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Suppressing the preferential σσσ -polarization oscillation in high power
Nd:YVO4 laser with wedge laser crystal∗
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We observe the phenomenon of priority oscillation of the unexpected σ -polarization in high-power Nd:YVO4 ring
laser. The severe thermal lens of the σ -polarized lasing, compared with the π-polarized lasing, is the only reason of the
phenomenon. By designing a wedge Nd:YVO4 crystal as the gain medium, the unexpected σ -polarization is completely
suppressed in the entire range of pump powers, and the polarization stability of expected π-polarized output is enhanced.
With the output power increasing from threshold to the maximum power, no σ -polarization lasing is observed. As a result,
25.3 W of stable single-frequency laser output at 532 nm is experimentally demonstrated.
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1. Introduction
The development of all-solid-state high-power single-

frequency laser sources is necessary for many applications,
such as laser telemetry, laser spectrum, optical holography,
nonlinear optics,[1,2] and quantum information. Neodymium-
doped yttrium vanadate (Nd:YVO4) is a suitable laser crys-
tal of a diode pumped laser owing to its high emission and
high absorption cross section.[3–5] The Nd:YVO4 crystal is
naturally birefringent, the stimulated emission cross sections
(SECS) are not equal in different crystallographic directions.
The π-polarized lasing (lasing parallel to the c axis) is stronger
in the Nd:YVO4 crystal, compared with the σ -polarized las-
ing (lasing perpendicular to the c axis).[6] Lasers built with
this crystal will therefore preferentially oscillate on the π-
polarization and keep the polarization direction unchanged in
the entire range of pump powers, in the absence of other ef-
fects that create a bias for the σ -polarization.[7,8] The stability
of polarization direction is necessary for obtaining the robust
unidirectional operation and the nonlinear phase-matching in
intracavity frequency-doubling ring lasers.

However, the difference of SECS between the orthogonal
directions is not enough to make lasing keep on π-polarization
in all cases. For this reason, the laser crystal is cut in a
wedge for special aims. In 2010, our group reported a single-
frequency Nd:YVO4 laser with good power stability by using
a wedge crystal as the polarized beam splitter, which elim-
inated the possible change of polarized direction caused by
the nonlinear loss.[8] In addition, in order to enhance the pas-
sive Q-switching effect of Q-switched lasers,[9] Agnesi et al.
designed a wedge Nd:YVO4 crystal that confined the polar-

ization direction on the σ -polarization with a low SECS.[10] A
wedge Nd:YLF crystal was also used as a polarization selector
to confine the polarization direction of the output beam.[11]

We recently demonstrated an efficient generation of 25.3-
W single-frequency output at 532 nm by intracavity fre-
quency doubling in a diode-pumped Nd:YVO4 ring laser, us-
ing lithium triborate (LBO) as the doubling medium. Limited
by the stable region of the high-power laser cavity, some spe-
cial phenomena that differed from the low-power lasers ap-
peared.

We noticed that the σ -polarization oscillated prior to
π-polarization, with a usual (unwedge) crystal as the gain
medium, due to the orthogonally-polarized different thermal
lens. This is the first time that the preferential σ -polarization
oscillation is observed in the absence of other effects, such as
those mentioned in Refs. [9]–[11]. By measuring the thermal
lens of π-polarization and σ -polarization, and analyzing the
stable range of the laser cavity, we found the reason of this
phenomenon.

Subsequently, by employing a wedge Nd:YVO4 crystal
as the gain medium, we constrained the laser to oscillate on
π-polarization mode without σ -polarization oscillation in the
entire range of pump powers.

2. Basic mechanism and experimental setup
In an Nd:YVO4 crystal, the birefringent wavelength dif-

ference is negligible (both π and σ -polarization wavelengths
peak at 1064 nm) with the π-polarized emission exhibiting a
larger cross section than the σ -polarized one. In normal cir-
cumstances, the stronger π-polarized emission makes the laser
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output at 1064 nm show linear polarization along π-polarized
direction due to the gain competition. However, in the case of
high-power lasers, because the thermal focal length is a vari-
able related to the pump power, it is difficult to design a res-
onator which satisfies the stable condition in the whole power
range. The resonator is usually optimized to the best in the lo-
cal region of the maximum power point,[12] and cannot reach
the stable region in the low pump power. Since the thermal
effect of σ -polarization is stronger than that of π-polarization,
the σ -polarization prior to the π-polarization, reaches the sta-
ble region during the process of increasing the pump power.
As a result, the unexpected σ -polarization oscillates preferen-
tially. With the increase of the pump power, the laser mode is
transformed into π-polarization subsequently due to the gain
competition.

