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     Abstract 

         Mathematical model is presented in this work and solved numerically by 

Rung- Kutta–Fehelberg to study the effect of molecules intersystem crossing ( iscK ) 

on photobleaching (bleaching time) of YAGCr :4  crystal as a saturable absorber 

material (passive Q- switch ) with 4: GdVONd  laser. The study show the 

increasing of molecules intersystem crossing into energy levels decreasing the 

bleaching time of saturable absorber material to lead fast built-up laser pulse. 
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 حأثٍر العبىر البًٌٍ فً القصر الضىئً للوبدة الوبصت الوشبعت                              

كوفخبح للخذىٌل السلبً لعبهل الٌىعٍت    YAGCr :4  

 

رجبهعت ري قب –كلٍت العلىم  -قسن الفٍسٌبء/   عبذ الكرٌن ههذي صبلخ  

   الخلاصت

فهلبرج العذدٌت لذراست حأثٍر العبىر  -كىحه –حن صٍبغت ودل ًوىرج رٌبضً ببسخخذام طرٌقت روًج            

YAGCrالبًٌٍ للجسٌئبث فً الوبدة الوبصت الوشبعت ) :4 ( على خبصٍت القصر الضىئً ) زهي القصر( عٌذ

:4اسخخذام حلك الوبدة كوفخبح للخذىٌل السلبً لعبهل الٌىعٍت هع لٍسر )  GdVONd بٌٍج الذراست أى زٌبدة . )

دذود  قٍوت العبىر البًٌٍ للجسٌئبث بٍي هسخىٌبث الطبقت للوبدة الوبصت الوشبعت ٌؤدي إلى ًقصبى زهي القصر أي

 دبلت الإشببع فً الاهخصبص بسهي أقل هوب ٌؤدي إلى بٌبء أسرع لٌبضت اللٍسر.

    1. Introduction 

           Pulsed solid-state laser  widely used in scientific, medical, industrial and 

military systems, the efficiency and cost are very important in this applications. 

For this, the passive Q-switching has been widely used to get pulsed laser [1,2].The 

saturable absorber material (S.A.M.) ( passive Q- switch) performance depending 

YAGCr :4
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on its characteristics such as the energy and lifetime of levels, chemical stability, 

surface tension, absorption cross section, and optical quality[2-4], then several 

S.A.M. have been developed to replace the dyes as passive Q- switchs, the most 

used is undoubtedly YAGCr :4  crystal (Chromium doped Ytterium Aluminum 

Garnet), it is an excellent crystal  for passive Q-switching in the wavelength range 

from 800 nm to 1200 nm, because of its a good ratio between its ground and 

excited levels cross-sections, more over, is optically well known and benefits for 

excellent optical quality and thermal conductivity [2,5]. 

              The energy levels diagram of YAGCr :4 crystal is shown in fig. (1) [5,6] the 

levels gg TA 2

3

2

3 , and gT1

3
are all spin triplets, whereas gE1

 and
gA1

1 are spin singlet 

levels. In brief, the transition from the ground level gA2

3
to the first excited level

gT2

3
 occurs by photons absorption, the optical bleaching at higher fluence occurs 

when there is an appreciable population in the first excited level gT2

3
. At gT2

3
the 

excitation to the second excited level gT1

3
 also occurs by photons absorption due to 

the gT2

3
. The decay back to the ground state gA2

3
or make a forbidden transition to 

the gE1
state by intersystem crossing mechanism. The effect of intersystem crossing 

on the nonlinear absorption (photobleaching) of YAGCr :4  crystal has been 

studied in this work. 

