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Abstract: A novel dual-wavelength actively Q-switched laser by a cascaded electrooptic
periodically poled lithium niobate (PPLN) Bragg modulator has been developed. Two PPLN
Bragg modulators with grating period �1 ¼ 20:3 (EPBM1) and �2 ¼ 25:7 �m (EPBM2) are
integrated monolithically and used to separately Q-switch the transitions between
4F3=2 ! 4I11=2 and 4F3=2 ! 4I13=2 at the same Bragg angle. When applying 20-W diode
power and 1-kHz Q-switching rate, the output wavelength can be selected between 1063 and
1342 nm with the peak power values of 27.6 and 1.6 kW, respectively. Utilizing two LBO
crystals and an intracavity frequency doubling configuration, the green and red lasers can be
selectively generated with the peak power values of 19 and 0.183 kW, respectively. The
coupling effect between two PPLN Bragg modulators can be further reduced by adopting a
longer EPBM1 and enhancing the performance of 4F3=2 ! 4I13=2 at the high pump power
region.

Index Terms: Diode-pumped lasers, Q-switched lasers.

1. Introduction
Diode-pumped, Q-switched Nd-laser systems of 4F3=2 ! 4I11=2 ð1 �mÞ, and 4F3=2 ! 4I13=2 ð1:3 �mÞ
have been extensively studied due to its high conversion efficiency and numerous applications in
material processing, optical communication as well as medical treatment. Through optical parametric
process, the wavelength can be further extended to mid-IR or THz region which is useful in
spectroscopy and environmental sensing. Frequency doubling to the green and red color is also
attractive for entertainment and microscopy. However, the emission cross section differences
between two transitions increase the difficulty to manipulate two wavelengths simultaneously [1].
Employing separate cavities and varied spatial overlapping between pump and resonated waves, a
dual-wavelength system can be produced with balanced output power [2], [3]. Another dual-
wavelength scheme appeared in different time sequence was also proposed by using two active loss
modulators with an adjustable delay time [4], [5]. However, a separate cavity increased the cavity
length and generated a moderate pulse width which produced the lower peak power. Adopting single
or double saturable absorberswas also proposed to generate dual-wavelengthQ-switch pulse [6], [7].
The inherent instability of saturable absorber increases the complexity and limits the application.
Recently, Lin et al. [8] reported a cw triple-wavelength selectable Nd-laser by electro-optic periodically
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poled lithium niobate Bragg modulators (EPBM). The gain competitions among 0.9, 1 and 1.3 �m
waveswere controlled through activelymanipulating the loss of 1 and 1.3�mby dc voltages applied to
a monolithic EPBM.When an electric field is applied on the Z-axis of EPBM, the positive and negative
domains experience different index changed while their optical axes still keep the same. Once a laser
matches the Bragg incident angle �B;m ¼ sin�1ðm�0=ð2n�ÞÞ, the deflection efficiency is a function of
laser beam radius and applied voltage [9], [10], where m is the diffraction order, �0 is the laser
wavelength, n is the average refractive index of the grating, and � is the grating period. Through a
lithographic define of grating period and standard high-voltage poling process [11], the cascaded
Bragg modulators provide the possibility to modulate separate wavelengths in a single device. Since
the pulsed laser has a high peak power and suitable for practical applications, a dual-wavelength
Q-switched laser was developed. In this report, we present a simple linear cavity to modulate the loss
of 4F3=2 ! 4I11=2, and 4F3=2 ! 4I13=2 as well as Q-switch two wavelengths separately by a cascaded
EPBM. Hence we are able to show in the following a novel configuration of dual-wavelength
Q-switched Nd-laser between 1 and 1.3 �m.

