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High beam quality vector vortices with tunable polarization states have been produced in a Yb:YAG microchip laser under focused annular beam
pumping. Radial, anti-radial, and hybrid polarization are obtained in vector vortices by adjusting the offset distance (Δz) between the focus spot
and the Yb:YAG crystal. Output powers of over 1 W for vector vortices with three polarization states are achieved within a wide range of Δz (e.g.,
1.25 mm). The efficient, high-power Yb:YAG microchip laser is demonstrated to generate vector vortices with an output power of 1.7 W and an
optical efficiency of 22%. © 2019 The Japan Society of Applied Physics
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V
ector vortex beams have potential applications in
optical trapping, material processing, quantum infor-
mation processing, high-resolution spectroscopy, and

so on, owing to their unique characteristics of a doughnut-
shaped transverse intensity distribution, helical phase, and
having orbital angular momentum (OAM).1) Inhomogeneous
polarization states of the vector vortex beams are an
important property besides amplitude and phase.2) Because
of their unique polarization properties, vector vortex lasers
have been widely used in various applications. Sharper focal
spots have been achieved in a radially polarized laser with a
high numerical aperture lens,3) and a hollow dark spot has
been obtained by focusing an azimuthally polarized vortex
beam. Focusing a double-mode vortex laser consisting of
radial and azimuthal polarization has been used to form an
optical plate or a three-dimensional optical cage.4) Besides
radially and azimuthally polarized vortex beams, other
polarization states have been predicted theoretically and
demonstrated experimentally by superposition of two ortho-
gonal linearly polarized Laguerre–Gauss lasers;5) complex
flower patterns have been formed by tightly focusing such
beams with a high numerical aperture lens.6) Vector vortex
lasers are usually generated by passing a Gaussian beam
through specific phase plates such as a spatial light
modulator,7) q-plate,8) or digital micromirror device.9)

Direct generation of radially or azimuthally polarized vortex
beams has been achieved in a laser resonator by applying
mode-selecting elements inside the cavity, such as birefrin-
gent elements,10,11) conical Brewster prisms,12) or polariza-
tion-selective end mirror devices.13) Interferometers have
been used to generate vector vortex beams by combining
two orthogonal linearly polarized HG01 modes.5,14) Annular
pump beams have been used to end-pump solid-state lasers
for vector vortex beam generation. Various methods such as
mode conversion fibers,15) axicons,16) and hollow focus
lenses17) have been developed to realize annular-shaped
pump beams. Radially and azimuthally polarized vector
vortex lasers have been generated in annular beam-pumped
Nd:YAG or Nd:YVO4 solid-state lasers by adjusting the
incident pump power or misaligning the cavity.17) However,
manipulation of polarization states in solid-state lasers is a
major challenge. The efficiency of vector vortex lasers with
Nd3+-doped laser materials as gain media is low owing to the

low quantum efficiency and severe thermal effects.
Compared to Nd3+-doped laser materials, ytterbium ion
(Yb3+)-doped laser materials, especially Yb:YAG, are ideal
candidates as solid-state laser materials for achieving vector
vortex lasers with high power and high efficiency since they
have remarkable properties such as low quantum defects,
broad absorption and emission spectra, and high doping
concentration.18,19)

In this letter, radially, hybrid, and anti-radially polarized
vector vortices have been obtained by controlling the
absorbed pump power distribution in a Yb:YAG microchip
laser. Output powers of over 1W have been achieved for
three polarized vector vortex lasers. The effect of the offset
distance (Δz) between the focus spot and the Yb:YAG crystal
on the polarization states of vector vortices has been studied
experimentally.
The focused annular pump beam from a fiber-coupled laser

diode can be approximated as a superposition of TEM00

modes with a z-dependent separation of r0, and the normal-
ized pump power distribution is
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where α is the absorption coefficient of the Yb:YAG crystal
at the pump wavelength, l is the length of the Yb:YAG
crystal, wp(z) is the beam radius of the TEM00 mode at
position z along the beam propagation direction, r0 is the
distance between the beam axis and the position of the
TEM00 mode at the maximum intensity, and can be expressed
as r0= ∣z− z0∣tan(θp), θp is the far-field half-angle, and z0 is
the focal spot position.
LG0,1 mode oscillation is preferable in a microchip laser

under annular beam pumping because good mode overlap is
achieved between the laser and pump beams. For an annular
beam end-pumped Yb:YAG microchip laser, the threshold
pump power Pth required for a single LG0,1 mode oscillation,
taking account into the reabsorption loss of the Yb:YAG
crystal,20) can be expressed as21,22)

