\
El
5/

].

‘

o

N

/
[~/

;

University of Thi-Qar Journal of Science (UTJsci)
E-ISSN: 2709-0256, P-ISSN: 1991-8690, Vol. 11, No. 2. Dec. 2024

Theoretical Study of The Ratio A/As Effect on Saturable Absorber Performance of

Passive Q-switched Tm+3 Doped Fiber Laser System

Tahani M . Hussein *, Abdul - Kareem Mahdi Salih *** and M. Benhaliliba *
! Department of Physics, College of Science, University of Thi-Qar, Thi-Qar, Iraq.
2Film Device Fabrication-Characterization and Application FDFCA Research Group USTOMB, 31130, Oran, Algeria.

®Emai: tahaniilaser@gmail.com & tahaniimohmed739@gmail.com

°Email: mostefa.benhaliliba@univ—usto.dz

*"Corresponding author: karimmahdisalih@yahoo.co.uk & abdulkareem@sci.utq.edu.ig

Received:2024-5-27, Revised:2024-08-02, Accepted: 2024-08-08, Published: 2024-12-30

Abstract— The effect of the ratio of active media
effective area to the saturable absorber effective area (A/A;)
on saturable absorber performance has been studied
numerically for passive Q-switching fiber laser system doped
with Tm* as an active medium and Cr**:YAG crystal as a
saturable absorber. Software program using Rang- Kutta-
Fehalberge numerical method prepared in the study to carry
out the simulation. The simulation shows that the increasing
A/As value results in the generation of passive Q-witched
pulses in shorter times, allowing optical bleaching of the
saturable absorber material and convergence between ground
absorption activity and excited levels occurs earlier in time.

Keywords—High power pulses, Passive Q-switching, Fiber
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I. INTRODUCTION

For many applications, Q-switched fiber lasers are the
most desired laser sources because of their ability to
generate  high energy pulses including sensors,
micromachining, and medical systems, and material
processing [1,2]. Passive Q-switching technique based on
saturable absorbers (SAs) has been a popular technique
used with fiber as an active medium doped with rare earth
element ions to generate short pulses characterized by high
power [3]. Thulium (Tm™) is an effective element laser
medium; it is classified in the lanthanide group of the rare
earth metal. It is often used to doped optical fiber, due the
higher levels ions via energy transfer processes which are
leads to the creation of color centers which significantly
increase the absorption [4]. So, it has good efficiency
compared to another optical fiber laser [5,6]. Figure(1)
shows the energy level diagram of Tm* [7].

Cr'*™YAG crystal characterized by high absorption in
the first time and became bleaching or low absorption, and
the laser photons passé through it. And have been widely
used as a saturable absorbers (SA) for passively Q-
switched laser generation [8,9], at the laser wavelength,
the crystal exhibit a wide absorption cross section and a
low saturable. Also has been effectively used as passive Q-

switches for different active media. Cr ** :YAG energy
levels diagram is shown in Figure (2) [10].
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Fig. (1): Energy level diagram of (Tm"®) [7]
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Fig. (2): Energy level diagram of Cr **:YAG [10 ]

In this study, we focusing about the ratio effect of
effective aria of AM (A) to the the effective aria of SA(A;)
on saturable absorber performance of passive Q-switched
Tm*® doped Fiber laser system. Where A and A,, can be
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chooses by controlling the dimensions of the resonator, the
effective medium, and the diameter of the mirrors.

Il. THEORY

The model of coupled rate equations [11] has been
used to study the effect of the ratio of effective area in
active medium AM to the effective area in SA on the
absorption behavior of SA as the following rate equations
model.
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Where: ¢ (cm®) is the photons number density,
7, =2l , /C (s) is the transit time for one round —trip, ,

I, (cm) is the length of the optical cavity, o, (cm?) is the
active medium emission cross section, ¢ (ms™) is the light
speed, Oy (cm ?) is the absorption cross section of SA
ground-state, I, (cm) is the length of AM, ls, (cm) is the
length of SA, ng (cm’ %) is the SA ground state population,

N (cm® ) is the active medium population inversion
density, nes (cm™) is the SA exited state population, R=(

R,R,)" s the geometric mean of the cavity, R;R, is

the reflectivity of mirrors, |, is the dissipative optical
losses for round —trip. N (cm™) is the population inversion
density, o (cm?) is the absorption cross section of SA
excited-state, y is the factor of population reduction equal
1 for 4 levels system , and 2 for 3 system level of active
medium, Rp is the rate of optical pumping, 7, (s) is the

lifetime of the excited level of SA, 7., (s) is the

fluorescence lifetime of the upper laser level. A is the
effective aria of AM, A, is the effective aria of SA.

SA's lifetime with Q-switched laser pulses typically has
a very short build-up time [12] compared to the
fluorescence life of the upper laser level, so it is possible to
ignore the spontaneous decay in AM and SA.
Additionally, the pumping rate during pulse generation is
much longer when compared to the build-up time of Q-
switched laser pulses [13]; then Eq.(2), Eq.(3), and Eq.(4)
can be reformulation as the below respectively:
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At the beginning of the optical cavity, the density of
photons is at its lowest and the majority of SA molecules

are in their ground state ((ngs),. As a result, the total
number of SA molecules can be expressed as ((
Ng, =Ny +N, ), where (n  =~ng, Ny ~0 ) At
first, the SA absorption activity is also quite high; this can
be considered d¢ /dt ~ 0 from Eq. (1), but it cannot be
considered ¢(t) = 0. Then;

so !

