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ABSTRACT We report to the best of our knowledge the
lowest switching voltage in an electro-optically Q-switched
Nd:YVO4 laser by using a 13-mm long, 14-µm-period PPLN
crystal as a Pockels cell. A switching voltage as low as ∼ 50 V
in the PPLN crystal was sufficient to hold off the lasing of the
Q-switched laser at a pump power more than two times above
its continuous-wave threshold. When the PPLN Q-switch was
driven by a 100-V voltage at 6.5 kHz, we obtained 0.9-kW
laser peak power from this 1-W diode-pumped Nd:YVO4 laser
system with 13% output coupling. When the PPLN Pockels
cell was cascaded with a 5-cm long, 30-µm-period PPLN crys-
tal, we produced ∼ µJ/pulse energy at 1.59 µm from optical
parametric generation inside the actively Q-switched laser.

PACS 42.60.Gd; 42.65.Yj; 42.70.Mp

1 Introduction

A Q-switched laser is capable of generating a
high laser peak power. Recent developments in actively
and passively Q-switched diode-pumped microchip lasers
[1–3] have greatly reduced the cost and size of Q-switched
lasers for many applications. An all-solid-state passively
Q-switched (PQS) laser employing a saturable absorber
integrated with a laser gain medium is particularly simple
and compact. Compared to a passively Q-switched laser, an
actively Q-switched laser usually has a high power-handling
ability and flexibility in Q-switch timing control. However,
the advantages associated with an actively Q-switched laser
are accompanied with the additional cost and complexity in
the Q-switch drive. Among active Q-switching techniques,
electro-optic (E-O) Q-switching [1, 2] is known to be advan-
tageous over acousto-optic (A-O) Q-switching [4] in its faster
switching time and better hold-off ability, which together
result in higher peak power at the laser output. However, most
Pockels-cell Q-switches including several recently reported
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E-O Q-switches [1, 2, 5] required a high-voltage pulse source
for producing a switching voltage from a few hundred volts
to a few kilo-volts within a few tens of ns. Inventing a simple
and low-voltage E-O Q-switch is crucial for realizing a
compact and low-cost actively Q-switched laser.

Among available E-O crystals, lithium niobate has been
fairly popular because of its low cost and large electro-optic
coefficients. When functioning as a transverse-mode ampli-
tude modulator in two crossed polarizers, a lithium niobate
crystal has a theoretical half-wave voltage of ∼ 0.66 V × d
(µm)/Le (cm) [6] at 1.064-µm wavelength, where d and Le

denote the electrode separation and the electrode length of
the modulator, respectively. This voltage is, for example, ∼ 6
times less than a KDP transverse-mode amplitude modula-
tor under the same d/Le ratio. Recently, quasi-phase-matched
(QPM) [7] nonlinear optical crystals have been found useful
for electro-optic applications [8–11]. Lu et al. [8] revealed an
E-O wavelength filter made from a periodically poled lithium
niobate (PPLN) crystal [12]. This PPLN wavelength filter is
a wavelength-dependent polarization rotator. When this E-
O PPLN crystal is made into a transverse-mode amplitude
modulator, its half-wave voltage is further lowered by a fac-
tor of two [13] compared to a conventional lithium niobate
amplitude modulator of the same length. Due to its superior
electro-optic property, an E-O PPLN crystal has been demon-
strated successfully as a laser Q-switch [13]. In the first part
of this paper, we further incorporate an intracavity Brewster
plate into the laser cavity to greatly improve the switching
voltage and output performance of the E-O PPLN Q-switched
laser. With this laser configuration, we detail the theory and
experiment of 1-W and 9-W diode-pumped Nd:YVO4 lasers
Q-switched by a 50–150-V E-O PPLN Pockels cell, showing
excellent consistency between theory and experiment.

A QPM crystal is also known for efficient laser-wavelength
conversion. For example, extracavity-pumped optical para-
metric generation using PPLN has been studied in the
past [14, 15]. It is advantageous to access high intracavity
power from a compact laser source by integrating QPM ele-
ments of the same material for both Q-switching and wave-
length conversion inside a laser cavity. In the second part of
this paper, we further demonstrate high-efficiency intravac-
ity optical parametric generation from a PPLN wavelength
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converter in the E-O PPLN Q-switched Nd:YVO4 laser. This
demonstration reveals the advantage of monolithically inte-
grated QPM materials for both laser Q-switching and wave-
length conversion.

