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Abstract

Objective: To study the effect of active medium length on the characteristics
of passive Q-switching pulses, Stokes pulses, and anti-Stokes pulses generated
by laser-Raman medium interaction in optical systems, theoretically. Methods:
The optical system consists of Nd*3:YVO,, PbWQ,, and Cr*4:.YAG as active
mediums, Raman medium, and saturable absorber materials, respectively.
The rate equations model has been used in the study, and the Rung-Kutta-
Fehelberg numerical method was used to solve the rate equations. Finding:
The result shows that, decreasing of the active medium length leads to emit
high power pulses at advanced time. It also leads to increase in initial value
and the maximum value of population inversion density, and leads to increase
in the energy of passive Q-switching pulses, Stokes pulses, and anti-Stokes
pulses. So the decreasing of the active medium length leads to decrease in
the pulses duration and the final population inversion density. To increase the
power of the three generated pulses, the length of the active medium used
in the system must be decreased. Novelty: The characteristics of two pulses
generated by Laser-Raman interaction (passive Q-switching pulse and Stokes
pulse) have been of interest in some studies. This study investigates the effect
of the active medium length on the characteristics of three pulses generated
(anti-Stokes pulse with Stokes pulse as well as the passive Q-switching pulses)
by the optical system rather than two pulses.

Keywords: Laser; Nd*3 :YVO4; passive Q-switching pulse; Stokes and anti--
Stokes pulses 1

1 Introduction

Q-switching is a preferred technique for generating short pulses with high peak power.
The pulses generated from Q-switching are typically produced at low repetition rates
in the kHz range "?). Organic dyes, doped crystals, and semiconductors are common
materials used in passive Q-switches (PQS)®). PQS is the method using a saturable
absorber (SA) . SA based on Cr** has been known and used for many years. Crystal-
based Cr**: YAG has been widely employed in passive Q-switching techniques,
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although they share all of the limitations of single crystal technology, such as long manufacturing times, poor compatibility for
large and composite structures, and so on ®). Cr**:YAG crystal has a wide absorption band at 0.9-1.2um when compared with
other SA®). The energy level diagram of Cr**:YAG shown in Figure 1(®). Tons are excited from ground level 1 to an intermediate
level 3 after the absorption of a pumping photons; from here, non-radiative relaxation to the first excited level (level 2) occurs.
The ions either relax to the ground level with a life time of level 2 or promoted to the higher excited level (level 4) by the
absorption of another photon. Relaxation to the first excited level 2 is again non-radiative with a lifetime, the ions in the higher
excited level 4 quickly relax back to the initial excited level 2 due to the lifetime of the higher excited level is much shorter than
the pulse duration ©.

Nd*:YVOy is a well-active medium (AM) that is mainly used in Q-switched laser systems. With the latest technology, it
displays short laser pulses with duration comparable to one round-trip and switchable operation between 1064 nm Q-switched
pulses ?). The Nd*3:YVOQy crystals have a large cross-section of excited radiation, and they are typically used in low- or medium-
power lasers because of their limited thermal conductivity®. Nd*3 ion has many permissible transitions from the metastable
level *F5 /2 to the lower lying energy Stark sublevels 415 /2 I /2>and 41y /2> respectively, resulting in possible laser radiations at
1.3, 1.06, and 0.9 m. Pump bands are placed above the top laser level, beginning with the manifold *Fs /2> which is responsible
for absorption around 800 nm. The greatest emission cross-sections in Nd** doped laser material for F3 2 =41, /2 transitions
emitting radiation at 1.06tm are shown in Figure 2.

Fig 1. Schematic representation of the energy levels of Cr**:YAG (©

Stimulated Raman scattering (SRS) is a way that shifts the existing wavelength to a new one (also known as Raman shift).
When the pump and Stokes photons are applied simultaneously, the new generator has a stable output wavelength, thin line
width, and fantastic directionality, which is substantially improved when a specific quantity of pump photons are transformed
into Stokes photons(m). The structural tunglevels CaWOy4, StWO,4, BaWOQOy4, and Lead tunglevel (PbWOQ,) are compounds
which have properties and their multiple. These materials can grow as single crystals '), PbWQ, is a popular scintillator for
high-energy physics, known for its low cost, easy growth, broad transmittance spectrum, high optical damage threshold, and
strong gain coeflicient, with many remaining Raman crystals created. PbWO4 occurs naturally in two forms: stolzite (scheelite
structure with WOy tetrahedra) and Raspite (overlapping WOg octahedra), with the latter being synthesized. (12,13)

This study investigates the effect of the active medium length on characteristic of three pulses generated by the optical system.
These pulses are anti-Stokes pulse with Stokes pulse as well as the passive Q-switching pulse.