1
20,1, N, - 20'gslsanso (In(R)+Lloss) 0 (8)
From Eq.(1), at the initial time of the pulse can be
dg
~0 , then can be

regarded N (1) = LOSS(t) gng dt
write:

Loss(t) =[20 ], gs()+2095|sanes()+(|-n(%)+|-OSS)]/(2<7am|am) ©)

The ground state of SA is represented by the first term of
Eqg. (9) as photon absorption, while the excited state of SA
is represented by the second term as the following
formulas:

Absg (t) = 20 | N, (1) /(20 (10)
Abse(t) = 20l N (1) /(20 4| ) (11)

The summation of Eq.(10) and Eq.(11) get the total
photons absorption in SA :
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When may be taken as a maximum of ¢ and that mean

Nes &~ Ng, can be disregarded Ny, from Equation (1),

the threshold population inversion density can be
estimated using the following expression:
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I11. RESULTS AND DISCUSSION

A software program was created specifically for this
work to use the Rung-Kutta-Fehlberge method to
numerically solve the rate equations (1,5-7). The table (1)
displays the input data that was used:



Table (1) : The input data

Figure (3) shows the case that the absorption activity
converges time of both levels ( AACT) for each of the two
levels occurs at approximately 376 ns, where the intensity
of photons absorbtion ( IPA) at the absorption activity
converges time is approximately in the ground level

1.12 x10" and in the excited level 1.18 x10" roughly,
and that the state of optical bleaching (OP) occurs at
around 464 ns. Figure (4), depicts at a value of A/A; =
0.95, that the activities of the SA referred to above occur at
privious time comparing with the case of at A/A; = 0.9 as
seen in Figure (3). The case of AACT of both levels takes
place at a about 322 ns at A/A; = 0.95 , where the IPA at
absorption activity converges time is approximately

1.154 x10" in the ground level and in the excited level

approximately 1.151x10", and the OP
approximately 388 ns.

Figure (5) shows at the value of A/A; = 1, that the
AACT of both levels takes place about 288 ns, where the
IPA at the absorption activity converges time

approximately 1.132 %10 in the ground level and

approximately 1.133 x10™ in the excited level. The state
of OP occurs at time approximately 360 ns.

It is clear from the results of figures (3-5) that the
optical bleaching of the absorbent material and the state of
convergence of the density of the absorbed photons in each
of the two SA levels occur at advanced times as the value
of A/A increases. In table (2) , we briefly present these

results.
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Fig. (3): The time variation of photons absorption density at 4/4=0.9

Parameter | Refer. Parameter Refer. | Parameter Refer.
. =25cm 1 R1=290% | | =40x10"°s [*
o, =046x10"cm’ R2=95% o, =225x10""cm’ 17
A = 1875 nm 1. =300cm N, =3.014x10"cm”
T, =238x107s o, =875x10"cm’
6E+19 -
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(4): The time variation of photons Absorption density at A/A;=0.95
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Fig (5):The time variation of photon absorption density at A/A=1

Then the performance of SA according to A/A; value
leads to the emission of the passively Q-switched pulse at
an advanced time and characterized by less duration and
more energy as the value of A/Ag increases, this results
shown in figure (6a), where is clear from the figure, the
pulse emission times approximetly are 307ns, 334ns, and
372 ns respectivilly, also it is clear from the figure (6) the
duration time is decrease with the increasing of A/A .



That is lead to high power pulse. For further clarification
and verification, figures (7-9) demonstrate the temporal
behavior of the performance of each of the ground level,
excited and the total performance of the absorbent
material, respectively, with regard to the absorption of
laser photons. Where the occurrence of optical bleaching
appears in advanced times with the increase in the value of
A/As.
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Fig. (6): Pulse photons density as a function of A/A
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. (7): Photons absorption by the ground level as a function of A/A,
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Fig. (8): Photons absorption in excited level as a function of A/A,

Table (2) : Comparission of the results between the ground and
excited level of SA as a function of A/A,
Ground level of SA Excited level of SA
AA 0.9 0.95 1 0.9 0.95 1
AACT 376 322 288 376 322 288
IPA(10 1,12 1.154 1.132 1.18 1.151 1.33
+19 cm
% at
AACT
OoP 464 388 360 464 388 360
occur
at time
(ns)
6E+19 -
5.5E+19 -
P
L SEv19 .
,§ 4.5E+19 SN
e: Tot.Abso.of SA
E 4E+19 - — A/As=1
BT A/As=0.95
g - = A/As=0.9
S 3E+19 A
=9
g 2.5E+19 -
=
2E+19 Mo
1.5E+19 T T T T T T T T T .

0 50 100 150 200 250 300 350 400 450 500
Time(ns)

Fig. (9): Total photons absorption in SA as a function of A/A,

The results of the physical behavior in the figures are explained
due to the decreasing and increasing population of the ground
level and the excited level in equality, respectively, with the time
of increasing the value of (A/As) as shown in figure (10) and
figure (11).
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Fig. (10): Ground state population of SA as a function of time.
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Fig. (11): Excited state population of SA as a function of time.

IV. CONCLUSIONS

The increasing of the A/As value leads to the generation
of passive Q-switching pulse in an erleiar time with less
duration and more energy and more power of pulses, so
the optical bleaching of the saturable absorber material,
and the convergence between the absorption activity of
the ground and excited levels occur in an advanced time.
Also the increasing of the A/A; value leads to high power
pulses due to decrease in pulse duration. Then this study
recommends increasing the factor A/As because it is more
useful practical application
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