This paper is organized as follows. We describe in Sect. 2
the principle of an E-O PPLN laser Q-switch, discuss in Sect. 3
the experiment of an E-O PPLN Q-switched Nd:YVO4 laser,
and demonstrate in Sect. 4 efficient intracavity optical para-
metric generation in such a laser source. We present in the
appendix the derivation of the switching voltage of an E-O
PPLN laser Q-switch.

2 Electro-optic PPLN laser Q-switch

An E-O PPLN crystal consists of a stack of half-
wave lithium niobate plates with their crystal axes periodically
rotated about the crystallographic x axis under an electric field
in the y direction. Therefore, an E-O PPLN crystal is governed
by a birefringence QPM condition in which each domain of
the PPLN structure behaves like a rotated half-wave phase
retarder. The E-O PPLN crystal has a QPM grating period �

given by

� = 2mlc = m
λ0

no − ne
, (1)

where m is an odd integer for 50%-duty-cycle domain modula-
tion, λ0 is the laser wavelength in vacuum, lc = λ0

/
2(no − ne)

is the half-wave retardation length or the coherence length of
an E-O PPLN crystal, and no and ne are the refractive indices
of the ordinary wave and the extraordinary wave in lithium
niobate, respectively. When an electric field Ey is applied
along the y direction of the PPLN crystal, the crystal axes, y
and z, rotate through an angle about the x axis, given by

θ ≈ r51 Ey

1/n2
e − 1/n2

o

s(x), (2)

where r51 is the relevant Pockels coefficient and the sign func-
tion s(x) = +1 (−1) along x for +z (−z) domain orientation
in the PPLN crystal. As a result, z-polarized input light rotates
its polarization by an angle of 4Nθ at the output after travers-
ing N domain periods in an E-O PPLN crystal. From Eq. (A5)
in the appendix, the half-wave voltage is defined to be the
one that rotates the laser input polarization by 90◦, given by

V90◦ = π

4

λ0

2

√
none

r51n2
en2

o

d

Le
, (3)

FIGURE 1 The schematic of the 1-W diode-pumped
Nd:YVO4 Q-switched laser employing an E-O PPLN
Pockels cell and an intracavity Brewster plate. PR: partial
reflection; other abbreviations defined in text

for a 50%-duty-cycle, first-order (m = 1) E-O PPLN crystal.
At 1.064-µm wavelength, the first-order E-O PPLN grating
period is around 14 µm at room temperature and the half-wave
voltage is 0.36 V × d (µm)/Le (cm), which is approximately
half that of a standard lithium niobate Pockels cell with an
electric field applied in the z direction.

From the above, an E-O PPLN crystal can be consid-
ered as a low-voltage Pockels cell. Implementing an E-O
PPLN crystal as a laser Q-switch is similar to implement-
ing a standard Pockels cell as a laser Q-switch. Specifically,
if a polarization-dependent laser gain medium, for instance, a
Nd:YVO4 crystal, is used, the E-O PPLN Q-switch can be a
quarter-wave polarization rotator cascaded to a quarter-wave
plate or a half-wave polarization rotator between two crossed
polarizers. In the following experiment, we employed an in-
tracavity Brewster plate in conjunction with an E-O PPLN
polarization rotator to achieve a high extinction ratio between
two cavity-loss (Q) states and thus an ultra-low Q-switching
voltage in a diode-pumped Nd:YVO4 laser.

