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A mathematical model describing the sum frequency generation of passively synchronized Q-switched pulses
simultaneously emitted from two separate Nd®T:YVO, lasers has been demonstrated. This model describes
the temporal behavior of the output pulses, and studies the impact of the pumping energy variation on the
characteristics of these pulses (output power, pulse separation, pulse widths, delay time). V3T:YAG and Cr**:YAG
saturable absorbers and a periodically poled KTP crystal are used to achieve and improve the synchronization of
the emitted 1342 nm and 1064 nm wavelengths. The synchronization process generates pulsed yellow light with

593.5 nm wavelength, and it can be realized through adjusting the pumping energy of the gain media.

PACS: 42.55.Rz, 42.60.Gd, 87.19.lm

1. Introduction

Low cost and compact are means of generating short
and high-power laser pulses in the infrared spectral region
and can be usually achieved using passive @-switching
process. Many passive Q-switches using Cr*T:YAG crys-
tal are efficient elements at 800-1200 nm wavelength
range, while Q-switches using V3T:YAG crystal are ef-
ficient elements at 1000-1500 nm wavelength range. The
synchronization of laser pulses facilitates the sum/dif-
ference frequency mixing used in conversion long/short
wave radiation [1].

Lasers in the yellow spectral region have found an in-
creasing number of applications in bio-instrumentation,
spectroscopy, dermatology, microscopy and other appli-
cations in different branches of science and technology.
In the field of biomedical optics there is a great need for
light sources operating in pulsed regime due to the high
absorption in hemoglobin [2].

Previous studies of V31:YAG crystals showed that
the V37T ions can occupy both tetrahedral and octahe-
dral coordinated positions [3]. Peaks at 800, 1140, and
1320 nm on the 34y — 3T1(3F), 343 — 'E('D) and
3Ay — 3Ty(3F) transitions can be attributed to tetrahe-
dral. Therefore, this coordination of the ions is important
for action of a passive @-switch at 1064 nm and 1342 nm.

Synchronized Q-switched pulses can be obtained in two
ways; either the two lasers shown in Fig. 1 must be able
to generate independent @Q-switched pulses, if they are
pumped separately, and their repetition rates must be
similar in order to synchronize properly; or one laser can
be just below threshold and only being able to exceed
threshold when the saturable absorber is bleached by the
second laser [1, 4, 5]. Laser pulses must be synchronized
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very carefully in order to obtain efficient conversion in
the nonlinear process, which leads to good understand-
ing of the sum frequency generation (SFG) mechanism.
Very stable passive synchronized Q-switching at two dif-
ferent wavelengths has been achieved by adjusting the
pump power and improving the Q-switched behavior of
the 1064 nm laser. This can be obtained by inserting
an additional Cr**:YAG saturable absorber in the laser
cavity.
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Fig. 1. Experimental setup of passively synchronized
of two Nd®":YVO, lasers Q-switched with V3T:YAG,
Cr'T:YAG/PPKTP saturable absorbers [2, 4].

The investigation of passively synchronized Q-switched
Nd3*T:YVO, dual-wavelengths (1342 and 1064 nm) us-
ing V3:YAG or V3T:YAG and Cr**:YAG saturable ab-
sorbers has been studied in many references [2, 4, 6].
The reported mathematical models in these references
did not fully describe the Q-switched and SFG processes
(593.5 nm).

This work focuses on the development of a mathemati-
cal model for investigating the SFG of passively synchro-
nized Q-switched pulses emitted from two Nd3T:YVO,
lasers using V3T:YAG or V3+:YAG and Cr*t:YAG sat-
urable absorbers with PPKTP. The mathematical model,
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developed in this work, estimates the temporal behavior
of the output pulses of the studied laser system.

2. Mathematical model

The mathematical model, developed in this work, de-
scribes the pulsed Nd3*:YVO, pumping laser sources
with V3T:YAG or with both V3*:YAG and Cr*t:YAG
solid-state saturable absorbers. It also investigates the
synchronization of the emitted laser pulses and the SFG
process [2, 4, 6-§].

2.1. Rate equations of laser media

The studied laser system, shown in Fig. 1, can be de-
scribed by four coupled rate equations. These equations
describe the population inversion and the laser density
of the two synchronized Q-switched first (1342 nm) and
second (1064 nm) laser fields. The system of equations
takes into consideration the sum frequency mixing pro-
cess, focusing, bleaching and one-directional propagation
effects. The saturable absorber might be V3T:YAG crys-
tal only or V3T:YAG and Cr**:YAG crystals together
(Fig. 1).
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Fig. 2. Simple energy levels diagram for (a) V¥*:YAG

and (b) Cr*":YAG saturable absorbers [2, 4, §].

