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Abstract

A method for generating high-power, millijoule level single pulse energy optical vortex laser using a mode-selection slab
resonator is proposed and experimentally demonstrated. The optical resonator forms a stable cavity with just two mirrors
and a Nd: YAG laser slab, which is both streamlined and reliable. The mode-selection involves the tilt control of cavity
mirrors and the radius control of the circular aperture in favor of the donut-shaped LG,,; mode over others due to their
different sensitivity to the resonator misalignment. By tuning the angle of the insert fused silica plate, nanosecond lasers in
LGy, and LG, _; modes are directly obtained with average power of 22.77 W and 21.85 W, and their pulse energies are
4.55 mJ and 4.37 mJ, respectively. The approach in this paper provides a concise solution for creating high-power vortex
laser with slab resonator. Its potential for further power scaling holds promises for diverse applications, extending beyond
industry manufacturing to fields like remote sensing, medical treatment, precision measurement, and scientific research.

1 Introduction

Optical vortex laser, with donut-like intensity distribution
and whirlpool-like phase distribution, have been widely
used in optical communication [1-3], optical tweezers [4—
6], material processing [7, 8] and many other fields. Since
Coullet et al. first proposed the concept of optical vortex
based on Maxwell-Bloch Eq. [9], optical vortex laser with
orbital angular momentum (OAM) of +/i per photon has
been studied by several research teams.

Actypical optical vortex laser is Laguerre-Gaussian (LG )
mode, where p=0. The generation of LG,, beams can be
realized by using specific optical components such as spi-
ral phase plate [10], spatial light modulator [11], and com-
puter-generated holographic converter [12]. Considering
the price of components and the complexity of the system,
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relatively simple methods have been adopted, such as using
annular pump [13, 14] and using astigmatic mode converter
(AMC) to convert the diagonally arranged Hermite-Gauss-
ian (HG,,,) mode generated by off-axis diode pumped solid
state laser to LG, mode [15-17].

Due to the increasing application scenarios, the genera-
tion of vortex laser beams with both tens of watts average
power and millijoule level single pulse energy is becom-
ing a hot topic. However, only few works for vortex laser
beams have been reported with average powers more than
ten-watt level, also most single pulse energy were less than
1 mJ. For instance, a 16.6 W average power LG, mode at
150 kHz was generated in a stigmatic Nd: YVO, bounce
oscillator. But the single pulse energy was only 0.1 mJ.
While the beam quality factors in the x and y axis were M, >
= 1.7 and My2 = 1.9, respectively. The M* were less than
the theoretical value of 2 for a pure LG,,; mode, suggesting
the presence of some power in the fundamental mode [18].
In another work, a 31.3 W average power vortex laser beam
with a beam quality factor M? of 2.25 had been achieved by
using an imbalanced Sagnac interferometer as output cou-
pler (OC), while the single pulse energy was only 303 pJ
[19]. Recently, a 1.51 mJ pulsed LG, _; mode at 2 pm from
a annular pump Tm: LuYAG laser was reported. Unfortu-
nately, their average power was less than 1 W [14]. These
solutions still require relatively complex precision devices
and delicate optical path design, and laser rod is often used
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as the gain medium so that the output power is slightly
limited. According to our previous work, slabs have been
widely used in high-power laser systems because of their
large gain volume, great pump uniformity, and favorable
thermal management [20], which also make it an expected
method for direct generation of optical vortex laser.

In this paper, a new method for direct generation of high
average power and millijoule level single pulse energy opti-
cal vortex laser via intracavity mode selection in a slab
resonator is reported. By controlling the tilt angle of the
two cavity mirrors and the radius of the circular aperture,
the fundamental mode is suppressed, so that only the LGy,
mode oscillates in the slab resonator. Compared with other
widely used methods, the method proposed in this article is
more concise since the LG,; mode can be realized by simply
inserting a circular aperture and a phase plate in the laser
cavity. Here, a laser diode array (LDA) surface-pumped Nd:
YAG slab is employed as gain medium because of its favor-
able thermal management and high pump level. On the other
hand, the LDA pump source operating in the quasi-continue-
wave (QCW) format can strongly reduce the thermal load in
the gain medium while maintaining a high gain [21]. As a
result, a vortex LG ,; mode laser with 22.77 W average
power is directly obtained, operating at 50 kHz Q-switching
repetition rate and 500 Hz pump pulse repetition rate (PRR)
with 250 pus pump pulse duration. The output is a train
contains 10 pulses in each envelope and accordingly 5000
pulses are generated per second with 122 ns pulse width,
corresponding to a record 4.55 mJ single pulse energy and
a 37.33 kW peak power. In addition, 21.85 W LG, _; mode
laser is also be generated, corresponding to a single pulse
energy of 4.37 mJ. By Further increasing the size of the slab
and pump module, power scaling of the optical vortex laser
can be expected.

