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A B S T R A C T   

One-dimensional (1D) vortex-arrays with multiple-singularity aligning along a line are flexible for microparticle 
manipulation, high capacity storage, material processing. Moreover, a high peak power one-dimensional vortex- 
array with large singularity enables assemble processing. The development of a miniature laser to directly 
generate one-dimensional vortex-array with tunable singularity is of great value for practical applications. 
However, solid-state lasers for this purpose was limited by the low power, low efficiency and less singularity 
achieved. Here, we demonstrate a simple and robust method for directly generating one-dimensional vortex- 
array with singularity tunable upon to 4 in a tilted Nd:YAG/Cr4+:YAG composite crystal passively Q-switched 
(PQS) microchip laser, irradiated by a decentered annular beam (DAB). The singularity of one-dimensional 
vortex-array can be tuned from 1 to 4 by controlling the offset of collimating lens, Δx. The average output 
power of one-dimensional vortex-array with 4 singularities is 0.76 ​W at Pin ​= ​5.66 ​W, the optical conversion 
efficiency is 13.4%. One-dimensional vortex-array with 4 singularities processes pulse width of 3.5 ​ns, peak 
power of 5.56 ​kW. The achieved results suggest the potential that DAB can be used a practical pump beam in 
PQS microchip laser for generating nanosecond, high peak power one-dimensional vortex-arrays with tunable 
singularity.   

1. Introduction 

Optical vortices with optical angular momentum (OAM) have been 
demonstrated to have potential applications in quantum entanglement 
[1,2], optical tweezers [3–7], and optical communication [8–12]. The 
Laguerre-Gaussian (LG0,n) modes, the most common vortex beams, have 
been investigated extensively in recent years. However, LG0,n mode 
vortices have only one singularity and many applications are limited by 
the simple spatial structure of such vortices. The multi-vortex modes, 
especially one-dimensional vortex-arrays with multiple singularity 
aligning along a line, have attracted great attention. The multi-vortex 
modes with unique characteristics of structured light fields and multi
ple singularities offer more flexibility for optical communication and 
manipulating particles. The dual-vortex lasers have been demonstrated 
using the methods such as mode superposition [13], a spatial light 
modulator [14] and the second-harmonic generation utilizing sub- 
picosecond pulses [15]. However, formation of dual-vortex laser with 
external optical elements makes the lasers more complicated and less 

efficient, and practical applications of such dual-vortex lasers are 
restricted with less portability, less flexibility, low damage threshold. 
Other types of multi-vortex beams such as fractional OAM beams, 
multiple closed-packed optical vortex beams were also reported 
[16–21]. Spatial light modulator [16,20], spiral phase plate, two-level 
pure-phase diffractive optical element [20] and mode converter [19] 
were used to generate vortex-arrays with multiple singularity. Mean
while, some theoretical results of multi-vortex beams have been also 
reported [21–25]. A singularity hybrid evolution nature sphere was 
introduced recently [21] for five singularities via a π/2 astigmatic mode 
converter. However, the continuous-wave operation of these vortex- 
array lasers with low output power and complex laser system may 
greatly restrict practical applications. Therefore, pulsed vortex-array 
lasers with high peak power are extremely needed for practical appli
cations such as manipulation of microparticles, assemble material 
processing. 