                             

                        Fig. (1) : Energy levels diagram of  YAGCr :4 crystal 
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   2.Theory  

              Mathematical model is presented in this work to describe the performance of 

YAGCr :4  passive Q-switch with 
4: GdVONd  (Neodymium doped Gadolinium 

Orthovanadate) laser as the following set of rate equations    
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The parameters used in this model are defined as following: n is the photon  

density in the laser cavity. Ng is the population inversion density of the laser 

medium , σg is the laser emission cross section, gL is the length of the laser gain 

medium, SL  is the length of the S.A.M. crystal,  is the remaining round-trip 

cavity dissipation, R  is the cavity round-trip transit, EgTA
 ,, 22

are the 

absorption cross sections of gA2

3
level ( ground –state), gT2

3
 and gE1

 exited levels 

of saturable absorber respectively, 2AN is the population of gA2

3
level of saturable 

absorber. 2TN is the population of gT2

3
excited level of saturable absorber. EgN is the 

population of 
gE1 excited level of saturable absorber , 1TN is the population of gT1

3

excited level of saturable absorber,
1AN is the population of gA1

1
 excited level of 
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saturable absorber. Rp is the pumping rate. γg = 1/τg, is the decay rate of the upper 

laser level, τg  is the upper laser level lifetime. γp is the population reduction factor 

( bottlenecking  parameter), γp equal 1 for a four level and 2 for three level laser 

active medium, 22 /1 TT    is the spontaneous decay rate of gT2

3
excited level of 

saturable absorber, 2T  is the lifetime of the gT2

3
excited level of saturable 

absorber. EgEg  /1 is the spontaneous decay rate of gE1
excited level of  saturable 

absorber, Eg is the lifetime of gE1
 excited level. 11 /1 TT    is the spontaneous decay 

rate of gT1

3
 excited level  of  saturable absorber, 1T is the lifetime of gT1

3
 excited 

level, 11 /1 AA   is the spontaneous decay rate of 
gA1

1 excited level  of saturable 

absorber, 1A is the lifetime of 
gA1

1 excited level. iscK is the intersystem crossing 

from gT2

3
 into gE1

  excited levels. 

               As discussion  the set of equations (1); In general, the build-up time of Q-

switched laser pulse is very short compared to pumping rate pR  and the 

relaxation time of active medium g , then it is possible to neglect pumping rate 

and spontaneous decay of active medium during pulse generation [7,8]. The 

lifetimes 2T  and Eg are much longer than the pulse duration [5], so all the terms 

with 2T  and Eg can be neglected. While the lifetimes 1T  and 1A  are much 

shorter than pulse duration [5],  so all the terms with 1T and 1A can be neglected.  

               According to the  previous discussion , the set of rate equations (1) can be 

written as the following  
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     2Tisc

Eg
NK

dt

dN
                                                                                                    (2-e) 

            At the onset of Q-switching , can be considering the most population of 

saturabele absorber material is in the ground state ( gA2

3
level ) )( 2 aoA NN  where 

aoN  is the total number of molecules in saturabele absorber material, also the time 

variation of the photons density is approximate to zero )0.0( 
dt

dn
. Corresponding 

to these physical and mathematical approximations can be determined the initial 

population inversion of  active medium by equation (1-a) as the following  

              ggASAgo LRNLN  2/))/1ln(2( 22                                                               (3) 

         With the continuing pumping and decreasing of saturabele absorber 

material absorption, the photons density within the cavity increasing rapidly to 

generate giant laser pulse. Then in the peak of giant pulse, can regard  0.0
dt

dn , 

then the threshold value of  population inversion )( thN  approximate to the 

following  

     ggEgSEgTSTth LRNLNLN  2/))/1ln(22( 22                                             (4) 

      Where, aoiscaoT NKNN 2                                                                                          (5) 

                  aoiscEg NKN                                                                                                      (6) 

       By dividing equation (2-a) on the equation (2-b) , we get       
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From Eq. (7), the photon number reaches a peak value pn when population 

inversion gN  is equivalent to thN , also 2AN approaches zero )0.0( 2 AN , then                   
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         After the release of the Q-switched laser pulse, the population inversion is 

reduced to the final value fN , this value can be utilized to calculate the output 

energy of Q-switched pulse using the following equation 
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          Where h  is the laser radiation energy. The photons absorbed by gA2

