alternative solutions under specified restrictions. It involves optimizing an 

objective function that quantifies a measure of significance to the decision maker, 

constrained by limitations that restrict their options. The optimization of the 

objective function is achieved by methodically choosing input values for the 

decision from a permissible set and calculating the objective function iteratively, 

until the choice produces the optimal value for the objective function [154]. This 
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search pertains exclusively to a solitary independent variable constrained by 

specific limitations. The process for this category starts with the initial limits on the 

independent variable. The Fibonacci method is the most used single-variable 

search approach[155]. 

3-Multivariable Unconstrained 

   Techniques for peak-finding issues encompass the Steepest Descent technique, 

the Gradient method, and further approaches that employ Conjugate Gradients. The 

Conjugate Gradient techniques were initially presented by Davidson and then 

refined by Fletcher, Powell, Reeves, A1-Baali, Touati and Storey. The Conjugate 

Gradient techniques claim that near a minimum; a function may be accurately 

represented by a positive definite quadratic form. This methodology is employed 

for resolving unconstrained nonlinear multivariable problems, including the Hooke 

and Jeeves Pattern Search and the Nelder and Mead method. The Hooke and 

Jeeves method involves exploring the local characteristics of the objective function 

inside the space and thereafter progressing in a beneficial path to minimize the 

functional value. This technique is one of the most straightforward and effective 

approaches for addressing unconstrained nonlinear minimization issues[156, 157]. 

4-Multivariable Constrained 

   Numerous scientific and engineering challenges include nonlinear systems that 

are subjected to numerous restrictions, including input and output constraints. 

Many control systems are subject to input restrictions such as input saturation, 

hysteresis, or dead-zone; violations of these constraints may lead to undesirable 

performance outcomes. The input saturation restriction is a critical input limitation 

often encountered in several industrial control systems. Consequently, several 

investigations have been conducted on the analysis and control design of systems 

with saturation limitations. Many control systems impose limits on their outputs or 
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states due to physical limitations, performance criteria, and safety standards. The 

Barrier Lyapunov function (BLF) is a useful way for addressing such difficulties, 

since it produces a value that tends toward infinity as its arguments reach certain  

boundaries [158]. 

The following methods are representing central methods for this category:  

 Genetic Algorithm (GA). 

 Ant Colony Algorithm (ACA). 

 Particle Swarm Algorithm (PSO). 

 Box Algorithm. 

 Constrained Rosenbrock Algorithm. 

 Ronen Algorithm. 

 Fiacco and McCormick Algorithm. 

 Differential Evolution Algorithm. 

 Simulated Annealing Algorithm. 

 Harmony Search Algorithm. 

 Firefly Algorithm. 

 

3.5. Optimal Solutions in Algorithms 

 

    An optimum solution in algorithms denotes a resolution that attains the most 

favorable result for a certain problem based on established criteria. The notion of 

an optimal solution revolves around identifying the outcome that yields the greatest 

benefit, minimal cost, or utmost efficiency, typically accomplished through 

mathematical techniques or specialized algorithms, including linear programming, 

search algorithms, or other optimization methods. In the realm of algorithms, an 
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optimum solution entails the equilibrium of available resources with defined 

objectives, resulting in the most efficient outcome. 

 

Table (3-1): Optimization technique classification [159]. 
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Simplex  *  * * *    *  * 

Revised Simplex  *  * * *     * * 

Integer Programming  *  * * *  *   *  

Zero-One Programming  *  * * *   * * *  

Coggin *  *       *  * 

Fibonacci *    *      * * 

Nelder-Mead  * *        * * 

Hook-Jeeves  * *        * * 

Rosenbrock  * *        * * 

Powell  * *        * * 

Fletcher-Reeves  * *    *    * * 

Fletcher-Powell  * *    *    * * 

Box  *   *     *  * 

Constrained 

Rosenbrock 
 *   *     * * * 

Rosen  *   *  *   *  * 
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Fiacco-McCormick  *  * *  *    * * 

Constrained Fletcher- 

Powell 
 *  * *  *    * * 

3.6. Physical Analysis of Rate Equations 

   The equations (2-6 to 2-9) require numerical solutions to obtain the behavior of a 

specific Q-switched laser system. Consequently, critical aspects like the initial, 

threshold, and final laser population inversion, the peak photon count within the 

laser resonator, as well as the output energy and pulse width of Q-switched laser 

output have been examined through the analysis of these four linked rate equations. 

