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Manipulation of Polarizations with Crystalline Orientation
for an Elliptically Polarized Passively Q-Switched Raman
Laser

Yinming An, Haolin Yang, Bohan Lin, Jiaxiang Bi, and Jun Dong*

Polarization control of dual-wavelength high peak power Raman lasers based
on passively Q-switched technology and yttrium vanadate (YVO4) crystal are
widely used for generating novel laser sources, terahertz wave, material
processing, and manipulating microparticles. However, the Raman lasers are
usually linear polarization. Here, elliptical polarizations with controllable
ellipticity and azimuthal angle are manipulated by adjusting the crystalline
orientation of a-cut YVO4 crystal in a passively Q-switched Raman laser
constructed with a Cr4+,Nd3+:Y3Al5O12 (Cr,Nd:YAG) crystal and a a-cut YVO4

crystal. The ellipticity of the elliptically polarized dual-wavelength Raman laser
varies in a sinusoid modulation as a-cut YVO4 crystal rotates with respect to
the major axis of the intracavity fundamental laser and increases with applied
pump power. The azimuthal angle varies in the same speed as a-cut YVO4

crystal rotates. Anisotropic behavior of sinusoidal modulation of output
power, pulse energy, and peak power is observed as a-cut YVO4 crystal
rotates. There are four peaks and four troughs for ellipticity, output power,
pulse energy, and peak power within a 360° rotation of a-cut YVO4 crystal.
This work provides a solid and simple method for developing elliptical
polarization controllable dual-wavelength passively Q-switched Raman laser
with high peak power for various potential applications.

1. Introduction

Manipulation of the state of polarization (SoP) such as elliptic-
ity and azimuthal angle of the elliptically polarized high peak
power laser is essential for applications in various areas such
as materials processing,[1] manipulation of molecules,[2,3] optical
alignment and spinning of laser-trapped microparticles,[4] high
harmonic generation,[5] supercontinuum generation,[6] and tera-
hertz wave generation.[7] High peak power ultrafast fiber lasers
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with certain polarization have been
demonstrated for broadband laser spec-
trum and multiple wavelength laser
oscillation;[8,9] however, the lasers are
complicated, pulse energy is low and
polarization state is difficult to manipu-
late. Compared to complicated ultrafast
fiber lasers, passively Q-switched Raman
lasers are compact, robustness and easy
to operate and maintain. Various Raman
crystals and saturable absorbers have
been used for developing high peak
power passively Q-switched Raman laser.
Tetragonal vanadate crystals such as yt-
trium vanadate (YVO4) and gadolinium
vanadate (GdVO4) crystals have been
widely used as Raman gain media for
expanding laser wavelength.[10] Effi-
cient laser performance of continuous-
wave, Q-switched, and mode-locked
lasers has been demonstrated based
on Nd:YVO4

[11] and Yb:YVO4
[12] crys-

tals. Taking advantage of stimulated
Raman scattering (SRS) effect of YVO4
crystal,[13] multiple wavelength lasers in-
cluding fundamental and Raman lasers

oscillating simultaneously have been developed[14] with actively
Q-switching and passively Q-switching technology,[15,16] which
have a wide range of applications in the fields of space op-
tical communication,[17] laser sensing,[18] digital holography
technology,[19] and nonlinear frequency conversion.[20] In par-
ticular, the small-spaced dual-wavelength laser has been used
to generate terahertz waves through difference frequency,[21]

which have been widely used in human medical imaging and
biological detection.[22] Compact eye-safe 1525 nm actively Q-
switched Nd:YVO4 self-Raman laser has been converted from
1342 nm fundamental laser with 890 cm−1 Raman shift line.[23]

At pump power of 13.5 W, the average output power is 1.2 W
and optical conversion efficiency is 8.9%. 1178.9/1199.9 nm
dual-wavelength Raman laser was generated in an actively Q-
switched Nd:YVO4/YVO4 self-Raman laser with 890 cm−1 Ra-
man shift line.[24] Compared with Nd:YVO4 crystal, YVO4 crys-
tal with perfect lattice structure has high thermal conductivity
and laser damage threshold. Raman frequency shift modes of
YVO4 crystal have been studied under a polarized beam pump-
ing from room temperature to 473 K.[25] Performance was dra-
matically improved in an actively Q-switched Nd:YVO4/YVO4

Ann. Phys. (Berlin) 2021, 533, 2100068 © 2021 Wiley-VCH GmbH2100068 (1 of 11)

http://www.ann-phys.org
mailto:jdong@xmu.edu.cn
https://doi.org/10.1002/andp.202100068


www.advancedsciencenews.com www.ann-phys.org

Raman laser by using YVO4 crystal as Raman gain medium.[26]

Stable 1164.4/1174.7 nm dual-wavelength Raman laser with
equivalent intensity was demonstrated in a directly pumped
Nd:GdVO4/Cr

4+:YAG/YVO4 passively Q-switched Raman mi-
crochip laser by utilizing 816 and 890 cm−1 Raman shift lines
of the YVO4 crystal.

[27] With a-cut YVO4 crystal as Raman gain
medium and a Nd3+:Y3Al5O12 (Nd:YAG) crystal as gain medium,
linearly polarized Raman laser was generated in an actively Q-
switched Nd:YAG Raman laser.[28] Raman laser with linear po-
larization was generated in a continuous-wave microchip Raman
laser constructed with Yb:YAG and Nd:YVO4 crystals.

