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Abstract: In this work, we demonstrate a Watt-level, high-quality Laguerre–Gaussian (LG) LG0±1

vortex mode directly output from an end-pumped Nd:YVO4 laser by using an axicon-based annular
pump beam. A theoretical model for the annular beam end-pumped solid-state laser with an LG
vortex mode output was established. Chirality control of the vortex laser was achieved by carefully
tilting the output coupler. Watt-level 1064 nm lasers with pure LG0,1/LG0,−1 vortex mode, and the
incoherent superposition mode of LG0,1 odd and even petal modes, were achieved successively in
our experiments. The intensity profile of the generated pure LG0,1 vortex laser was measured, and it
can be well fitted by using the standard expression of the LG0,1 vortex mode. The beam quality of the
pure LG0,1 mode is Mx

2 = 2.01 and My
2 = 2.00 along the x-axis and y-axis, respectively. Our study

demonstrates that that axicon-based annular pumping has great potential in developing high-power
vortex solid-state lasers with simple and compact structures.

Keywords: Nd:YVO4 laser; axicon-based annular beam; vortex laser; chirality control

1. Introduction

A vortex beam is a special annular optical field characterized by a helical phase wave-
front, carrying orbital angular momentum (OAM) and having null intensity at the beam cen-
ter [1]. It has widespread applications in various fields such as particle trapping [2], optical
communications [3], super-resolution imaging [4], quantum optics [5], rotational Doppler
effect [6], optical machining [7], multiple-star detections in astronomy [8], biomedicine
and chemistry [9], etc. To meet the requirements of various application fields, there are
increasing demands for vortex beams with a higher beam quality and mode purity.

As a typical vortex beam, the Laguerre–Gaussian (LG) laser mode LGp,l with zero
radial order (p = 0) but nonzero azimuthal order (l ̸= 0) has attracted widespread interest
in recent decades. Various methods, including passive and active schemes, have been
demonstrated to generate the LG vortex beam. Passive methods entail converting the
fundamental Gaussian or Hermite–Gaussian modes into LG modes by using a variety
of designed optical components outside the laser resonator, such as ‘fork’ grating [10,11],
inhomogeneous anisotropic media [12,13], a cylindrical lens pair [14,15], a spatial light mod-
ulator (SLM) [16–18], a digital micromirror device [19], a spiral phase plate (SPP) [20,21],
q-plates [22], photon sieves [23], metasurfaces [24], etc. However, LG vortex beams gener-
ated by passive methods possess such drawbacks as poor beam quality, low conversion
efficiency, transmission instability, wavelength sensitivity of the optical element, a low
damage threshold, high production costs, and so on. Active methods involve directly
generating the LG modes inside the laser cavity by controlling the intracavity modal gain
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and loss, since LG beams are eigensolutions of the Helmholtz equation in cylindrical coor-
dinates. Several active methods have been reported, including the use of annular pump
light [25–52], off-axis pumping [53–57], thermal lensing [58–67], thermally induced bire-
fringence [68,69], a dual cavity [70–72], anti-resonant rings [73,74], an unstable cavity [75],
and inserting mode-selecting devices (intracavity amplitude elements: cavity mirrors with
spot defects [76–79], circular absorber [80], amplitude mask element [81]; intracavity phase
elements: spiral phase elements [82,83], phase plate [84], SLM [85]; intracavity spin–orbital
coupling elements: q-plate [86,87], vortex wave plate [88], metasurface [89]). Among these
methods, annular pumping has been proven to be an effective way to generate LG0,l vortex
beams, with advantages of high efficiency, high mode purity, high beam quality, and good
stability, since the annular pump beam has the optimal spatial overlap with the LG0,l mode.
Shaping the pump light into the annular profile is usually accomplished by a circular
diaphragm [25], a misaligned multi-mode fiber [26–30], a capillary fiber [31–38], a central
hollow plane mirror [39,40], a hollow focus lens [41–44], circle Dammann grating [45,46],
conical refraction [47], and an axicon [48–52]. An axicon combined with a focused lens
can transform the Bessel beam into an annular beam efficiently [90]; thus, the axicon is an
important commercially available optical element that can be utilized to reshape the pump
beam into a ring-shaped profile with high efficiency (>90%) and wavelength insensitivity,
and it only needs to be inserted into the pump unit in the LD end-pumped solid-state laser
without affecting the structure of the laser resonator. However, the annular beam end-
pumped solid-state laser may yield an output beam with a petal-pattern structure [26,27,52]
that is a coherent superposition of two LG vortex modes of opposite handedness. Further-
more, the doughnut-shaped beam directly output from the laser may not be of real LG0l
vortex mode but an incoherent superposition of two petal beams [91], although they have
an identical transverse intensity distribution. Hence, robust direct generation of LG vortex
beams with well-determined handedness (pure LG vortex mode) is desirable.