At the initial moment, the majority of saturable absorber molecules exist in the 

ground state (Nag), indicating that the absorption activity of the saturable absorber 

is very high at this time Na ≈ Nao 

𝑁𝑎𝑢 ≈ 0.0  and  
𝑑𝑛

𝑑𝑡
= 0 

Nao represents the total quantity of saturable absorber molecules, based on these 

estimates. We get an accurate estimate for the initial value of population inversion 

in the laser medium (Ngo) Then from equation (2-6)  

Ngo =
𝐾𝑎𝑁ao+𝛾𝑐

𝐾𝑔
 .                                                                 (3-1) 

After a brief duration, contingent upon the lifetime of the saturable excited state, 

the 

majority of saturable absorber molecules are in the excited state (Nau); hence, we 

can consider 

𝑁𝑎𝑢 ≅Nao,          𝑁𝑎≅0.0   and  
𝑑𝑛

𝑑𝑡
 ≈ 0.0.  
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By employing this approximation in equation (2-6), we may forecast the threshold 

population inversion (𝑁𝑡ℎ)  as following: 

Nth =
βKaNau+γc

Kg
 .                                                                  (3-2) 

   Typically, the build-up time of a Q-switched laser pulse is significantly shorter 

than the pumping rate (Rp) and the relaxation time of the active medium (τg), 

allowing for the neglect of the pumping rate and spontaneous decay of laser 

population inversion during pulse generation. Consequently, from equations (2-6) 

and (2-7), we derive  

∫ dn
np
nI

= −
1

γp
[(∫ dNg

Nth
Ngo

− (
KaNa+βKaNau+γc

Kg
) ∫

dNg

Ng

Nth
Ngo

]             (3-3) 

   According to equation (3-3), the photon number attains a peak value (np) when 

the population inversion (Ng) equals the threshold population (Nth), while Na 

approaches zero; hence, we obtain 

∫ dn
np

nI

= −
1

γp
[∫ (dNg) −

Nth

Ngo

Nth∫
dNg

Ng

Nth

Ngo

]                 

𝑛𝑝 − 𝑛𝐼 = −
1

𝛾𝑝
*(𝑁𝑡ℎ −𝑁𝑔𝑜) − 𝑁𝑡ℎ ln (

𝑁𝑡ℎ
𝑁𝑔𝑜

)+  

But     𝑛𝑝 ≫ 𝑛𝐼, then 

𝑛𝑝 = −
1

𝛾𝑝
[𝑁𝑡ℎ −𝑁𝑔𝑜 −𝑁𝑡ℎ ln (

𝑁𝑡ℎ

𝑁𝑔𝑜
)] .                                          (3-4) 

    Following the emission of the Q-switched laser pulse, the population inversion 

diminishes to the final value (Nf), which may be employed to compute the output 

energy of the Q-switched pulse using the subsequent equation: 
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Eout = (
Ngo−Nf

γp
) (

Ngo−Nf

Ngo
) × hν                                                             (3-5) 

hν represents the energy of laser radiation. The peak power of the Q-switched laser 

output may be approximately determined using equation (3-5) as follows: 

Pp =
nphν

τc
(
Ngo−Nf

Ngo
)                                                                         ( 3-6) 

𝑃𝑝 =
ℎ𝜈

𝛾𝑝𝜏𝑐
(𝑁𝑡ℎ−𝑁𝑔𝑜−𝑁𝑡ℎ ln (

𝑁𝑔𝑜−𝑁𝑡ℎ
𝑁𝑔𝑜

)) .              

The pulse duration of the Q-switched laser pulse may be estimated using the 

following formula [32]:- 

τpulse =
Eout

Pp
                                                                                                    (3-7). 

3.7. Decision Variables for the Process Under Study 

   The decision variables of the process, as defined in the problem formulation, are 

β (the ratio of the excited-state absorption cross section to the ground-state 

absorption cross section of the saturable absorber), γa (the spontaneous relaxation 

rate of the saturable absorber), and γc (the cavity decay rate). 