The time evolution of the population inversion and the
laser densities of the laser fields are given by the follow-
ing two equations (case of V3*:YAG crystal only, Fig. 2a)
[2, 4, 6-8]:
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where ¢ = 1 and 2 corresponds to the first and second
laser fields with 1342 nm and 1064 nm wavelengths, re-

T 2
spectively, G; = Upi%ﬁ\/ﬂ/w exp (FZ (% - 1) )

[5, 9] is the pumping rate (considered to be a Gaussian

function with its temporal peak at ¢y, assuming that the
pump is uniform over the whole crystal), n,; is the to-
tal pumping efficiency, EY is the total pumping energy,
W, is the diode pumping photon energy (at wavelength
808 nm), to is the time of temporal peaks (in calculation
to is set to be approximately equal to the lifetime of the
upper and higher state of the two different saturable ab-
sorbers), Vo, = £.; A; is the crystal’s pumped volume, £
is the length of the pumped Nd3T:YVOy crystal, A; is
the cross-sectional area of the pumped Nd3T:YVOy, crys-
tal, F; is introduced to control the width of the pumping
pulse, T4 is the spontaneous lifetime of the correspond-
ing laser field, o; is the transition cross-section of the
active medium for the emitted wavelength, vy = ¢/ng;
is the light velocity in the gain medium, vy = c¢/ng
is the light velocity in saturable absorber, ng;, ng are
the refractive indices in gain and saturable absorber me-
dia, respectively, pgi = ngilei/Lyi, ttsi = ngilsy /Ly; and
ki = ngilk/Ly; are the filling factors of the gain medium,
saturable absorber medium and periodically poled KTP
(PPKTP) crystal, respectively, £5y is the length of the
V3T:YAG saturable absorber, £}, is the length of the KTP
crystal.

Ly = [ngz[ci + nsigsV + nkigk + (Lca'ui - Eci - EsV - Ek)]
is the optical resonator length, L.q.; is the length of the
laser cavity, Tpi = Tcawi/Plossi 18 the photons’ lifetime,
Teavi = 2Ly;/c is the round trip time cavities, ¢ is the
light velocity, piossi = Ppassi + pPTi + psi is the total dy-
namic round trip losses, ppassi is the round trip loss, pr;
is the transmission of the output coupler, pg; is the sat-
urable absorber losses, I' is the confinement factor, (2
is the solid angle, 0ysai, Tesai is the cross-section of the
ground and excited-state absorption of the laser field, re-
spectively, Ny, Ny1, Ny, are the population inversion
of the ground, first excited and extra levels of V3*t:YAG
crystal, Ny3, Ny, are the population inversion of the
higher excited levels [2, 4].

Assuming infinite plane wave, non-depleted pump ap-
proximation, small signal approximation, uniformly spa-
tial intensity distribution, and weak coupling case, the
coupling coefficient of the SFG process is given as fol-
lows [2, 10]:

9 d?s Lk A

NSFG = 2778636051:@ sinc2(AKLK/2),

NE1ME2NSFG
where 19 = +/10/€0 is the impedance of free space (po
is the magnetic permeability of vacuum and ¢ is the di-
electric permittivity of vacuum), wsrg is the frequency
of SFG wavelength, deg is the effective second order non-
linear coeflicient (electric dipole moment of KTP crys-
tal), A is the cross-sectional area of interacting waves,
ngrc is the refractive index of SFG in PPKTP crys-
tal (593.5 nm), sinc®(AkLy/2) introduces the effect of
phase mismatch in the efficiency of the SFG process,

Ak = 2r(fBsre _ Mk _ na
>\p2

Asra Ap1
Ap; is the wavelength of the first and second laser fields,
respectively and Wp; is the lasing photon energy of the
laser fields.

is the phase mismatch [2],
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It should be mentioned here that in case of having two
saturable absorbers (V3T:YAG and Cr**:YAG), Eq. (2)

for the second laser field (i = 2) becomes as follows
(Fig. 2b)
dUgq Ugo Ny
= NoUgy — —= 4112
T Hg202V42 N2 U2 - + Too2

— VUs2Us2 [UCrgsa(NCrZ - NCrl)

+ UCresa(NCrS - NCrZ)] UQZ

2
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i=1
By considering the bidirectional propagation, the output
laser power for passively synchronized Q-switched laser
fields is given by the following relation (i = 1 for 1342 nm
and i = 2 for 1064 nm wavelengths):

Pi = AiniCUQi(;i/2ngi, (3)
where §; = 1 — |Rg;|? represents the impact of the
Q-switching process and A; = ww3, /4 is the area of the
spot size of pumping wavelength.