The selection of wavefront handedness has been achieved simply by inserting and
tilting an etalon in the resonator [33,36], which breaks the propagation symmetry of the
Poynting vectors with opposite helicity. However, this requires precise cavity alignment,
and it involves a significant waste of output power due to insertion losses. It was demon-
strated that slight tilting of the cavity can break the spiral propagation symmetry of two
LG mode beams with opposite helical wavefronts, resulting in the selection of wavefront
handedness [28,42,84]. Thus, tilting the cavity is an effective method to select the wavefront
handedness of the output laser beam. The thermal effects of the laser crystal not only
hinder the power scaling of the vortex laser, but also lead to the deterioration of beam
quality [58–67]. So, it is quite difficult to achieve high-power and high-beam-quality vortex
laser output simultaneously.

In this paper, we report the direct generation of a high-power and high-beam-quality
pure LG0,±1 vortex beam in an axicon-based annular beam end-pumped Nd:YVO4 solid-
state laser. Three kinds of laser modes (pure LG0,1/LG0,−1 vortex mode, and the incoherent
superposition mode between LG0,1 odd and even petal modes) with the same beam pattern
(intensity distribution) can be switched by titling the output coupler. These three modes can
be distinguished by the interferograms between the annular beam and its conjugate one.
Section 2 presents the theoretical model for the output characteristics of the axicon-based
annular beam end-pumped solid-state laser. Section 3 is devoted to the description of the
experimental setup. The experimental results and simulations, including the beam patterns
and topological charges (TCs) of the output laser, input–output relationship, and beam
quality and polarization characteristics, are discussed in Section 4. Finally, the conclusion
is presented in Section 5. This work provides an effective method for generating a stable
pure LG vortex beam with high-mode-purity output from a compact, simple, and efficient
solid-state laser.
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2. Theoretical Model

For an axicon-based annular beam end-pumped solid-state laser, the threshold pump
power (Pth) for a single LG0,l mode can be expressed as follows [92]:

Pth(LG0,l) =
hvpδ

2σLτf ηtηaηp

1t
S0,l(r, z)Rp(r, z)dV

(1)

where h is Planck’s constant, δ = T + δi represents the roundtrip loss of the laser resonator, T
is the transmission loss of the output coupler, and δi is the other losses, including diffraction
loss, scattering loss, and absorption loss. σ is the emission cross-section of the gain medium,
L is the optical length of the cavity, τf is the fluorescence lifetime of the gain medium,
ηa = 1 − [exp(−αclc) + exp(−αalc)]/2 is the absorption ratio of pump power with the
absorption coefficient αi (i = c for pump light polarized along the c axis, i = a for pump light
polarized along the a axis) for the polarized-dependent absorption gain medium (such as
a-cut Nd:YVO4) [93], lc is the length of the gain medium, ηt is the optical transfer efficiency
(the ratio between the incident pump power on the gain medium and that emitted by the
pump source), ηp = vl/vp is the pump quantum efficiency, and vp and vl are pump and laser
frequencies, respectively. S0,l(r, z) is the normalized cavity mode intensity distribution.
Rp(r, z) is the normalized pumping distribution in the laser crystal.

The normalized cavity mode intensity distribution S0,l(r, z) for the l-th order LG mode
can be expressed as follows:

S0,l(r, z) =
2

πlcw(z)2|l|!