3.8. Objective Function 

   The determination of optimal passive Q-switching must fulfill four objective 

functions, which include   

1) Cavity photon number (N). 

2)  Gain medium exhibiting population inversion (Ng). Saturable absorber  

3) molecules in the ground state (Na).  

4) Saturable absorber molecules in the first excited state (Nau).  

3.9. The Constraints 
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   The optimization constraints in this work may be categorized into[32, 138, 160]: 

1) The ground state population of the saturable absorber (Na) must exceed the 

population of the first excited state (Nau) during the rising time. Nau <Na. 

2) The ratio of the excited-state absorption cross section to the ground-state 

absorption cross section of the saturable absorber is valued between 0.2 and 

0.9. 

3)  The relaxation rate of the saturable absorber is valued between 1 11×
6
 and 

7 11×
6
 

4) The cavity decay rate is valued between 1 11×
8
 and 7 11×

8
.  

3.10. The Specifications for the Suitable Technique of This Study 

   The problem formulation encompasses decision variables, objective functions, 

and the physical analysis of rate equations. The issue possesses the subsequent 

characteristics. 

(1) Nonlinear. 

(2) Multivariable. 

(3) Constrained. 

The technique must also accomplish the following conditions: 

I. Find the maximum and minimum solution. II. Gives general solution. 

   Among the optimization strategies, it has been found believe that the Constrained 

Rosenbrock Method is the best appropriate methodology to address this problem, 

since it fulfills the necessary requirements and contexts. 

3.11. Constrained Rosenbrock Technique  
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   The Rosenbrock Technique determines the maximum or minimum value of a 

multivariable function inside a defined domain[161]. The Rosenbrock function, 

also referred to as the "Banana function" because to the unique form of its contour 

lines, see Figure (3-1), the x, y axes represent the variables (x, y), while the z axis 

represents the value of the Rosenbrock function f(x, y). The Rosenbrock function 

is defined as: 

f (x, y) =(a−x)
2
+b(y−x2)

2
 

where a=1and b=100 are standard parameter values [162]. 

   A restricted optimum denotes a solution in which certain variables are situated 

near the boundaries of their permissible ranges. The constraints under examination 

are equality constraints, which are assumed to relate to both the functions of the 

independent variables and the independent variables themselves; hence, the goal is 

to maximize (or minimize) a function. f(xu . . . xn) of n independent variables xu . . . 

xn subject to m constraints of the form gk < xk < hk, k=l,...m and the lower and 

upper constraints gk and hk are either constants or functions of xu . . . xn[161].  



 Chapter Three                                                                             Optimization 

 

45 
 

 

Figure: (3-1) Three dimensional plot of Rosenbrock’s function [163]. 

3.12. Description of Rosenbrock’s Method 

   The Rosenbrock technique is an optimization procedure that maximizes a 

function J of several variables T₁, i = 1 to n when the T₁'s are subject to constraints 

gi (T1, T2, …Tn) ≤ Ti ≤ hi (T1, T2… Tn)          i=1, 2, … n       (3-8) 

gn+j (T1, T2, …Tn) ≤ Tn+j (T1, T2…Tn)         j=1, 2, …p            (3-9) 

The search is conducted by progressing along vectors V₁ in the T's to extremize J, 

while guaranteeing compliance with the constraint equations. 

   The magnitude of the steps in each direction is autonomously decided by the 

algorithm, and the step directions are regularly modified. When adequate progress 

has been achieved[164]. Show in the Figure (3-2). 
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3.13. The Computer Code 

   The primary objective of this thesis is to develop computer models in FORTRAN  

to determine the optimal passively Q-switching operation within our constraints. 

The code developed in this study for the aforementioned objective has two 

components: 

• The initial component is the Constrained Rosenbrock methodology.  

• The subsequent component is a numerical simulation employing the Runge-

Kutta-Fehlberg method to resolve rate equations, aimed at examining the dynamics 

of Cr: LiSAF passive Q-switching with Cr: YSO saturable absorber and calculating 

time-dependent variables.  