© 2019 The Japan Society of Applied Physics052012-1

Applied Physics Express 12, 052012 (2019) LETTER
https://doi.org/10.7567/1882-0786/ab1558

https://crossmark.crossref.org/dialog/?doi=10.7567/1882-0786/ab1558&domain=pdf&date_stamp=2019-04-15
https://orcid.org/0000-0001-7072-5435
https://orcid.org/0000-0001-7072-5435
mailto:jdong@xmu.edu.cn
https://doi.org/10.7567/1882-0786/ab1558
https://doi.org/10.7567/1882-0786/ab1558


P
h L T N l

l s r z R r z dV

2

2

1

, , ,

2

p i

a p

th
1
0

01ò ò ò
n s

s th f
=

+ +( )

( ) ( )

( )

where τ and σ are the fluorescence lifetime and emission
cross section of Yb:YAG crystal, Li is the intrinsic cavity
loss, T is the transmission of the cavity mirrors, 2N1

0σl is the
saturable reabsorption loss of a quasi-four-level Yb:YAG
crystal, ΔN0= N2

0 − N1
0 ≈−N1

0 =−f1N0 is the unpumped
population-inversion density, f1 is the fractional factor of the
lower laser level, N0 is the doping concentration of Yb3+

ions, l is the length of the Yb:YAG crystal, ηa is the
absorption efficiency, h is the Planck constant, νp is the
pump frequency, and s01(r, f, z) is the normalized intracavity
LG0,1 mode intensity distribution.
Figure 1 depicts a schematic of a focused annular beam-

pumped Yb:YAG microchip laser for generating polariza-
tion-tunable vector vortices. The pump source was a fiber-
coupled laser diode with ring-shaped intensity distribution
profile. The annular beam from fiber was collimated and
focused with two identical lenses (focal length 8 mm). The
beam diameter at focal spot was measured to be 40 μm and
the beam divergence angle was about 10°. The gain medium
was a Yb:YAG crystal (1.2 mm thick, 10 at% Yb3+ ion
doping concentration). A high reflection coating at 1000–
1100 nm was applied at one surface of the Yb:YAG crystal to
work as the rear cavity mirror (M1). Partial reflection coating
of 85% at 1000–1100 nm on plane-parallel glass acted as the
front cavity mirror (M2). The offset distance, Δz, between
the end surface of the Yb:YAG crystal and the focal spot is a
key parameter for controlling the polarization states of vector
vortices; Δz was varied by moving the laser head along the
pump beam propagation direction. As shown in Figs. 1(a)–
1(c), Δz= 0 indicates the focal spot located just on the end
surface of the Yb:YAG crystal; Δz< 0 indicates that the end
surface is close to the focus lens; Δz> 0 indicates that the
end surface is away from the focus lens.
The output transverse intensity profiles at different Δz and

incident pump power (Pin) were measured with a beam profile

analyzer. Figures 2(a)–2(c) show the measured intensity
profiles of optical vortices generated at Pin= 6.1W. These
profiles at different Δz retain nearly null intensity along the
beam axis, and are all typically doughnut-shaped. As shown in
Fig. 2(d), the experimentally obtained transverse profile along
the x-axis is well fitted by the LG0,1 expression, which is clear
evidence for the LG0,1 mode being generated in the microchip
laser. The phase of the obtained LG0,1 modes was checked by
interference with a plane-wave reference beam. One interfer-
ence fringe splits into two at a fork-like dislocation, as shown in
Fig. 2(e), which clearly shows that the LG0,1 doughnut-shaped
beams are optical vortices with helical wave-fronts and a
topological charge of 1. The helical phases of the optical
vortices suggest that such vortex beams possess OAM. The
vortex laser beam quality was also evaluated by measuring the
position-dependent laser beam waists along the beam propaga-
tion direction. The beam quality factor (M2) of the output
vortex lasers at Pin= 7.8W was measured to be<2.4, which is
close to the theoretically calculated value of 2 for an ideal first-
order LG0,1 mode.
The polarization states of the optical vortices were checked

