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A novel orthogonally linearly polarized Nd:YVO4 laser∗
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We presented a novel orthogonally linearly polarized Nd:YVO4 laser. Two pieces of a-cut grown-together composite

YVO4/Nd:YVO4 crystals were placed in the resonant cavity with the c-axis of the two crystals orthogonally. The

polarization and power performance of the orthogonally polarized laser were investigated. A 26.2-W orthogonally

linearly polarized laser was obtained. The power ratio between the two orthogonally polarized lasers was varied with

the pump power caused by the polarized mode coupling. The longitudinal modes competition and the corresponding

variable optical beats were also observed from the orthogonally polarized laser. We also adjusted the crystals with their

c-axis parallele to each other, and a 40.7-W linearly polarized TEM00 laser was obtained, and the beam quality factors

were M2
x = 1.37 and M2

y = 1.25.
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1. Introduction

The orthogonally polarized lasers are new attrac-

tive devices for various applications, especially in pre-

cision measurement, such as the precision measuring

of length, displacement, angle, velocity, pressure, mag-

netic field, and so on.[1−5] The orthogonally polarized

laser also can be used for scientific research such as

using for lasing cooling of atoms.[6] There are two

traditional kinds of orthogonally polarized laser, the

Zeeman dual-frequency laser[7] and the four-frequency

ring laser.[8] In recent years, Zhang et al. reported

a new kind of orthogonally polarized laser, in which

an additional birefringence element was inserted into

the resonant cavity which leads to the orthogonally

polarized laser output.[1,9−12] The birefringence ele-

ment can be obtained by the natural birefringence

of the element, or using the elastic-photo effect or

electric-photo effect of the element to obtain the per-

formance of birefringence.[13] The He–Ne orthogonally

polarized lasers[1] and the Nd:YAG orthogonally po-

larized lasers[12,14,15] based on this principle have been

reported. All the orthogonally polarized lasers men-

tioned above all need additional element to achieve or-

thogonally polarization, which makes the system com-

plex, and the output powers of these lasers are always

relatively low.

The Nd3+-doped yttrium orthovanadate

(Nd:YVO4) was known for a long time as a material

with low threshold and high efficiency.[16] The optical

properties of Nd:YVO4 are listed in Table 1.[17−20]

With the emergence of diode pumping, Nd:YVO4

has become an important solid-state laser material

because it has very attractive features, such as a

large stimulated emission cross section and a high

absorption of the pump wavelength. Nd:YVO4 is

also a natural birefringence crystal. The stimu-

lated absorption cross section and the stimulated

emission cross section along c-axis are as large as

σ12 =60×10−19 cm2 and σ21 =27×10−19 cm2, which

are almost five- and four-times larger than those of

the a-axis respectively. Therefore, since the gain of

the o-light (or named σ-polarization) is much lower

than that of e-light (or named π-polarization) and

the o-light cannot oscillate when the Nd:YVO4 was

pumped at 808 nm (4I9/2 → 4F5/2) and lasing at

1064 nm (4F3/2 → 4I11/2), and the output laser was

linearly polarized e-light.

In this paper, we use two pieces of grown-together

composite a-cut YVO4/Nd:YVO4 crystals as the gain

medium, and keep the c-axis of the two crystals or-

thogonally, and each composite crystal is end-pumped

with fibre-coupled laser diode. Since the natural

birefringence, the output laser for each crystal is π-
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polarized, then the orthogonally linearly polarized

laser can be obtained. This novel high power orthog-

onally linearly polarized Nd:YVO4 laser has the merit

of without any additional elements to achieve orthogo-

nal polarization, which decrease the complexity of the

laser system. To the best of our knowledge, this is the

first report of this kind of orthogonally linearly po-

larized laser. We will investigate the polarization and

power performance of the orthogonally linearly polar-

ized laser. The polarized mode coupling and longitu-

dinal modes competition both are observed. A 26.2-W

orthogonally polarized laser is obtained in continuous

wave (CW) operation. We can also adjust the crys-

tals to keep their c-axis parallele, and obtain a 40.7-W

linearly polarized TEM00 laser with the beam quality

factors measured as M2
x = 1.37 and M2

y = 1.25 re-

spectively.

Table 1. Optical properties of Nd:YVO4 for 1% Nd doping concentration.[17−20]

parameters unit value

pump wavelength λp nm 808

laser wavelength λl nm 1064

stimulated absorption cross section σ12 10−19 cm2 60.1(π), 12.0(σ)

stimulated emission cross section σ21 10−19 cm2 27(π), 7(σ)

fluorescence lifetime τf µs 90

gain linewidth ∆λl (FWHM) nm 0.51

peak absorption coefficient αp cm−1 31.4(π), 9.2(σ)

absorption bandwidth ∆λp nm 15.7

reflective index n unit 1.958(a), 2.168(c)

2. Experimental setup

The experimental setup of the orthogonally lin-

early polarized Nd:YVO4 laser is shown schematically

in Fig. 1. The a-cut composite YVO4/Nd:YVO4 crys-

tals were used as the gain medium, which was supplied

by the Beijing KE-GANG Electro-Optics Co. Ltd.