Nd:YAG slab
module

=

L,

Fig. 1 Experimental setup of the mode-selection slab resonator for
generating optical vortex laser. M: rear cavity mirror, FSP: fused silica
plate, Al: circular aperture, AO: acousto-optic Q-switch, OC: output
coupler
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2 Experimental setup

The experimental setup of the Nd: YAG mode-selection
slab resonator for generating high-power vortex LG, mode
beam is shown in Fig. 1, including a slab laser module, a
circular aperture Al, a rear cavity mirror M, a OC, a fused
silica plate (FSP), and an acousto-optic (AO) Q-switch. The
home-made laser module contains a 0.6 at% doped Nd: YAG
slab crystal with dimensions of 139 mm X 20 mm X 4 mm
(length x width X thickness) is used in this experiment. The
cut angle of the two end faces of the slab is 56° and both
are coated with anti-reflective (AR) film at 1064 nm. The
top surface of the slab is coated with an AR film at 808 nm,
and the bottom surface of the slab is highly reflective (HR)
at 808 nm for a double-pass pumping. The top surface of
the slab is edge sealed with an O-ring, while the bottom sur-
face is soldered on the oxygen free copper heat sink with a
microchannel cooler, in order to maintain the temperature
of the gain module, 20 °C (£ 0.2 °C) water with 10 L/min is
flow through the cooler and the top surface of the slab. The
808 nm QCW pump.

beam is normally incident on the top surface of the slab
via a quartz duct. The pump source consists of 2 LDAs, each
array containing 6 bars, providing a total pump power of
560 W with 250 ps pulse duration and 500 Hz pulse repeti-
tion rate (PRR). The laser beam propagates along zig-zag
path in the slab. Rear cavity mirror M is a concave mirror
with curvature radius R, of 2400 mm coated with HR at
1064 nm. The OC with a transmittance of 40% is placed on
a rotating stage with finely adjustable tilt angle. A 6 mm-
thick FSP is used as a chirality controller, which can cause
the output laser to exhibit two opposite helical wavefronts
by adjusting its deflection angle on the y-o-z plane [13].
Both sides of the FSP are AR coated at 1064 nm to reduce
the insertion loss, and the high damage threshold fused sil-
ica also guarantee its power tolerance. The arm lengths from
the end facets of the slab to M and OC are L, =140 mm
and L,=720 mm, respectively. The circular aperture Al
is placed at a distance L; of 220 mm from OC. The AO
Q-switch is located between the circular aperture and OC.

As mentioned above, the diameter of the circular aperture
should be selected based on the resonator. Since the zig-zag
optical path in the slab averages the thermal gradient, the
first-order thermal lens effect is almost ignored. The diam-
eter of the beam at the position of the circular aperture can
be calculated by the ABCD propagation matrix, which is
given by

A B\ (1 L+Li+L 10
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where Ls = ncoLs(B) is the optical path length in the slab, L

is the length of the Nd: YAG slab, # is the refractive index
of Nd: YAG which is 1.82, § is the angle between the laser
path and the bottom surface of the slab, L, is the length
of the AO Q-switch which is 50 mm, g is the refractive
index of the AO Q-switch which is 1.45, R, is the curvature
radius of OC, which is taken as positive infinity in calcula-
tion. With the laser system presented in Fig. 1, the beam
diameter under the assumption of fundamental mode can be

expressed by
NE D+ A\?
d()—2< ) |B|"/? 1—( )
T 2

where 4 is the wavelength of the oscillating laser. Con-
sidering the beam diameter ratio between LG, mode and
fundamental mode d, =+/2p+1+1dy in cylindrical
coordinates [22], for a calculated 1.28 mm diameter fun-
damental mode here, the corresponding beam diameter of
LGy, mode is about 1.81 mm. Because of the better mode
selection effect when the aperture diameter is slightly larger
than the beam diameter in the experiment, the diameter of
the circular aperture is selected to be 2.3 mm.