   The Constrained Rosenbrock method determines the optimal values for passively 

Q-switched systems, whereas the subsequent component computes the 

characteristics of the linked rate equations (objective functions). The computer 

software had three primary subroutines pertaining to the limitations. The first  

delineates the function to be restricted, the second delineates the lower bound of 

the constraints, and the third delineates the upper bound of the constraints. 

    The model's operation starts when the initial component receives input data, 

which is evaluated using the aforementioned subroutines to verify starting 

locations within restrictions. The first segment transmits the starting locations to 

the subsequent segment, which computes the goal functions. 

   Subsequent to this cycle, the proposed giant pulse form must be modified in 

each iteration based on the goal function's value; the parameters of the 

Constrained Rosenbrock approach, which pertain to the increase or decrease of 

the values, are analyzed to derive the giant pulse from the restrictions. This 

process is reiterated to attain the ideal result. The number of repetitions ranges 
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between 1000-3000 times. On (β,γa,γc) were dealt with by step size of 

(0.001,0.1,1) respectively. The stopping condition for the program was set so 

that the difference between the objective function (equation (2-9)) and the 

number of input molecules was less than 10
-3

.  The model has the same flow 

chart that is shown in Figure (3-2). 

The program is defined by the following attributes: 

 Precision. 

 Convenient utilization of the mode. 

The input data may be categorized into two primary segments. The initial segment 

is as follows:  

1. Nature of the optimal solution, whether it is a maximum or minimum.  

2.  Quantity of decision variables.  

3. Step magnitude for each decision variable. 

  The second component consists of identical input data for the computer 

model.  
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Figure: (3-2) Flow chart for the constrained Rosenbrock technique [159].     
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4.1. Introduction  

   This chapter presents the results that came from the code and discusses them. 

The accuracy of the simulation program and the optimization program is listed, 

then the accuracy of the final code is also presented. Then, the optimal values for 

some rate equations parameters are found and discussed in more details which 

includes the optimal values of the absorption cross section of the first excited level 

to the absorption cross section of the ground level of the saturable absorber are, the 

optimal values of the decay rate of the saturable absorber and finally the optimal 

values of the decay rate of the photons, followed by the conclusions and future 

works. 

4.2. Simulation Program Accuracy 

   A computer program was written to simulate the laser output pulse of a Cr: 

LiSAF laser with Cr: YSO as a saturable absorber. By numerically solving the rate 

equations (2-6, 2-7, 2-8, 2-9) using the Runge – Kutta – Fehlberg method. Table 

(4-1) represent the data that were fed to the program. 

Table (4-1): The input data that used in the simulation program. 

Parameter Value[28] 

 

Physical explanation 

𝐾𝑔 4.03×10
−9

 s
−1

 
The coupling coefficient between the stimulated 

photons and the active medium component. 

𝐾𝑎 1.52×10
−8

 s
−1

 
The coupling coefficient between photons and the 

saturable absorber molecules. 

β 0.33 

The excited state absorption cross-section to the 

ground state absorption cross-section of the 

saturable absorber molecules.   

𝛾𝑎 1.43×10
6
 s

−1
 The saturable absorber decay rate. 

𝑁𝑎𝑜 2.30×10
16

 Initial density of saturable absorber material. 

γc 1.29×10
8
 s

−1
 Photons losses inside the laser cavity. 
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γg 1.49×10
4
 s

−1
 The effective decay rate of the upper laser state. 

 

The program's operation has been validated by achieving reference results[28]. The 

results summarized in table (4-2). 

 

Table (4-2): Comparison of simulation results extracted from the program 

and published results.   

Parameter 
simulation 

results 

Published 

value[165] 

Absolute 

error 

Relative 

error 

Pulse duration 35.85ns 35ns 0.85ns 2.4% 

Pulse energy 4.27mJ 4.3 mJ 0.03 mJ 0.7% 

 

   The differences between the calculated and published values are very small, 

which indicates that the program is very accurate. This is evidence of the efficiency 

of the numerical method used and the accuracy of entering the physical parameters. 