The annular beam pumping provides a new way to generate vortex 
beams in microchip lasers owing to the good mode matching [26–31]. 
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However, the mode conversion efficiency from a laser diode with 
Gaussian distribution to an annular beam is low by using axicon [26], 
mode-conversion fiber [27], fiber capillary [28,29]. An annular beam 
formed with a hollow focus lens (HFL) has been demonstrated to be an 
efficient method [30]. Annular beams formed with HFL or beam shaping 
from a laser diode [31] have been successfully used to pump Nd:YAG 
and Yb:YAG microchip lasers for directly generating vector vortex 
beams and vortex arrays [30,32,33]. Nanosecond, high peak power 
vortex laser has been generated in a Cr,Nd:YAG self-Q-switched micro
chip laser pumped with an annular beam formed with a HFL [34]. 
Moreover, a decentered Gaussian beam pumped Nd:YAG/Cr4+:YAG 
passively Q-switched (PQS) microchip laser has been demonstrated for 
generating LG, HG and IG modes [35]. The decentered beam pumping 
breaks the symmetry of the laser cavity and provides possibilities for 
multi-transverse modes oscillation. The tilted beam pumping has the 
same effect as the decentered beam pumping [36], and can further in
crease the inversion population distribution along one direction. 
Recently, we demonstrated a decentered annular beam (DAB) pumped 
Nd:YAG/Cr4+:YAG PQS microchip laser for generating dual-vortex 
laser, and the separation and orientation of two vortices were 
controlled by adjusting the offset of collimating lens along x-axis and y- 
axis [37]. However, dual-vortex PQS microchip laser with two singu
larities still has a long way for applications on assemble processing of 
quantum information, large capacity storage and material processing. 
Therefore, pulsed vortex-array lasers with more singularities aligning 
along a line are extremely needed to be investigated to fulfill various 
applications. 

Here, we demonstrated a simple and solid method for directly 
generating high peak power one-dimensional vortex-arrays with tunable 
singularity in a DAB pumped tilted Nd:YAG/Cr4+:YAG PQS microchip 
laser. The singularity of one-dimensional vortex-array is tuned from 1 to 
4 by controlling the offset of collimating lens, Δx, in collimating and 
focusing optical system. The average output power of one-dimensional 
vortex-array with four singularities was 0.76 ​W when the incident 
pump power (Pin) was 5.66 ​W. The optical-to-optical efficiency was 
13.4%. The pulse width and peak power are 3.5 ​ns in fall width at half 
maximum (FWHM) and 5.56 ​kW, respectively. 

2. Experiment 

The experimental schematic of DAB pumped tilted Nd:YAG/Cr4+: 
YAG PQS microchip laser for generating singularity tunable one- 
dimensional vortex-arrays is shown in Fig. 1. The pump source was an 
808 ​nm fiber-coupled laser diode (LD) with a core diameter of 400 ​μm 
and a numerical aperture of 0.22. With a collimating lens (CF) and an 
HFL, the light from fiber was converted into an annular beam. The focal 
lengths of CL and HFL were 8 ​mm. The focus spot was about 170 ​μm in 
diameter. The distance between the focal spot and the rear surface of the 
composite crystal was 0.3 ​mm. DAB was formed by offsetting CL away 
from the z-axis along x-axis. The offset of CL along x-axis is labeled as Δx 
while the offset of CL along y-axis is 0. The laser material is a composite 
crystal fabricated with a 3-mm-thick 1 at.% Nd:YAG crystal and a 0.5- 

mm-thick Cr4+:YAG crystal with an initial transmission of 90%. High- 
reflection coating at 1064 ​nm was deposited on Nd:YAG surface to 
work as the rear cavity mirror. Anti-reflection coating at 1064 ​nm was 
deposited on Cr4+:YAG surface to eliminate intracavity loss. The output 
coupler (OC) is a plane-parallel mirror with reflection of 70% at 
1064 ​nm and tilted 0.5◦ with respect to Nd:YAG/Cr4+:YAG composite 
crystal for achieving stable chirality. The laser resonator was placed 
obliquely with respect to the x-axis, and the inclination angle β was 1◦. 
The laser experiment was carried out at room temperature without 
active cooling system. The average output power was measured with a 
Thorlabs PM200 power meter. The laser pulse characteristics were 
detected with a 5 ​GHz InGaAs photo-diode and recorded with a 1 ​GHz 
bandwidth Tektronix digital phosphor oscilloscope (MDO3104). A 
Thorlabs BC106-VIS beam profiler was used to monitor the beam in
tensity profile. The phase structures of the one-dimensional vortex-ar
rays were checked with a home-made Mach-Zehnder interferometer. 

