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ABSTRACT  

Saturable absorber material (SAM) population density effect on the 

pulse characteristics of passively Q-switching Yb
+3

 doped fiber laser 

has been simulated.  Cr
+4

:YAG used as a SAM in the study.  Software 

computer program buildup in this study for numerical solving of Rate 

equations model by Runga Kutta –Fehlberg method. The results shows  

the increasing of saturable absorber material population density lead to increasing each of 

initial and final values of population inversion density, maximum photons number, and pulse 

energy. While on another hand lead to decreasing each of rising time and falling time of 

pulse.         
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INTRODUCTION  

In recent times, fiber lasers have been a field of intense research and development due to its 

diverse path breaking applications in industries and medicine owing to high beam quality, 

ease of delivery and high power feasibility.
[1] 

All fiber construction provides inherent 

robustness and relative compactness. Also keeping the light constrained to a waveguide with 

no open-air propagation or alignment considerations improves both the short and long term 

stability of the system. While simultaneously eliminating many potential noise sources.
[2]

 

High output powers have been achieved by solid-state optical fiber laser amplifiers. The 

model for population dynamics of  Yb  ions is simpler as it can be modeled using only two 

energy states,  the ground state and one excited state manifold.
[3]

 Such materials with their 
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simple electronic structure having only two manifolds ( 2/7

2F and 2/5

2 F ) avoid unwanted 

nonlinear processes such as excited state absorption  (ESA) and up-conversion. In addition, a 

smaller Stokes shift between the absorption and emission lines.
[4]

 For obtain  high  laser pulse 

power, passively Q-switching technology based on saturable absorbers (SAs) is widely used 

with in doped fiber laser.
[5-7]

 Asaturable absorption as  Cr
+4

 :YAG  widely used a passivily 

element  inside the optical cavity of passive Q-switching technique, can be represented by a 

simple energy-level diagram  such as shown in Fig. (1).
[8]

 

 

 

Fig. (1): energy level diagrams for   Cr
+4

:YAG ions.
[8]

 

 

2. Theory 

Coupled rate equations model.
[9]

 has been used to simulation of saturable absorber material 

population density effect on pulse characteristics of passively Q-switching Yb
+3

 doped fiber 

laser as the following:     
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Where:  is the photons density,  is the round –trip transit time )/2( cLr , rL is the cavity 

optical length, c  is the speed of light,  aml  is the fiber length ( active medium), amN  is the  

population inversion density of active medium, gs is the ground-state absorption cross 

section of SAM , sal  is the  ength of SA M , gsN  is the population of S.A.M. ground state , 

esN  is the population of SAM exited state, es excited-state absorption cross Section 

of SAM , R is the geometric mean of the cavity ( 2/1

21 )( RRR  ), 21,RR the mirrors  

reflectivity, lossL  is the dissipative optical losses for each round –trip. N is the population 

inversion density, pR  is the optical  pumping rate ,   is a factor in population reduction factor  

equals 1 for 4 levels and 2 for 3 level of active medium system. sa is the lifetime of the 

SAM, am is the  fluorescence lifetime of the upper laser level.  

 

The build-up time of Q-switched laser pulses is generally very short compared the  

fluorescence lifetime of the upper laser level and the time of pumping rate , then it is possible 

to neglect the spontaneous decay of the upper laser level  and the pumping rate during pulse 

generation,
[10,11]

  So the lifetime of the SAM it is very long compared the build-up time of Q-

switched laser pulses,
[10]

 then can be rewrite Eq.(2) , Eq.(3), and Eq.(4) as the bellow 

expressions respectively: 
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At the initial time, the photons density inside the cavity optical is small, so most of saturable 

absorber molecules are in the ground state (Ngs), then can be regards 
saogs NN   or 

0.0esN , where )( esgssao NNN  is the total number of molecules of SAM. 

 

Also at the initial time, the SAM absorption activity is very high, can be regards   0.0
dt

d in 

Eq.(1) , then the initial population inversion density value ( 0N ) for laser medium can be 

predicted from Eq.(1) as the following: 
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When the number of photons inside the optical laser cavity reaches to maximum value (peak 

of pulse), most SAM population in the excited state ( esN ), can be regards saoes NN   

( 0.0agN ); Then the absorption activity of the SAM is very low at this time. Can be 

considering 0.0
dt

d
, The threshold population inversion thN  can also be predicted from 

Eq.(1) as follows:  

 

                      amamlossessaesth lL
R

tNlN  2/)])
1

(ln()(2[                                      (9) 

 

