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Abstract: In this paper, the stabilization and high efficiency of an unstable Second Harmonic Gen-
eration (SHG) of an Nd:YV Oy, laser with a KTP intracavity is demonstrated. By using a passive
Q-switching crystal (Cr**t:YAG) and a parametric modulation method (harmonic modulation), the
stabilization of the laser is reached. An harmonic modulation was applied to the pumping of the
Nd:YVO,4-KTP laser to control the amplitude and frequency of the laser emission. The results were
characterized by using power spectra analysis, optical spectrum, bifurcation diagrams, and temporal
series of the laser intensity. The promising application of this green light source is materialized when
such light is necessary for high-density optics, such as in the treatment materials industry or in some
aesthetic applications.

Keywords: Nd:YV Oy laser; second harmonic generation; Q-switched lasers; frequency doubled

1. Introduction

Currently, one of the most widely used solid-state lasers in industrial applications,
such as materials processing, cutting, and welding, is the Nd:YV Oy laser (yttrium or-
thovanadate crystal doped with neodymium) [1]. The Nd:YV Oy is used due to its high
absorption coefficient and its wide section of stimulated emission; in addition, it has a
better performance as compared to an Nd:YAG (Y»Al501; aluminum oxide and itrium
oxide doped with neodymium N d%*) laser. However, thermal effects (thermal lens) are
more significant in the Nd:YVOy; so, it is necessary to monitor the glass temperature to
keep it low, as in [2] by using both acousto-optic modulator and GaAs saturable absorber.
Mukhopadhyay et al. presented an analysis by incorporating a nonlinear loss term due
to the intracavity second-harmonic generation to the general recurrence relation for the
mode-locked pulses under the Q-switched envelope at the fundamental wavelength [3].
The use of a suturable absorber has also been demonstrated in a compact diode-pumped
with Q-switched extracavity for frequency-doubled Nd:YVO4/KTP green-pulse laser gen-
eration [4,5]. Other researchers demonstrated that the diffusion bonding crystal method
is an effective method to relieve the thermal lens for the end-pumping laser crystal, and
opens the possibility to increase the optical power of the system [6,7].

Lasers doped with N d®t, such as Nd:YAG and Nd:YV Oy, usually emit radiation at
a wavelength of 1064 nm, supported by a KTiOPO, crystal (potassium titanyl phosphate
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crystal or KTP). Inside the laser cavity, it is possible to double the frequency by converting
the infrared light of 1064 nm into green light of 532 nm; this phenomenon is called Second
Harmonic Generation (SHG) [8]. Due to the nonlinear coupling between modes in the SHG,
the crystal causes irregular fluctuations in the laser output, which is amplified by a Q factor
within the laser cavity due to the presence of the amplifying laser [9], also known as the
green problem. This irregular behavior has been studied in detail and attributed to the
destabilization of the relaxation of the oscillations, which has always been present in this
type of lasers due to the nonlinear coupling of the longitudinal modes [10,11].

There are several approaches in order to stabilize the green light generated by SHG
in a solid-state laser. One of them is the use of external modulation, where low emission
power is achieved by using nonlinear waves for SHG. The stabilization of Nd:YV O, laser
pulses with passive Q-switching has been studied [12,13]. This solution provides high
conversion efficiency, and high power can be achieved by using flat waves [14]. In an
Nd:YV Oy laser, placement of the KTP crystal is fundamental to obtain green emission
by folding the frequency. When the crystal is placed inside the cavity green radiation is
emitted at high power, since the energy density of the radiation is higher inside the optical
cavity. The green light intensity produced by the KTP crystal is proportional to the square
of the fundamental wavelength intensity, but tends to be unstable. This instability is caused
by the competition of modes in the cavity; if the KTP is placed outside the cavity, it is also
possible to generate the second harmonic, and the emission, in this case, is stable, but with
low power [15].