3. Results 

3.1. Transverse intensity profiles 

A. Tilted PQS microchip laser 
Firstly, the intensity profiles of tilted PQS microchip laser were 

measured when the CL and HFL were aligned along the beam propa
gation direction of fiber coupled LD (Δx ​= ​0). The laser oscillated in a 
doughnut mode when the Pin reached 1.35 ​W. The evolution of the 
transverse intensity profiles with Pin is shown in column I for Δx ​= ​0 in 
Fig. 2. The doughnut-shaped transverse intensity profile was kept when 
Pin gradually increased from 1.35 ​W to 3 ​W, as shown in column I in 
Fig. 2(a) and (b). Further increasing Pin exceeding 3 ​W, the transverse 
intensity profile tends to extend along x-axis and exhibits an elliptical 
distribution, one typical example is shown in column I in Fig. 2(c). The 
elliptical transverse intensity profile tends to further elongate with in
crease in Pin. A typical two-hole transverse intensity profile is shown in 
column I in Fig. 2(d). Therefore, pump power-dependent laser beams 
with doughnut and two-hole transverse intensity profiles were obtained 
in tilted PQS microchip laser. 

B. DAB pumped tilted PQS microchip laser 
Then, the DAB pumped tilted PQS microchip laser was investigated 

by increasing Δx of the CL. When Δx is increased to 40 ​μm, CL is at the 
position (40,0), the threshold pump power increases because the pump 
beam diameter of DAB is expanded and more pump power is needed for 
laser oscillation. The laser intensity profiles at different Pins are shown in 
column II in Fig. 2. The laser intensity profile with a two-vortex was 
observed at Pin ​= ​2.48 ​W. The PQS microchip laser still oscillated in 
two-vortex with further increase in Pin, as shown in column II in Fig. 2. 
However, the separation of the two vortices becomes smaller with in
crease in Pin, which is attributed to the enhanced pump power intensity 
at the central pump area due to the increase of the Pin at the same pump 
beam diameter. When Δx is further increased to 80 ​μm, the CL is at 
position of (80,0), the laser intensity profile with three-vortex is 
observed at Pin higher than 3 ​W. The three-vortex laser oscillated with 

Fig. 1. Schematic of DAB pumped tilted PQS microchip laser. CL: collimating lens, HFL: hollow focus lens, OC: output coupler.  
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increase in Pin, as shown in column III in Fig. 2. Further increasing Δx to 
120 ​μm, the CL is at the position of (120,0), four-vortex laser intensity 
profile is obtained when Pin reaches 5 ​W. One typical four-vortex laser 
intensity profile is shown in column IV in Fig. 2. Therefore, one- 
dimensional vortex-arrays were generated in the DAB pumped titled 
PQS microchip laser. 

3.2. Phase structures 

The phase structures of the obtained vortices and vortex-arrays at 
different positions (Δx,0) and Pins were checked with a home-made 
Mach-Zehnder interferometer. The obtained laser beams were inter
fered with a plane-wave reference beam formed by selecting a small 
portion from the obtained laser beam with an aperture. For laser beams 
with single vortex distribution, the interference patterns exhibit one 
fringe splitting to two fringes at dislocation, as shown in column I in 
Fig. 3. For the laser beams with two vortices, the interference patterns 
clearly show that there are two opposite forklike fringes, as shown in 
column II in Fig. 3. The interference patterns of laser intensity profiles 
with three vortices, as shown in column III in Fig. 3, clearly show there 
are three forklike fringes aligned along one line, and the direction of 
forklike fringes is opposite between the adjacent vortices. The interfer
ence pattern of laser intensity profile with four vortices, as shown in 
column IV in Fig. 3, exhibits four forklike fringes along on line, and the 
direction of the adjacent forklike fringes is opposite. The interference 
patterns further confirm that the obtained vortex and vortex-arrays 
possess one singularity and tunable singularity from two to four 
depending on the applied pump power and offset distance of CL. The 

chirality of the experimentally obtained vortex-arrays with different 
singularity is stable once the laser oscillates. The chirality of the vortex- 
array is controlled by tilting the output coupler with respect to the Nd: 
YAG/Cr4+:YAG composite crystal, which is similar to the chirality 
control in the annular beam pumped Cr,Nd:YAG self-Q-switched 
microchip laser [34]. Therefore, one-dimensional vortex-arrays with 
tunable singularity from one to four and stable chirality were achieved 
in DAB pumped tilted PQS microchip laser. The switch of vortex-arrays 
can be easily achieved by adjusting the pump power and offset distance 
of CL in DAB pumped tilted PQS microchip laser. 

