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A rotating neodymium-doped yttrium aluminum garnet (Nd:YAG) disk laser resonator for efficiently generating
vector beams with azimuthal and radial polarization is demonstrated. In the study, the laser crystal rotary for
thermal alleviation and polarization discrimination uses c-cut ytterbium vanadate (YVO4). The laser output
could be switched between azimuthal and radial polarizations by simply adjusting the cavity length. The laser
power reached 4.38 W and 4.64 W for azimuthally and radially polarized beams at the slope efficiencies of 45.3%
and 48.5%, respectively. Our study proved that an efficient, high-power vector rotary disk laser would be real-
istic.
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Cylindrical vector beams (CVBs) with axial polarization
symmetry are of particular importance for a variety of ap-
plications and have attracted lots of interest in the past
decades. The radial and azimuthal polarizations in them
can be focused tightly and form strong longitudinal elec-
tric or magnetic fields at the focal spot. So, they are widely
used in material processing, particle trapping and acceler-
ation, high-resolution microscopy[1–7], and so on.
Azimuthally or radially polarized beams have been cre-

ated in many ways, either by extra-cavity optics or intra-
cavity elements. The former mainly focuses on the spatial
transformation of a linearly or circularly polarized beam
into a radially or azimuthally polarized beam by using
various converters[8–11]. The latter denotes the oscillation
of the eigen vector mode forced by various polarization-
selective elements[12–16] inside the laser resonator. However,
among various vectors, the thermal deposition in the
solid-state gain medium similarly obstructs further power
scaling with high beam quality[17]. To alleviate the thermal
effect, the thin-disk geometry and an intra-cavity circular
resonant waveguide grating were adopted for vector mode
oscillation and had shown the ability of kilowatt (kW)-
level output[18,19]. Nevertheless, being a sub-wavelength
structure with concentric and multilayer corrugation,
the waveguide grating mirror is sensitive to lasing wave-
length, and also its fabrication mentions so-called auto-
cloned technology[18], which undoubtedly renders this
element costly.
Therefore, it is necessary to develop alternative technol-

ogy with cost advantage and ability of power scalability to
produce vector polarized beams. To eliminate the thermal
effect, in present years, the rotating disk technology, pro-
posed by Basu[20], became another way to manipulate the
thermal deposition in gain media. This technology uses
the mechanical rotation of gain medium to remove the

deposited thermal load outside the cavity to dissipate
thermally[20–24], which exhibits the merits in enabling the
high-power and single-mode laser and outputs covering
the infrared, visible, and UV regions[25].

Among the various polarization selectors ever reported,
the birefringent crystal is with low-cost and available
everywhere, and the spatial walk-off along with it provides
us with a simple and efficient discrimination mechanism
for cylindrical vector modes in a wide range of wave-
lengths. We have demonstrated the generation of the ra-
dially and azimuthally polarized laser beams in the same
laser by using a c-cut ytterbium vanadate (YVO4) crystal,
and there are two ways to realize the conversion between
two kinds of vector polarized beams[26]. Comparing with
the previous work using a rotary disk neodymium-doped
yttrium aluminum garnet (Nd:YAG) crystal as a gain
medium, in this study, an improvement of the power effi-
ciency was achieved. Both the radially and azimuthally
polarized outputs are obtained in a laser. The detailed re-
sults of our study are given as follows.

The experimental setup of our laser is schematically
illustrated in Fig. 1. The laser resonator is a plano-concave
straight running cavity, which consists of a plano-concave
mirror with 50 mm curvature radius (HR), a Nd:YAG
disk, two intra-cavity lenses with respective focal lengths

Fig. 1. Experimental setup of the rotary laser with the axis-
symmetrical walk-off effect.
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of 50 mm (L1) and 40 mm (L2Þ, a c-cut YVO4, and the
flat–flat output coupler (OC) coating with 90% reflectiv-
ity at 1064 nm. The gain medium had a dimension of
Φ50 × 1.5mm and 1.0 at.% doping concentration of neo-
dymium ions whose two surfaces were anti-reflection (AR)
coated at 808 nm and 1064 nm. The HR is a dichroic mir-
ror whose plane surface was AR coated at 808 nm, and the
concave surface was AR coated at 808 nm and high-reflec-
tion coated at 1064 nm. The pump source is a fiber coupled
808 nm laser diode, and its pigtail fiber has a 400 μm core
diameter and a numerical aperture of 0.22. The pump ra-
diation was focused by a coupler (1:1) in the sample along
the cavity axis. The converging pump light passed
through HR into a 600 μm spot size and illuminated on
the disk. The disk was rotated by a controllable speed mo-
tor in between two cooling plates. Heat is removed from
the heat disk by conduction across the gas gap between
the disk and the heat sink. The disk was in the middle
of the HR and L1 in the cavity. The distance between
HR and L1 was 100 mm. Plane and convex surfaces of
L1 and L2 were AR coated at 1064 nm, and the distance
between them was 40 mm. The OC was behind L2, and it
could be one dimensionally moved along the cavity axis at
a minimum step of 10 μm. With such a setup, there were
two beam waists formed in this cavity, and one waist was
at the position of the laser crystal, while the other one was
on the surface of the OC.
In this cavity, the 8mm × 8mm× 20mm YVO4 crystal