An approach to suppressing unwanted fluctuations is to control the injection current of
the pump diode by means of electronic feedback. In 1992 [10], Rajarshi Roy et al. succeeded
in stabilizing the output waveforms of the laser using a modification of the chaos control
method proposed by Ott-Grebogy—Yorke (OGY) [16]; this control technique is known as
Occasional Proportional Feedback (OPF), and in other systems, such as CO, lasers, the
method has been used to stabilize unstable periodic orbits [17]. A parametric modulation
technique has been implemented by adding a sinusoidal signal to the system parameters
in lasers made of erbium-doped fibers [18,19] to induce multistability and to stabilize
the laser. A fast saturable absorber in a single-mode infrared laser induces a sequence
of periodic orbits (P3, P4, P5, etc), which are stable. In the context of infrared lasers, this
has been observed in simulations and studied via numerical continuation in bifurcation
analysis in the CO; laser with a saturable absorber [20,21]. The harmonic modulation
technique consists in adding a periodic signal to the input of the system; in this case, it
is a sinusoidal periodic signal to an accessible parameter of the laser system to obtain a
modulated parameter.

There is a method to increase the output power of a laser by modulating losses. This
method is known as Q-switching, and it is divided into two techniques: active and passive
Q-switching. In active Q-switching, losses are modulated by active elements, such as
acousto-optic or electro-optic modulators; in passive Q-switching, losses are automatically
modulated by a saturable absorber, and the pulse is generated when the energy stored in
the medium reaches the appropriate level [22]. Normally, the average power of lasers in
Q-switch operation is lower than the optical power of a continuous wave laser and the
instabilities are reduced by placing a Q-switch crystal inside the cavity [23-26]. Periodic
modulation of the pump leads to different stable states in the experiment, for instance,
another infrared laser (CO, laser with modulated losses) where changing the periodic losses
modulation depth “m” or frequency modulation leads to different chaotic and periodic
attractors. This dependence on the losses modulation depth “m” and frequency has been
studied for two different models in the CO; laser: the two-level model and the four-level
model [27,28].

In this paper, an experimental study of an Nd:YV Oy laser with a KTP crystal intracavity
emitting at 1064 nm is shown. In such case, the KTP crystal produces a laser emission at
532 nm, which tends to be unstable and gives rise to the so-called “green problem” treated
in recent years [10,11]. By applying controlled external modulation and using passive Q-
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switching, it is possible to stabilize the emission and obtain a high conversion efficiency. The
emission of the laser is analyzed based on the response in terms of optical power, optical
spectra, frequency spectra, and time series by using the local maxima and Inter-Spike-
Interval (ISI). This work focuses on stabilizing the green emission in frequency and pulse
amplitude by adding harmonic modulation to the pumping current, where this modulation
is applied by changing the amplitude and frequency. In Section 2, the experimental setup
of an Nd:YV Oy laser with a KTP crystal intracavity for second harmonic generation with
external modulation is presented. Then, in Section 3, some results on stabilizing the
frequency and amplitude of the SHG of the Nd:YV Oy laser are shown. Finally, in Section 4,
the results obtained and the conclusions are presented.

2. Preliminaries

There are a few methods to generate green light, but the best known is probably the
second harmonic generation. The green problem arises when the cavity generates not only
the second harmonic but also other frequencies due to the competition of longitudinal
modes, which produce chaotic behavior [9]. The generation of those frequencies, as well as
the generation of the second harmonic, are related to the polarization of the medium. This
polarization occurs when an electric field is applied to the material as follows [29]:

P = eoxE, 1)
where €j is the permittivity in the free space and x is the linear susceptibility. If the
electric field is small, the approximation is linear, but if the electric field is large, the best
approximation is nonlinear; then, we can expand the equation of polarization in power
series as:

= GOXE + on(z)fz + 60X(3)E3 4+ 4 eox(”)ﬁnl
ﬁ(l) + ﬁ(z) + ﬁ(3) 4+ .4 1_5(”), (2)

a=Tael]

note that )((2), X<3), e, )((") are the nonlinear susceptibilities of second, third, and nth-order,
respectively, and P(") is the polarization of order 1. Next, suppose an electromagnetic wave

E = Eje ' 4+ Epe™ 2t 4 cc., (3)

where w; and w;y are frequencies, E; and E; are the amplitudes of the electromagnetic
waves, while c.c. represents a complex conjugate term.