[
2r2

w(z)2

]|l|
exp

[
− 2r2

w(z)2

]
(2)

Here, w(z) is the beam radius of the fundamental mode of the LG0,l mode.
The annular pump beam is obtained by Fourier transforming the Bessel Gaussian

beam, which is generated by modulating the pump beam with an axicon [90]. Thus, the
combination of an axicon and a lens is employed to reshape the pump beam. The normalized
pumping distribution Rp(r, z) can be expressed by

Rp(r, z) =
1√

2ππρ∆
αi exp(−αiz)

1 − exp(−αilc)
exp

[
−2(r − ρ)2

∆2

]
. (3)

Here, ρ represents the radius of the annular beam incident on the center of the laser
crystal, while ∆ is the half-width of the annular beam. Since the gain medium is short,
the variation in the annular pump beam distribution over the propagation distance is
ignored here.

Substituting Equations (2) and (3) into Equation (1), the threshold pump power (Pth)
can be further expressed as

Pth(LG0,l) =
hvpδ

2σLτf ηtηaηp

1
f (ρ, ∆, l)

, (4)

where f 1 (ρ, ∆, l) is the mode overlap ratio between the annular pump beam and the LG
laser mode; its specific form is

f1(ρ, ∆, l) =
t

S0,l(x, y, z)RP(x, y, z)dV

=
4√

2ππρ∆lcw2
0l!

∫ +∞
0 exp

[
−2

(
(r − ρ)2

∆2 +
r2

w2
0

)]
·
(

2r2

w2
0

)l

rdr
. (5)

The laser mode with the lowest threshold pump power will oscillate in the laser
resonator.



Photonics 2024, 11, 843 4 of 12

This is defined as

f2(ρ, ∆, l) =
t

S2
0,l(x, y, z)RP(x, y, z)dV

=
8√

2ππ2ρ∆l2
c w4

0(l!)
2

∫ +∞
0 exp

[
−2

(
(r − ρ)2

∆2 +
2r2

w2
0

)]
·
(

2r2

w2
0

)2|l|

rdr
. (6)

The output power is expressed as follows:

Pout = ηtηaηp
T
δ

f 2
1

f2
(Pin − Pth) (7)

3. Experimental Setup

The experimental setup for the axicon-based annular beam end-pumped LG vortex
laser and the Mach–Zehnder interferometer (MZI)-based TC measurement is shown in
Figure 1. A fiber-coupled laser diode (LD, BWT Ltd., Beijing, China) at 808 nm is selected as
the pump source, with a maximum output of 30 W from a 400 µm diameter fiber. The pump
beam is collimated by a lens L1 (DHC, GCX-L010-SMA-f40, Daheng Optics, Beijing, China)
with a focal length of f = 40 mm. The combination of the axicon (base angle γ = 1◦) and lens
L2 (focal length: 50 mm) converts the circular pump beam to the annular pump beam [90],
which is focused on the center of the laser gain crystal in the subsequent experiment. The
gain crystal is an a-cut 0.5 at.% Nd:YVO4 crystal with a length of 5 mm and a cross-section
of 5 mm × 5 mm. The front surface of the Nd:YVO4 crystal, serving as an input coupler
(IC), is an anti-reflection coating at a pump wavelength of 808 nm and a high-reflectivity
(HR, R > 99.8%) coating at 1064 nm. The rear surface has high transmission (HT, T > 99%)
at 1064 nm. The crystal wrapped in indium foil is mounted in a water-cooled copper block
with a maintained water temperature of 17 ◦C. The laser resonator, composed of the IC
(front surface of the Nd:YVO4 crystal) and the output coupler (OC, a plane mirror with
1.5% transmission at 1064 nm and HT at 808 nm), is employed as the laser resonator. The
OC is tilted to control the chirality of the output LG vortex beam. The movable diaphragm
is inserted in the plane–plane resonator in order to prevent the oscillation of the Hermite–
Gaussian modes while tilting the OC. The generated LG vortex beam and the transmitted
808 nm pump beam are then separated by dichroic mirrors DM1,2.
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Figure 1. A schematic illustration of the axicon-based annular beam end-pumped Nd:YVO4 LG vor-
tex laser and the measurement of the TC. L: lens; D: diaphragm; OC: output coupler; DM1,2: dichroic 
mirrors (high reflection, R > 99.5% @ 1064 nm; high transmission, T > 95%@ 808 nm); M: high-reflec-
tion mirrors; HWP: half-wave plate; PBS: polarizing beam splitter; BS: beam splitter. The blue box 
represents the resonator for the vortex laser, and the green box represents the MZI used to measure 
the TC carried by the vortex laser. 