3 Nd:YVO4 laser Q-switched by an E-O PPLN
Pockels cell

We fabricated a 13-mm-long, 10-mm-wide, and
0.5-mm-thick PPLN crystal with a 14-µm domain period
phase matched to the first-order E-O QPM condition in Eq. (1)
for 1.064-µm laser wavelength at 34.5◦C. Two 400-µm-deep
and 120-µm-wide trenches were cut into the PPLN +z
surface and sputtered with metal to form electrodes [13].
The two electrodes were parallel along the x direction and
separated by 1 mm in the y direction. According to Eq. (3),
the quarter-wave voltage of this E-O PPLN Q-switch is
∼ 140 V. The effective laser aperture of the E-O PPLN
crystal was 0.4 mm × 1 mm in the y–z plane. Figure 1 shows
the schematic of the Nd:YVO4 laser with the E-O PPLN
Q-switch. The laser gain medium was a 1-mm-long a-cut
Nd:YVO4 crystal doped with 2-at.% Nd3+. The pump laser
was a fiber pig-tailed diode laser radiating at 809 nm with
a 2.5:1 polarization ratio. The pump side of the Nd:YVO4

crystal was coated with a high-reflection (HR) dielectric layer
with reflectance > 99.9% at 1.064-µm wavelength and an
anti-reflection (AR) layer at 809-nm wavelength. The output
coupler was a 20-cm radius-of-curvature (ROC) plano-
concave mirror with 87% reflectance at 1.064 µm. The laser
cavity length was approximately 3.8 cm. The optic axis of the
E-O PPLN Q-switch was aligned with that of the Nd:YVO4

crystal so that the laser has the highest gain when no voltage
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FIGURE 2 The CW output power of the Nd:YVO4 laser system as a func-
tion of the input diode power with DC 50 V (a) and without a voltage applied
to the E-O PPLN crystal (b)

FIGURE 3 The measured minimum Q-switch voltages for various pump
powers in the Nd:YVO4 Q-switched laser with (a) and without (b) an intra-
cavity Brewster plate

is applied to the E-O PPLN Q-switch. The purpose of the
125-µm-thick Brewster plate was to introduce more loss to
light not polarized in the z direction. The E-O PPLN was
installed in an oven controlled at the 34.5◦C phase-matching
temperature. The continuous-wave (CW) performance of the
Nd:YVO4 laser system is plotted in Fig. 2, where curve (a)
corresponds to a 50-V voltage in the E-O PPLN crystal and
curve (b) corresponds to no voltage in the E-O PPLN crystal.
Curve (a) clearly shows a hold-off pump power of 0.9 W for
the Nd:YVO4 laser. Figure 3 shows the minimum Q-switch
voltages in the E-O PPLN crystal for various pump powers (a)
with and (b) without the Brewster plate inside the laser cavity.
Below the minimum Q-switch voltage, no Q-switch pulse
was generated from the laser. As Fig. 3 shows, the minimum
Q-switch voltage is greatly reduced with the installation of the
Brewster plate. This voltage reduction is even more evident at
high pump power, because a Nd:YVO4 crystal is not an ideal
polarization-dependent laser gain medium for high-power
operation [16]. It is apparent from Figs. 2 and 3 that with the
Brewster plate in the laser cavity the PPLN Q-switch voltage
can be much less than its quarter-wave voltage or 140 V.

FIGURE 4 The measured Q-switched pulse from the Nd:YVO4 Q-
switched laser at 1-W pump power and 13% output coupling. The pulse
width was 8.5 ns and the pulse energy was about 7.7 µJ

FIGURE 5 The measured pulse width versus the diode pump power. The
dashed line is the theoretical curve

At 1-W diode power, 1.064-µm Q-switched pulses were
gradually produced from the laser system when a 50-V voltage
pulse with 300-ns duration and 6.5-kHz repetition rate was
applied to the E-O PPLN Q-switch. At a 100-V Q-switched
voltage, we measured an 8.5-ns, 7.7-µJ Q-switched pulse from
the Nd:YVO4 laser, as shown in Fig. 4, corresponding to an
average output power of 50 mW at 6.5-kHz pulse rate. We
found that the amplitude fluctuation of the Q-switched pulse
train was less than ±5% when the E-O PPLN Q-switch was
temperature stabilized within ±0.1◦C of its phase-matching
temperature 34.5◦C. Figure 5 shows the measured pulse width
varying with the diode pump power at a 100-V Q-switch
voltage. The pulse width decreased from ∼ 180 to ∼ 9 ns as
the pump power was increased from 0.43 to 1 W. By using the
loss coefficient in lithium niobate α = 2 × 10−3 cm−1 and the
upper-level lifetime = 60 µs for a 2-at.% Nd:YVO4 crystal,
we calculated the theoretical Q-switched pulse width versus
pump power according to the model in Refs. [17, 18], given
by