Substituting Equation (3) into the polarization of second order of Equation (2), the
following equation is obtained:

P?® = eox?(Eje 1t + Eyemi2t 4 c.c)?,
1‘3’(2) _ eoX(Z)(Eleﬂ'wlt + Ezefiwzt + Efeiwlt + Ei‘ei“’zt)z,
P@ = 2eoxP(E1Ef + E2E}) + eox® (E1Efe 21t 4 EpEze22t)

Zeox(z)Ef Epei@it@)t | o @) E, Eheil@r—wa)t, @)

By analyzing Equation (4), terms with different frequencies corresponding to the four
non-linear effects of second order (Equations (5)—(8)) can be identified: Optical Rectification
(OR), Second Harmonic Generation (SHG), Generation of Frequency Sum (GFS), and
Generation of Difference Frequency (GDF):

=(2

P2 = 2e0x @ (EiEf + EoE3), (5)
Bl = eox® (EiEfe 21! 4 BpEpe i), ©)
B2 = 2ex@E;Epeitirea)t, @)

BE, = 2e0xPEEjeilrer)t, ®)
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In the cavity of a laser, it is possible to generate other longitudinal modes, creating
more frequency combinations and making the behavior more unstable [30]. The first
time this phenomenon was observed in a laser was in 1961, when it was reported that in
addition to the laser’s natural wavelength (694.3 nm), a second harmonic (347.2 nm) had
been generated [8]. With this finding, the study of nonlinear optics and the use of SHG in
different areas of science began [31,32].

3. Experimental Setup

In Figure 1, the scheme of the experimental arrangement of an Nd:YV Oy laser with
a KTP crystal intracavity for second harmonic generation is shown. As can be seen, the
arrangement is the simplest in order to find the easiest way to generate the SHG. To achieve
Q-switching, a Cr** : YAG crystal is used, which generates short pulses from 10 to 50 ns.
This experiment was carried out with a laser diode pumping at 808 nm (LD, Modulight
ML2020), a current source (Bk-Precision 1696), and a lens (L) with focal length f = 5 mm,
which is used to focus the beam onto the Nd:YVO,. The cavity consists of the Nd:YV Oy
crystal and a KTP intracavity glass, which have special coatings that work as reflecting
surfaces at the wavelengths used (Figure 1), and at the output there are two beam splitters:
BS1 (BS010), designed for wavelengths from 400 to 700 nm, and BS2 (BS011), is designed
for wavelengths of 700 to 1100 nm. The resulting beam of BS1 is filtered by a bandpass filter
(FL532-10, FG) at 532 nm, and the BS2 beam is filtered by a bandpass filter (FL1064-10, IRF)
at 1064 nm. Such filtering affects photo-detectors PD; and PD,, respectively, which convert
the optical signal to an electrical voltage to be analyzed by the oscilloscope (DPO7104);
the output of PD; is also analyzed by a frequency spectrum analyzer (FSA Aeroflex). The
unfiltered beam is introduced into an optical fiber to be analyzed in an optical spectrum
analyzer (OSA MS9030A). All the technical specifications of the crystals and other optical
components can be consulted in the Alphalas web page [33].

DPO7104 FSA
Ch1 Ch2 Aeroflex 3251
BK — Precision PD,—> <« PD,
1696 L crhvag
, | IRF—> <« GF
() | !
p A\ J OSA
3 ML2020 — P—— BE 1590304
AFG3021B 1 1 f 1
Ola™ Nd:YVO, KTP BS, BS,

Figure 1. Schematic arrangement of the Nd:Y'VO4-KTP laser with a KTP crystal intracavity for second
harmonic generation and modulated by an external signal.

By carrying out the implementation of the experimental setup shown in Figure 1, it
will be possible to know the unstable behavior that characterizes this type of laser and
its output as a second harmonic. With this, we can analyze the original response of the
Nd:YVO4-KTP laser which will serve as a starting point before applying the harmonic
modulation A,,sin (27 f,t) to the system.

In order to analyze the emission of the Nd:YVO4-KTP laser with external modulation
in the experimental setup shown in Figure 1, a sinusoidal modulation signal given by an
arbitrary function generator (AFG) is added to the pump current. With the AFG device, the
pump current I, is given as

Im = Io + u;n(t)/ 9)
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where Ij is the initial current parameter, and uj, corresponds to the current obtained by
the use of an Operational Amplifier (OA) that sums the signal u,,(t) = Apsin(27 fut)
that comes from the AFG as external harmonic modulation. In order to reach the desired
control, the modulation signal, with a suitable gain A;; and modulation frequency f, able
to eliminate coexisting states, must be defined [11,12].