The composite crystal was a grown together YVO4–

Nd:YVO4 crystal, the undoped YVO4 cap with cross

section of 3×3 mm2 and 2-mm length, and the 0.3 at%

Nd:YVO4 crystal with the dimension of 3×3×8 mm3.

Both end faces of the composite crystal were AR

coated at 1064 nm, and the end face of the undoped

YVO4 cap was also dichroic AR coated at 808 nm.

We use the composite crystal and low doping con-

centration of 0.3 at% Nd:YVO4 in order to achieve a

relatively uniform absorption and reduce the thermal

gradient and the mechanical stress to prevent ther-

mal fracture and serious thermal lensing effect. In our

experiment, two pieces of a-cut composite crystals of

this kind were used, and the c-axis of one crystal was

perpendicular to the optical platform, which is defined

as the s-direction, and the c-axis of the other crystal

is parallel to the optical platform and perpendicular

to the p-direction, which is defined as the p-direction.

The crystals were wrapped with indium foil and placed

in copper heat sinks using water-cooling with 13 ◦C

cooling water.

The fibre-coupled laser diode module of Jenop-

tik JOLD-45-CPXF-1L was used as the pump source.

The coupling fibre is a 400-µm core diameter fibre with

numerical aperture of 0.22. An adjustable lens group

was used to image the pump mode from the fibre onto

the Nd:YVO4 crystal, and by adjusting the lens group,

the radius of the pump waist spot in the crystal can be

adjusted to match the laser mode. In the experiment,

the radius of waist spot of the pump mode was con-

trolled at about 0.4 mm ∼ 0.45 mm. The temperature

of the laser diode was controlled by the thermoelectric

cooling module (TECM), and the centre wavelength

of the laser diode could be temperature-tuned by ad-

justing the temperature of the LD with TECM. The

diode module was achieved with the wavelength tun-

ing coefficient of about 0.3 nm/◦C as measured, and

the central wavelength of the diode was controlled at

808.6 nm to achieve the peak absorption while the

temperature of the LD was controlled at 23.5 ◦C. The

two pumping-coupling modules were gained with the

identical configuration. The dichroic mirrors were AR

coated at 808 nm and HR coated at 1064 nm for lasers

at the incidence angle of 45◦ with the transmissivity

more than 98% and reflectivity higher than 99.9% re-

spectively. A planar–planar resonator was used, and

the output coupler (OC) has the transmissivity of

60%. The resonant cavity has the cavity lengths of

LL = 15 cm and LR = 20 cm as shown in Fig. 1.
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Fig. 1. The experimental setup of the orthogonally linearly polarized Nd:YVO4 laser.

3. Experimental results and dis-

cussions

A polarization beam splitter (PBS) was used as

the polarization analyzer, and an OPHIR-30(150)A-

LP1-DIF power meter was used to measured the laser

power. The initial direction of the light transmit-

ting axis of the PBS was parallel to the s-direction,

and the rotation angle of the PBS θ was defined as

the rotation angle of the light transmitting axis of

the PBS relative to the s-direction. When the crys-

tals were pumped only by LD1, the pump power was

absorbed by the crystal C1. Since the c-axis of C1

was parallel to s-direction, therefore, the polarization

direction of the output laser was also parallel to s-

direction for the very larger stimulated emission cross

section of π-polarization (along c-axis) than that of

σ-polarization (along a-axis). When the crystals were

pumped only by LD2, the polarization direction of

the output laser was paralleled to p-direction. Figure

2 shows the measured and calculated results of the

transmitted light intensity varying with θ when the

crystals were pumped only by LD1 or only pumped

by LD2, from which we can see that when the crystals

were pumped by LD1, the measured transmitted light

intensity It varying with θ can be fitted well by the

Malus’ law

It = Is cos
2(θ) (1)

and the angle difference ∆θ of the light transmit-

ting axis direction when the crystals were pumped by

LD1 and by LD2 was π/2, i.e, when the crystals were

pumped by LD2, the measured transmitted light in-

tensity varying with θ was fitted well by

It = Ip cos
2

(
θ − π

2

)
, (2)

which means that the polarization directions of the

output were orthogonal when the crystals were only

pumped by LD1 or only pumped by LD2 respectively.

Fig. 2. The measured transmitted light intensity It com-

pared with that calculated for s- and p-polarized laser

varying with the rotation angle of PBS θ respectively.