pw = ps
rη(r )

r − 1 − ln(r )
τc, (4)
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FIGURE 6 The measured laser pulse width and laser peak power versus
the Q-switch repetition rate at 1-W pump power. The dotted curve and the
dashed curve are the theoretical predictions

with the energy-extraction efficiency η = 1 − e−rη, where
ps is the pulse-shape function, τc is the cavity photon
lifetime, and r is the initial population-inversion ratio just
after Q-switching. The initial population-inversion ratio is a
function of the CW pumping rate, laser upper level lifetime,
and Q-switching repetition rate. The dashed curve in Fig. 5
shows the calculated result for the CW pump power range
from 0.43 to 1.1 W at a fixed 6.5-kHz Q-switch repetition
rate. The experimental curve agrees very well with the
theoretical curve. To account for the observed enhanced
crystal absorption originating from the high-temperature
dielectric coating process under the oxygen-deficient envi-
ronment [19], the assumed absorption coefficient in lithium
niobate, 2 × 10−3 cm−1, in our calculation was slightly larger
than its typical value of 1.5 × 10−3 cm−1 at 1.064 µm [20].

Figure 6 shows the measured pulse width and peak power
versus the Q-switch repetition rate from the Nd:YVO4 laser
system at 1-W diode pump power. Following Eq. (4), we
also plotted the theoretical curve of the pulse width versus
repetition rate between 5 and 20.5 kHz for comparison, as
shown by the dotted line in Fig. 6. It is seen that the measured
pulse width was only in good agreement with the theoretical
value for a repetition rate less than 16 kHz. For repetition rates
higher than 16 kHz, the measured pulse width was longer than
the theoretical value. The discrepancy is attributable to the
slow rise time of our voltage pulse source at high pulse rates.

With reference to Refs. [17, 21], we derived the theoretical
peak output power as a function of the pulse rate, given by

Pp = − ln R

8

πw2
o

τcσ
hν(r − 1 − ln r ), (5)

where h is Planck’s constant, ν is the laser frequency,
R is the output-mirror reflectance (0.87 in our case),
σ = 25 × 10−19 cm2 is the stimulated emission cross section
of an a-cut Nd:YVO4 crystal [22], and wo is the laser waist
radius. The dashed curve plotted in Fig. 6 shows the predic-
tion of Eq. (5) for a repetition rate from 5 to 20.5 kHz. In
plotting the theoretical curve, we have chosen wo = 280 µm,
which is approximately the waist radius deduced by imaging
the 600-µm core-diameter fiber-pigtailed diode laser output
to the Nd:YVO4 crystal through a 1:1 coupling lens in

FIGURE 7 The peak output power versus the reflectance of the output
coupler at 1-W pump power and 6.5-kHz Q-switch rate

our system. It is seen from Fig. 6 that the experimental
peak power as a function of laser repetition rate agrees
reasonably well with the theoretical value. The slightly lower
experimental peak power at high repetition rates is consistent
with the slightly longer measured pulse width.

It is evident from Eq. (5) that, in an actively Q-switched
laser system, the peak output power Pp is dependent on the
initial inversion ratio r and the reflectance R of the laser out-
put coupler. Figure 7 shows the measured peak output power
versus the reflectance of the output coupler at fixed ∼ 1-W
pump power and 6.5-kHz pulse rate. In the plot, the out-
put peak power monotonically increases from 0.8 to 1.3 kW
when the reflectance of the output coupler is reduced from 85
to 75%. This result suggests that an output coupler having a
reflectance < 75% is favorable for further enhancing the peak
power of the current Q-switched laser system [18]. The output
couplers used for plotting Fig. 7 were all flat mirrors due to
the availability in our laboratory. It is interesting to note that
thermal lensing in such a compact laser system was sufficient
for establishing Q-switched laser oscillation.

4 QPM elements for both intracavity optical
parametric generation and laser Q-switching

Intracavity nonlinear frequency conversion takes
the advantage of high intracavity laser power to achieve high
energy efficiency in nonlinear frequency conversion. In the
following, we present intracavity optical parametric genera-
tion (OPG) from a PPLN crystal cascaded to the E-O PPLN
Pockels cell in the Nd:YVO4 Q-switched laser. In this work,
for the first time to the best of our knowledge, both laser Q-
switching and wavelength conversion were accomplished by
cascaded QPM crystals of the same material in a laser cavity.