The output LG vortex beam is divided into two parts by the power control system, 
constructed by the half-wave plate (HWP) and the polarizing beam splitter (PBS). The 
main part is measured by the power meter (Thorlabs, PM 100D, Newton, NJ, USA), and a 

Figure 1. A schematic illustration of the axicon-based annular beam end-pumped Nd:YVO4 LG
vortex laser and the measurement of the TC. L: lens; D: diaphragm; OC: output coupler; DM1,2:
dichroic mirrors (high reflection, R > 99.5% @ 1064 nm; high transmission, T > 95%@ 808 nm); M:
high-reflection mirrors; HWP: half-wave plate; PBS: polarizing beam splitter; BS: beam splitter. The
blue box represents the resonator for the vortex laser, and the green box represents the MZI used to
measure the TC carried by the vortex laser.

The output LG vortex beam is divided into two parts by the power control system,
constructed by the half-wave plate (HWP) and the polarizing beam splitter (PBS). The
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main part is measured by the power meter (Thorlabs, PM 100D, Newton, NJ, USA), and
a small part is injected into the MZI to confirm the handedness of the LG vortex beam.
The MZI, composed of M1, M2, BS1, and BS2 (non-polarizing), is used to realize the off-
axis interference between the vortex beam and its conjugate one. Here, the dove prism
inserted in the MZI is used to convert the vortex beam of TC l to its conjugate one of TC −l.
The interference patterns are recorded by using a CMOS camera (Duderstadt, Germany,
CINOGY, CinCam, CMOS-1202). The fork-shaped pattern with 2|l| fork number (the
module of fringe difference between both ends of the fork) is formed [21,94]. The chirality
is determined by the fork direction, upward for positive TC and downward for negative
TC in our experiment.

Figure 2 illuminates the measured annular pump beam at the focal plane of lens L2. As
shown in Figure 2a, the annular pump beam exhibits excellent symmetry. The width (2∆)
and diameter (2ρ) of the annular pump beam are estimated by simulating the experimental
intensity distribution with a standard intensity distribution expression of the annular beam
Ip(r) = I0 exp[−2(r −ρ)2/∆2], as shown in Figure 2b,c. The diameter (2ρ) and width (2∆) of
the annular pump beam are estimated to be 0.76 mm and 0.42 mm, respectively.
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y-axis (c), respectively.

4. Experimental Results and Discussion

In the experiment, the annular pump beam distribution in the Nd:YVO4 crystal can be
slightly adjusted by changing the distance between the lens L2 and the laser crystal so that
the annular laser beam can oscillate in the resonator. Three different kinds of laser modes
oscillate in the resonator by titling the OC.