3
, gT2

3

,and 
gE1 levels have been calculated by the following equations respectively 
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3. Numerical simulation  

    3.1 Calculations 

            The set of rate equations (2) has been solved numerically by Rung- Kutta –

Fehelberg method to study the effect of molecules intersystem crossing on 

photobleaching (bleaching time) of YAGCr :4
 crystal as a saturable absorber 

material with 4: GdVONd  laser. The published  values of input data have been 

used as the following  ; from Ref.[5] used the values of 2A = 218104.5 cm , 2T = 

218104 Cm , iscK = 
181032  Sec , while from Ref. [6] used the values of  =1064 

nm, cL =60 mm,  Laser rod dimension= 
345.35.3 mm , g =

219106.7 cm , =

s90 , S.A.M  dimension= 374.155 mm , aoN = 317107.2  cm , =0.2,R=0.75. Eg = 

219103 cm [5,6], p =1 [2,5,6]. 

3.2  Results and Discussion  

          The study show;  the increasing  of  S.A.M. molecules  intersystem crossing  into 

energy levels lead to decreasing of bleaching time of S.A.M., this means the 

required time in order saturation of nonlinear absorption (photobleaching)  will 

be decreasing , this behaviour shown in fig.(2) and fig.(3). Fig. (3) show the max 

photon density of  passive Q-switching pulses  reaches  at shorter times while 

increasing  intersystem crossing. The study explain this result, because of 
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intersystem crossing, the molecules population in 
gE1 level will be increasing, while 

the molecules population in 
gT2

3  level decreasing in  same population of 
gE1  level 

increasing. Because of these levels have different absorption cross section , the 

decreasing of absorption activity of 
gT2

3  level have the dominator passively effect 

more than gE1
level absorption activity increasing in the total (global) absorption 

activity of  S.A.M.. Fig. (4-a) show the absorption due the levels with out 

intersystem crossing. Figs. (4-b,c,d) show the  reduction of  photons which are 

absorbed by 
gA2

3   ,
gT2

3 levels and the increase of  photons absorbed by gE1
level 

when the intersystem crossing increase. Fig. (5) show the profile of the total 

photons absorbed in S.A.M. as a function of intersystem crossing, it is clear that 

the saturation state of total nonlinear absorption occur faster ( shorter time ) when 

the intersystem crossing increasing which is lead to high photon  oscillation in the 

cavity and rapidly decreasing in population inversion of active media (shown in 

fig.(6))  to generate fast built-up laser giant pulses (  shown in fig.(3) ) with little 

decreasing in energy because of the little  increasing in final values of population 

inversion of active medium when intersystem crossing increasing (shown in 

fig.(7)).  

 

 

 

 

 

 

 

 

 

 

  Fig.(2): The variation of bleaching time as                  Fig.(3): The profiles of giant pulse   

a function of intersystem crossing .                               related to deferent iscK  values.  
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              Fig. (4-a) Fig. (4-b) 

 

 

 

 

 

 

 

 

 

 

                 Fig. (4-c)                                                                Fig. (4-d)       

  

Fig. (4) : show the photons absorbed by the energy levels of S.A.M. : 

(4-a) iscK =0.0, (4-b) sec)/1(101 8iscK , (4-c) sec)/1(102 8iscK , 

(4-d) sec)/1(103 8iscK . 
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      Fig. (5) : The total photons absorbed  in                     Fig. (6) : Population inversion in  

      S.A.M. as a function of intersystem                              active medium as a function of                                                                                                           

                        crossing ( iscK ) .                                                 intersystem crossing ( iscK ). 

 

 

 

 

         

 

 

 

 

 

 

         Fig. (7) : Final population inversion of active medium        

                        as a function of intersystem crossing 
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