2 Methodology

A mathematical rate equations model ™), as shown in the Equations (1), (2), (3), (4), (5) and (6) has been used to study the
effect of active medium length on the characteristic of PQS, Stokes, and anti-Stokes pulses where generates by optical system.
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Fig 2. Schematic representation of the energy levels of Nd*>:YVO, ©®

do 2ghcv @l 1
= =Js |:M - kaNag 7ﬁkuNue - :| +KSP®L (2)
dt TRt Tg
dD . 2ghcv, D1l 1
TM = Das l:guLR - kaNag - BkaNae - :l +KSP®L (3)
t TRt Tas
dN,
= Ro = %eNe = 1pkeNe 21 (4)
Wag _ g Noy@1 — kaNag@s — kaNugBas + Ta. (5)
dt = alVag* L atVag@s alVagQas + YalVae
Nac _ g K,N, k (6)
dt — B agQL + Kq aggs + aNaggas - YaNae - BKaNae (@s + gas)

The physical meaning of the six equations above is explained as following:

Equations (1), (2) and (3) describes the time variation of laser photons density, Stokes photons density and anti-Stokes
photons density respectively, Equation (4) describes the population inversion density (PID) and Equations (5) and (6) describes
the time variation of population of SA ground and excite level receptivity. Before we explain the terms of these equations, it is
necessary to point out that the terms in positive sign considered the source of additives in each equation, while the terms in
negative sign considered the source of decrease in each equation.

The terms of Equation (1) can be defined as the following, the first term represents the laser photons density which are
emitted by the stimulated emission, the second and the third term is the number density of laser photons which absorbed
by the ground and excited state of SA respectively. The fourth and the fifth term represent the laser photons lost due to the
generation of the photons Stokes and anti- Stokes in Raman medium, the sixth term represents the losses resulting from the
cavity decay due to the absorption, scattering, reflection of photons in different directions without return to the AM. The terms
of Equation (2) can be defined as the following, the first term is the Stokes photons which are emitting from RM, the second and
the third term represent the absorption of Stokes photons in the ground and excited levels of SA, the fourth term represents the
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losses of Stokes photons due to cavity decay (absorption, scattering, reflection of photons in different directions without return
to the RM), the fifth term represents all the Stokes photons resulting from the spontaneous scattering in Raman medium.

While the terms of Equation (3) can be defined as the following, the first term is the anti-Stokes photons which are emitting
from RM, the second and the third term represent the absorption of anti- Stokes photons in the ground and excited levels of SA,
the fourth term represents the losses of ant-Stokes photons due to cavity decay (absorption, scattering, reflection of anti-Stokes
photons in different directions without return to the RM), the fifth term represents all the anti - Stokes photons resulting from
the spontaneous scattering in Raman medium. The terms of Equation (4) can be defined as the following, the first term is the
optical pumping photons that causes the PID in AM, the second and the third terms represent the decrease in the PID due to
the spontaneous and the stimulated emission in AM respectively.

The terms of Equation (5) can be defined as the following, the first, second, and the third terms represent the decrease in
ions population of the ground level of SA due to the absorption activity of this level, while the fourth term refers to the increase
in the ions population in ground level due to the decay of excited level of SA. The terms of Equation (6) can be defined as the
following, the first, second, and the third terms represent the addition in ions population of the ground level of SA due to decay
of excited level, while the fourth term refers to the decrease in the ions population of excited level due to the decay of level.

The physical meaning of the equations parameters explained as the following: @ (cm~>)laser photons density, K, =
2L, 0,
TRt

N, (cm~3) is the population inversion density, Tz = % (s) is the life time of photon in cavityK, =

(s71) coupling coefficient Lg(cm), is length of active medium, o, (cm?) is the emission cross section of active medium,
2Lq00ag
TRt
coeflicient between the photons and saturable absorber material, /. (cm) is cavity length, 6, (cm?) the absorption cross section

of ground level of SA, L, is length of SA,N,, is population of ground level in SA (cm %), B = %‘:, Gue(cm?) is the absorption

cross of excited level of SA, N (cm™3) is the population of excite level in SA, Nyg + Ng. = n;, where
output coupler reflectivity at laser photon, 7, = 2Lc

c[L—In\/RRy]
coupler reflectivity at Stokes photons, 7,3 = ML% is the round trip losses of anti-Stokes photons in the cavity, R, is output
coupler reflectivity at anti-Stokes. It is worth noting, it is imperative to make some physical and mathematical approximation.
The first and the second term in Equation (4) can be neglected due the release and emission of PQS pulse in very short time
compared to the time influence of the factors R, , %, (15.10) "also the fourth term in the Equation (5), so the fourth and the fifth

terms in Equation (6) can be neglected due to long time decay of excited level of SA (level 2) and due to very short lifetime of level

(s7!), is coupling

is the round trip losses of Stokes photons of the cavity, R, is output

4017 At initial time of construction of PQS pulse, Equation (1) can approach to zero (% ~ O.) yNae 2 0.,Ng 2 Ny, Nog = 1j,

then it is possible to appreciate the initial population inversion density N, as the following expression:

2ghcl %) 1] 1

kol + (28 RS FVasPar)y | 1 .
Noo — TRT 79 (7)
g0

K,

As well as at the time becomes that PQS pulse at its peak, Equation (1) can approach to zero (% ~ ) JNag = 0.,N, =~