To demonstrate efficient intracavity optical parametric
generation, we further constructed a high-power diode-
pumped Nd:YVO4 Q-switched laser system, as shown in
Fig. 8, wherein an E-O PPLN Pockels cell was used for laser
Q-switching and the other PPLN crystal was used for wave-
length conversion. The laser gain medium was a 0.25-at.%
a-cut Nd:YVO4 crystal with a 3 mm × 3 mm laser aperture
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FIGURE 8 The schematic of a 9-W diode-pumped
Nd:YVO4 Q-switched laser comprising a 5-cm long,
30-µm-period PPLN wavelength converter cascaded to the
E-O PPLN Pockels cell. R: reflectance; other abbreviations
defined in text

and 9-mm length. The reduced Nd doping level was to avoid
thermally induced fracture [23] in high-power operation. The
PPLN Pockels cell in this laser system was a quarter-wave
polarization rotator cascaded to a quarter-wave plate [13].
The 1.064-µm wave oscillated in a 23-cm L-folded cavity
defined by the three high-reflection mirrors, M1, M2, and M3.
Mirror M1 was a 99.7% high-reflection dielectric coating at
1.064-µm wavelength on the flat output surface of the 1:1
pump coupling lens. Mirror M2 was a 45◦ flat reflector
with 99.56% reflectance at 1.064-µm wavelength and 97%
transmittance at 1.59-µm wavelength. Mirror M3 was a
plano-concave mirror having a radius of curvature of 100 mm
and a dielectric coating with 99.8% reflectance at 1.064-µm
wavelength and 88% transmittance at 1.59-µm wavelength.
The 5-cm-long and 1-mm-thick PPLN wavelength converter
had a grating period of 30 µm for phase matching a 1.59-µm
signal wave and a 3.216-µm idler wave to a 1.064-µm pump
wave at 130◦C. Both end faces of this PPLN crystal were
anti-reflection coated at both the 1.064-µm pump wavelength
and the 1.59-µm signal wavelength. The signal and idler
waves propagated in both longitudinal directions of the PPLN
wavelength converter, emitting through the cavity mirrors
M2 and M3. Because the 1.064-µm wave oscillates in a
high-finesse resonator and pulsed operation is not effective
without the PPLN wavelength converter, the Q-switched
optical parametric generation resembles a cavity-dumping
process for the 1.064-µm power [24]. This nonlinear dumping
process is expected to produce a short OPG pulse length and
a depleted 1.064-µm pulse tail comparable to the photon
lifetime of the resonator.

We drove the PPLN Pockels cell with a 6-kHz, 300-ns
pulse-width voltage pulse train at an amplitude of ∼ 150 V.
When pumped by 9-W diode laser power, the OPG system
generated ∼ 3-ns signal pulses, as shown in Fig. 9. The mea-
sured OPG threshold was near 3.8-W diode power, which is
about two times the CW lasing threshold for the Nd:YVO4

laser system in Fig. 8. Figure 10 shows the output pulse of
the generated 1.59-µm signal pulse overlapped with the de-
pleted 1.064-µm laser pulse at 9-W diode pump power. As
expected, the sharp 1.59-µm signal pulse was generated at

FIGURE 9 The OPG signal pulse generated from the laser system in Fig. 8
at 9-W diode pump power. The pulse width was 3.3 ns and the peak power
was about 1.5 kW

