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Abstract: The objective of this study deal the effect of the output coupler mirror reflectivity of laser
system on behavior and characteristics (duration and energy) of erbium passive Q-switching laser pulse
was studied theoretically. In the methods of the study, virtual passive Q-switching laser system consist
of major elements such as erbium doped silica as an active medium, Cr+4: YAG crystal used as a
saturable absorber, and the mirrors of resonator. Mathematical rate equations model has been used to
describe the physical relationship between this element has been solved numerically by Rung - Kutta —
Fehlberg method. The results showed regarding the pulse behavior, the increasing value of output
coupler mirror reflectivity lead to decreasing of rising and falling time of pulse, so the emission of pulse
occur in an advanced time. While regarding the pulse characteristics, the pulse was distinguishable by
short duration and high energy, resulting high power of pulse when the output coupler mirror
reflectivity increasing. Regardmg of results discussion, the study attributes the results to a decrease of
the initial and final population inversion density of active medium that results from the i increasing value
of output coupler mirror reflectivity. Therefore, it is possible to conclude in order to improve the
characteristics of erbium passive Q-switching laser pulse; it is appropriate increase the value of output
coupler mirror reflectivity within acceptable limits.
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1. Introduction

Q-switching is excellent technique used in applications which demand high laser intensities. It is
mainly applied with solid state lasers in order generation pulses characterized by short duration (10 -
10") ™ with high power [1,27. Various applications use this technique extensively, examples include
fine material processing, spectroscopy, biomedical treatment, precise distance measurement, and others.
[8-57]. There are two types of Q-switching technique, the first type is the active Q-switching, in this
type the losses are modulated with an active control element, typically either mechanical, acousto-optic,
and electro-optic element [6,77]. The second type is the passive Q-switching technique['8,97. In this
type, an non-linear optical element (saturable absorber material(SA)) added inside the optical cavity[ 10-
127, this element has the characteristic of self-action (passively) without any external action[ 13,147, it
is shows at the initial time high absorption activity of laser photons which are oscillating inside the
system cavity, it is an excellent crystal for passive Q-switching in the wavelength range from 800 nm to
1200 nm, because of its good ratio between its ground and excited levels cross-sections, the absorption
activity decreases with the time by semi-exponential relationship until reach to the optical bleaching
state and allows oscillating photons to transmittance through it [15,167.

In the virtual optical system of this study, the erbium (Er**) doped silica material has been used as a

. . . . . . : : 4
active medium, Figure 1 illustrates an intra-4f shell transition from its first excited state ( |13/2) to the

ground state (4|15/2) of the Er+3 ion in its trivalent state [177]. Er™® application in optoelectronics has
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caused it to attract a lot of attention,]. While the chromium (Cr**) doped crystal of YAG has been used
as SA material, it is having a great deal of attention as passive Q-switches. The Cr+4 YAG crystals have
a wide absorption cross section and a low saturable absorbtion, this results in greater photochemical and
thermal stability, and a higher damage threshold [18.197. Figure 2 shows the energy level of Cr** [207.

In the present study, we studied the reflectivity of the output coupler mirror effect on the duration,
energy, and the power of Er*’ passive Q-switching pulse.
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Figure 1.

Energy level diagram of Er+3 [17].
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Figure 2.

Energy level diagram of Cr+3 [207.

2. Theory

Coupled rate equations model as the following equations [217] has been used in this study:

M = @[ZdamlamN (t) - 2O-gslsaNgs (t) - 2O-eslsaNes (t) - (In( Ri) + Lloss)] (1)

dt )
TO R, - reopoNG -2 (2
dnést ®_n®_ 20 | N, 1)/ 7, (3)
dnes (t) __ nes (t) + Zo-gslsa¢(t)ngs (t) / Tr
dt T

sa (4)