3.3. Performance of PQS microchip lasers  

A. Tilted PQS microchip laser 

The average output power of tilted PQS microchip laser pumped with 
an annular beam was measured at different Pins. The threshold pump 
power was measured to be 1.35 ​W. The linear increase of average 
output power with Pin is observed, as shown in Fig. 4. The slope effi
ciency (ηS) is 18.5%. The maximum average output power was 0.85 ​W 
when Pin was 5.66 ​W. The optical-to-optical efficiency was 15%. 

Fig. 5 shows the pulse characteristics as a function of Pin for annular 
beam pumped tilted PQS microchip laser. The pulse energy increases 
slowly with Pin and then tends to be a constant when Pin is higher than 
3 ​W. The Cr4+ ions saturable absorber is bleached with high intracavity 
intensity achieved when Pin is higher than 3 ​W. Therefore, the pulse 
energy is kept constant because the energy stored in Nd:YAG crystal is 
fully extracted. The maximum pulse energy was 19.7 ​µJ at 

Fig. 2. Typical one-dimensional vortex-arrays with tunable singularity obtained experimentally in DAB pumped tilted PQS microchip laser at different Pin: (a) 
1.37 ​W, (b) 2.48 ​W, (c) 3.81 ​W, (d) 5.21 ​W. (Δx,0) indicates the position of CL, I: Δx ​= ​0, II: Δx ​= ​40 ​μm, III: Δx ​= ​80 ​μm, IV: Δx ​= ​120 ​μm. 
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Pin ​= ​5.66 ​W. The peak power has almost the same variation trend as 
the pulse energy. The highest peak power was 6.16 ​kW at 
Pin ​= ​5.66 ​W. The repetition rate increases linearly with Pin with a rate 
of 9.2 ​kHz/W. The highest repetition rate was 43.28 ​kHz when Pin was 
5.66 ​W. The pulse width decreases slightly with Pin and then nearly 
keeps a constant around 3.2 ​ns when Pin is higher than 3 ​W.  

B. DAB pumped tilted PQS microchip laser 

The effect of offset distance of CL, Δx, on the performance of DAB 
pumped tilted PQS microchip laser was studied at two incident pump 
powers (Pin ​= ​4.3 ​W and 5.66 ​W). The average output powers as a 
function of Δx at different Pins are shown in Fig. 6. The average output 
power decreases slightly with Δx for different Pins. For Pin ​= ​4.3 ​W, 

Fig. 3. Typical interference fringes of one-dimensional vortex-arrays with tunable singularity obtained experimentally in DAB pumped tilted PQS microchip laser at 
different Pin: (a) 1.37 ​W, (b) 2.48 ​W, (c) 3.81 ​W, (d) 5.21 ​W. (Δx,0) indicates the position of CL away from the propagation direction of fiber coupled LD, I: Δx ​= ​0, 
II: Δx ​= ​40 ​μm, III: Δx ​= ​80 ​μm, IV: Δx ​= ​120 ​μm. 

Fig. 4. Average output power as a function of Pin for tilted PQS microchip laser 
pumped with an annular beam and linearly fitted with a solid line. 

Fig. 5. (a) Pulse energy and peak power, (b) Repetition rate and pulse width as 
a function of Pin for annular beam pumped tilted PQS microchip laser. 
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when Δx is tuned from 0 to 80 ​μm, the average output power drops only 
6.7% from 0.594 ​W to 0.554 ​W. For Pin ​= ​5.66 ​W, the average output 
power drops 11% from 0.85 ​W to 0.76 ​W when Δx is changed from 0 to 
120 ​μm. Therefore, the performance of DAB pumped tilted PQS 
microchip laser is less affected by the offset distance of CL, Δx. Mean
while, one-dimensional vortex-arrays with four singularity has been 
achieved by offsetting CL and increasing pump power. 