 

4.3. Optimization Program Accuracy 

   A sample problem has been selected to execute the program, wherein the 

objective function of two variables is inputted (F(X) = 3803.84 + 138.08 * x1 + 

232.92 * x2 – 123.08 * x1
2
 – 203.64 * x2

2
 - 182.25 * x1 * x2). The computed values 

of the variables x1 and x2 in maximization mode correspond to those published in 

the[159]. 

 

4.4. The Code Accuracy 
 

   The Constrained Rosenbrock optimization technique was used to determine the 

optimal operating conditions for the passively Q-switching mode laser system by 

linking the simulation program with the optimization program, so they became one 

code. To validate the correctness of the program’s operation, the calculated results 
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were compared with those reported in the published literature, as shown in Table 

(4-3). 

 

Table (4-3): Comparison between code results and published results. 

Parameter 
Values calculated 

in the program 

Published 

value[28] 

Absolute 

error 

Relative 

error 

β 0.3001 0.33 0.0299 0.09% 

γa 1430009 1.43×10
6
 0.000009 0.06% 

γc 129000320 1.29×10
8
 0.0000024 2.4% 

 

   The reason for the slight difference between the calculated and published results 

could be due the physical and mathematical approximations of the rate equations. 

 

4.5. Finding the Optimum Values for Some Rate Equations 

Parameters 

    The Constrained Rosenbrock optimization Technique was used to find the 

optimal values for some parameters of the rate equations (2-6, 2-7, 2-8, 2-9) that 

solved numerically when the number of saturable absorber molecules changed 

from 2.3× 10
16 

to 7.3× 10
16

. The maximization option for the objective functions 

(the rate equations in our case) was used to get the values of β, γa,γc as shown in 

table (4-4). 

 

Table (4-4): Optimum values of β, γa, γc at different molecules numbers. 

Molecule 

Numbers 

x10
16 

(mol/m
2
) 

Optimum 

β values 

Optimum 

γa values 

(Sec 
-1

) 

Optimum 

γc values  

(Sec
 -1

) 

 

Pulse 

Duration 

(nsec) 

Pulse 

Energy 

(mJ) 

Pulse power 

(Watt) 

2.3 0.3001 1430009 129000320 35.1 4.19 119429.35 

3.3 0.3002 1349229 129000321 19.39 8.36 431236.91 
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4.3 0.3005 1429994 129000456 16.41 14.74 898024.86 

5.3 0.3382 1200081 129559971 15.77 25.34 1637520.66 

6.3 0.3580 1200083 127782046 12.46 25.11 2014763.57 

7.3 0.4084 1200020 124607628 9.76 48.76 4993090.63 
    

 We notice from the values in Table (4-4) that the value of( β)increases with the 

increase in the number of molecules, while the values of (γa, γc) decrease with the 

increase in the number of molecules. We notice that there is a sudden increase in 

the value of γa over the number of molecules, 4.3 x 10
16

, It is believed that this 

increase is due to the algorithm being given an unstable initial value for γa, which 

affected the objective function and gave a non-local result. The significant increase 

in pulse power indicates the numerical tuning used to improve the optimal 

operating conditions, as the chosen values of parameters (β, γa, γc) contributed to 

obtaining a pulse with high energy and short duration, which is the primary goal in 

designing a Q_switching laser. 

 

4.6. Optimum Values of Absorption cross section of the first excited 

state to the absorption cross section of the ground state of the 

saturable absorber material (β) 

 

   The absorption efficacy of a saturable absorber depends on many factors: the 

number of energy levels participating in absorption (i-The value of the absorption 

cross-section of those levels. ii- The lifetime of the level as this affects the number 

and time of the presence of molecules in it. iii-The availability of another level 

higher than it that achieves the quantum nature of absorption). The molecular 

distribution across these levels, and the absorption cross-sections σa. This was 

observed from the findings obtained. 
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   An augmentation in the quantity of molecules results in an elevation in the value 

of (β). See Figure (4-1). Where β is the ratio of the absorption cross-section for the 

first excited state of the absorbing material to that of its ground state, it is 

expressed by the following relationship: β= 𝐾𝑎 𝑒𝑥𝑐𝑙/𝐾𝑎𝑔. 
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Figure: (4-1) β as a function of molecules number of saturable absorber. 