To examine this prediction of the preferential σ -
polarization oscillation and its suppression scheme, we built
a high-power single-frequency intracavity frequency-doubling
Nd:YVO4 laser as shown in Fig. 1 (The dashed diagram shows
that the gain medium is instead by an unwedge Nd:YVO4 crys-
tal with the same configuration.). The pump source was a
fiber-coupled diode laser, whose output was a partial polar-

ized beam, with the central wavelength of 888 nm to mitigate
the thermal effect.[13,14] An asymmetric bow-tie ring resonator
was implemented to accommodate the laser diode single-end
longitudinal pumping scheme,[15] with an α-cut laser crys-
tal positioned between the convex mirrors M1 and M2 (R =

−1500 mm). Two pieces of composite Nd:YVO4 crystals
of 23-mm-length (including undoped end cap of 3 mm, Nd-
doped part of 20 mm) with Nd concentration of 0.8% were
used, respectively, one was usual shaped with two end facets
parallel, the other was specially designed with a wedge end-
facet of two degree. The nonlinear crystal LBO, which was
controlled at the non-critical phase-matching temperature of
149 centigrade, was placed between the concave mirrors M3

and M4 (R = 100 mm), thus a smaller waist was formed to
obtain high nonlinear conversion efficiency. Unidirectional
operation was achieved with an optical diode consisting of a
TGG (terbium gallium garnet) faraday rotator rod and half-
wave plate proving the necessary polarization rotation com-
pensation. The etalon was used as a spectral filter to narrow the
gain bandwidth and ensured the stable of the single-frequency
operation.[18,19]
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Fig. 1. (color online) Experimental setup of the single-frequency green laser. Nd:YVO4-Neodymium-doped yttrium vanadate, TGG-
terbium gallium garnet, HWP-half wave plate, LBO-lithium triborate, PLD, PFW, and PHW are the polarized directions of the laser
diode, the fundamental wave and the harmonic wave, respectively.

For an α-cut Nd:YVO4 crystal, due to the different
thermal optical coefficients dn/dT in the two crystallo-
graphic directions (dno/dT = 8.5×10−6/K, σ -polarized las-
ing; dne/dT = 2.9× 10−6/K, π-polarized lasing), each po-
larization in two crystal directions experiences different ther-
mal lens.[20] Therefore, we evaluate that the thermal ef-
fect of σ -polarization should be severer than that of π-
polarization.[21,22] In order to confirm the inference, a probe
beam was used to measure the values of the thermal focus of
π-polarized and σ -polarized beams.[23] The measured results
are shown in Fig. 2. For the same absorption pump power, the

thermal focal length of σ -polarized beam is shorter than that of
the π-polarized beam. According to the measured values, we
can establish the relation between the absorption pump power
and the thermal focal length for each polarization beam.

On the basis of the measured results of the thermal focal
length of the π-polarized beam, we designed a laser resonator
using ABCD transfer matrix. In this calculation, the condition
of the laser stable mode operation, |A+D| < 2, was applied.
In order to make the laser operate stable under the condition
of high powers, the distance between M3 and M4 was set to
101 mm (the remainder part of the four-mirror ring cavity was
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383 mm). However, the design could not meet the requirement
for low power operation inevitably. The function of the mode
radius in the laser crystal ω versus thermal focal length ft is
shown in Fig. 3. It can be seen that only when the thermal
focal length ft is in the range between 65 mm and 243 mm,
the laser can operate in the stable region. The higher the pump
power is, the shorter the ft is. When the pump power is lower,
the ft is longer than 243 mm and therefore, the laser cannot
meet the condition of the stable oscillation.
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Fig. 2. (color online) Beam radius of fundamental wave in Nd:YVO4
as a function of thermal focal length of the Nd:YVO4 crystal.