[29,30] How-
ever, the SoP of these dual-wavelength Raman lasers is linear
polarized and difficult to manipulate for fulfill various applica-
tions. Therefore, control of SoP for the elliptically polarized dual-
wavelength Raman laser is a challenge for achieving desired el-
lipticity and azimuthal angle, sometime control of the chirality of
the elliptically polarized laser is required for rotating molecules
in biological and medical applications.
Cr4+:YAG crystal has been used as saturable absorber for

constructing passively Q-switched Raman lasers. However, the
insertion of Cr4+:YAG crystal inside the Raman laser cavity
introduces reflection and diffraction losses and makes the
passively Q-switched Raman laser less efficient. The crystalline
orientation dependent saturable absorption of Cr4+:YAG crystal
has great effect on the polarization states of passively Q-switched
laser.[31] Thus, the crystalline orientation of Cr4+:YAG crystal
has to be carefully aligned with orientation of gain medium to
realize elliptical polarization. Cr4+,Nd3+:Y3Al5O12 (Cr,Nd:YAG)
crystal as one of self-Q-switched crystals has advantages for
maintaining the crystalline orientation matching for Nd3+ ions
and Cr4+ ions, therefore, it is ideal candidate for achieving per-
fect elliptically polarized laser operation in passively Q-switched
laser. High peak power and efficient lasers have been achieved
in Cr,Nd:YAG self-Q-switched lasers[32–34] and Cr,Yb:YAG self-
Q-switched lasers.[35,36] It is essential to maintain elliptical
polarization with fixed azimuthal angle for fundamental laser
in passively Q-switched Raman laser to achieve tetrahedral a-cut
YVO4 crystalline orientation manipulated polarization states of
Raman lasers.
In this paper, we report a new method for realizing flexi-

ble control of SoP for elliptically polarized dual-wavelength pas-
sively Q-switched Raman laser by rotating a-cut YVO4 crystal,
which acts as a Raman gain medium and an output coupler.
We demonstrated that the elliptically polarized dual-wavelength
Raman lasers with desired ellipticity and azimuthal angle have
realized by rotating the a-cut YVO4 crystal and changing ap-
plied pump power. The sinusoidal variation of the average out-
put power, pulse energy, and peak power of passively Q-switched
dual-wavelength Raman laser has been observed by rotating a-
cut YVO4 crystal with respect to the major axis of the elliptically
polarized intracavity fundamental laser.

2. Experimental Section

The schematic for manipulating polarization state of elliptically
polarized dual-wavelength Raman laser generated in a self-Q-
switched Raman laser by rotating a-cut YVO4 crystal is shown
in Figure 1a. The working medium was a 1 at.% Nd3+ ions and
0.01 at.% Cr ions doped Cr,Nd:YAG crystal thin plate (1.8 mm

Figure 1. a) Schematic of experimental setup formanipulation of polariza-
tion states of elliptically polarized dual-wavelength passively Q-switched
Raman laser by rotating a-cut YVO4 crystal. 𝜃F is the azimuthal angle of
the elliptically polarized fundamental laser. ϕ is the rotation angle of a-cut
YVO4 crystal with respect to the major axis of the elliptically polarized fun-
damental laser. a-axis and c-axis are crystalline orientations of a-cut YVO4
crystal. x, y are the Cartesian coordinates. LC is the cavity length, FL and RL
are fundamental laser and Raman laser, BS is the beam splitter, PM and
OSA are power meter and optical spectral analyzer. b) Transmitted power
intensity of fundamental laser after passaging a linear polarizer. c) Polar-
ization trajectory of the elliptically polarized fundamental laser. d) Ellipti-
cally polarized laser having components of amplitudes of Ax and Ay along
the x and y axes, respectively. tan𝛾 = Ay/Ax. The major and minor axes of
the ellipse are 2a and 2b; the ellipticity 𝜖 = b/a = tan𝛽; the azimuthal angle
is 𝜃 with respect to the x axis.

thick). The 1000–1200 nm high reflection (HR) and 808 nm
antireflection (AR) were coated on one surface of the Cr,Nd:YAG
crystal to serve as the rear cavity mirror. The other surface of
Cr,Nd:YAG crystal was coated with 1064 nm AR to decrease the
intracavity losses and 808 nm HR to increase the pump power
absorption. A a-cut YVO4 crystal (2mm thick) was used as the Ra-
man medium. One side facing the Cr,Nd:YAG crystal was coated
with AR at 1000–1200 nm to reduce the Fresnel reflection loss,
and the other side was coated with 1064 nm HR to act as output
coupler. The total cavity length was 14 mm. The a-cut YVO4 crys-
tal was held by a copper clamp, which can be rotated around the
axis of laser propagation direction. In our experiment, the a-cut
YVO4 crystal was rotated counterclockwise. The pump source is
an 808 nm fiber coupled laser-diode (core diameter: 400 µm, nu-
merical aperture: 0.22). Two spherical lenses (focal length: 8mm)
were used to collimate and focus the pump beam. The diameter
of the focused pump beam footprint in the Cr,Nd:YAG crystal was
about 150 µm. The polarization state of intracavity fundamental
laser is elliptical polarization with an azimuthal angle of 𝜃F. ϕ is
the rotation angle of a-axis of a-cut YVO4 crystal with respect to
the major axis of the elliptically polarized intracavity fundamen-
tal laser, when the intracavity fundamental laser propagates along
[001̄] orientation of a-cut YVO4 crystal. The laser was operated at
room temperature without active cooling of active components.
A long-pass filter was used to separate Raman laser from

total laser. An optical spectral analyzer (Anritsu, MS9740A) was
used to analyze the laser spectra of the Cr,Nd:YAG/YVO4 self-
Q-switched Raman laser. The resolution of the optical spectral
analyzer is 0.03 nm. The generated lasers were focused with
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a lens (100 mm focal length), then coupled into a multimode
fiber that connected the optical spectral analyzer. The average
output powers of Raman laser were measured with a Thorlabs
power meter. A Tektronix oscilloscope (MDO3104) was used
to measure the pulse trains and pulse profile. The polarization
states of the elliptically polarized Raman laser were measured by
using a Glan-Thomson prism and a power meter (PM200).
In a Cartesian coordinate system, an arbitrary elliptically polar-

ized laser beam propagating along z direction can be treated as
superposition of two orthogonal linearly polarized beams along
x- and y-axes with a phase difference. Therefore, an elliptically
polarized laser beam can be expressed with superposition of two
mutually orthogonal field components along x- and y-axes with a
fixed phase difference between them, as shown in Figure 1d, and
can be expressed with a vector E by[37]