    This enhancement in the absorption capacity of the first excited state leads to an 

overt increase in absorption efficiency of the saturable absorber material. The 

observed improvement, associated with the increase in the β parameter; induces  

 

substantial photon losses within the laser resonator. Consequently, this results in a 

higher population inversion in the active medium, which in turn enhances the pulse 

energy, as demonstrated in Figure (4-2). 
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Figure: (4-2) β as a function of pulse energy. 

Conversely, the pulse duration decreases with increasing value of β, show in Figure 

(4-3). 
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Figure: (4-3) β as a function of pulse duration. 

 

4.7. Optimum Values of Relaxation Rate of the saturable absorber 

material( 𝜸𝒂) 

   The γavalues diminish as the number of saturable absorber molecules (ni) 

increases until a certain value of (ni) (5.5×10
16

) is attained, beyond which the 
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variation becomes insignificant and may be regarded as constant at this level. As 

shown in Figure (4-4).  

 

  

Figure: (4-4) The profile of relaxation rate as a function of Cr: YSO molecule 

numbers. 

   The number of molecules at each energy level is governed by the Boltzmann 

distribution. The increase of Cr: YSO molecules in the ground state will lead to a  
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little increase in the number of molecules in the first excited state. Therefore, this 

will not improve the intersystem crossing rate, a factor that affects the elongation 

of relaxation time and, subsequently, recovery time, which is linked to pulse 

duration. The figures (4-5) and (4-6) illustrate the effect of relaxation rate on pulse 

energy and duration.  

 

   

Figure: (4-5) Relaxation rate as a function of pulse energy. 
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Figure: (4-6) Relaxation rate as a function of pulse duration. 

 

4.8. Optimum Values of Average Cavity Photons Decay Rate ( 𝜸𝒄)             

When photons coming out of the active medium due to pumping fall on the 

saturable absorber, they are absorbed by the molecules of the saturable absorber. 

This leads to  



Chapter Four                                                                     Results and Discussion 

59 
 

the excitation of the ground state molecules and their movement to the higher 

levels. 

 

Therefore, we notice in Fig. (4-7) a decrease in the ground state molecules with 

time. 
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Figure: (4-7) Ground state population of saturable absorber as a function of time.  
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 The transfer of molecules to the first excited state leads to an increase in the 

number of molecules in this state with time. Figure (4-8) illustrates this. 

 

Figure: (4-8) Excited state population of saturable absorber as a function of time. 

  This absorption of photons leads to photon losses inside the resonator (𝛾𝑐), as we 

notice in Figure (4-9) that the highest values of photon losses are at the initial valu- 

es of the molecules, then they begin to decrease until they reach a certain value, 
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then they become negligible due to the saturable absorber material reaching the 

saturation state. 

 

 

Figure: (4-9) The profile of total photonic losses as a function of Cr: YSO 

molecules number. 
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  High photons losses inside the resonator affect the inverse population inside the 

active medium, leading to a high initial inverse population inside the active 

medium, then it drops dramatically when the giant pulse is launched. as shown in 

Figure (4-10). 

  

Figure: (4-10) The time variation of final population inversion density. 
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   That is, there is a high of energy storage within the active medium through which 

a high-energy, short-duration pulse is obtained, which is released when the material 

 reaches a state of saturation. See Figure (4-11). 

 

Figure: (4-11) The stimulated photons profile. 
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4.9. Conclusions 

    The study reports the following conclusions:  

 By applying the constrained Rosenbrock Optimization technique to a Cr: 

LiSAF laser passively Q-switched by a Cr: YSO saturable absorber, it was 

observed that the value of the parameter β increases with increase in the 

number of Cr: YSO molecules. This indicates an enhancement in the 

absorbers capability to capture photons, which results in increased pulse 

energy and power, accompanied by a reduction in pulse duration. 

 The relaxation time (𝜏𝑎) of the Cr: YSO saturable absorber, was found to be 

directly proportional to the number of Cr: YSO molecules, confirming the 

sensitivity of this parameter to the absorbers molecular.  

 Both the relaxation rate (γa)  of the Cr: YSO and photons losses rate (γc) 

decrease as the number of Cr: YSO molecules increases, up to a certain 

threshold beyond which further variation becomes negligible.  This behavior 

contributes to improved pulse energy and shorter pulse duration. 