Fig. 7 shows the pulse characteristics of DAB pumped tilted PQS 
microchip laser as a function of Δx for different Pins. The repetition rate 
decreases by 7.8% from 31.18 ​kHz to 28.75 ​kHz for Pin ​= ​4.3 ​W when 
Δx increases from 0 to 80 ​μm, while the repetition rate decreases 9.8% 
from 43.38 ​kHz to 39.02 ​kHz for Pin ​= ​5.66 ​W when Δx increases up 
to 120 ​μm. The pulse width nearly keeps around 3.5 ​ns independent on 
Δx for Pin ​= ​4.3 ​W, while the pulse width expands slightly from 3.2 to 
3.5 ​ns when Δx is tuned up to 120 ​μm for Pin ​= ​5.66 ​W. The slightly 
broadening of the pulse width at high pump power is caused by the 

enhanced thermal effect induced increase of the initial transmission of 
the Cr4+:YAG saturable absorber. The pulse energy nearly keeps around 
19 ​μJ and 19.7 ​μJ independent on the Δx for Pin ​= ​4.3 ​W and 
Pin ​= ​5.66 ​W, respectively. The peak power keeps a constant around 
5.4 ​kW for Pin ​= ​4.3 ​W when Δx increases from 0 to 80 ​μm, while the 
peak power decreases slightly from 6.16 ​kW to 5.56 ​kW for 
Pin ​= ​5.66 ​W when Δx increases from 0 to 120 ​μm. The slight decrease 
in peak power is caused by the broadening of the pulse width induced by 
the increase of the initial transmission of Cr4+:YAG saturable absorber. 

From the experimental results of one-dimensional vortex-arrays with 
tunable singularity from 2 to 4 generated in DAB pumped tilted PQS 
microchip laser at Pin ​= ​5.66 ​W by increasing Δx from 0 to 120 ​μm, we 
can see that one-dimensional vortex-arrays with singularity more than 4 
is possible by further increasing pump power and Δx. Of course, the 
singularity of one-dimensional vortex-arrays can be further enlarged by 
adjusting the tilting angle of PQS microchip laser. Nanosecond, high 
peak power one-dimensional vortex-arrays with tunable singularity are 
laser sources for potential applications such as high capacity optical 
communication, quantum entanglement, assemble material processing, 
and optical tweezers. 

4. Theoretical simulations 

Formation of laser transverse patterns in an optical pumped solid- 
state laser resonator is mainly governed by the gain distribution and 
losses. The intensity distribution of annular pump beam formed with an 
HFL is similar to that of a LG0,1 beam. The gain of a resonator is pro
portional to the inversion population excited by the pump power. 
Therefore, for DAB pumped tilted PQS microchip laser pumped at an 
incident pump power (Pin), the inversion population distribution in a 
gain medium is expressed as 

ΔN(x, y, z) =
2Pinατ

[
y2 + ( − zsin(θ + β) + xcos(θ + β) )2 ]

hνpπw4
p[zcos(θ + β) + xsin(θ + β) ]

Fig. 6. Average output power of DAB pumped tilted PQS microchip laser as a 
function of Δx, Pin is fixed at 4.3 ​W and 5.66 ​W, respectively. 

Fig. 7. (a) Repetition rate, (b) pulse width, (c) pulse energy and (d) peak power as a function of Δx. The Pins are fixed at 4.3 ​W and 5.66 ​W, respectively.  
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×exp

[
− 2

(
y2 + ( − zsin(θ + β) + xcos(θ + β) )2 )

w2
p[zcos(θ + β) + xsin(θ + β) ]

]

exp
(

− αz
cos(θ + β)

)

(1) 

where α and τ are absorption coefficient and fluorescence lifetime of 
gain medium, hνp is pump photon energy, wp[zcos(θ ​+ ​β) ​+ ​xsin 
(θ ​+ ​β)] is the position dependent beam waist. The Δx-dependent tilted 
angle of decentered annular beam, θ, is expressed as 

θ(Δx) =
z1Δx
f1f2

−
Δx
f1

(2) 

where z1 is the distance between the collimating lens CL and hollow 
focus lens HFL, f1 and f2 are the focal length of CL and HFL, respectively. 