E (t) = iAx cos (−𝜔t) + jAy cos (−𝜔t + 𝛿) (1)

where Ax and Ay are the amplitudes of two orthogonal compo-
nents along x and y axes, 𝜔 is the angular velocity, t is the elapsed
time, i and j are the unit vectors along x-axis and y-axis.
From Figure 1d, we can see that the polarization trajectories of

elliptically polarized lasers can be more clearly expressed by the
major and minor axes, azimuthal angle, a, b, 𝜃 in the Cartesian
coordinate system. More clearly, the SoP of the elliptically polar-
ized laser can be expressed with ellipticity and azimuthal angle
of an ellipse (𝜖,𝜃). The ellipticity, 𝜖, is defined as 𝜖 = b/a. The
azimuth angle, 𝜃, is the angle between the major axis a and the
x-axis. The ellipticity and azimuthal angle of the elliptically po-
larized light can be obtained with following equations expressed
with parameters Ax, Ay, and 𝛿,

tan (𝛾) = Ay∕Ax, 𝜀 = tan (𝛽) = b∕a (2)

sin (2𝛽) = sin (2𝛾) sin (𝛿) , tan (2𝜃) = tan (2𝛾) cos (𝛿) (3)

A2
x + A2

y = a2 + b2 (4)

When an elliptically polarized laser passages through a linear
polarizer, the transmitted power intensity as a function of rota-
tion angle of the linear polarizer (𝜑), can be expressed as

I (𝜑) =
(
Axcos𝜑

)2 + (
Aysin𝜑

)2 + 2Axcos𝜑 ⋅ Aysin𝜑 ⋅ cos𝛿 (5)

The parameter Ax, Ay, and 𝛿 of the elliptically polarized laser
can be obtained by fitting measured transmitted power intensity
as a function of 𝜑. Thus, the SoP of the elliptically polarized laser
can be determined with experimentally obtained parameters of
Ax, Ay, and 𝛿 with Equations (2)–(4). Also, by using the experi-
mentally obtained parameters of Ax, Ay, and 𝛿, the polarization
trajectory of the elliptically polarized laser can be recovered with
Equation (1).

3. Results and Discussion

3.1. a-Cut YVO4 Crystalline Orientation Dependent Laser
Performance

The polarization state of the fundamental laser was determined
by measuring the transmitted power intensity after passing

through a linear polarizer when the Cr,Nd:YAG/YVO4 self-Q-
switched Raman laser oscillated in fundamental laser. As shown
in Figure 1b, variation of the transmitted power intensity with
rotation of linear polarizer is fitted well with Equation (5), which
clearly provides that the fundamental laser is elliptical polariza-
tion with an azimuthal angle of 170°. The polarization state of
the intracavity fundamental laser was doubly checked for the
Cr,Nd:YAG/YVO4 self-Q-switched Raman laser by rotating a-cut
YVO4 crystal and found that the residual fundamental laser was
elliptically polarized with an azimuthal angle of about 170° in-
dependent on the rotation of a-cut YVO4 crystal. The polariza-
tion trajectory of the left-handed elliptically polarized fundamen-
tal laser is given in Figure 1c. The elliptically polarized intracavity
fundamental laser with a fixed azimuthal angle is maintained in
the Cr,Nd:YAG/YVO4 self-Q-switched Raman laser.
For simplicity, the a-axis of the a-cut YVO4 crystal was aligned

along the major axis of the elliptically polarized intracavity fun-
damental laser in the experiment for manipulating SoP of the
elliptically polarized Raman laser. The effects of the crystalline
orientation of a-cut YVO4 crystal on the SoP of elliptically polar-
ized Raman laser was studied by rotating a-cut YVO4 crystal in
counterclockwise direction. ϕ is the rotation angle of a-axis of a-
cut YVO4 crystal with respect to the major axis of the intracavity
fundamental laser, ϕ = 0° indicates the a-axis of a-cut YVO4 crys-
tal parallel with major axis of the elliptically polarized intracavity
fundamental laser, when the intracavity fundamental laser prop-
agates along [001̄] of a-cut YVO4 crystal.

3.1.1. Laser Spectra

When the incident pump power (Pin) reaches 0.52 W, the
Cr,Nd:YAG/YVO4 self-Q-switched Raman laser oscillates in
fundamental laser around 1064 nm. The fundamental laser
oscillated when Pin was less than 1.52 W. When the Pin reached
over 1.52 W, the Raman lasers were excited to oscillate at 1166
and 1176 nm. The Raman shift lines of 816 and 890 cm−1 are
utilized to generate 1166 and 1176 nm Raman lasers, respec-
tively. Figure 2a shows some typical laser spectra at different
rotation angles (rotation angle was selected from 90° to 135° for
general case) of a-cut YVO4 crystal for Pin = 2.6 W. The residual
fundamental laser oscillates in two-longitudinal-mode around
1064.8 nm, while Raman lasers oscillate at 1166 and 1176.4 nm,
respectively. As a-cut YVO4 crystal rotates from 90° to 135°, the
intensity of the residual fundamental laser decreases, while the
overall intensity of two Raman lasers decreases with rotation an-
gle when the rotation angle is less than 110° and then increases
with further increasing of rotation angle of a-cut YVO4 crystal.
The Raman laser at 1176.4 nm oscillates in multilongitudinal-
mode and mode number increases from 1 to 3 as rotation angle,
ϕ, increases from 90° to 135°. Owing to mode competition
and relative low Raman gain at 816 cm−1 compared to that at
890 cm−1, the intensity of 1166 nm Raman laser converted with
816 cm−1 is weaker than that of 1176.4 nm Raman laser. Appar-
ently, the longitudinal modes of 1166 nm Raman laser are less
than those of 1176.4 nm Raman laser. Figure 2b shows the evolu-
tion of laser spectra of Cr,Nd:YAG/YVO4 self-Q-switched Raman
laser with increasing of incident pump power for rotation angle
of 135° of a-cut YVO4 crystal. The residual fundamental laser
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Figure 2. a) Evolution of laser spectra of Cr,Nd:YAG/YVO4 self-Q-switched Raman laser with rotation angles of a-cut YVO4 crystal, Pin = 2.6 W. b)
Evolution of laser spectra of Cr,Nd:YAG/YVO4 self-Q-switched Raman laser with Pin, rotation angle of a-cut YVO4 crystal, ϕ = 135°.