whose two end surfaces were AR coated at 1064 nm was
between L2 and OC as the polarization element. Owing to
the positive birefringence of the YVO4 crystal, the forward
light coming from the L2 side is separated into the extraor-
dinary and ordinary wave components (e and o rays), and
then they would converge at different points along the
cavity axis. When the OC was at one of the converging
points of either the e ray or o ray, the corresponding
ray component would be formed in the round-trip in
the resonator.
In the beginning of the experiment, the crystal disk was

driven to rotate at a specific rotation rate (Rr) of 3 Hz,
and, as Fig. 1 shows, the OC near YVO4 was placed close
to the position of the estimated converging point of the o
ray. At the absorbed pump power (Pabs) above 2 W, the
OC was moved, and the laser would begin to oscillate in
doughnut-shaped mode when the OC was in the right po-
sition. Thereafter, the laser cavity was adjusted to maxi-
mize the output power corresponding to the OC on an
optimum position.
The output power of the laser showed the dependences

on both Pabs and Rr . Figure 2 plots the function relation
between the output power and Rr when Pabs varied. As
seen in each curve, when the pump power was fixed at
one specific level, the output powers of the laser increased
and then decreased with Rr , and their respective maxima
appeared at an optimal rotation rate of Rr within a range
of 4–6Hz. For example, at Pabs ¼ 10.72W, the laser power
increased slowly with Rr before reaching its maximum of
4.38 W at Rr ¼ 5.6Hz and then decreased with Rr . At

small values of Rr , the increases of laser power with Rr

were mainly attributed to a quick shift of the thermal
loading out of the excitation region, owing to the mechani-
cal rotation, the thermal diffusion in the laser crystal’s vol-
ume, and also the thermal convection between the
crystal’s surface and the cooling air fluid. Nevertheless,
when Rr exceeded the optimum rotation rate, the sweep-
ing time of pump light for a cycle became comparable with
or smaller than the ∼230 μs upper-level lifetime of the
Nd3þ ion in the YAG crystal, thus the stored energy in
Nd3þ ion could not be extracted efficiently[27], and also
the waste heat produced in the crystal could not dissipate
effectively during each cycle of the rotation, which de-
graded the laser output power.

According to Fig. 2, at one specific rotation rate Rr , the
output power increased with the pump power. To be clear,
Fig. 3 illustrates the laser power as a function of absorbed
pump power at the optimum rotation rate Rr ¼ 5.6Hz of
this laser. Herein, the laser had a threshold pump power
around Pabs ¼ 1.68W, and its output power increased lin-
early with pump power and reached 4.38 W at Pabs ¼
10.72W with slope efficiency of ηse ¼ 45.3%.

The profile of the laser beam was monitored by a CCD
camera. It was observed that the laser oscillated in

Fig. 2. Output power of rotary disk laser versus rotation rate at
different pump powers.

Fig. 3. Laser output power versus absorbed pump power at
Rr ¼ 5.6Hz.
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doughnut-shaped mode. Figure 4 depicts the captured in-
tensity distributions of the laser beam when both rotation
rate and pump power varied. As illustrated, when the
rotation rate of the disk increased from 2 Hz to 12 Hz,
the laser beams obtained at four different pump powers
(Pabs ¼ 3.75W, 6.11 W, 8.37 W, and 10.72 W) always ex-
hibited annular intensity patterns with respective central
nulls. This result indicated that the transverse mode pat-
tern of this laser could be maintained well when the pump
power and rotation rate varied.
Further, the polarization state of the obtained laser

mode was checked by using a linear polarizer as the ana-
lyzer. For the laser beam obtained at Pabs ¼ 10.72W and
optimum rotation rate, Figs. 5(a)–5(d) plot their
intensity distributions transmitted through the polarizer
analyzer while the analyzer was rotated at different orien-
tations. As seen, each transmitted intensity profile showed
central-symmetrical two-lobe structures, with their re-
spective direction perpendicular to the corresponding
polarizer axis. This result manifested that the dough-
nut-shaped laser mode obtained from this rotary disk laser
was azimuthally polarized.
In the step described above, the OC was close to the