—1/4
: ()

Fig.2 Schematic diagram of the
homemade Mach-Zehnder inter-
ferometer. Inset: typical intensity
distribution of the optical vortex
laser and the corresponding
interference patterns with LGy
mode and LG, _; mode

3 Results and discussion

A CMOS camera (CMOS-1201EL, CINOGY Inc.) is used
to measure the intensity distribution of the output laser. By
adjusting the OC tilt angle, the intensity distribution of the
output beam is changed accordingly and monitored by the
CMOS. It is found that when the tilt angle 6, and 0, are
both set around 10 prad, the fundamental mode is effec-
tively suppressed. After that, the deflection angle of the FSP
is adjusted to change the chirality of the output laser, so that
the vortex LG,; mode laser beam with the strongest contrast
of spatial profile is displayed on the CMOS. The typical
two-dimensional (2D) intensity distribution of the output
LG, mode laser is shown in the upper left inset of Fig. 2.

In order to verify the vortex property of the output laser
beam, an interference experiment of the LG, mode laser
beam and a reference beam with spherical wavefront is per-
formed with a homemade Mach-Zehnder (MZ) interferome-
ter to characterize the spatial phase of the output laser beam.
The beam profile after interference is also recorded by the
CMOS camera. The schematic diagram of the interferom-
eter is shown in Fig. 2. Two typical interference patterns of
the output laser beams are displayed when the tilt angles of
FSP are adjusted to —2.5° and 2.8° respectively, as shown
in the right insets of Fig. 2. These patterns indicate that two
LG,; modes with clear spiral structures can be oscillated by
this resonator: one is left-handedness, and the other is right-
handedness, corresponding to the LG, mode and LG, _,
mode, respectively.

In order to obtain nanosecond optical vortex with higher
average power, the repetition rate of Q-switching needs to
be optimized. The output power of the generated LG0,+1
and LGO,—1 mode laser at different Q-switching repetition
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Fig.3 Output power of LG, _; mode and LGy, mode laser at different
Q-switching repetition rate
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Fig. 4 Oscilloscope traces of the pulse train. Inset: expanded profile
of a single pulse

50

rate under 414.5 W absorbed pump power is measured
respectively with a power meter (30A-BB-18, Ophir Inc.),
as shown in Fig. 3. It can be seen that there is a significant
rise in average power as the repetition rate increases from
10 kHz to 50 kHz.

Meanwhile, the pulse temporal characteristics of the
output laser at different Q-switching repetition rate is
monitored by a photodiode detector (DET10N/M, Thor-
labs Inc.) connected to a 300 MHz bandwidth digital oscil-
loscope (SDS1204X-E, SIGLENT Inc.). As the repetition
rate rises to 60 kHz and beyond, the fluctuation between
pulses within the pulse train becomes pronounced, leading
to a swift degradation in the stability of the pulses. This is
because the population inversion is limited corresponding
to a given pump rate, which prevents the oscillator from
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Fig. 5 LG, _, mode and LG, ,; mode output power of the Nd: YAG
slab laser versus pump power. Inset: typical 2D intensity distribu-
tions and corresponding interference patterns of the output LG, ,, and
LGy _; mode laser beams

operating at 60 kHz or higher repetition rate [23]. Figure 4
shows a typical pulse train of LG, mode laser output at
50 kHz Q-switching repetition rate. It is found there are 10
nanosecond pulses in each 250 pus pump pulse envelope,
and the Q-switch operates at a PRR of 50 kHz. Considering
the pump source operates at 500 Hz PRR, 5000 pulses are
generated per second. The pulse-to-pulse fluctuation in the
pulse train is less than 2.8% (Std Dev). The inset of Fig. 4
expresses a typical expanded single pulse profile, showing
a pulse width of 122 ns. Therefore, considering the aver-
age power and temporal fluctuation, the repetition rate of
Q-switching is fixed at 50 kHz.