The spatially distributed inversion population inside the gain me
dium determines the oscillation of different transverse modes, the 
effective inversion population averaged inside the gain medium is more 
accurate and convenient to reflect the position-dependent gain distri
bution for different transverse mode oscillation, and is expressed by 
averaging along the thickness of gain medium (l), 

ΔNeff (x, y) =
∫ l

0
ΔN(x, y, z)dz/l (3) 

The theoretically calculated saturated inversion populations along 
the thickness of Nd:YAG crystal at different Pins are shown in Fig. 8. 
During the theoretical simulation, the Nd:YAG crystal is tilted 1◦ with 
respect to x-axis, the focus spot is set 0.3 ​mm away from the Nd:YAG 
crystal. When Pin is set to 2 ​W, the distribution of inversion population 
in the laser crystal is distorted along the crystal length, as shown in Fig. 8 
(a1). The inversion population decreases gradually along the crystal 
length. Since the focus spot is located outside the Nd:YAG crystal, the 
pumped area expands along the thickness of Nd:YAG crystal. The 

effective inversion population distribution in x-y plane, as shown in 
Fig. 8(a2), is distorted and becomes an elongated ring along x-axis. 
When Pin is increased to 4 ​W, the distribution of inversion population 
along the crystal length is kept (Fig. 8(b1)). The distorted gain area with 
inversion population exceeding initial inversion population required for 
laser oscillation increases with Pin, which is favorable for multiple 
transverse modes oscillation. Therefore, dual-vortex laser is achieved in 
tilted PQS microchip laser. The gain distribution in the PQS microchip 
laser is greatly affected with the tilted laser resonator. The gain exhibits 
an elongated elliptic distribution in the tilted PQS microchip laser, 
therefore, the symmetry of the laser cavity is broken, and is favorable for 
dual-vortex laser oscillation. The enlarged spatial gain distribution re
gion provides possibilities for high-order transverse mode oscillation. 
Further increase Pin to 6 ​W, the distribution of the inversion population, 
as shown in Fig. 8(c1), is similar to those at Pin ​= ​2 ​W and 4 ​W. The 
oscillation of high-order transverse modes with enhanced effective 
inversion population, as shown in Fig. 8(b2) and (c2) makes dual-vortex 
laser oscillating in annular beam pumped tilted PQS microchip laser. 
From theoretical simulated results, we can see that Pin has a great in
fluence on the spatial gain distribution. The spatial distribution of the 
gain inside the laser crystal expands gradually along the z-axis and x-y 
plane. Due to the high pumping intensity, the spatial gain distribution 
region with inversion population exceeding initial inversion population 
required for PQS laser oscillation expands and is favorable for high 
power dual-vortex laser operation. 

The inversion population distribution along the Nd:YAG crystal 
thickness and the effective inversion population in the DAB pumped 
tilted PQS microchip laser is theoretically calculated at different offset 
distance of CL, Δx. The incident pump powers are set to 2.5 ​W and 
5.5 ​W in the theoretical simulations. Fig. 9(a) shows the evolution of the 

Fig. 8. Numerically simulated inversion population distribution inside Nd:YAG crystal tilted 1◦ with respect to x-axis. The Pin used in the simulations are: (a) 2 ​W, 
(b) 4 ​W, (c) 6 ​W. The solid lines are the initial inversion population for laser oscillation. The corresponding effective inversion population distribution is shown in 
the second column. The unit of the inversion population is ​× ​1020 cm− 3. 
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effective gain distribution with Δx at Pin ​= ​2.5 ​W. The effective gain 
distribution changes from a distorted ring with asymmetric distribution 
along x-axis at Δx ​= ​0 to an elongated distorted elliptical ring when Δx 
is set at 40 ​μm. Further increasing Δx, the effective inversion population 
further expands along x-axis and becomes an elongated ring, as shown in 
Fig. 9(a) at Δx ​= ​80 ​μm and 120 ​μm. However, the inversion popu
lation decreases with increasing of Δx because the gain area increases 
with Δx for the decentered annular beam. The effective inversion pop
ulation is further enhanced by increasing Pin. As indicated in Fig. 9(b), 
the area of the effective inversion population distributions at different 
Δx expands and the profiles at different Δx are dramatically changed 