by passing the vortex beams through a linear polarizer.
Interestingly, three polarization states were observed, depending
on Δz. A radial polarization (RP) state was obtained when Δz
was less than −0.3mm. An anti-radial polarization (ARP) state
was observed when Δz was larger than −0.1mm. A hybrid
polarization (HP) state, combining RP and ARP, was observed
whenΔz was within the range from−0.3 mm to−0.1 mm. The
measured polarization patterns at different rotation angles after
passing through a linear polarizer for three polarized vector
vortices at Δz=−0.5 mm, −0.2 mm, and 0mm are shown in
Fig. 3. For the RP vortex beam shown in Fig. 3(a), a two-lobe
pattern was obtained after transmission through a linear
polarizer. The two-lobe pattern rotated in the same direction
upon rotating the linear polarizer, as shown in Visualization 1.
For the ARP vortex beam shown in Fig. 3(c), a two-lobe pattern
was also obtained after passing through the linear polarizer;
however, the pattern rotated in the opposite direction upon
rotating the linear polarizer, as shown in Visualization 3. For the
HP vortex beam shown in Fig. 3(b), as shown in Visualization

Fig. 1. (Color online) Schematic of a focused annular beam-pumped Yb:
YAG microchip laser for generating LG0,1 vortices with tunable polarization
states. f2 is the focus lens, M1 is the rear cavity mirror, M2 is the front cavity
mirror, and OC is the output coupler. The inset illustrates the three cases of
relative offset between the end surface of the Yb:YAG crystal and the focal
spot (Δz).

Fig. 2. (Color online) Intensity profiles of experimentally obtained LG0,1

vortices at (a) Δz = −0.5 mm, (b) Δz = −0.2 mm, (c) Δz = 0 mm.
(d) Transverse intensity profile of the LG0,1 vortex along the x-axis; the solid
line is the theoretical fit with the LG0,1 expression. (e) Interference pattern of
the LG0,1 vortex beam with a plane-wave reference beam; the dashed lines
show the fringes at the fork dislocation.
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2, the two-lobe pattern was observed parallel to the linear
polarizer when the latter was along the vertical direction. The
two-lobe pattern changed to a doughnut profile when the linear
polarizer was rotated 45°. When it was rotated along the
horizontal direction, the doughnut profile changed to a two-
lobe pattern along the horizontal direction. When the linear
polarizer was further rotated 45°, the two-lobe pattern along the
horizontal direction changed to a doughnut profile. The transi-
tion among the polarization states of the vortex beams is
reversible and can be easily tuned by adjusting Δz. The RP
vortex beams are attributed to the preferential oscillation of the
local linearly polarized beam along the radial direction com-
pared to its counterpart component of the azimuthally polarized
beam in the annular pumped Yb:YAG microchip laser.17) The
ARP vortex beams generated at Δz>−0.1 mm are due to the
change of the Gouy phase of π induced by the tightly focused
pump beam.23) The combined effect of the Gouy phase before
and after the focal spot determines the HP state of the vortex
beams generated at −0.3<Δz<−0.1 mm.
Figure 4 shows the measured output powers of the

polarization-tunable vector vortex lasers at different Δz when
Pin is set at 6.5W. The maximum output power of 1.25W
is obtained at Δz=−0.2 mm. When Δz changes from
−0.2mm, the output power decreases, and the laser does
not oscillate at Δz=−1.7 mm and 1.8mm. The output power
drops faster with ∣Δz∣ for Δz<−0.8 mm than for
Δz> 0.4 mm. The variation of Δz for the ARP oscillation is
wider than that for the RP oscillation. The output power for
the HP vortex laser is almost unchanged for Δz from −0.3 to
−0.1mm. An output power of over 1W for vector vortex
lasers with three polarization states is obtained over a wide
tunable range of 1.25 mm for Δz (e.g. from −0.85 mm to
−0.3mm for the RP vortex laser; from −0.3 to −0.1 mm for
the HP vortex laser; from −0.1 mm to 0.4 mm for the ARP
vortex laser). Therefore, high-power, polarization-tunable
vector vortex lasers with OAM have been demonstrated by
simply adjusting Δz. The threshold pump power (Pth) of
vector vortex lasers at different Δz was measured by moving
the Yb:YAG crystal along the pump beam propagation
direction. The dependence of Pth on Δz is also plotted in
Fig. 4. The lowest Pth was about 1.72W for Δz from