FIGURE 10 The output pulse of the generated 1.59-µm signal pulse over-
lapped with the depleted 1.064-µm laser pulse at 9-W diode pump power.
The sharp 1.59-µm signal pulse was generated at the leading edge of the
depleted 1.064-µm pulse. Note that the pulse amplitudes for the 1.064-µm
wave and the 1.59-µm wave are not plotted to scale due to their different
spectral transmittances at the output mirror
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the leading edge of the depleted 1.064-µm pulse. Note that
the pulse amplitudes for the 1.064-µm wave and the 1.59-µm
wave are not plotted to scale due to their different spectral
transmittances at the output mirror. Note also from the figure
that the 1.064-µm pulse extends over a duration of ∼ 60 ns,
which is consistent with the 1.064-µm cavity photon life-
time of ∼ 59 ns calculated from the PPLN absorption loss
α = 0.002 cm−1 and those reflectance values of the mirrors
given previously. At 9-W diode pump power, we measured
1.5-kW peak signal power or 30-mW average signal power at
the M2 output. The signal output energy exiting M2 was about
5 µJ repeating at 6-kHz rate. With known mirror reflectance
and transmittance, we deduced the intracavity average powers
of 386 and 31 mW for the depleted 1.064-µm laser and the
generated signal, respectively. In terms of pulse energies, the
depleted 1.064-µm wave and the signal wave have intracavity
pulse energies of 64.4 and 5.2 µJ, respectively. According to
the Manley–Rowe relation, the generated idler wave at 3.216-
µm wavelength has an intravacity pulse energy of ∼ 2.57 µJ.
From the above, we obtain an energy-conversion efficiency of
11% from the 1.064-µm wave to the signal and idler waves.
Figure 11 shows the plot of the OPG output pulse energy,
including that in both the signal and the idler, versus the 809-
nm diode pump power. The dashed curve in the plot was an
exponential fit to the measured data to illustrate the expo-
nential gain of an OPG process [15]. The signal-detection
limit for our pyrodetector was about 1 µJ/pulse. To the best
of our knowledge, we have achieved the lowest diode pump
power for producing µJ/pulse intracavity OPG in an actively
Q-switched laser.

Figure 12 shows the wavelength tuning of this intracav-
ity OPG source as a function of the PPLN crystal temper-
ature from 80 to 180◦C. In the plot, the signal wavelengths
were measured by a grating monochromator and the corre-
sponding idler wavelengths were deduced from the frequency-
conservation law in nonlinear frequency conversion. The ex-
perimental data (dots) agree very well with the theoretical
curve (solid lines) calculated from the published Sellmeier
equation for a congruent lithium niobate crystal [25]. The in-
set shows a signal spectral width of 1.2 nm at 137◦C. The nm

FIGURE 11 The intracavity OPG pulse energy versus the 809-nm diode
pump power. The dashed curve is an exponential fitting curve to the measured
data

FIGURE 12 The measured signal wavelength (dots) as a function of the
PPLN-crystal temperature from 80 to 180◦C. The corresponding idler wave-
lengths were calculated using the frequency-conservation law in an optical
parametric process. The solid lines were plotted according to Ref. [25]. The
inset is the OPG signal spectrum measured at 137◦C showing a spectral width
of 1.2 nm

signal spectral width is fairly typical for an infrared optical
parametric generator [15].

5 Discussion and conclusion

An electro-optically Q-switched laser employs a
Pockels cell as a laser Q-switch. We presented in this paper
an ultra-low-voltage Pockels cell for Q-switching a Nd:YVO4

laser. This E-O PPLN Pockels cell has a theoretical switching
voltage approximately half that of a conventional lithium nio-
bate Pockels cell of the same physical dimension. By using a
13-mm-long, 14-µm-period E-O PPLN crystal and an intra-
cavity Brewster plate, we achieved a Q-switching voltage as
low as 50 V in a 1-W diode-pumped Q-switched Nd:YVO4

laser. With this improved configuration, we have also in-
creased the pump hold-off ratio in the low cavity-Q state
by a factor of two from our previous work [13] when a 50-V
Q-switch voltage was applied to the PPLN Pockels cell. When
driving the PPLN Pockels cell by 100-V and 300-ns pulses
at 6.5 kHz, we measured 8.5-ns-width, 0.9-kW, Q-switched
laser pulses with a 13% output coupler and 1-W diode pump
power. The measured 1.064-µm output pulse width and peak
power as a function of pulse rate were in good agreement with
theoretical predictions. The relatively low Q-switch voltage
together with the demonstrated laser performance will poten-
tially simplify the design and reduce the size of an actively
Q-switched laser.