Using the same arrangement shown in Figure 1, it is possible to separate the green
(532 nm) and infrared (1064 nm) emissions through the use of beam splitters (BS1 and BS2)
at the output of the laser; then, we characterize the behavior of the laser when applying
the modulation. The acquisition of data can be achieved through the use of PD; and PD5,
that convert the optical signal to voltage amplitude; then, the signal is received by the
oscilloscope (temporal series), the optical spectrum analyzer (optical spectra), and the
frequency spectrum analyzer (frequency spectrum), to construct the figures of temporal
series, optical spectrum, frequency spectrum, and other related with this measurements.

In order to obtain the laser emission from the Nd:YVO; it is necessary to feed the
pump laser diode (LD) with an adequate voltage and current (Figure 1), these were fixed
asV =7Vand I =21 A, respectively. The applied harmonic modulation was varied in
frequency as 10 kHz < f;;, < 90 kHz in increments of 1 kHz, while modulation amplitude
was increased in steps of 1 V within a range of 2 V < A;, < 20 V. Figure 2a—e shows the
emission of LD at 808 nm for f;, = 60 kHz and A, variable, and Figure 3a—e shows the
emission of the laser diode with A,, = 15V and variable f,.
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Figure 2. Pump laser diode emission by varying the harmonic modulation amplitude for a fixed
frequency f; = 60 kHz and modulation amplitude A;;: (a)2V, (b)4V,(c)6V,(d) 8V, (e) 10 V.
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Figure 3. Laser diode emission by varying the harmonic modulation frequency and with fixed
amplitude A;; =7.5V and modulation frequency fy,;: (a) 15 kHz, (b) 30 kHz, (c) 45 kHz, (d) 60 kHz,

(e) 75 kHz.

Figure 4 shows the pump power necessary for the laser to emit at the 1064 nm wave-
length and at 532 nm in continuous wave and with Q-switch. It is observed that the
emission power in a continuous wave is higher than using Q-switch, also the emission

threshold is lower in a continuous wave.

A, M

£, (kHz)

(@)

Figure 4. (a) voltage map of the DL emission when modulated with signal u, (f) = Ay, sin (27t fiut).
(b) percentage relationship of the voltage that presents the intensity of the emission of the LD with

respect to the modulation amplitude A,,.

In Figure 4, we can observe that the voltage of the emission increases by increasing
fm or Ay, but the intensity of the emission (Figure 4a vertical color bar, given in volts (V)),
does not have the same amplitude to A;;, and only a percentage is observed Figure 4b; this
relationship between the amplitude of the modulation and the amplitude of the emission is
shown in Figure 5. The peak-to-peak voltage of the LD emission was calculated by varying

modulation amplitude (Figure 5a) and modulation frequency (Figure 5b).
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A =2V 3 fm=lﬂ kHz
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Figure 5. Curves of the voltage of the emission of the LD varying: (a) amplitude (A;;), and (b) fre-
quency (fm).

4. Results of the Stabilization in Frequency and Amplitude of SHG of the Nd:YV O,

The stability of the intensity of the emission of the second harmonic in Nd:YVOy-
KTP lasers is known to be normally irregular; so, in this experiment, it was worked to
stabilize the intensity of the emission and also to achieve greater conversion efficiency.
The wavelength of the second harmonic (532 nm) with respect to the emission at the
fundamental wavelength (1064 nm). Passive Q-switching has been used to obtain an
emission intensity with less stability, but it may present greater conversion efficiency of the
laser power. It will be shown that, with the harmonic modulation u,,(t) = Ay, sin (27t fmt),
there is an emission intensity that has stability and greater conversion efficiency. In this
section, the modulation parameters for amplitude (A;;) and frequency (f;;) are defined, for
which the emission of the second harmonic has greater stability.