−0.4mm to 0. Pth increases faster with ∣Δz∣ for
Δz<−0.6 mm than for Δz> 0.4 mm. The asymmetrical
variation of the output power and Pth with Δz is caused by
mode matching between the pump and laser beams, which is
induced by the asymmetrical absorbed pump power distribu-
tion along the crystal length. The increase of Pth with ∣Δz∣ at
∣Δz∣> 0.5mm is due to a decrease of the pump power
intensity, which is induced by enlarging the annular pump
beam area when the Yb:YAG crystal is moved far away from
focal spot. Therefore, more pump power is required to
overcome the lasing threshold. When the parameters of the
focused annular beam end-pumped Yb:YAG microchip
laser are wp0= 20 μm, θp= 10°, Li= 0.01, T= 0.15,
α= 10 cm−1, N0= 1.38× 1021 ions cm−3, f1= 0.046, l =
1.2 mm, νp= 3.2 × 10¹4 Hz, ηa= 1-exp(-αl), and wl =
100 μm, the threshold pump powers for LG0,1 modes at
different Δz are calculated with Eq. (2). The variation of
theoretically calculated threshold pump power with Δz is also
shown in Fig. 4, and is in fair agreement with the experimental
results. The theoretically calculated Pth at different Δz are
lower than the experimental values, which is attributed to
inaccurate estimation of the intracavity losses in the theoretical

Fig. 3. (Color online) Polarization patterns of LG0,1 vector vortices for (a) RP atΔz = −0.5 mm, (b) HP atΔz = −0.2 mm, and (c) ARP atΔz = 0 mm. The
arrows show the directions of the linear polarizer. “N” indicates the original vector vortices. An illustration of the polarization states RP, HP, and ARP is also
given in the figure (see Visualization 1 for AR, Visualization 2 for HP, and Visualization 3 for ARP). See the supplementary data, available online at stacks.iop.
org/APEX/12/052012/mmedia.

Fig. 4. (Color online) Output power of vector vortex lasers as a function of
Δz when Pin is 6.5 W. The threshold pump powers for vector vortex lasers at
differentΔz are also given. The solid line is the theoretically calculated threshold
pump power at different Δz. The dashed line indicates the 1 W output power.
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calculations. Also, the pump power-dependent thermal effect
of the gain medium is not considered in the theoretical
calculation. This effect changes the optical properties of the
Yb:YAG crystal, such as broadening the optical spectra and
decreasing the absorption coefficient and emission cross
section,18) which have a great effect on the laser threshold.
Figure 5 shows the output power of the three polarized

vortex lasers (RP, HP, and ARP) as a function of Pin at
Δz=−0.5 mm, −0.2 mm, and 0 mm, respectively. The Pth

values for the three lasers are comparable. The output power
increases slowly with Pin below 4W, and then increases
rapidly and linearly with Pin above 4W. The HP vortex laser
exhibits better performance compared to the RP and ARP
lasers owing to excellent mode matching between the pump
and laser beams when Δz is between −0.3 and −0.1 mm.
The slope efficiency of the HP vortex laser is 33%. An output
power of 1.7W is obtained at Pin= 7.8W, and the corre-
sponding optical efficiency is about 22%, so efficient
performance has been demonstrated in a polarization-tunable
vector vortex Yb:YAG microchip laser.
In conclusion, high beam quality vector vortex lasers with

tunable polarization states have been demonstrated in an
annular beam-pumped Yb:YAG microchip laser. The transi-
tion among the polarization states (RP, HP and ARP) of the
vector vortex beams has been manipulated by controlling
the Δz-dependent absorbed pump power distribution inside
the Yb:YAG crystal. Output powers of over 1W have been
obtained for vector vortex lasers with different polarization
states. Highly efficient laser performance with an optical
efficiency of over 22% and output power of 1.7W has been
achieved for the HP vortex laser. Monolithic vector vortex
lasers with flexible polarization have potential applications in
materials processing, optical trapping, quantum information
processing, among others.
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