when the Pin is increased to 5.5 ​W. The effective inversion population 
increases about one-fold of those at Pin ​= ​2.5 ​W for the same Δx. 
Therefore, elongated gain region with sufficient inversion population 
supports multiple transverse modes oscillation simultaneously for 
generating one-dimensional vortex-arrays in DAB pumped tilted PQS 
microchip laser. The elongated ring-shaped gain region is favorable for 
different LG modes oscillation. Therefore, the one-dimensional vortex- 
arrays with tunable singularity generated in DAB pumped tilted PQS 
microchip laser can be expressed with linear combination of LG modes. 

The theoretically simulated intensity profiles of one-dimensional 
vortex-arrays with different singularities are depicted in Fig. 10(a1)- 

Fig. 9. Numerically simulation of the effective inversion population distribution for a 3-mm-thick Nd:YAG crystal at different offsets of CL along x-axis: Δx ​= ​0, 
40 ​μm, 80 ​μm, and 120 ​μm. The Pins are set to (a) 2.5 ​W and (b) 5.5 ​W in the theoretical simulation. The initial inversion population for laser oscillation is shown in 
solid lines. The unit of the inversion population is ​× ​1020 cm− 3. 

Fig. 10. Theoretically simulated intensity profiles (a1-d1), phases (a2-d2) and interference fringes (a3-d3) of one-dimensional vortex-arrays with singularity tuning 
from 1 to 4. 
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(d1). The intensity profile of vortex with one singularity is expressed as | 
LG0,1|. The intensity profile of vortex-array with two singularities is 
expressed as |g1⋅LG1,0 ​+ ​g2⋅LG0,1 ​+ ​g3⋅LG0,-1|, where g1 ​= ​1 , 
g2 ​= ​g3 ​= ​0.625. The vortex-array with three singularities is expressed 
as |g1⋅LG1,1 ​+ ​g2⋅LG1,-1 ​+ ​g3⋅LG0,1 ​+ ​g4⋅LG0,-1|, where g1 ​= ​1, 
g2 ​= ​0.4, g3 ​= ​g4 ​= ​1. The vortex-array with four singularities is 
expressed as |g1⋅LG2,0 ​+ ​g2⋅LG0,2 ​+ ​g3⋅LG0,-2 ​+ ​g4⋅LG0,1 ​+ ​g5⋅LG0,-1|, 
where g1 ​= ​1, g2 ​= ​g3 ​= ​0.6, g4 ​= ​g5 ​= ​0.16. The theoretically 
calculated intensity profiles are in good agreement with the experi
mentally obtained intensity profiles for the one-dimensional vortex-ar
rays with singularity of 1, 2 and 3. While the theoretical simulated 
intensity profile is in fair agreement with experimental result for one- 
dimensional vortex-array with four singularity. Thus, the formation of 
one-dimensional vortex-arrays with tunable singularity in DBA pumped 
tilted PQS microchip laser is simultaneous oscillation of LG modes 
spatially supported with elongated gain distribution in Nd:YAG crystal. 

As shown in Fig. 10(a2), the phase changes from -π to π counter
clockwise around singularity for doughnut vortex. From Fig. 10(b2), we 
can see that the phase varies 2π around two singularities for vortex- 
array, however, the variation of the phase is opposite for two singular
ities. From Fig. 10(c2), 2π variation of phase is observed around three 
singularities for vortex-array with three singularities, however, phase 
variation is opposite for two adjacent singularities. From Fig. 10(d2), we 
can see that phase varies 2π around four singularities for one- 
dimensional vortex-array with four singularities, and the phase varia
tion between adjacent singularities is opposite. The calculated phases 
clearly confirmed that the one-dimensional vortex-arrays process phase 
singularities with unitary topological charge. 