In order to know the behavior of the output power as a function of the pumping
power, from the experimental arrangement shown in Figure 1, a sweep of 0 to 4.5 W of
optical pumping power was made, and the results can be seen in Figure 6, which shows
the Nd:YVOjy laser output, as a continuous wave and in Q-Switching mode at 1064 nm, as
well as the power output as a continuous wave and in Q-Switching mode at 532 nm.

140 T T T T T T
i ——1064 nm (CW) |
- 120 ——532 nm (CW)
= 100 - ——1064 nm (Q-switch) i
5 —+—532 nm (Q-switch)
S 80t .
3
2 60t 1
=
g a0l .
=
20 .
0 : e . SIRBEPe == cant ARARARRREE
0 0.5 1 1.5 2 2.5 3 35 4 45

Pumping power at 808 nm (W)

Figure 6. Power of the laser with KTP intra-cavity.

The intracavity conversion efficiency was found by relating the optical power at
532 nm to the optical power at 1064 nm. In Table 1, we can see that if the laser set-up was in
the Q-switching mode, efficiency was 40%, higher than the results in previous works [34],
whereas if the laser set-up was not in Q-switching mode, efficiency was only 12%.

In order to analyze the laser emission, an optical spectrum analyzer was used, in which
modulated and unmodulated laser measurements were made, and it was verified that, for
the modulation ranges used, the laser emission lengths stay the same. Figure 7. shows the
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optical spectra amplitude at wavelength range 350 nm < A < 1300 nm of the laser emission
Nd:YV Oy, with a modulation amplitude range 7 V < A;; < 10 V and modulation frequency
fixed to f; = 50 kHz to know the behavior of current output when modulating the diode
current. The characteristic wavelengths of 808 nm of the pump laser diode, 1064 nm of
the emission of Nd:YV O, and 532 nm of the second harmonic when using the KTP are
observed. The wavelength of 350 nm corresponds to the frequency sums phenomenon of
the fundamental wavelengths 1064 nm and second harmonic (532 nm).

Table 1. Optical efficiency conversion with intra-cavity configuration without modulationatV =7V
and I =2.1A.

Q-Switch Efficiency (%)
Intracavity X 12.7
v 40.0

-10

-12

-14

400 600 800 1000 1200

-16

Amplitude (dBm)

18
7.0

ALV N SN
" 1000 1100 1200 1300
100 400 500 600 700 800 900

Wavelength (nm)
Figure 7. Surface of optical spectra.

Using the experimental arrangement for the laser configuration shown in Figure 1, it
was found that the pulse frequency without modulation is Fy ~ 57 kHz; this is observed in
Figure 8, where the parameters of the modulation signal were kept constant with voltage
V =7Vandcurrent I = 2.1 A.

When a harmonic modulation is added to the pump, it is expected that there will be a
harmonic resonance between the modulation signal and the relaxation frequency of the
laser (Fp). Figure 9 shows the emission at 1064 nm, 532 nm, and the frequency spectrum
of the emission at 532 nm for the modulation parameters A, = 7.5V and f,, = 57 kHz,
showing a conversion efficiency of 25% (Table 2). Table 2 shows the conversion efficiency
obtained for a modulation sweep 2V < A;; < 10 V with a fixed frequency f,, = 57 kHz in
the intracavity emission with Q-switching.

Here we can see that the frequency peak at 57 kHz is narrower, this can confirm
harmonic resonance. An analysis of the frequency emission was carried out. As observed in
the experimental setup, the emission at 532 nm was analyzed in frequency with a frequency
spectrum analyzer, for each parameters variation (A, f) ten spectra were taken and
the average of these spectra was calculated. With the averaged spectra, frequency maps
were built, one for each modulation amplitude. Figure 10 shows the frequency spectrum
maps of the Nd:YV O, laser emission that were obtained by varying the modulation fre-
quency 1 kHz < f;;, <100 kHz while using a range of amplitude variation modulation of
2V < Aj < 10 V. In the maps, each row represents a frequency spectrum taken from 1 to
100 kHz, the y-axis represents the modulation frequency variation.
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Figure 8. Time series and frequency spectra of the emission laser without modulation. (a) Time
series of the 1064 nm wavelength emission. (b) Time series of the wavelength radiation of 532 nm.
(c) Spectrum frequency of the emission of 532 nm.
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Table 2. Optical efficiency conversion with intra-cavity configuration maintaining the pump of
V =7VandI =21A, with modulation parameters2V < A;; < 10V and f,, = 57 kHz.