10 20 30 40 50 60 70
0

100

200

300

400

500
σ polarized beam

π polarized beam

T
h
e
rm

a
l 
fo

c
a
l 
le
n
g
th

 f
t/

m
m

 

Absorbed pump power/W

Fig. 3. (color online) The measured thermal focal lengths for π-
polarized and σ -polarized lasing at different pump powers, which show
that the thermal effect of σ -polarized lasing is severer than that of π-
polarized lasing.

Owing to the difference of thermal effect, the relation-
ship between ω and ft cannot describe intuitively the stable
condition of two orthogonal polarizations of the laser. The
combination of Fig. 2 and the fitting results of Fig. 3 allows us
to build the function between ω of π-polarized (σ -polarized)
and the absorption pump power. Figure 4 is the analysis re-
sults, the real and dot lines represent the π-polarized lasing and
σ -polarized lasing, respectively. One can see that the two po-
larization beams present a significant discrepancy of the beam
size and the stable region. This is caused by the difference of
the dn/dT between π-polarized lasing and σ -polarized lasing
and the resonator design. The σ -polarized beam reaches the

stable region prior to the π-polarized beam. With the increase
of pump power, the π-polarized lasing reaches the stable re-
gion gradually. The π-polarized lasing and σ -polarized lasing
compete mutually until the π-polarized lasing oscillates sta-
bly. Thus, during the process of increasing the pump power,
the laser may go through three stages: σ -polarized lasing,
π-polarized and σ -polarized competition, π-polarized lasing.
The phenomenon affects the laser operated on stable linear
polarization and kept phase-matching of intracavity frequency
doubling.
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Fig. 4. (color online) Comparison of the stable regions of π-polarized
lasing and σ -polarized lasing. A–E are the regions of different polarized
beams operation of our laser system obtained from experiment results.
Regions A and E are without lasing operation. B is the σ -polarized
beam operation region. Region C is the competition of σ -polarized las-
ing and π-polarized lasing. Region D is the π-polarized operation.

In order to avoid this problem, we need to create a
bias for the σ -polarized lasing. An alternative is to use a
wedged Nd:YVO4 crystal based on its natural birefringence.
As a result, the wedge causes spatial walk-off between the π-
polarized lasing and σ -polarized lasing at the exit of the wedge
facet. The spatial walk-off angle ρ of beam propagating at a
wedge angle α with respect to the c axis is given by

ρ = arcsin(ne sinα)− arcsin(no sinα) .

The walk-off angle ρ increases monotonously with the
increase of α . However, limited by the total reflection angle
of the wedge facet, a maximum of 11.5-deg walk-off can be
obtained at a wedge angle α of 25.6 deg. The large walk-off
angle is enough to make the wedge Nd:YVO4 act as a polariz-
ing beam splitter. Therefore, the two polarizations cannot keep
aligning in the resonator at the same time. When the laser is
forced to be operated on π-polarization by aligning them, the
σ -polarization must separate from the aligning axis formed by
the π-polarization beam, and be thoroughly suppressed by in-
troducing the cavity loss to the polarization mode. The design
will make the π-polarization stable in the entire range of pump
powers which is available to us.
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3. Experimental results and analysis
The following experiments were carried out to demon-

strate the phenomena in the high-power laser. Both Nd:YVO4

crystals including unwedge and wedge ones, with the same
size and doping concentration, were employed as the gain
medium, respectively. We carried out simultaneous observa-
tion of the output power and polarization direction of the laser
while varying the absorption pump power from the threshold
to 80 W.
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Fig. 5. (color online) Laser output power versus absorption pump power
in the case of unwedge Nd:YVO4 crystal with the competition of σ -
polarized lasing. σ , FW: σ -polarized fundamental wave; σ & π , FW
& HW: σ -polarized and π-polarized fundamental wave and the genera-
tion of harmonic wave of π-polarized lasing; π , FW & HW: π-polarized
fundamental wave and its harmonic wave. The inset is the magnifying
y axis in the range of threshold to 55 W of the absorbed pump power.