Figure 3 shows the beam patterns and corresponding interferograms of the output laser
modes. As shown in Figure 3(a1–a3), the beam patterns for the three kinds of laser modes
are similar, and we cannot distinguish these modes by beam patterns. The differences
among these modes are phase singularities, which are determined by the interferograms
between the annular beam and its conjugate one, as shown in Figure 3(b1–b3). As shown
in Figure 3(b1), the fork at the beam center is formed by two fringes at the top and four
fringes at the bottom for the fringes between the black dashed lines. The fork direction is
downward, and the fork number is two. These results indicate that the laser mode is LG0,−1
vortex mode. As shown in Figure 3(b3), the fork at the beam center is formed by five fringes
at the top and three fringes at the bottom for the fringes between the black dashed lines. The
fork direction is upward, and the fork number is two. These results suggest that the laser
mode is LG0,+1 vortex mode. We also notice that there exists a little difference for the fringe
numbers in the black dashed lines of Figure 3(b1,b3). This is due to the phase difference
δ between the two interference beams. During the experiment, the phase difference δ is
affected by the optical path difference between two arms of the MZI, which is exposed to
the air environment. By tilting the OC in the opposite direction, both LG0,1 and LG0,−1
vortex modes can oscillate in the laser resonator, as shown in Figure 3(a1,b1,a3,b3). The
annular laser beam pattern shown in Figure 3(a2) is output from the laser when the laser
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resonator is well closed. However, there exists no phase singularity in the annular beam,
as shown in Figure 3(b2). The beam pattern shown in Figure 3(a2) may be formed by the
following two situations: (i) the incoherent superposition mode (u1

i) of two pure LG vortex
modes with opposite chirality (LG0,1 and LG0,−1); (ii) the incoherent superposition mode
(u2

i) of LG0,1 odd and even petal modes. However, the interferograms between the annular
beams and their conjugate ones are different for these two incoherent superposition modes,
as shown in Figure 4. These two modes (u1

i and u2
i) are different in the interferograms,

as shown in Figure 4(b3,b6). These results demonstrate that the laser mode shown in
Figure 3(b1–b3) of this manuscript is the incoherent superposition mode (u2

i) of LG0,1 odd
and even petal modes. This is consistent with the previous report [91] that the output laser
mode is known as the incoherent superposition mode of two petal beams.
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Figure 4. The beam patterns (a1–a3) and corresponding interferograms between the beam and
its conjugate one (b1–b3) for different laser modes. (a1,b1) LG0,1 vortex mode; (a2,b2) LG0,−1

vortex mode; (a3,b3) the incoherent superposition mode (u1
i) of two pure LG0,±1 vortex modes;

(a4,b4) LG0,1
odd mode; (a5,b5) LG0,1

even mode; (a6,b6) the incoherent superposition mode (u2
i) of

LG0,1 odd and even modes.

The laser output power for three kinds of oscillation modes’ operation as a function of
incident pump power is plotted in Figure 5. Here, the circles are the experimental results,
and the lines represent the simulation results. The threshold power was about 2.6 W, and
the laser power increased nearly linearly with the incident pump power for the three
kinds of modes. The laser yielded a maximum output power of 1.58 W for the incoherent
superposition mode of LG0,1 and LG0,−1 vortex modes (green circles) at an incident power
of 12.9 W, and the corresponding slope efficiency was 14.4%. When the output laser was
fixed in LG0,−1 mode (blue circles), the output power was measured to be 1.09 W at an
incident power of 11.2 W, with a corresponding slope efficiency of ∼11.7%. When the
output laser was fixed in LG0,+1 mode (red circles), the output power was measured to be
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0.94 W at an incident power of 10.3 W, with a corresponding slope efficiency of ∼10.5%.
These modes were stable during the variation in pump power shown here. The simulation
results using the parameters shown in Table 1 agree well with the experimental ones. Here,
the other losses are chosen to be δ1 = 5.50% for the incoherent superposition modes, and
δ2 = 6.90% for the pure LG vortex mode, since the closure condition of the resonator is
poor when the OC is tilted to output these pure vortex modes. The output power for the
pure vortex modes of LG0,1 and LG0,−1 is lower than the output power for the incoherent
superposition mode at any pump power.
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Table 1. Simulation parameters in Figure 5.

lc (m) σ (m2) τf (s) α1 (cm−1) α2 (cm−1) ηt

5 × 10−3 15.6 × 10−23 90 × 10−6 8.8 2.4 100%

ηp w0 (mm) T L (mm) δ1 (solid line) δ2 (dashed line)

75.94% 0.83 1.50% 20.00 5.50% 6.90%

The beam quality of the generated LG0,1 vortex beam is studied. A plano-convex lens
with a focal length of f = 200 mm focuses the pure LG0,1 vortex laser at a pump power of
5 W; the beam patterns and intensity distributions along the x- and y-axes of the vortex
laser are recorded for different propagation distances z behind the lens.