Assuming that the KTP is periodically poled to Ny,
waveguide with the period of 12.65 ym, then the SFG
power is given by the following relation [11, 12]:

Py = nsrc(Nw)* P1(0) P2 /A, (4)
where P;(0) is the pumping power.

2.2. V31 :YAQG saturable absorber rate equations

The V3T:YAG saturable absorber operating at
1342 nm and 1064 nm wavelengths can be charac-
terized by the simple energy levels diagram shown in
Fig. 2a. The important transitions are taking place be-
tween ground state Ny and energy levels Ny and Nyo
for absorbing wavelength of 1342 nm and 1064 nm, re-
spectively.

The time evolution of the population inversion of the
ground state of V3T:YAG crystal for the first (i = 1)
and second (i = 2) optical laser fields coupled through

saturation effect is given as follows [2, 4, 7]:

dN w
Yo _ —2v51(Nyo — NVl)O—gsalUQ1£ (5)
dt Wo1

Wha Nyq +NVm7

21}82 (NVO N\/m)ggsaQUQQ Woz Tl
where wy; is the beam waist of pumping diode laser at the
Nd3*:YVOy laser, wo; is the beam waist of the emitted
Nd?+:YVOy at the saturable absorber crystal, 7,; is the
lifetime of the first excited level for 1342 nm wavelength
(Fig. 2a).

The time evolution of the population inversion of the
first excited level of V3T:YAG crystal for first and second
optical laser fields is given by the following two equations
[2, 4, 6, 7]:

Wp1

dNyy
= 2041(Nyg — N satUo1—— 6
T vs1(Nvo V1)0gsal i (6)
N Ny
=205 (Ny1 — NV3)Uesa1UQ1% TRl L LY
wo1 Tul Tesa

dN w N
d;/z = 2052 (Nyo — sz)JgsazUQQﬁ - 7_:22, )
where 7,2 is the lifetime of the first excited level for
1064 nm wavelength and 7.4, is the relaxation time of
higher excited state (Fig. 2a) [2, 4, 6, 7].

The time evolution of the population inversion of the
higher excited levels of the V3T:YAG crystal is given by
the following two equations [2, 4, 6, 7]:

deg Wp1 Nv3
= 2u41(Ny1 — N esartUol— — , (8
g” vs1(Ny1 v3)0esa1Uo1 wor o (8)
dNy4 Wy2 Nyy
= 2040(Nyp, — N esa2Up2—— — . (9
dr v 2( \% V4)CT 2UQ2 Woo oo ( )

The Boltzmann distribution of the broad band of vibronic
energy levels of the V3% ions requires the existence of
extra level Ny, (Fig. 2a), to whom decay atoms from
level Nyo without perturbing the population of the en-
ergy level Nyq [2, 7].

The time evolution of the population inversion of extra
level Ny, of V3t:YAG crystal for the second laser field
is given as follows [2, 4, 6, 7]:

ANy, Wp2
=-2 s N m N esa Uga—
at v 2( \% V4)U 2UQ2 Woz
N N Ny,
+ V2 + va \%4 n. (10)
Tu?2 Tesa Tul

2.3. Cr*t:YAG saturable absorber rate equations

Free Crt ions 3F state, as well known, splits into
three states 2Ag, 3T, and 377 (Fig. 2b). It is assumed
that the phonons relaxation within the different mani-
folds is infinitely fast, so only the states Ncr1, Ncre, Nors
are populated [8, 13].

The time evolution of population density of the ground
state of Cr*t:YAG crystal 34, for the second laser field
is given by the following relation (Fig. 2b) [§]:

dNcr Wp2 Ncia

= 7O—CrgsaU527UQ2NCr1 + + .
dt wWo2 TCrU TCrs

(11)
The time evolution of the population density of the first
excited state 3Ty of Cr*t:YAG crystal, for the second
laser field, is given by the following relation [8]:

ch Wy
dt 2 UCrgsaUSQwiozUQZNCrl
Wp2
+ UCresav527UQ2 (NCrB - NCrQ)
Wo2
N, N, N
_ AVCr2  IVCr2 + Cr3 (12)

TCrU TCrs TCresa )
The time evolution of the population density of the higher
excited state 3Ty of Cr*t:YAG crystal, for the second
laser field, is given by the following relation [§]:

chrg Wp2 NCrS
——; — —OCresalUs —U, N r —N r2) — — >

dt oc v 2U)OQ QQ( or ¢ 2) TCresa
(13)

where 0¢rgsq and ocresq are the ground and excited state
absorption cross-section of Cr*t:YAG crystal, respec-
tively, 7o,y is the lifetime of the upper level 375, 7c,s is
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the radiative lifetime of the spontaneous emission, Tcresq
is the relaxation time of higher excited state 37