Nin,Nge = nj, then it is possible to estimate the threshold population inversion density

2ghc g (ViDg + vy @ 1
ﬁKtha0+(( i R( 7 @ as))_’_i (8)
Ny = TRT L

kg

And after the pulse release, can estimate the pulse energy (E) as the following expression %),

(Ngo _Ngf) (Ngo _Ngf) hy
Ngo Y

E= 9)

Where Ny it represents the final value of population inversion density, can be determined from the results of the numerical
solution of Equation (4), h Blanks constant, v is the frequency. The duration of pulse (7)as well can be estimated after the pulse
release (from numerical solution results of Equations (1), (2) and (3)). It represents the pulse width at half maximum (FWHM).
The power calculated by the relation:

(10)

QD
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3 Results and Discussion

The set of rate Equations (1), (2), (3), (4), (5) and (6) solving numerically by Rung-Kutta- Fehelberg method, Table 1 show the
input data*-2) used in computation:

Table 1. Input data of computations

Parameter  Value Parameter Value

Ksp 2x 1071071 g, 6.5 x 10~ Yem?
VR 925 em™! Oue 0.55 x 10~ 8¢m?
G 8.4cm/GW Oug 2.5x 10718 cm?

Figure 3 shows the behavior of three pulses generated in the different AM lengths (PQS, Stokes, and anti-Stokes pulses).
It appears that the peak pulses are decreasing with increasing AM length. The study explains this as a decrease in the initial
population inversion value, which led to a decrease in the laser photons released from AM. This result led to a decrease in the
Stokes and anti-Stokes photon density. The pulses peak a little later in time when the AM length and the duration time increase
for each pulse due to the increase in the rising time of pulses.
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Fig 3. The profile PQS , Stokes , anti- Stokes pulses at L, = 0.38 cm ,L,= 0.41 cm

Figure 4 shows the profile of photon density and population inversion density (PID) for two values of AM length. The
behavior shows a decrease in photon density and PID with an increase in AM length. This figure reinforces the results in

Figure 3.
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Fig 4. The profile of photons density, PID at L, = 0.38 cm, L= 0.41 cm
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Figure 5 shows the decrease in initial population inversion density (IPID) with an increase in the length of the AM. According
to Equation (7), the increase in L leads to an increase in ke, which thus leads to a decrease in the IPID and thus results in a
decrease in threshold population inversion density (TIPD). The increase in the value of the final population inversion density
(FPID) is shown by the increase in the length of the AM because of the remaining ions at the upper laser level and the unreleased
energy. Also, there is the decrease in the value of the difference population inversion density (DPID) between the values of the
IPID and FPID, a decrease due to the decrease in the initial value of the PID, and an increase in the FPID value due to the
decrease in the TPID. Figure 6 shows the decrease in the maximum photon density (MPD) of the PQS pulse with an increase
in the length of the AM due to the AM ions absorption of the PQS photons in the cavity. The result of the absorption led to a
decrease in the IPID, as shown in Figure 5. The decrease in the MPD of Stokes and anti-Stokes is due to the continuous AM ion
absorption; therefore, when the PQS photons fall on Raman medium, they will absorb and release the Stokes and anti-Stokes
pulses, characterized by a decrease in their photon density values.

PID (cm-3)

MPD (cm-3)

Fig 6. Maximum photons density of three pulses as a function of L,
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Figure 7 shows an increase in the duration of the three pulses generated (PQS, Stokes, and anti-Stokes) due to the increase
in the rising time of the pulses. Figure 8 shows a decrease in the energy of PQS with an increase in the length of AM, due to the

decrease in IPID as shown in Figure 5 and the decrease in the maximum photon density as shown in Figure 6.

Duration of pulses (ns)

Fig 7. Duration pulse of three pulses generated as a function of L,
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Figure 9 shows the power of PQS, Stokes, and anti-Stokes decrease with increasing AM length due to the increase in pulse

duration as shown in Figure 7 and the decrease in energy as shown in Figure 8.

4

160 — Power (Kw)
_ PQs pulse
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; 120 —
= .
o ] e
S .
© 100
[
2 i
o
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60 T | T | T | T | T |
037 038 039 040 041 0.42

Lg (cm)

Fig 9. Power of three pulses generated as a function of Lg

Conclusion

The study concludes that the decreasing of the active medium length leads to emit high power pulses (passive Q-switching
pulses, Stokes pulses, and anti-Stokes pulses) at advanced time (before 73 ns at Lg=0.38 cm, after 76 ns at Lg=0.41 cm as shown
in Figures 1 and 2).

It is noticeable that the decreasing of the active medium length leads to increase in the energy of passive Q-switching pulses,

Stokes pulses, and anti-Stokes pulses. So the decreasing of the active medium length leads to decrease in the pulses duration.

Thus, the shorter the length of the active medium in optical system which consists of passive Q-switch and Raman elements,

can get high power of passive Q-switching pulses, Stokes pulses, and anti-Stokes pulses.
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