When the crystals were both pumped by LD1 and

LD2, as shown in Fig. 3, the measured transmitted
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light intensity of the output laser varying with θ can

be well fitted by the following expression

It = Is cos
2(θ) + Ip cos

2

(
θ − π

2

)
. (3)

We rotated the PBS to obtain the highest power out-

put of p-polarization, and then inserted a quarter wave

plate and rotated it, and the light extinction was not

observed. This means that the output laser is orthog-

onally linearly polarized laser but not elliptically po-

larized laser. The power ratio Pp/Ps between the or-

thogonally polarized output of s-polarization (Ps) and

p-polarization (Pp) is varied when the pump power is

increased. Figure 4 shows the total output power and

the power ratio Ps/Pp varying with the pump power.

Fig. 3. The measured transmitted light intensity It com-

pared with that calculated for the orthogonally linearly

polarized laser varying with the rotation angle of PBS θ.

Fig. 4. The total output power and the power ratio be-

tween the s-polarization and p-polarization varying with

the pump power for the orthogonally linearly polarized

laser.

From Fig. 4 we can see that the total output power

is increased when the pump power increases. When

the total pump power is less than 30 W, the power

ratio Ps/Pp is about 1, which induces It = 1, and

increasing the pump power to a higher level which

corresponds to a higher gain, the polarization mode

coupling occurs,[21,22] and the ratio Ps/Pp is deviated

from 1. The power ratio Ps/Pp can be easily adjusted

by changing the pump power of LD1 or LD2. The

highest 26.2-W orthogonally linearly polarized laser is

obtained with the power ratio of Ps/Pp = 1.2.

The optical beat frequency was observed for the

s- (or p-) polarization of the orthogonally linearly

polarized laser measured using a high-speed silicon

photoelectric detector and an Agilent Infinium oscil-

loscope with 1.5-GHz bandwidth. The optical beat

frequency was caused by the frequency pulling and

multi-longitudinal modes competition. In our experi-

ment, the longitudinal mode spacing of the laser can

be calculated as

∆λ =
λ2

2L∗ ≈ 1.4× 10−3 nm, (4)

where λ = 1064 nm is the wavelength of the laser,

L∗ = LL + LR + ncl ≈ 40 cm is the physics cav-

ity length, where l is the length of the compos-

ite crystal. The corresponding longitudinal mode

frequency spacing is ∆ω = c/(2L∗) ≈ 37.5 MHz,

where c is the light velocity in vacuum. Since the

gain linewidth ∆λl (FWHM) of Nd:YVO4 is about

0.51 nm which is much wider than the longitudinal

mode spacing, therefore, there are many longitudinal

modes oscillating and which leads to the frequency

pulling and multi-longitudinal modes competition-

hoping,[23,24] and then the optical beats with differ-

ent frequency differences ∆Ω will be observed. The

patterns of optical beats with different frequency dif-

ferences ∆Ω are shown in Fig. 5.

We also placed the two crystals C1 and C2 with

their c-axis parallel to the p-direction, thus, the lin-

ear polarized laser can be achieved. The highest

40.7-W CW linear polarized laser was obtained corre-

sponding to the optical–optical efficiency of 45.2% and

absorbed–optical efficiency of 54.3% respectively. The

beam quality of the linear polarized laser was mea-

sured using a Spiricon M2-200s laser beam analyzer,

and the beam quality factors M2 were measured as

M2
x = 1.37 and M2

y = 1.25 in the horizontal direction

and vertical direction, respectively. The beam quality

measurement result and spatial form for the linearly

polarized TEM00 laser at 40.7 W are shown in Fig. 6.
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Fig. 5. The patterns of the optical beat with different frequency differences ∆Ω .

Fig. 6. The beam quality measurement and spatial form

for the linearly polarized TEM00 laser at 40.7 W.

4. Conclusion

We presented a novel orthogonally linearly polar-

ized Nd:YVO4 laser. Two pieces of grown-together

composite a-cut YVO4/Nd:YVO4 crystals were placed

in the resonant cavity with their c-axis orthogonally.

Because of the natural birefringence and much larger

stimulated emission cross section of π-polarization

than that of the σ-polarization, the orthogonally lin-

early polarized laser can be obtained. In the ex-

periment, 26.2-W orthogonally polarized laser was

obtained in CW operation. The polarization and

power performance of the orthogonally linearly polar-

ized laser were investigated in detail, and the polar-

ized mode coupling and longitudinal modes competi-

tion were observed. We also adjusted the crystals to

keep their c-axis parallel, and 40.7-W linearly polar-

ized TEM00 laser was obtained and the beam quality

factors were measured as M2
x = 1.37 and M2

y = 1.25.

In the next step, we will design the orthogonally lin-

early polarized Nd:YVO4 laser with single longitudi-

nal mode using the longitudinal mode selection tech-

nique. Meanwhile, the pulsed orthogonally linearly

polarized Nd:YVO4 laser can be configured when the

inter-cavity Q-switch is inserted in the laser resonance.
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