Limits Efficiency (%)
Intracavity Min 14.0
Max 25.0

(kHz)

f
'm

il f '
10 20 30 40 50 60 70 80 20 10 20 30 40 50 60 70 80 90 100

Frequency spectrum (kHz) Frequency spectrum (kHz)
(@) (b)

n
b

2828

T, (kH2)
1 (Hz)
522

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100

Frequency spectrum (kHz) Frequency spectrum (kHz)
(©) (d)

(kHz)

f
m

10 20 30 40 50 60 70 80 2 100
Frequency spectrum (kHz)

(e)

Figure 10. Frequency spectrum maps obtained by varying harmonic modulation frequency
1kHz < f;; <100 kHz and modulation amplitude: (a) Ay, = 2V; (b) Ay, = 4V;(c) Ay =6V,
(d)An =8V;(e) Ay =10 V.

The local maxima of the time series obtained for each parameter set (A, fi) were
determined and with this the standard deviation was calculated using an algorithm in
Matlab. In Figure 11, we can see the standard deviation for each set of parameters. The
black areas represent the minimums of the standard deviation: Figure 11a represents the
standard deviation of the local maxima, Figure 11b represents the standard deviation of
the interspike-interval (ISI), and Figure 11c represents the values of the parameters for
which there are minimums of standard deviation of the ISI and of the local maxima of the
emission at 532 nm.
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Figure 11. Stability zones for different amplitudes A;, and frequencies f,;. (a) represents the standard
deviation of the local maxima, (b) represents the standard deviation of the interspike-interval (ISI),
and (c) represents the values of the parameters for which there are minimums of standard deviation
of the ISI and of the local maxima of the emission at 532 nm.

5. Conclusions

The implementation of an intracavity Nd:YVO4-KTP laser with passive Q-switching
(Cr*T:YAG) was presented, using a harmonic modulation technique to stabilize the emis-
sion in amplitude and frequency of the laser.

For the optical emission without modulation, the relaxation frequency coincides with
the peak of the frequency spectrum Fy = 57 kHz, we observe in the Figure 8 that this peak
is broad, which means that the frequency can have small variations with respect to the main
peak. With respect to the optical power, it was found that the conversion efficiency between
the fundamental wavelength 1064 nm and the wavelength of 532 nm, in pulsed emission
(crystal for Q-switching) and using a saturable absorber (Cr*":YAG) intracavity, resulted in
40% conversion efficiency. Analyzing the time series of the laser emission when modulating
signal u, (t) = Ay sin (27 fiut) is added to the pumping, the behavior of the laser emission
is modified. In the frequency spectra, the relaxation frequency Fo and the modulation
frequency fy, in the maps Figure 10, the frequency locking or resonance can be observed.
This resonance is achieved at the dominant frequency range 45 kHz < f;;; < 60 kHz, for
the amplitude 5 V < A;; <10 V ; under these conditions, the laser emission is stabilized
in amplitude and frequency. The Fg relaxation frequency of the Nd: YVO, laser was
found using a modulation amplitude of 7 V < A;; < 8 V and a modulation frequency
fm = FQ = 57 KHz. The best result appeared with the modulation parameters A, = 7.5V
and f,; = 57 kHz, with this set of parameters, the frequency spectrum presents a narrower
peak, with which it was possible to stabilize the emission laser in frequency. The standard
deviation was calculated from local maxima of time series obtained for each parameter
variation (A, fm), i-e., for each pair of fixed values of f,, and A, we obtain all the time
series and take all the local maxima to construct the standard deviation maps. It can be said
that, in order to stabilize the emission of the Nd:YV O4-KTP intracavity laser with passive Q-
switching, a modulation frequency that is approximately equal to the oscillation frequency
of the laser (f, = FQ), must be sought a harmonic resonance between the modulation
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frequency and the relaxation frequency of the laser. In addition, the conversion efficiency
from 1064 nm to 532 nm in the laser with modulation was calculated, achieving an efficiency
between 14% to 25%. Compared to the emission without modulation, the efficiency is
lower, however, stable zones with greater frequency and amplitude are obtained.
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