2. Experimental Setup
Fig. 1 shows an experimental configuration of dual-wavelength Q-switched laser via EPBM in a
diode-pumped Nd:GdVO4 laser. A 20 W fiber-pigtailed diode laser at 808 nm was adopted to pump
an a-cut, 5 mm long, 0.4-at.% Nd-doped GdVO4 crystal through a set of 1 to 3 coupling lenses. The
core diameter of the fiber was 200 �m. To dissipate the heat generation, the Nd:GdVO4 crystal was
wrapped by indium foil and kept in a copper block for water cooling at 18 �C. The input surfaces of
the Nd:GdVO4 crystal were optically polished and coated with anti-reflection coating (R G 1%) at
808, 1063 and 1342 nm. The linear laser cavity was constructed by a flat high reflection (HR) (R 9
99.8%) coatedmirrorM1 and flat output coupler with 35 and 7%output coupling at 1063 and 1342 nm,
respectively. The periodically poled lithium niobate (PPLN) crystal was a 5 mol.% MgO doped PPLN
(made by HCPhotonics, Taiwan). The dimensions of PPLN are 10mm (length in x)� 15.5 mm (width
in y) � 2 mm (thickness in z) and are separated in two sections, EPBM1 and EPBM2, for diffracting
1063 and 1342 nm at the same Bragg angle �B;1ð1063 nmÞ ¼ �B;2ð1342 nmÞ ¼ 0:7�. The grating
period of EPBM1 is 20.3 �m and the dimensions are 10 mm (length in x) � 9 mm (width in y). The
grating period of EPBM2 is 25.74 �m and the dimensions are 10 mm (length in x)� 6 mm (width in y).
The half-wave voltages of 20.3 and 25.74 �mgratings weremeasured at 660 and 940V, respectively.
The end surfaces of the EPBM were optically polished and had anti-reflection coating at 1063 and
1342 nm (R G 1%). To independently apply the electric field, two separate NiCr electrodes were
coated on �z surfaces of EPBM1 and EPBM2. The total cavity length was around 100 mm. When
varied the thermal focal length of Nd:GdVO4 crystal at the whole pump power range, the beam radius
inside the EPBM was calculated between 200 to 250 �m at 1063 nm which contributed more than
50% loss modulation at the half-wave voltage [9]. The polarization of the Nd:GdVO4 was align to the
z-axis of EPBM to utilize larger �33 Pockels coefficient. A dichroic coated mirror was used to separate
1063 and 1342 nm and a pyroelectric detector was adopted to record the pulse energy. To record the
temporal characteristic, a fast InGaAs detector (rise time G 175 ps) and a 1 GHz bandwidth
oscilloscope were used.

Fig. 1. Schematic of the dual-wavelength switchable Nd:GdVO4 laser pumped by a 808 nm diode laser.
The EPBM functions as a Q-switcher or electro-optic loss modulator controlled by the applied voltage
and the separate electrode can individually modulate 1063 and 1342 nm at the same Bragg angle.
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3. Experimental Result
Due to the stress-induced refractive index change in the MgO:PPLN [12], the zero-diffraction was
measured at around�300 V. Without any biased voltage, more than 30% diffraction loss at 1063 nm
was contributed by EPBM1 and EPBM2. To Q-switch 1063 nm, a negative pulsed voltage with 300 V,
1 �s pulse width at 1 kHz repetition rate drove EPBM1 and EPBM2. Fig. 2 shows the measured pulse
energy and pulsewidth versus diode power at 1063 nm. After overcoming the cavity threshold at 4.5W,
the pulse energy was increased monotonically. At the maximum diode power, the 1063 nm pulse has
270�J energy and 9.8 nswidth, corresponding to a peak power of 27.6 kW. Although thewavelength of
1342 nm also matched the Bragg condition in the Q-switching process, none of 1342 nm was
measured. During the gain competition, 1342 nm was completely suppressed. To Q-switch 1342 nm,
the pulsed voltage was only applied to EPBM2. Without applying any voltage to EPBM1, the gain of
1063 nmwas suppressed by the stress-induced diffraction losswhen the diode powerwas below 18W.
After overcoming the cavity threshold around 6W, themaximumpulse energy of 1342 nmwas reached
69 �J at 18W diode power, as shown in Fig. 3. Due to the insufficient gain suppression of 1063 nm, the
pulse energy of 1342 nm was decreased effectively at the diode power higher than 18 W. Dual-
wavelength generation was observed when the pump power operated between 18 and 20 W.

To study the gain competition between 1063 and 1342 nm, a dc voltage was further applied to
EPBM1 and the pulsed voltage only drove EPBM2. At 20 W diode power, a wavelength selectable

Fig. 2. Measured 1063 nm pulse energy and pulse width versus diode power. The filled and open dots
denote the measured pulse energy and pulse width, respectively.

Fig. 3. Measured 1342 nm pulse energy and pulse width versus diode power. The filled and open dots
denote the measured pulse energy and pulse width, respectively.
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laser was realized by switching the dc voltage, as shown in Fig. 4. When the applied dc voltages
were operated at� �300 and 50 V, a dual-wavelength Q-switched laser between 1063 and 1342 nm
was generated. Although 1063 nmwas not matched Bragg angle of EPBM2, theQ-switching process
was still realized which caused by the broad acceptance bandwidth of EPBM2. The maximum pulse
energy of 1063 nmwasmeasured at dc voltage of�300 V where the stress-induced Bragg deflection
was eliminated. Although none of 1063 nm was measured at the dc voltage higher than 200 V, the
performance of 1342 nmwas also affected byEPBM1. To reduce the coupling effect betweenEPBM1
and EPBM2, the increased crystal length of EPBM1 or slightly differed the incident Bragg angles by
redesigning the grating periods is the possible method.