oscillates in two longitudinalmodes whenPin is lower than 3.6W,
then oscillates in three longitudinal modes at Pin = 4.3 and 4.7W,
four longitudinal modes oscillate at Pin = 5 W. The Raman laser
at 1166 nm oscillates in single longitudinal mode at Pin = 2.6 W,
the longitudinal mode number and intensity of 1166 nm Raman
laser increases with Pin, three longitudinal modes oscillate at
Pin = 5W. The Raman laser at 1176.5 nm oscillates in three longi-
tudinal modes at Pin = 2.6 W, three longitudinal modes oscillate
until Pin reaches over 4.7 W, four longitudinal modes oscillate at
Pin = 5W. As shown in Figure 2b, the longitudinal mode number
of residual fundamental laser and Raman lasers increases with
Pin and the wavelengths of the residual fundamental laser and
Raman laser shift to longer wavelength as increase in Pin. The
increase of longitudinal modes and wavelength redshift are
attributed to the thermal effect induced emission spectrum
broadening of Nd:YAG crystal and Cr,Nd:YAG crystal.[38,39] The
mode spacing of the fundamental laser was measured to be
0.08 nm while the mode spacing for the Raman lasers was
measured to be about 0.15 nm. The free spectral range of a laser
cavity can be expressed asΔ𝜆= 𝜆2/2LC, where 𝜆 is the laser wave-
length and LC is the optical cavity length. For Cr,Nd:YAG/YVO4
self-Q-switched Raman laser studied here, Δ𝜆 were calculated
to be 0.075, 0.089, and 0.091 nm for 1064, 1166, and 1176 nm,
respectively. The experimental mode spacing of the fundamental
laser is in good agreement with free spectral range of funda-
mental laser, while the theoretically calculated mode spacing is
smaller than those for Raman lasers. The wide mode spacing of
Raman lasers is attributed to the tilted etalon effect of 2mm thick
YVO4 crystal. Therefore, 1166/1176 nm dual-wavelength Raman
laser has been obtained in the Cr,Nd:YAG/YVO4 self-Q-switched
Raman laser independent on the rotation angle of a-cut YVO4
crystal and pump power when Pin is higher than the threshold
pump power for Raman laser.

Figure 3. Dependence of average output power of a) total laser and b)
Raman laser on rotation angles of a-cut YVO4 crystal for three values of
Pins (2.6, 3.5, and 5 W). Solid lines are fitting of experimental data with a
sine square function. The numbers in the brackets are some key crystalline
orientations in the (001) plane of a-cut YVO4 crystal.

3.1.2. Effect of Crystalline Orientation on Output Power

At different incident pump powers, the average output power of
total laser and Raman laser were measured as a-cut YVO4 crystal
rotated. It can be seen from Figure 3, the average output power of
total and Raman laser increases as the Pin increases, and there is
concomitant observation of anisotropic behavior of average out-
put power with a-cut YVO4 crystal rotation angle. The output
powers of total and Raman lasers reach a maximum when the
rotation angle of a-cut YVO4 crystal, ϕ, is 45°, 135°, 225°, and
315°, respectively. There are four sinusoidal modulation of the
average output power of the total and Raman lasers in a full 360°
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Figure 4. a) Raman laser pulse train and b) pulse profiles of Raman laser and residual fundamental laser at Pin = 5 W. c) Repetition rate and pulse width
and d) pulse energy and peak power of Raman laser versus rotation angle of a-cut YVO4 crystal at Pin = 5 W.

rotation. The four peaks of the average output power of total and
Raman lasers are related to the four crystalline orientations of a-
cut YVO4 crystal, e.g., [110], [1̄10], [1̄1̄0], [11̄0] in (001) plane. The
four troughs of the average output power are related to four spec-
ified crystalline orientations, e.g., [100], [010], [1̄00], [01̄0] in (001)
plane. From Figure 2b, we can see that the modulation depth
(maximum power at peak to minimum power at trough) of si-
nusoidal variation of the average output power of Raman laser
decreases with Pin, e.g., 68–41 mW at Pin = 2.6 W, 108–70 mW at
Pin = 3.5 W, 210–150 mW at Pin = 5W. This is caused by the ther-
mal induced depolarization effect of Cr,Nd:YAG crystal, which
depends on the applied pump power. At available incident pump
power of 5 W, the maximum average output power of Raman
laser at 45°, 135°, 225°, and 315° is about 1.4 times of that at ϕ of
0°, 90°, 180°, and 270°. The maximum average output power of
the total laser at 45°, 135°, 225°, and 315° is about 19%higher than
that at 0°, 90°, 180°, and 270°. FromFigure 3, we can conclude that
the performance of passively Q-switched Raman laser strongly
depends on the crystalline orientation of a-cut YVO4 crystal. Es-
pecially, the average output power of the Raman laser at Pin = 5W
has been enhanced by over 40% by aligning crystalline orienta-
tions [110], [1̄10], [1̄1̄0], [11̄0] along with the major axis of the el-
liptically polarized intracavity fundamental laser.

3.1.3. Effect of Crystalline Orientation on Laser Pulse Characteristics

The pulse trains and pulse profiles of the Raman laser at differ-
ent rotation angles and Pins were measured with an oscilloscope.