Figure 5 shows the average output power versus the LD
pump power in Q-switching operation at 50 kHz, where
the red square represents LG, mode and the blue circle
represents LG, _; mode. The intensity distributions and
the corresponding interference patterns of the LG, ,; and
LG, _; mode laser beams at the maximum output power are
also shown in the insets of Fig. 5. The LD pump thresh-
olds are about 60 W and 62 W for LG, ,, mode and LG, _,
mode, respectively. It can be seen from Fig. 5 that the output
power of both modes increases monotonously with the inci-
dent pump power and their output power does not show any
saturation effect up to around 415 W absorbed pump power.
For the LG, ;; mode, a maximum output power of 22.77 W
is obtained at 414.5 W absorbed pump power, correspond-
ing to an optical-to-optical efficiency of 5.49%. Considering
the output of 5000 pulses per second and the pulse width
of 122 ns, the corresponding single pulse energy of LG
mode is 4.55 mJ, which is 2 times higher than previous
results [14], and the peak power of the LG, ,; mode is up
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to 37.33 kW. For the LG, _; mode, the maximum output
power is 21.85 W, the corresponding single pulse energy is
4.37 mJ and the optical-to-optical efficiency is 5.27%. The
insertion of the circular aperture is the main reason for the
low optical-to-optical efficiency, the average power is only
about 20% of the scheme without circular aperture. In addi-
tion, the slight misalignment of the cavity also results in the
low optical-to-optical efficiency.

Meanwhile, the power stability is measured at the maxi-
mum output power of the LG, ,; mode, as shown in Fig. 6.
The relative deviation of the power fluctuation is less than
+1.5% over 30 min, and the corresponding standard devia-
tion is less than 0.6%. The power stability of the LG, _,
mode at the maximum output power is also less than 0.7%
(Sta Dev). Clear spiral structures with right-handedness and
left-handedness still be observed after about thirty minutes,
indicating that the mode-selection based on mirror misalign-
ment and FSP insertion is effective, and this slab resonator
is a stable and reliable setup.

The slight tilt control of the cavity and the insertion
of the FSP are the two keys for the oscillation of LGy .,
and LG, _; modes. Previous studies have shown that for a
given resonator structure, slight misalignment of the cavity
introduces higher loss to the low-order modes [24], so that
high-purity one-dimensional HG,,, and HG,,, modes can be
obtained by adjusting the OC tilt angle [25]. In this experi-
ment, the lower order LG, mode is suppressed by adjusting
the OC tilt angle 6, and 6, to about 10 prad simultaneously,

28
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Fig. 6 Power stability of LG, ,; mode at maximum output power over
30 min

so that only the LG, mode oscillates in the circular aperture
resonant cavity.

The FSP is another key to the oscillation. The tilted FSP
resulting in different cavity loss for each helical-wavefront
beam, distinguishing the two opposite helical wavefronts,
allowing the selection of handedness in the oscillator. In
another word, the FSP and etalon have similar function [13,
26]. The optical spectra of the output lasers are measured
with a high-resolution (0.04 nm) optical spectrum analyzers
(SHR, Solar laser Inc.), and the results are shown in Fig. 7.

Fig.7 Optical spectra of LG

mode, LG, _; mode, and the
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It can be seen the optical spectrum of the LG, ,, and LG, _,
modes are centered at 1064.483 nm and 1064.439 nm, and
the corresponding full width at half maximum (FWHM) are
0.043 nm and 0.05 nm, respectively. The narrow emission
spectrum also indicates that FSP plays a role similar to that
of an etalon. When the FSP is placed perpendicularly to the
propagating direction, i.e. a~0°, it cannot introduce asym-
metric cavity loss between the two LG,; modes with oppo-
site helicity, so that the output beam is a “mixed” disordered
state without well-defined handedness and there are two
peaks in the optical spectra. The typical interference pat-
tern of the disordered mode is shown in the inset of Fig. 7,
which is very different from the patterns shown in the insets
of Fig. 5.

4 Conclusion

In summary, we propose and demonstrate an approach to
direct generate optical vortex laser with high average power
and millijoule pulse energy via intracavity mode selec-
tion in a slab resonator. By introducing a circular aperture
and a fused silica plate in the laser cavity, as well as opti-
mizing the OC tilt angle, the mode selection is realized,
achieving the generation of vortex LG, mode laser beam.
Without additional complex optical components, this laser
has good operability and stability. A vortex LG, ,, mode
laser with a high average power of 22.77 W and a record
4.55 m] single pulse energy is obtained. Further power scal-
ing can be achieved by connecting amplification modules.
Moreover, this method is not limited in slab gain media, the
high-power optical vortex laser also can be obtained in rod
gain media and even gas gain media, enabling them to play
greater potential in many fields such as industrial process-
ing, military defense, and scientific research.
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