Moreover, the use of a QPM lithium niobate crystal as
an E-O Q-switch could lead to the integration of many QPM
electro-optic, acousto-optic, and wavelength-conversion de-
vices on a single lithium niobate substrate for intracavity
applications. In particular, nonlinear frequency conversion
can take advantage of the high intracavity power in a Q-
switched laser. In this paper, we also demonstrated efficient
optical parametric generation from a PPLN wavelength con-
verter cascaded to an E-O PPLN Q-switch in the Nd:YVO4 Q-
switched laser. With a 5-cm-long, 30-µm-period PPLN crystal
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in a 9-W pumped Nd:YVO4 Q-switched laser, we obtained
OPG signal and idler energies of 5.2 and 2.57 µJ at 1.59- and
3.216-µm wavelengths, respectively, amounting to an intra-
cavity energy-dumping efficiency of 11%. To the best of our
knowledge, this is the first intracavity OPG achieved by us-
ing QPM crystals for both laser Q-switching and wavelength
conversion.

The success in combining a PPLN wavelength con-
verter with a low-voltage E-O PPLN Q-switched laser in-
dicates the potential of efficient harmonic generations or
optical parametric oscillations in a compact, low-cost Q-
switched laser resonator. Although the non-phase-matched
532-nm light generated from the PPLN crystals in a high-
power Q-switched Nd laser could induce infrared absorp-
tion [26] and photorefractive damage in lithium niobate,
MgO or ZnO-doped PPLN crystals [27] have been found
to resist those drawbacks. Our next research effort is to
lithographically integrate PPLN wavelength converters and
an E-O PPLN Q-switch in a monolithic lithium niobate
single crystal for efficient intracavity nonlinear wavelength
conversion.
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Appendix

We present in the following the derivation of the
switching voltage of an electro-optic PPLN crystal. We as-
sume that a square-wave function of period � and amplitude
within ±1 along x can be represented by the Fourier expansion
g(x) ≡ ∑

m �=0 GmeiKm x , where Gm is the Fourier coefficient
of the mth-harmonic grating vector Km ≡ 2πm/�. The di-
electric modulation of a PPLN crystal with grating period �

under an electric field Ey is therefore


ε(x, y, z) = −ε0






0

0

0

0

0

r51 Eyn2
on2

e

0

r51 Eyn2
on2

e

0




 g(x)

=
∑

m �=0

εm(y, z)e−im(2π/�)x , (A1)

where ε0 is the vacuum permittivity and εm(y, z) is the mth-
harmonic Fourier coefficient of the dielectric perturbation

ε(x, y, z). In calculating Eq. (A1), we have neglected all
the diagonal terms, because they are small compared to n2

o,e
terms in the unperturbed dielectric tensor. This anisotropic
periodic dielectric modulation causes the coupling between
two electro-magnetic polarization modes with a coupling co-
efficient κ [28]. Assuming that the square wave g(x) has a duty
cycle D ≡ l/�, where l is the length of the +1 amplitude, one
obtains the Fourier coefficient

|Gm | = 2

mπ
sin(mπ D), (A2)

and thus εm(y, z) from Eq. (A1). With known εm(y, z), the
coupling coefficient κ is given by

|κ| = ω
c

n2
on2

er51 Ey√
none

sin(mπ D)

mπ
(A3)

for mode coupling through the mth spatial harmonic. By solv-
ing the coupled-mode equations [28] with the coupling co-
efficient in Eq. (A3), the power-conversion efficiency of one
polarization mode to the other is then given by

T (x) = |κ|2 x2sinc2(Px), (A4)

where P2 = κ∗κ + (
β/2)2 and 
β ≡ (βo − βe) − Km is the
wave-vector mismatch coupled to the mth spatial harmonic of
the dielectric grating with βi being the wave vector of wave i in
the crystal. From Eqs. (A3) and (A4), and the phase-matching
condition 
β = 0, one can easily derive the voltage required
for coupling an initially z-polarized mode to a y-polarized
mode at the output of a PPLN crystal, given by

V90◦ = 2q + 1

2

mπ

sin(mπ D)

λ0

2

√
none

r51n2
en2

o

d

Le
, (A5)

where q = 0, 1, 2, 3 . . . is a positive integer, d is the electrode
separation in y, and Le is the electrode length in x. Here we
define the lowest voltage V90◦

∣∣
q=0 as the half-wave voltage,

Vπ,PPLN, of an E-O PPLN crystal having a duty cycle of D and
a grating period of order m.
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