3. Numerical solution of rate equations

The rate Egs. (1), (2), (5)—(10) and (1), (2), (5),
(6), (8), (11)—(13) represent two systems of stiff ordi-
nary nonlinear differential equations. These equations
describe the intracavity dual wavelength SFG of passively
synchronized Q-switched laser system using V3:YAG,
V3T:YAG and Cr*t:YAG, respectively as saturable ab-
sorber with PPKTP.

A computer program, based on a variable time-step
fourth-order Runge-Kutta subroutine has been used for
simulation. This computer program allows the investi-
gation of the influence of the variation of the pumped
diode laser energies of Nd3*:YVO,/V3+:YAG/KTP and
Nd3*+:YVO,/V3T:YAG/Cr*t:YAG/KTP laser fields on
the SFG of a @-switched output laser pulse character-
istics (output power, pulse separation, delay time and
build up time).

The physical constants and geometrical parameters of
passively synchronized @Q-switched laser fields of the rate
equations are given in Table [1, 2, 4, 5, 8-14].

TABLE

Physical constants and geometrical parameters of the passively synchronized
dual wavelength diode-pumped of a Q-switched Nd**:YVO, lasers based on
V3. YAG and Cr'T:YAG solid state saturable absorbers.

Constant Value Unit Constant Value Unit
Tspl 90 x 107° s Lcave 56 cm
Tsp2 90 x 1076 s % 0.3 cm

o1 7.6 x 1071 cm? Lo 0.3 cm
o2 16 x 10719 cm? Loy 0.05 cm
Tul 22 x 107° s Locr 0.1 cm
Tu2 130 x 10712 s Ppassl 2 %
Tesa 1x107° s Ppass2 4 %
Tgsal 72x1071 cm? pT1 0.1 %
Tgsa2 3.0 x 107'# cm? pT2 0.1 %
Oesal 7.4 % 10710 cm? TCrs 30.6 x 10~¢ s
Oesa2 1.4 x 1071 cm? TCrU 3x 107 S
OCrgsa 5.7 x 1078 cm? TCresa 10 x 10712 s
OCresa 8.0 x 107 cm? 4, 0.9 cm
147 1.478 x 1071 J det 7.6 x 107 | em/V
Wpa 1.86 x 10717 J €0 8.85x 107 | F/cm
Wy 3.432 x 1071° J Ny, 712 -
r 0.35 - Lcavt 20 cm
n 1x1073 -

The initial values of the rate equations have been cho-
sen as follows: Nyo = 2.778 x 107 [1/em?3], Ny1 =
0.0 [1/em?®], Nyo = 0.0 [1/em®], Ny3 = 0.0 [1/cm?],
Nv4 =0.0 [1/cm3], Nvm =0.0 [1/cm3], NCrl =1.754 x
10'7 [1/em?®], Neyg = News = 0.0 [1/em3], N; = Nyp s =

(pacet el Honds (= 1,9), Ugy = 107° [1/em?],

Uge = 1072 [1/em?], (ps1 = 2(Nvo — Nvi1)lsvOgsat,
Ps2 = 2(JVVO_J\r\/l)gsVO—gstLQ"_2(]\](31@_J\TCM)gsCro’gsaCr)a
where Ny, ; is the threshold population inversion and sy
is the length of the Cr**:YAG saturable absorber.

4. Results and discussion

Figure 3 shows the temporal behavior of the popula-
tion inversion density of laser fields for (1) first laser field
(1342 nm) and (2) second laser field (1064 nm) using:
(a) V3T YAG and Cr**:YAG saturable absorbers and (b)
V3+:YAG saturable absorber.