The Raman laser pulses are generated from intracavity funda-
mental laser through stimulated Raman scattering effect, the
Raman laser pulses are synchronized with fundamental laser
pulses. A typical pulse train of Raman laser at Pin = 5 W is
shown in Figure 4a. The fluctuation of the pulse intensity is
less than 4% and the time jitter between pulse is less than 7%.
The repetition rate is about 52 kHz. As shown in Figure 4b, the
Raman laser pulse exhibits an asymmetric shape with a sharp
rise and slow fall, which is a typical Raman laser pulse. The pulse
width expressed with full width at half maximum (FWHM) is
3 ns and peak power is 1.3 kW. After conversion of Raman laser,
the fundamental laser pulse is a profile with slow rise and sharp
fall. The FWHM of the residual fundamental laser is 9.7 ns and
peak power is 0.9 kW. The Raman laser pulse was narrowed
during Raman conversion through stimulated Raman scattering
effect.
The pulse energy of the Raman laser was obtained by dividing

average output power with pulse repetition rate and peak power
of the Raman laser was obtained by dividing pulse energy with
pulse width. One typical example of Raman laser pulse charac-
teristics as rotation of a-cut YVO4 crystal was given at Pin = 5 W.
The repetition rate and pulse width are kept nearly unchanged as
the a-cut YVO4 rotates in a full 360°, as shown in Figure 4c. The
repetition rate and pulse width are 52 kHz and 3 ns. As shown
in Figure 4d, the anisotropic behavior was observed for pulse en-
ergy and peak power. The pulse energy and peak power vary in a
sinusoidal function as a-cut YVO4 rotates. The pulse energy in-
creases from 2.8 µJ at trough to 4 µJ at peak, while the peak power
increases from 0.9 kW at trough to 1.3 kW at peak. There is about
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Figure 5. Average output power of the total laser and Raman laser versus
Pin at different rotation angles of a-cut YVO4 crystal. The lines are linear fit
of average output power of total and Raman lasers at a-cut YVO4 crystal
rotation angle of 135°. Inset shows the variation of the threshold pump
powers of fundamental and Raman lasers as a function of rotation angle
of a-cut YVO4 crystal.

40% increase of pulse energy and peak power from trough to the
peak.

3.1.4. Effect of Pump Power on Output Power for Different
Crystalline Orientations

For different rotations of a-cut YVO4 crystal, the average output
power of total and Raman lasers was measured as incident pump
power increased. Figure 5 shows the average output powers of to-
tal and Raman lasers as a function of Pin for five rotation angles
from 90° to 135°. The threshold pump power of the fundamen-
tal and Raman laser decreases as a-cut YVO4 crystal rotates from
90° to 135°, as shown in the inset in Figure 5. The lowest pump
power thresholds for fundamental and Raman lasers were ob-
tained at YVO4 crystal rotation angle of 135°, and they are 0.52
and 1.52 W, respectively. The average output power of total and
Raman lasers increases linearly with Pin for different rotation an-
gles. The best laser performance was obtained at ϕ = 135°. The
slope efficiencies of the total and Raman lasers were 8.7% and
5.6% for ϕ = 135°. When the available Pin was 5 W, the high-
est average output power of the total and Raman lasers were 391
and 210 mW, respectively. The corresponding optical efficiency
of Raman laser was 4.2%. The average output power, slope ef-
ficiency, and optical efficiency of the total and Raman lasers de-
creases as YVO4 crystal rotates from 135° to 90°. For both the total
and Raman lasers, no output power saturation was found at cur-
rent available pump power, therefore, the average output power
of the Raman laser can be further scaled by applying high pump
power.
The beam quality of the fundamental and Raman lasers was

evaluated by measuring the beam radii at different positions
along the beam propagation direction. The variation of the beam
radii at different positions for fundamental and Raman lasers at
Pin = 5Wwas shown Figure 6. It is can be seen from the insets in
Figure 6, the intensity profiles are TEM00 modes for both funda-
mental and Raman lasers. The Raman laser was a perfect Gaus-
sian beam profile compared to the residual fundamental laser.
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Figure 6. Position dependence of beam waist along beam propagation
direction for fundamental and Raman lasers at Pin = 5 W. Solid lines are
the theoretical fitting curves with beam propagation formula. Insets are
the beam profiles of fundamental and Raman lasers.

The beam quality factors of the total and Raman laser were ob-
tained by fitting the experimental data with beam propagation
formula. The measured beam quality factors of the fundamental
laser along horizontal and vertical direction are 1.74 and 1.67, re-
spectively. Themeasured beam quality factors of the Raman laser
along horizontal and vertical direction are 1.26 and 1.32, respec-
tively. The beam quality of Raman laser is better than that of the
fundamental laser, which further confirms that improvement of
beam quality of Raman laser with the SRS effect. Therefore, near-
diffraction-limited beam quality has been achieved in 1166/1176
dual-wavelength Raman laser.

3.2. a-Cut YVO4 Crystalline Orientation Manipulated Elliptical
Polarization

3.2.1. Crystalline Orientation Manipulated Elliptical Polarization

The polarization state of the Raman lasers was determined by
measuring transmitted power intensity of the Raman laser af-
ter passing through a linear polarizer. When the a-axis of a-cut
YVO4 crystal is parallel to the major axis of the elliptically polar-
ized intracavity fundamental laser, e.g., ϕ = 0°, variation of the
transmitted power intensity with rotation of linear polarizer is
shown in Figure 7a. Two maximum power intensities were ob-
tained at 0° and 180°, while two nonzero minimum power inten-
sities were obtained at 90° and 270°. The variation of transmitted
power intensity with rotation of linear polarizer is fitted well with
Equation (5), which clearly provides strong evidence that the Ra-
man laser is elliptical polarization. When the a-cut YVO4 crystal
was rotated 45°, the elliptically polarized intracavity fundamental
laser is aligned between a-axis and c-axis of a-cut YVO4 crystal,
the measured transmitted power intensity exhibits the same vari-
ation with rotation of linear polarizer as that at ϕ = 0°. The differ-
ences are that the orientation of themaximum transmitted power
intensity rotates to 45° and minimum power intensity increases.
When ϕ was further rotated to 90°, variation of the transmitted
power intensity with rotation of linear polarizer is nearly iden-
tical to that at ϕ = 0°, however, the orientation of the maximum
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Figure 7. Measured transmitted power intensity after a linear polarizer of Raman laser at some typical rotation angles of a-cut YVO4 crystal at a) Pin = 3W
and b) Pin = 4.5 W. c,d) Reconstructed polarization trajectories of the elliptically polarized Raman lasers at different rotation angles of a-cut YVO4 crystal,
corresponding to (a) and (b), respectively.