YVO4 crystal, and azimuthally polarized laser output
was obtained. In subsequent work, the OC was moved
away from the YVO4 crystal and located at the estimated
converging point of the e ray, and the OC was adjusted to
another doughnut-shaped laser mode oscillator and then
was placed in the optimal position, where maximized out-
put power can be obtained.
Further, when the pump power was set at one specific

value above the lasing threshold, the function relation be-
tween the output power and the rotation rate was similar
to that described in Fig. 2. Specifically, at Pabs ¼ 10.72W,
the laser power increased slowly with Rr before reaching
the maximum of 4.64 W at Rr ¼ 5.6Hz and then de-
creased with Rr . Figure 6 plots the laser’s output power

as a function of pump power at Rr ¼ 5.6Hz. As shown,
at Rr ¼ 5.6Hz, the laser has a threshold pump power of
Pabs ¼ 1.68W, and its output power increased linearly
with the pump power at a slope efficiency of ηse ¼ 48.5%
and reached 4.64 W at Pabs ¼ 10.72W.

Worthwhile to point out, the doughnut-shaped inten-
sity distribution of the laser mode was kept at different
pump powers and rotation rates. Figure 7 depicts varia-
tion of the intensity distributions of laser beam with
the pump power at the optimum rotation rate, and it
was clear that the laser beam exhibited the annular inten-
sity distribution with a dark center when the pump powers
varied from 4.84 W to 10.72 W.

Similarly, the polarization state of the obtained laser
beams was also checked. Figure 8 shows the far-field inten-
sity distributions of the beam profile transmitted through
the linear polarization analyzer at Rr ¼ 5.6Hz and
Pabs ¼ 10.72W. As seen, the two-lobe structure in each
image was parallel to the polarizer axis. This means that
the local polarization state of the off-axis lobe was parallel

Fig. 4. Variations of far-field intensity distribution of laser
beams with rotation rates at different pump powers.

Fig. 6. Output power of the rotating disk laser versus the
absorbed pump power at Rr ¼ 5.6Hz.

Fig. 7. Variations of far-field intensity distribution of the laser
beam with pump power at Rr ¼ 5.6Hz: (a) Pabs ¼ 4.84W,
(b) Pabs ¼ 6.11W, (c) Pabs ¼ 7.07W, (d) Pabs ¼ 8.37W,
(e) Pabs ¼ 9.74W, and (f) Pabs ¼ 10.72W, respectively.

Fig. 5. Far-field intensity distributions of the laser beam (when
OC was close to YVO4 and doughnut-shaped mode was output,
Pabs ¼ 10.72W) transmitted through the polarizer analyzer
when the polarizer was rotated, where the white arrows indicate
the corresponding axis of the polarizer.

Fig. 8. Far-field intensity distributions of the laser beam (when
OC was far away from YVO4 and doughnut-shaped mode was
output, Pabs ¼ 10.72W) transmitted through the polarizer ana-
lyzer when the polarizer was rotated, where the white arrows
indicate the corresponding axis of the polarizer.
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to the direction of the corresponding polarizer axis,
namely, identical to the axial direction of itself. Therefore,
the laser beam was a radially polarized beam.
It should be emphasized that the transverse intensity

profiles of the obtained radially and azimuthally polarized
beams did not show substantial change at any of the ro-
tation rates and pump power above the lasing threshold,
and there was no need to insert an aperture into laser cav-
ity to suppress the other mode oscillation at high pump
power. The mode stabilities of the obtained vector beams
in this experiment were very high and were not disturbed
by the mechanical noise commonly generated in rotary
disks and laboratories.
In summary, for the first time, to the best of our knowl-

edge, vector modes with azimuthal and radial polariza-
tions were produced in a rotary disk laser, and this
laser was efficient and stable. In the study, the rotary disk
geometry of the laser gain medium was adopted to allevi-
ate thermal deposition inside the excitation region, and a
birefringent crystal was used to discriminate the oscilla-
tion of different vector modes. The results of this study
revealed that the rotary disk laser is valuable for the gen-
eration of high-power vector modes.

The author S. Chen thanks Prof. Anhan Liu for fruitful
discussions and technical support on the rotating disk
crystal and acknowledges Prof. Xiaojun Tang, Prof. Hong
Zhao, and Prof. Shouhuan Zhou for helpful discussions.
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