The pulse duration )( p  can be approximated by the following equation
[12]
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Where is the optical laser cavity lifetime given by the expression :  
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The energy of output laser pulse can be approximated by the following equation[13]: 
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Where h is Blank constant,   is the laser frequency, c is the output coupling efficiency, it is 

given by the expression.
[14]
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3. RESULTS AND DISCUSSION  

Software computer program buildup in this study for solve the set of  coupling rate equations 

model (Eq.s 1,5,6 and 7) numerically by Runga Kutta –Fehlberg method.  Simulation of 

saturable absorber material population density effect on the pulse characteristics of passively 

Q-switching Yb
+3

 doped fiber laser has been performed, using Cr
+4

:YAG as a  passive Q-

switching. The input data has been used in simulation reported as the following.
[15,16]
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:  241.0am 22110 cm ,
2191075.8 cmag

 2191025.2 cmes

 , ssa

4109.2  ,

sam

310951.0  , cmlam 250 , cmlr 300 , 925.02 R  , 995.01 R , nm1040  , 2 .   

 

Fig.(2) shows an increase in the initial value of population inversion density of ions doped the 

optical fiber as an active  medium(AM) with the  increase of  population density of SAM.

The study explains that related to a decrease in the laser photons density inside the optical 

cavity due to the increase in the absorption  activity of SAM, that lead to less ions-photons 

interaction to be caused ions accumulation in upper laser level as population inversion 

density in optical fiber.  

 

Fig.(3) shows the temporal behavior of the photons loss in terms of  population density of 

SAM, at the initial time of pulse generation, the losses characterized by high initial value for 

the high saturable absorber population density, so continues to decrease with the pulse 

building time until it reaches a stable state. After the pulse generation and released, we get the 

inversely behaviuor of losses. The study interpreted this behavior to occurrence the optical 

bleaching state at shorter time whenever increasing of population density of SAM. This 

discussion enhancements the profile in Fig.(2).  

 

Fig.(4) shows the temporal behavior of the population inversion density  of the ions doped  

the optical fiber in terms of different values of  population density of SAM. At the initial time 

of pulse generation, the population inversion density characterized by high initial value when 

high saturable absorber population density, so continues to decrease with the pulse building 

time until it reaches a stable state. After the pulse generation and released, we get the 

inversely behaviuor of population inversion density. The study interpreted this behavior to 

increasing of decay rate of upper laser ions after threshold value of population inversion.    

 

Fig. (5) Shows the increments of threshold population inversion density whit the increment of 

population density of SAM. The study give reason to increment which occurred in initial 

population inversion density which is discussed in Fig.(2).      

 

Fig. (6) shows the temporal behavior of passive Q-switched  pulse  for different values of 

population density of SAM. The Fig. appear the Amplitude of pulse proportional with  

saturable absorber population density. The results to be comport with the results in Fig.(2). 

The study explains the behavior to increase in the initial population inversion.  
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Fig. (7) shows the effect of  population density of SAM on the its absorption activity, no 

distinguishable difference at initial time of pulse generation, but the activity absorption 

difference being more distinguishable after the pulse generation. The study interprets the 

results due to occurrence the optical bleaching state at advanced time whenever increasing of 

population density of SAM.  

 

Fig. (8) shows an increase in the maximum value of the pulse photons density  with an 

increase in the population density of SAM. The study explains that related to the increment of 

initial value of the population inversion density of the optic fiber ions. Fig. (8) 

complementary to the result or discussion of  Fig.(2). 

 

Fig. (9) shows the increase the difference between the initial and final value of the density of 

the population inversion. It is worth noting that in despite of  the increasing in  final value of  

population inversion  density as shown in Fig. (10), the difference between the initial and 

final value still increase. The increase in final value less than the increase in the initial value, 

which made increment in difference leads to an increase in the maximum value of the pulse 

photons.  

 

The increase in the maximum value of the pulse photons means an increase in the released 

energy with the emission of the pulse. This result appear in Fig. (11).   

 

Fig. (12) shows a decrease in the duration of the pulse duration with the increase in the 

population density of SAM. The study refer that for two reasons. The first is the decrease in 

the pulse rise time, as shown in Fig. (13) because of the rapid release of the pulse , and the 

second is the  decrease in the pulse  falling time as shown in Fig. (14) because of the rapid 

decay of the pulse.  
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4. CONCLUSIONS 

The increasing of population density of SAM lead to increasing of initial and final values of 

population inversion density, maximum photons number an pulse energy. While on another 

hand lead to decreasing of pulse duration because the decrease of rising time and falling time 

of pulse. 
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