transmitted power intensity rotates to 90°. The transmitted power
intensity with rotation of linear polarizer at ϕ = 70° is nearly iden-
tical to that at ϕ = 110°, the minimum transmitted power inten-
sity is larger than that at ϕ = 90° and smaller than that at ϕ = 45°.
The transmitted power intensity with rotation of the linear polar-
izer at ϕ = 135° is nearly identical to that at ϕ = 45°, there are 90°
difference between these two transmitted power intensities. Vari-
ation of the transmitted power intensity with rotation of linear
polarizer at different rotation angles of a-cut YVO4 crystal is fit-
ted well with Equation (5), which indicates that the Raman lasers
generated at different rotation angles of a-cut YVO4 crystal are el-
liptical polarization, as shown in Figure 7a. The azimuthal angle
of elliptical polarized Raman laser rotates coincidently as rota-
tion of a-cut YVO4 crystal. The elliptically polarized Raman laser
tends to change and the minimum transmitted power intensity
increases when the Pin is increased. At Pin = 4.5 W, as shown in
Figure 7b, the azimuthal angle of the elliptically polarized Raman
laser rotates as the same speed of the rotation of YVO4 crystal.
However, the minimum transmitted power intensity tends to in-
crease comparable to the maximum power intensity at rotation
angles of 45° and 135°, which tend to be circular polarization.
The normalized minimum transmitted power intensity at rota-
tion angles of 0° and 90° increases as Pin increases, as shown in

Figure 7b. Anisotropic emission properties of a-cut YVO4 crystal
are responsible for the elliptically polarized Raman laser oscil-
lation under elliptically polarized intracavity fundamental laser
pumping. The enlarge of ellipticity of elliptically polarized Ra-
man laser with pump power is attributed to the depolarization
effect of a-cut YVO4 crystal.
Based on the experimentally measured transmitted power in-

tensity as a function of rotation angle of linear polarizer for dif-
ferent crystalline orientations of a-cut YVO4 crystal at different
pump powers (Figure 7a,b), the parameters of Ax, Ay, and 𝛿 were
obtained by fitting the experimental data with Equation (5). With
fitted parameters of Ax, Ay, and 𝛿 of elliptically polarized lasers
at different rotation angles of a-cut YVO4 crystal, the correspond-
ing shape (𝜖) and orientation (𝜃) of the elliptically polarized lasers
were determined.
Therefore, the experimentally obtained elliptically polarized

lasers at different rotation angles of a-cut YVO4 crystal were
plotted with Equation (1) by using experimentally fitted parame-
ters of Ax, Ay, and 𝛿. The reconstructed polarization trajectories
of the elliptically polarized Raman lasers at different rotation
angles of a-cut YVO4 crystal and different pump powers are
shown in Figure 7c,d. From Figure 7c,d, we can clearly see that
the shape and orientation of elliptically polarized Raman laser

Ann. Phys. (Berlin) 2021, 533, 2100068 © 2021 Wiley-VCH GmbH2100068 (7 of 11)

http://www.advancedsciencenews.com
http://www.ann-phys.org


www.advancedsciencenews.com www.ann-phys.org

Figure 8. a) Azimuthal angle (𝜃) and b) ellipticity (𝜖) of the experimentally generated elliptically polarized Raman laser as rotation of a-cut YVO4 crystal
at Pin = 3 W and Pin = 4.5 W. The solid lines are the fitting curves with Equations (6) and (7), respectively.

change with rotation angle of a-cut YVO4 crystal and pump
power. As shown in Figure 7c, at Pin = 3 W, the ellipticity of
elliptically polarized laser decreases as YVO4 crystal rotates from
45° to 90° and then increases as YVO4 crystal further rotates
from 90° to 135°. Meanwhile, the azimuthal angle or orientation
of the major axis rotates in the same speed as rotation of YVO4
crystal. At Pin = 4.5 W, the ellipticity of elliptically polarized laser
increases for different rotation angles of a-cut YVO4 crystal,
while the azimuthal angle of the elliptically polarized laser
rotates in the same speed as the rotation of a-cut YVO4 crystal.
Especially, the near circularly polarized lasers are obtained at
rotation angles of 45° and 135°, as shown in Figure 7d. There-
fore, elliptically polarized Raman laser with flexible ellipticity
and azimuthal angle has been obtained in the self-Q-switched
Raman laser by rotating a-cut YVO4 crystal and adjusting pump
power.
Figure 8 shows the azimuthal angle and the ellipticity of the

experimentally obtained elliptically polarized Raman laser at
different rotation angles of a-cut YVO4 crystal. From Figure 8a,
we can see that the azimuthal angle of the elliptically polarized
laser at different pump powers increases linearly with rotation
angle of a-cut YVO4 crystal. Owing to the fourfold symmetry
of a-cut YVO4 crystal, the azimuthal angle of the elliptically
polarized Raman laser shifts to 0° when the rotation angle of
a-cut YVO4 crystal reaches to 180° and then increases linearly
with rotation angle of a-cut YVO4 crystal. The variation of the
azimuthal angle of the elliptically polarized Raman laser with
rotation angle of a-cut YVO4 crystal can be expressed as follows