Where: ¢ (cm™) represents the photons number density, 7, = 2l /C (s) refer to the transit time
for one round —trip, , |r (cm) is the optical cavity length, o, (cm?) is the emission cross section of active

medium, ¢ (ms™) is the speed of light, o (cm®) is the absorption cross section of SA ground-state, l

(cm) is the AM length, I, (cm) is the length of SA, 7, (cm™) represents the ions population of SA ground
state, N (cm™ ) is the active medium population inversion density, 7, (cm™) represents the ions

population of SA exited state, R.=(R,R)"* is the geometric mean of the cavity, R is the total

reflectivity of first mirror, R is the output coupler mirror, |, is the dissipative optical losses for round

loss

—trip. O (cm?2) 1s the absorption cross section of SA excited-state, 7 is the population reduction factor

equal 2, 1 for 3 levels and 4 level of active medium system respectively, R is the rate of optical

p
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pumping, 7, (s) is the lifetime of the excited level of SA, 7, (s) refer to the fluorescence lifetime of the

upper laser level. SA has a significantly shorter microseconds lifetime compared to the fluorescence life
of the upper laser level [227].

The build-up time for Q-switched laser pulses is typically short, The spontaneous decay in AM and
SA can be neglected. The pumping rate is very long compare with the build-up time of Q-switched laser
pulses, then can be neglected [237. then Eq.(2), Eq.(3), and Eq.(4) can be reformulation as the below
respectively:

dN (t
# = =10 d(N(t) .,
dnlet ® _ =20l (1) / 7, .
% =20l pOn, (1) /7, ;

At the initial time, the photons density number inside the optical cavity is minimum. Also most of

SA molecules are in the ground state (N then can be consider Ny =Ny, N, ~0, where

gs )’

Ny, = Ny + Ny 1s the total number of SA molecules. Also, at the initial time the SA absorption activity

is very high. From Eq.(1) can be consider (d¢ /dt ~ 0) while cannot consider @(t) = 0. Then;
am-am (o] gs'sa’ 'so

26, 1. N, —20_l_n —(In(%)+L,OSS):O ®)

The spatial variation of pulse energy per unit aria (E) at any point in the length of the SA (within
the longitudinal direction of the SA) when the pulse passes through the SA can be expressed by [247:

dE o —-o4E
(9) ’ =—hvn (1-—=)[1—exp( . )] —-N,O
z T g6 v
The transmission of SA is known as small-signal transmission or initial transmission (70) at low

Ggs

E
energy. This situation can be taken into account and consider exp(— h )~ (l—O'gSE /hv) | and
\')
substituted into Eq. (9) to get:

dE
E = [nsoo-gs —NgOs — nsoo-es]E

can be neglected, then:

Given that © . greater than o . the term which include o
|
Emax _ sa
In E]g™ =ny,0, A dz

The optimization of En. occur when the SA became bleaching to allowed maximum transmission of
photons, then can be estimates E_, ~¢@. NV . It is possible to estimate that Emin optimization occurs

when the SA has high absorption activity or small signal transmission of photons E_; =T ¢, hv:

E h
LUV S
Em'n To¢maxhv To
To ZeXp(_nsoO-gslsa) (10)
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1
In( T_g) = 2r]soo-gslsa (11)
o
Substituted Eq.(11) into Eq. (8), can be get the initial value of population inversion density as the

follow:

loss

1 1
In( T—z) +(In E) +L

N, = 201 (12)

(22 <o

~

At maximum of ¢ , in Eq.(1) can be consider ), Nes ® Ny, or N can be neglected.

gs

(o}
Threshold population inversion density can be estimated in term of T, and [, where (—= = f3) as the
o
gs
tollowing expression:

1 1
~ ﬂ In( sz) + In( E) + Lloss

N, = o 14
th o | (14)

am”am

3. Results and Discussion

By computer program which prepared in this study, the set of rate equations (1, 5-7) was solved
numerically by Rung- Kutta -Fehlberg method. The Table 1 shows the input data which used in
computations.