 The overall results confirm that the constraint Rosenbrock optimization 

technique is highly effective in determining the optimal values key decision 

variables related to the performance of the Cr: LiSAF laser passively Q-

switched by Cr: YSO saturable absorber. The method is particularly 

distinguished by its ability to handle constraints on parameters (β, γa, γc), 

there by yielding accurate and well- balanced solutions accurate solutions 

for achieving optimal laser operation conditions. 
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4.10. Future Works  

1. Applying the optimization techniques to developed theoretical model that 

takes into account the absorption occurring at the fifth energy level, with a 

comparison of the obtained results to conventional two-level. 

2. Calculating the coupling coefficients of the active medium and the saturable 

absorber in different system using optimization techniques, with aim or 

enlacing laser performance and achieving optimal pulse characteristics.    

3. Determining the optimal geometry shape and volume of both the active 

medium and the saturable absorber to obtain improved pulse characteristics 

in terms of energy pulse duration, and repetition rate, using advanced 

numerical simulation techniques.  

4. Studying of the effects of environmental factors, such as temperature and 

humidity on the performance of the saturable absorber through experimental 

measurements and theoretical modeling, along with evaluating the 

absorber’s stability under varying operating condition.
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ةالخلاص  

 Cr:LiSAFللٌزر اعدل الخاصة بثلى لبعض معاملات معادلات المإٌجاد القٌم المدراسة الى تهدف هذه ال   

 كمادة ماصة قابلة للاشباع. Cr:YSOالعامل بالنمط المفتاحً السلبً لعامل النوعٌة بأستخدام  

تمثل تطور  خطٌة من الدرجة الأولىأربع معادلات تفاضلٌة غٌر دم على ٌعتمد النموذج الرٌاضً المستخ

 .وعلى النحو التالً لنظاملمكونات االسلوك الزمنً 

الكثافة تمثل المعادلة الثانٌة معادلة معدل  (n). تمثل المعادلة الأولى معادلة معدل عدد فوتون التجوٌف   

تمثل المعادلة الثالثة معادلة معدل جزيء الامتصاص القابل للتشبع عند  (Ng).  ًللتوزٌع العكس العددٌة

 المستويتمثل المعادلة الرابعة معادلة معدل جزيء الامتصاص القابل للتشبع عند   (Na).الأرضًالمستوي 

  (Nau).لالمثارة الأو

 .اللٌزرمن  الناتجةعملاقة خصائص النبضة ال دٌدتحل فٌلبٌرج –كوتا  -عددٌاً باستخدام طرٌقة رونج  هالتم ح

اىخبىيت، ٍقطغ اٍخظبص اىحبىت اىَثبسة إىى ٍقطغ  بٍلاثحٌ حىظيفهب ىخحذيذ قيٌ اىَؼ الأٍثيتبؼذ رىل، حقْيت    

(، ٍؼذه اضَحلاه اىَبدة اىَبطت اىقببيت βاٍخظبص اىحبىت الأسضيت ىجضيئبث اىََخض اىقببو ىيخشبغ )

حيث  (، بأسخخذاً حقْيت سوصّبشوك اىَقيذة.γcداخو حجىيف اىييضس ) اىخسبئش اىفىحىّيتٍؼذه (، γaىلاشببع )

 Cr: YSO (γa)، ىنِ قيٌ مو ٍِ ٍؼذه اسخشخبء Cr: YSO( حضداد ٍغ صيبدة ػذد جضيئبث βوُجذ أُ قيَت )

اىقببيت ىيخشبغ حخى اىىطىه إىى  Cr: YSO( حْخفض ٍغ صيبدة ػذد جضيئبث γcوٍؼذه فقذاُ اىفىحىّبث )

 وػْذ هزٓ اىْقطت يظبح اىخببيِ ٍهَلاً. قيَت ٍؼيْت،

 ,0.000009 ,0.0299ث اىَحسىبت ّظشيب واىَحسىبت ػَييب هي )بَيمبّج ّسبت اىخطأ اىَطيق بيِ اىَؼ

 (، ػيى اىخىاىي.0.0000032
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