𝜃 =

{
𝜙, 0 ≤ 𝜙 ≤ 𝜋

𝜙 − 𝜋,𝜋 < 𝜙 ≤ 2𝜋
(6)

As shown in Figure 8b, the ellipticity of the elliptically polar-
ized Raman laser exhibits four peaks and four troughs as a-cut
YVO4 crystal rotates in a full 360°. The ellipticity of the ellipti-
cally polarized Raman laser reaches maximumwhen the rotation
angle of a-cut YVO4 crystal, ϕ, is 45°, 135°, 225°, and 315°, re-
spectively. The variation of the ellipticity with rotation angle of
a-cut YVO4 crystal at different pump powers is fitted well with
sine square function. The ellipticity of the elliptically polarized
Raman laser increases as pump power increases for a certain ro-
tation angle of a-cut YVO4 crystal. The variation of the ellipticity
of the elliptically polarized laser as a function of rotation angle of
a-cut YVO4 crystal and pump power can be expressed as

𝜀 (P,𝜙) =
[
−4.02 + 4.81

(
1 − e

−P
1.14

)]
+
[
−0.79 + 1.04

(
1 − e

−P
0.75

)]
sin2 (2𝜙) (7)

where P and ϕ are the incident pump power and rotation angle
of a-cut YVO4 crystal.

3.2.2. Mechanism of Manipulation of Elliptical Polarization with
Crystalline Orientation

In order to qualitatively illustrate the a-cut YVO4 crystalline orien-
tation dependent anisotropic behaviors observed in Cr,Nd:YAG/
YVO4 self-Q-switched Raman laser, we assume the fast-axis of
the elliptically polarized intracavity fundamental laser is assigned
parallel to x-axis in Cartesian coordinate system, ϕ is the an-
gle between the crystallographic axis [100] of a-cut YVO4 crystal
and x-axis or the fast-axis of the elliptically polarized fundamen-
tal laser. Figure 9a shows the anisotropic crystalline structure of
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Figure 9. a) Crystalline orientations in (001) plane of a-cut YVO4 crystal. a-axis and c-axis of a-cut YVO4 crystal are aligned at an angle of ϕ with respect
to the x-axis and y-axis, respectively. The fundamental laser propagates along [001̄] direction. P represents the major axis of the elliptically polarized
fundamental laser. ϕ is the angle between x-axis and the major axis of the elliptically polarized fundamental laser beam, ϕ = 0° indicates that the a-axis
of a-cut YVO4 crystal is parallel to major axis of the elliptically polarized fundamental laser. b) Elliptical polarization states of Cr,Nd:YAG/YVO4 self-Q-
switched Raman laser at different rotation angles between a-axis of a-cut YVO4 crystal and the major axis of the elliptically polarized fundamental laser.
The applied pump power is illustrated with two large circles. 𝜖 is the ellipticity of elliptically polarized laser, which is defined as ratio of the minor axis
and the major axis. The arrows indicate the increase of ellipticity, 𝜖.

a-cut YVO4 crystal and some special crystalline orientations in
(001) plane with respect to the fundamental laser beam propaga-
tion direction. In Cartesian coordinate system, crystallographic
direction [001] is assigned along z-axis, while crystallographic di-
rections [100], [010] are aligned an angle of ϕ with respect to x-,
y-axes, respectively. In (001) plane, four orientations [100], [010],
[1̄00], and [01̄0] are indicated. Other four crystalline orientations
such as [110], [1̄10], [1̄1̄0], and [11̄0] are also indicated. These
eight crystalline orientations have been chosen to illustrate the
observed anisotropic behavior of the Raman laser.
In the Cr,Nd:YAG/YVO4 Raman laser, Raman laser is gener-

ated through SRS effect of a-cut YVO4 crystal under intracavity
fundamental laser pumping. For the fundamental laser with el-
liptical polarization, the laser electric field is expressed with an
amplitude |E|, ellipticity 𝜖F, azimuthal angle 𝜃F

E (t) = |E|√
1 + 𝜀2F

[
cos

(
𝜃F
)

− sin
(
𝜃F
)

sin
(
𝜃F
)

cos
(
𝜃F
) ] [

1
i𝜀F

]
ei𝜔t (8)

To illustrate the effect of crystalline orientation of a-cut YVO4
crystal on the polarization of elliptically polarized Raman laser
generated in the Cr,Nd:YAG/YVO4 self-Q-switched Raman laser,
the fast-axis components of the elliptically polarized funda-
mental laser is assumed to along x-axis. Therefore, in the
Cr,Nd:YAG/YVO4 self-Q-switched Raman laser, when the ellip-
tically polarized fundamental laser passages through the a-cut
YVO4 birefringent crystal, the generated elliptically polarized Ra-
man laser is expressed in terms of components parallel and per-
pendicular to the optic axis of the a-cut YVO4 crystal

E (t) =
[
cos (𝜃) sin (𝜃)
sin (𝜃) − cos (𝜃)

] [
1 0
0 ei𝛿

] [
cos (𝜃) sin (𝜃)
sin (𝜃) − cos (𝜃)

]