Figure 6 presents the beam patterns of the LG0,1 vortex beam at different propagation
distances z behind the focusing lens. The annular ring-shaped beam intensity profile was
maintained throughout the focal plane, indicating that the generated laser mode in the
experiment possesses propagation invariance, with variation only in the scale of the spatial
intensity distribution, since the Fourier transform of LG0,1 mode coincides with itself. That
is to say, the generated mode is an eigenmode of the laser resonator. The beam radius
w of the LG0,1 vortex beam at different propagation distances z is obtained by fitting the
intensity distribution using the standard one of the LG0,1 vortex beam. For example, as
shown in Figure 7(a1,a2), the beam radii of the LG0,1 vortex beam at the propagation
distance z = 30 mm are wx = 621 µm along the x-axis and wy = 632 µm along the y-axis.
Beam radii as a function of propagation distance z are plotted in Figure 7(b1,b2). By fitting
the experimental data of beam radii with the equation w(z) = w [1 + M2(z − z0)2(λ/π
w2)2]1/2, the beam quality factor M2 can be obtained. Here, z0 is the position of the beam
waist, and λ is the wavelength. As shown in Figure 7(b1,b2), the beam quality factors are
Mx

2 = 2.01 along the x-axis and My
2 = 2.00 along the y-axis, respectively. The experimental

results of beam quality factors are very close to the ideal case of M2 for the LG0l vortex
beam (|l| + 1 = 2).
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quence, the power transmitted to the polarizer is recorded by the power meter. Figure 8 
plots the measured power (polarization state) versus the rotated angle of the polarizer. 
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with the period of 180°. The minor axis is close to zero. It denotes an extinction of light 
when the polarizer is set at some special angles. Therefore, the generated LG0,1 vortex laser 
is determined to be linearly polarized. This is consistent with our expectation that the an-
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The polarization state of the output vortex beam was also measured. By passing
the LG0,1 vortex laser through the neutral optical attenuator and the rotated polarizer in
sequence, the power transmitted to the polarizer is recorded by the power meter. Figure 8
plots the measured power (polarization state) versus the rotated angle of the polarizer. Ac-
cording to Figure 8b, the transmitted power varies sinusoidally with the rotation angle with
the period of 180◦. The minor axis is close to zero. It denotes an extinction of light when the
polarizer is set at some special angles. Therefore, the generated LG0,1 vortex laser is deter-
mined to be linearly polarized. This is consistent with our expectation that the anisotropic
gain medium (a-cut Nd:YVO4) tends to support linearly polarized laser oscillation.
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5. Conclusions

In conclusion, we have studied the generation of the LG mode optical vortex beam in
a Nd:YVO4 laser end-pumped by an annular-shaped pump beam, which was generated by
modulating the circular pump beam with the combination of an axicon and a lens. A simple
theoretical model for the annular beam end-pumped solid-state laser was established. We
have demonstrated that the tilted output coupler in the laser resonator can break the spiral
propagation symmetry of two LG vortex mode beams with opposite helical wavefronts,
resulting in the selection of wavefront handedness. Three kinds of laser modes (the pure
LG0,±1 vortex beam, the incoherent superposition mode of LG0,1 odd and even petal beams)
with the same beam pattern (intensity distribution) can be output from the laser. A Watt-
level, linear-polarized, pure LG0,±1 vortex mode with high beam quality was generated
in our experiment. The theoretical simulations for the output of the annular beam end-
pumped solid-state laser using our theoretical model agreed well with the experimental
results. These results indicate that it is a promising method to obtain a high-power pure
LG0,±1 vortex laser output from an axicon-based annular beam end-pumped solid-state
laser by tilting the output coupler. However, the maximum output power was limited by
the absorbed pump power. The use of a long gain medium in conjunction with a higher
power pump beam should allow for scaling to much higher power for pure LG0,±1 vortex
laser beams.
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