First, in the case of unwedge Nd:YVO4 crystal, we mea-
sured the output characteristic of the laser, as shown in Fig. 5.
The threshold power is about 18.9 W. When the laser is oper-
ated near the threshold, it has only fundamental wave output
along the σ -polarization direction, which was checked by a
polarizer. The harmonic wave output is not observed for the
time being. The phenomenon is different from that of the low
power laser. The working state corresponds to the region B of
Fig. 4, where only the σ -polarization is in the stable region.
In addition, since the σ -polarization fundamental wave does
not satisfy the phase-matching condition of the LBO crystal,
there is no harmonic wave output in this region. As the pump
power increasing, the harmonic wave arises accompanied by
π-polarization (region C). However, the harmonic wave can-
not keep stable operation, and only flickers at random. It is
caused by the fact that the laser is in the region C of Fig. 4
and the two polarizations compete mutually. There are two
reasons related to the polarization competition: one is the fact
that π-polarization lasing is located at the edge of the stable re-
gion, and its diffraction loss is higher, therefore, the net gains
of two polarization directions are approximately equal. An-
other reason is the intracavity frequency-doubling process, π-
polarization lasing satisfies the condition of nonlinear conver-

sion, however, σ -polarization lasing does not. When the pump
power is increased further, the lasing switches completely to
π-polarization, and the harmonic wave can keep stable oper-
ation until the pump power reaches the maximum value due
to the larger SECS of the π-polarization lasing. The process
corresponds to the region D of Fig. 4. During the whole pro-
cess of pump power increasing, the working state of the laser
could be divided into three stages: σ -polarized lasing (B), π-
polarized lasing and σ -polarized lasing competition (C), π-
polarized lasing (D). The experimental results reveal that al-
though the π-polarization lasing has a larger SECS compared
with the σ -polarization lasing, it cannot oscillate prior to σ -
polarization in high power lasers. The phenomenon is com-
pletely in conformity with the former analysis.
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Fig. 6. (color online) Laser output power versus absorption pump power
in the case of wedge Nd:YVO4 crystal with stable π-polarized beam os-
cillation and its harmonic wave without the competition of σ -polarized
lasing. The bigger inset shows the magnified y axis in the range of the
threshold to 55 W of the absorbed pump power, and the smaller one is
the transmission signal of the scanning confocal Fabry–Perot cavity.

In order to eliminate the influence of the preferential
σ -polarization oscillation, we carried out the above experi-
ment process by using a wedge Nd:YVO4 crystal as the gain
medium. The wedge angle α was two-degree, which could
create a walk-off angle ρ of 0.5 degree, which was enough to
separate spatially the two polarization beams, and suppressed
the unexpected σ -polarized fundamental wave. The experi-
mental results are shown in Fig. 6, the inset of which indicates
that the laser is in single-longitudinal-mode operation. In the
case, the threshold of the laser is 20 W or so, which is obvi-
ously higher than that of the unwedge Nd:YVO4 laser, which
is due to the σ -polarization suppressed. When the laser oper-
ated from threshold to the maximum pump power, the funda-
mental wave output still operates on the π-polarization, the
harmonic wave output increases monotonously with the in-
crease of pump power. For the entire range of pump powers,
no polarization competition or harmonic flicker is observed.
The maximum output power of the laser is 25.4 W, includ-
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ing the harmonic wave (25.27 W) and the fundamental wave
(130 mW).

4. Conclusion
In summary, we observed a phenomenon of priority os-

cillation of the unexpected σ -polarization in the high-power
laser when an unwedge Nd:YVO4 crystal was used as the
gain medium. The basic mechanism involves that σ -polarized
lasing has a severer thermal lens than the π-polarized las-
ing due to different thermal optical coefficients dn/dT in the
two crystallographic directions. The severe thermal lens can
make the σ -polarization reach the stable range of the cavity
prior to π-polarization during the process of increasing pump
power. With the increase of pump power, the σ -polarization
reaches the stable region and begins to oscillate. In the entire
range of pump powers, the laser goes through three stages:
σ -polarized lasing, σ -polarized and π-polarized competition,
and π-polarized lasing. Therefore, for the entire range of
pump powers, the fundamental wave undergoes different po-
larization directions, which is disadvantageous to the stable
operation and the intracavity frequency doubling. In order to
eliminate the influence of the preferential σ -polarization, we
designed a wedge Nd:YVO4 crystal as the gain medium, sup-
pressing the unexpected σ -polarization oscillation, enhanc-
ing the polarization stability. Finally, we obtained a 25.3-W
single-frequency green laser output. In the whole range of
pump powers, no polarization competition or harmonic flicker
was observed.
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