Table 1.
Computations input data.
Parameter Reference | Parameter Reference
| =25cm o, =2.25x10 " cm?
am EQG]
|, =300cm [257] o4 =8.75x10™cm?
o, =0.575%x10°cm’ r,,4.0x10°s [23]
7. =5545x107s R2 = 95% [25]
y=1

Figure 38 represents the time variation of population inversion density (PID)as a function of R for
three cases of laser passive Q-switching pulses generation. The figure shows that the initial population
inversion density (IPID) and final population inversion density (FPID) values decreases as the R value
increases. for order verify this behavior for both of IPID and FPID, several cases of several R values
have been studied as in Figure 4 and Figure 5 , they are shown the decrease in each of IPID and FPID
values when R increasing and enhanced the Figure 3. The study explains that, the increasing of R value
lead to increasing the number of laser photons reflected from the output mirror to the AM, resulting in
two important results. The first, the state of accumulation of ions at the excited laser level was
prevented by the strong photons' interaction with these ions and forced to move to the lower level and
increased stimulated emission, which caused a decrease in the IPID. The second result is a high number
of ions discharge from the excited laser level in less time, which caused high decrease in the FPID.
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The low value of FPID which is shown in Figure 5 has resulted in the release of a large number of
laser photons despite the low IPID value lead to obtained laser pulses characterized by high photons
densities as the R value increased as shown in Figure 6. Also observed in Figure 6 is the emission of the
pulse occurring in an advanced time as the R value increases, It is possible to note that the times at
which the pulses in Figure 6 reach their peaks are 550 ns, 516 ns, and 495 ns approximately at R =
0.76, 0.84,and 0.94 respectively. To verify this behaviour of pulses which is shown in Figure 6, several
cases of several R values have been studied as in Figure 7, it is shown the increase in the maximum
value of pulse photons when R increasing and enhanced the Figure 6. The study explains this du to the
decrease in the FPID values Figure 8 shows an increase in the pulse energy with increasing value of R.
The study explains this because of the increase in the maximum value of the pulse photons, as shown in
Figure 6 and 7.
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Figure 3.
Profile of population inversion density as a function of time.
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Figure 4.
Initial population inversion density as a function of R.
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Figure 5.

Final population inversion density as a function of R.
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Figure 6.
Photons density of pulses as a function of R.
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Maximum photons density as a function of R.
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_Figure 8.
Pulses energy as a function of R.

Figure 9 Represents a decrease in the value of the pulse rising time. The study explains this due to
rapid pulse construction by the increase in the photons density with increasing value of R.

Figure 10 represents the decrease in the pulse falling time with increasing of R, this means that the
population inversion density its final value at an earlier time when the value of R increases ,and this is
reinforced by figure 3. where it is observed The FPID reaches its minimum value at time 828 ns, 796
ns, and 758 ns approximately when R =0.76, 0.84,and 0.96 approximately.
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The rising time of many pulses as a function of R.
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Figure 10.
The fulling time of many pulses as a function of R.

Figure 8. The rising time as a function of R

Figure 11 represents decrease in the value of the pulse duration with an increase in value of R. This
is due to the decrease in the rising and fulling time values of the pulse as shown in figure (9) and (10),
respectively. Figure 11 represents an increase in the pulse power, which is due to the decrease in the
duration time as shown in figures (11) and the increasing in energy of pulse as shown in Figure (8).
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Figure 11.
Duration time of many pulses as a function of R.
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Figure 8. The rising time as a function of R

4. Conclusions

The increasing of the output coupler reflectivity of laser system mirror lead to improve the
characteristics of passive Q-switching laser pulses. High photons density have been emitted related to
decreasing of final population inversion density with R increasing; caused stimulated emission process
has a greater intensity resulting in a high-energy pulse, and the time needed to emit it decreases.
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Improving pulse characteristics was also appearing through short duration resulting in pulse being
characterized by high power making it more important in practical applications.
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