In order to produce a dual-wavelength laser in the visible region, the output coupler was replaced
by another flat mirror which had high reflection coating (R 9 99%) at both 1063 and 1342 nm as well
as high transmission (T 9 90%) at 532 and 671 nm. Two 10-mm-long LBO crystals (Green LBO:
� ¼ 90�, ’ ¼ 10:7�, Red LBO: � ¼ 85�, ’ ¼ 0�) with phase-matching temperature at �40 degree
and type I phase matching were adopted for processing intracavity frequency doubling. The LBO
crystals were placed in close to the output coupler for reaching the beam waist of resonated wave.
To generate the green laser, the negative pulsed voltage at 1 kHz drove both EPBM. After
overcoming the cavity threshold of 3 W, the green laser at 20 W diode power has 80 �J energy and
4.2 ns width, corresponding to a peak power of 19 kW. Due to the high conversion efficiency in the
intracavity frequency doubling scheme, the pulse width of 531.5 nm was reduced to 4.2 ns, as
shown in Fig. 5. To generate the red laser, the pulsed voltage only drove EPBM2 and a dc voltage
with 300 V was applied to EPBM1 to suppress the gain of 1063 nm. After overcoming the cavity
threshold of 8 W, the red laser at 20 W pump power has 5.2 �J energy and 28.4 ns width,
corresponding to a peak power of 0.183 kW, as shown in Fig. 6.

4. Coupling Effect Analysis
Toanalyze the coupling effect betweenEPBM1andEPBM2, coupledwaveequationswith assumptions
of plane-wave, small incident angle and slowly varying-envelope were adopted [13], given by

dA1

dy
¼ i�A2e�i�ky dA2

@y
¼ i��A1ei�ky (1)

where A1 and A2 are the incident and diffracted electric field, respectively, � ¼ kð�ne=2neÞ is the
coupling coefficient, nðxÞ ¼ ne þ sðxÞ�ne and �ne ¼ ð2=�Þðð1=2Þn3

e�33ðVz=dÞÞ are the induced
refractive index change by Pockels effect, sðxÞ ¼ �1 denotes the sign of the domain orientation of the
PPLN crystal, and�k is thewave vectormismatched in the y direction. To simplify the analysis, only the

Fig. 4. Measured 1063 and 1342 nm pulse energy versus dc voltage of EPBM1 when the diode power
was fixed at 20 W and the 1 kHz pulsed voltage was applied to EPBM2. The filled and open dots denote
the measured pulse energy of 1063 and 1342 nm, respectively.
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first Fourier coefficient of the square index profile of PPLN is considered. Thediffraction efficiencyversus
mismatched �k is then derived to be [13]

�ð�kÞ ¼ A2ðLÞj j2

A1ð0Þj j2
¼ j�j2

j�j2 þ 1
2 �k
� �2 sin2 j�j2 þ 1

2
�k

� �2
" #1=2

L

8<
:

9=
;: (2)

The detailed parameters used in the calculation are shown in Table 1. Fig. 7 shows the calculated Bragg
diffraction efficiency versus applied voltage of EPBM1. The incident angle is kept at 0.7�. The black lines

Fig. 5. Measured 531.5 nm pulse energy and pulse width versus diode pump power. The filled and open
dots denote the measured pulse energy and pulse width, respectively.

Fig. 6. Measured 671 nm pulse energy and pulse width versus diode pump power. The filled and open
dots denote the measured pulse energy and pulse width, respectively.

TABLE 1

The parameters used in the calculation
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show the phase-matchedwavelength, 1063 nmand the half-wave voltages are calculated to be 620 and
310 V for 9 and 18 mmPPLN length, respectively. For mismatched wavelength, 1342 nm, the red lines
show the diffraction loss at the half-wave voltage calculated to be 2.2 and 0.1% for 9 and 18 mm PPLN
length, respectively. More than an order reduction of the coupling loss is found while doubling the PPLN
length. The longer crystal was helpful to decrease the coupling coefficient and mismatched coupling
diffraction aswell as provided the independenceof dualwavelengthswitching control. Although1342nm
experiences the slight diffraction in this simplified model, the high order Fourier components of square
index profile and Gaussian beam divergence effect will further enhance the coupling effect.

5. Conclusion
In conclusion, we have demonstrated a novel dual-wavelength Q-switched laser by integrating
two electro-optic PPLN Bragg modulators in a monolithic chip. The output wavelength can be
selected through controlling the applied voltage on EPBM sections. At 20 W diode power and 1 kHz
Q-switching rate, the output wavelength can be chosen between 1063 and 1342 nm with the peak
power of 27.6 and 1.6 kW, respectively. Under the intracavity frequency doubling scheme, we can
generate green (531.5 nm) or red (671 nm) laser with the peak power of 19 and 0.183 kW,
respectively. The calculation result shows the coupling effect can be diminished by increasing the
length of EPBM1 which will be helpful to Q-switch two wavelengths individually and enhance the
performance of 4F3=2 ! 4I13=2.
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