Figure 3a is obtained for pumping power of 2 W and
4 W for the 1342 nm and 1064 nm laser fields, respec-
tively, while Fig. 3b is obtained for pumping powers equal
to 2 W and 4.5 W. It can be noticed from both figures
that the cavity losses saturated during the first 60 ns.
The population inversion starts decreasing as the pas-
sive losses exceed the gain. The mismatch between the
pumping power thresholds is due to the differences be-
tween the absorption saturable losses in the laser cavity.
The deep depletion of the 1064 nm ground state popula-
tion (Fig. 3b) is due to the significant short recovery time
of the V3*:YAG in comparison with the Cr*T:YAG sat-
urable absorber. Due to the strong field at the 1342 nm
transition, the losses of 1342 nm and 1064 nm wave-
lengths saturate at the same time. After that, the gain
exceeds the losses and the lasers start oscillating. The
behavior of this process can occur periodically.
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Fig. 3. Temporal behavior of the population inversion
density of laser fields for (1)1342 nm and (2)1064 nm
wavelengths using: (a) V*T:YAG and Cr*T:YAG sat-
urable absorbers; (b) V3T:YAG saturable absorber.
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Fig. 4. Temporal behavior of passively synchronized
Q-switched output laser power; (1)1342 nm, (2)1064 nm
and (3)593.5 nm (SFG) laser fields using: (a) V3":YAG
and Cr*":YAG saturable absorbers with 2 W of pump
power for 1342 nm laser field and 4 W for 1064 nm
laser field; (b) V3*:YAG saturable absorber with 2 W
of pump power for 1342 nm laser field and 4.5 W for
1064 nm laser field.

Figure 4 shows the temporal behavior of the pas-
sively synchronized @Q-switched output power of laser
pulses; (1)1342 nm, (2)1064 nm and (3)593.5 nm (SFG)
laser fields using (a) V3T:YAG and Cr'T:YAG sat-
urable absorbers with 2 W of pump power for 1342 nm
laser field and 4 W for 1064 nm laser field and (b)
V3T:YAG saturable absorber with 2 W of pump power
for 1342 nm laser field and 4.5 W for 1064 nm laser field.
The Cr*t:YAG ground-state absorption cross-section at
1064 nm is almost twice higher than the V3*:YAG cross-
-section. Using the Cr*T:YAG crystal as an additional
saturable absorber allows generating output pulses at
1064 nm of repetition rate similar to the repetition rate of
1342 nm laser. This may generates better synchronized
@-switched pulses. For 6 W of total pump power of both
lasers in case of V3T:YAG and Cr**:YAG saturable ab-
sorbers, the optical efficiency for the SFG process reaches
40%, while it is 11% in [2].

Figures 5 and 6 show the changes in the delay time
and pulse separation between the output 1342 nm and
1064 nm pulses by changing the pump power of the
1064 nm laser and fixing the 1342 nm laser power. It
can be seen from these two figures that, for both laser
fields, the variation of the 1064 nm pump power leads to
different positions of the output peak pulse in compari-
son with the fixed position of the 1342 nm peak pulse.
Full synchronization (repetition rate of 1064 nm matches

o o © o
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©

Output power of laserfields (W)
w

1

o

50 100 150 200
Time (ns)

o

Fig. 5. Changes in the delay time between two emitted
pulses of 1342 nm and 1064 nm, by changing the pump
power of the 1064 nm ((1)2 W, (2)4 W and (3)6 W) us-
ing V3T:YAG and Cr*":YAG saturable absorbers. The
1342 nm laser is fixed at 2 W of pump power (curve 4).
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Fig. 6. Changes in the delay time between two emitted
pulses of 1342 nm and 1064 nm, by changing the pump
power of the 1064 nm ((1)2 W, (2)4.5 W and (3)6 W)
using V31:YAG saturable absorber. The 1342 nm laser
is fixed at 2 W of pump power (curve 4).

the repetition rate of 1342 nm) between these two pulses
can be reached for 4 W of the pump power (curve (2))
in case of using V3T:YAG and Cr**:YAG saturable ab-
sorbers (Fig. 5) and for 4.5 W (curve (2)) in case of using
V3+:YAG saturable absorber only (Fig. 6). By increasing
the pump power to a value more than 6 W, the overlap
between the two pulses is gradually eliminated. It can
also be noticed from Figs. 5 and 6 that the pulse sepa-
ration of 1064 nm pulses ((1), (2) and (3)) is changing
nonlinearly by changing the 1064 nm pump power.

5. Conclusion

A mathematical model describing the intracavity dual
wavelength sum frequency generation of two passively
synchronized Q-switched Nd3*:YVOy laser pulses has
been developed. The synchronization process of the two
@-switched 1342 nm and 1064 nm laser fields with a pe-
riodically poled KTP crystal leads to a new pulsed solid
state 593.5 nm yellow light source.

The synchronization process can be realized by adjust-
ing the pump power of the Nd3+:YVO, laser systems. It
is found that to improve the Q-switched behavior of the
1064 nm laser, an additional Cr**:YAG saturable ab-
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sorber should be inserted into the system next to the
V3T:YAG crystal. This leads to obtain similar repeti-
tion rates at the two wavelengths and get stable state of
synchronization.
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