× |E|√
1 + 𝜀2F

[
1
i𝜀F

]
ei𝜔t (9)

where 𝜃 is the angle between the fast axis of the fundamental
laser and the optic axis of the a-cut YVO4 birefringent crystal,
here 𝜃 = ϕ. 𝛿 = kd(ne − no) is the phase difference, k is the free-
space wavenumber, d is the thickness of the birefringence crystal,
ne and no are the refractive indices of the birefringent crystal ex-
perienced by extraordinary and ordinary rays, respectively.
From Equation (9), we can clearly see that the contributions

from two components of the elliptically polarized fundamental
laser strongly depend on the angle between fast axis of the ellip-
tically polarized fundamental laser and a-axis of a-cut YVO4 crys-
tal. When the fast axis of the elliptically polarized fundamental
laser is exactly parallel with one particular crystallographic ori-
entation in (001) plane, e.g., [100], elliptically polarized Raman
laser is obtained because the perfect overlap is achieved between
electric fields of elliptically polarized fundamental laser and the
anisotropic Raman gainmedium. If the [100] crystallographic ori-
entation of a-cut YVO4 crystal is not exactly parallel with the fast
axis of the elliptically polarized intracavity fundamental laser, par-
tial overlap with another crystallographic orientation will com-
pensate. Therefore, elliptically polarized Raman laser is obtained
since two partial electrical fields from orthogonal orientations of
YVO4 crystal contribute to the polarization state of elliptically po-
larized Raman laser. Especially, when the crystalline orientation
of a-cut YVO4 crystal, [11̄0] is exactly parallel with the fast axis of
the fundamental laser, e.g., ϕ = 45°, the contribution from two or-
thogonal orientations [100] and [01̄0] makes the Raman laser os-
cillate in elliptical polarization with large ellipticity at low pump
power or circular polarization at high pump power. At high pump
power level, owing to the thermal effect induced depolarization,
the elliptical polarization state of Raman laser is changed to ellip-
tical polarization with large ellipticity or even a circular polariza-
tion state. The elliptical polarization state of Raman laser at four
specified crystalline orientations ([100], [010], [1̄00] and [01̄0]) is
changed to elliptical polarization state with increased ellipticity.
Polarization state of elliptically polarized dual-wavelength

Raman laser can be manipulated by aligning a-cut YVO4 crystal
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orientation along with the fast axis of the elliptically polarized
fundamental laser in a passively Q-switched Raman laser. The
ellipticity of the elliptically polarized Raman laser can be flexible
controlled by adjusting the crystalline orientation of a-cut YVO4
crystal and incident pump power. Circularly polarized Raman
laser can be obtained by aligning the fast axis of the elliptically
polarized intracavity fundamental laser along [110] direction of
a-cut YVO4 crystal at high pump power levels. The elliptically
polarized Raman laser with desired ellipticity and azimuthal
angle can be easily achieved by aligning a-cut YVO4 crystalline
orientation along the major axis of the elliptically polarized
intracavity fundamental laser or adjusting the applied pump
power in a passively Q-switched Raman laser.
Figure 9b depicts possible anisotropic variation of the polar-

ization states of elliptically polarized Cr,Nd:YAG/YVO4 self-Q-
switched Raman laser with rotation angles of a-cut YVO4 crystal
and pump power. At low pump power level, elliptically polarized
lasers with small ellipticity were obtained at four rotation angles
of a-cut YVO4 crystal (0°, 90°, 180°, and 270°). The ellipticity of
elliptically polarized Raman laser increases as rotation angle
(ϕ) of a-cut YVO4 crystal increases. For a certain pump power,
elliptically polarized laser with a large 𝜖 is achieved at rotation
angle of 45°. Further increasing rotation angle from 45° to 90°,
the 𝜖 decreases, which means the elliptical polarization change
in ellipticity and azimuthal angle. The similar change of elliptical
polarization states with varying 𝜖, and azimuthal angle was also
observed as a-cut YVO4 rotates from 90° to 180°, 180° to 270°,
and 270° to 360°, respectively. When the pump power further in-
creases, the circular polarization state is observed at rotation an-
gles of 45°, 135°, 225°, and 315°, while the ellipticity increases for
the elliptically polarized Raman laser at rotation angles of 0°, 90°,
180°, and 270°. The ellipticity of the elliptical polarization states at
other rotation angles are also increases as pump power increases.
Furthermore, the high peak power sub-nanosecond dual-

wavelength Raman laser with desired elliptical polarization can
be achieved by further shortening the cavity length of passively
Q-switched Raman laser. When a-cut YVO4 crystal with spec-
ified crystalline orientation was attached Cr,Nd:YAG crystal to
formpassivelyQ-switchedRamanmicrochip laser, the intracavity
losses such as diffraction loss were further decreased, the intra-
cavity fundamental laser intensity was further enhanced by short-
ening the cavity length, which was favorable for efficient Raman
laser conversion from the fundamental laser by utilizing differ-
ent Raman shift lines of a-cut YVO4 crystal. Therefore, highly
efficient, high peak power microchip Raman laser with desired
elliptical polarization is ready to be developed. The ellipticity and
azimuthal angle of the elliptically polarized high peak power Ra-
man laser is controlled depending on the applications.

4. Conclusion

In summary, high beam quality, high peak power 1166/1176 nm
dual-wavelength Raman laser with elliptical polarization has
been demonstrated in a Cr,Nd:YAG/YVO4 self-Q-switched Ra-
man laser converted from 1064 nm fundamental laser with 816
and 890 cm−1 Raman shift lines. Elliptical polarization with
controllable ellipticity and azimuthal angle has been achieved by
aligning different crystalline orientation of the a-cut YVO4 crystal
along the major axis of the elliptically polarized fundamental

laser and adjusting pump power. The ellipticity of the elliptically
polarized Raman laser varies in a sine square modulation with
rotation of a-cut YVO4 crystal. The azimuthal angle of the ellip-
tically polarized Raman laser changes in the same direction and
speed with rotation of a-cut YVO4 crystal. Anisotropic behavior
of sinusoidal modulation of output power, pulse energy, peak
power has been observed as rotation of a-cut YVO4 crystal. There
is about 40% disparity between trough and peak for Raman laser.
Enhanced performance of passively Q-switched Raman laser
at [110] crystalline orientation of a-cut YVO4 crystal aligning
along the major axis of the elliptically polarized intracavity
fundamental laser is attributed to overall contribution from
the electrical fields of both orientations along [100] and [010]
of a-cut YVO4 crystal. This work provides a solid experimental
foundation and simple method for manipulating polarization
state of elliptically polarized Raman laser generated in an effi-
cient passively Q-switched Raman laser with selecting suitable
crystalline orientations of anisotropic Raman gain medium.
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