As shown in Fig. 10(a3)-(d3), forklike interference fringes with one 
fringe splitting into two fringes are formed at each singularity in the 
vortex-arrays. There is a topological charge for each singularity in the 
vortex-arrays. However, the orientations of the bifurcated forklike 
fringes are opposite for any two adjacent singularities in vortex-arrays 
with 2, 3 and 4 singularities. This is to say that the signs of the topo
logical charges are opposite. Therefore, for the vortex-arrays with 2 and 
4 singularities, the total charge is 0; while for the vortex-arrays with 3 
singularities, the total charge is 1. Theoretically simulated intensity 
profiles, interference fringes are in good agreement with experimentally 
obtained results for the one-dimensional vortex-arrays (Fig. 2 and 
Fig. 3). The theoretically simulated results further confirmed that 
simultaneous oscillation of multiple transverse modes is the main 
mechanism for generating one-dimensional vortex-arrays with tunable 
singularity in the DBA pumped tilted PQS microchip laser. 

5. Discussion 

Here, the possibility of applying tilted PQS microchip resonator and 
DAB pump scheme to generate vortex-arrays with different singularity 
distribution is discussed. From the experimental and theoretical simu
lated one-dimensional vortex-arrays generated in a DAB pumped tilted 
PQS microchip laser, we can expect that combination of tilted PQS 
microchip laser cavity with Δx-dependent DAB induced elongated gain 
region along x-axis enables generation of one-dimensional vortex-array 
with large singularity. The elongated gain region can be extended by 
increasing Δx along x-axis and applying high pump power, which is 
favorable for generating one-dimensional vortex-array with singularity 
larger than 4 in the tilted PQS microchip laser. In addition, the elongated 
gain region can be also extended by adjusting the tilting angle of the PQS 
microchip laser cavity. 

We demonstrated controllable separation and orientation of two 
vortices in a DAB pumped Nd:YAG/Cr4+:YAG PQS microchip laser by 
adjusting the offsets of CL along x-axis and y-axis [37]. However, the 
singularity is only 2. By tilting PQS microchip laser, we obtained one- 
dimensional vortex-array with 4 singularities in DAB pumped tilted 
PQS microchip laser. The results show that combination of tilted PQS 
microchip laser cavity with DAB pumping scheme is a solid and simple 

method for generating one-dimensional vortex-arrays with more sin
gularity. The distinct distribution of singularity in vortex-arrays is ex
pected to be generated in DAB pumped tilted PQS microchip laser by 
subtle adjusting the offset of CL along x-axis and y-axis. 

The elongated gain region for one-dimensional vortex-array gener
ation in tilted microchip laser can be further extended by using single- 
emitter laser diode as pump source. The high-brightness single-emitter 
laser diode has a rectangular intensity profile, which is more favorable 
to extend along one direction by controlling the offset of CL. Therefore, 
one-dimensional vortex-array with large singularity is expected in a 
tilted PQS microchip laser pumped with a DAB formed with a single- 
emitter laser diode and an HFL. 

The peak power of DAB pumped tilted Cr4+:YAG PQS Nd:YAG 
microchip laser can be improved by adopting Cr4+:YAG crystal with low 
initial transmission. The pulse width and pulse energy are determined by 
the initial transmission of the saturable absorber, the low the initial 
transmission of the saturable absorber, the shorter pulse width is ach
ieved and the higher pulse energy is obtained in PQS microchip laser. 

6. Conclusion 

In conclusion, we demonstrated a method to generate high peak 
power, one-dimensional vortex-arrays with tunable singularity via off
setting collimating lens in a tilted Nd:YAG/Cr4+:YAG PQS microchip 
laser pumped with a DAB formed with an HFL. The singularity of one- 
dimensional vortex-arrays can be tuned from 1 to 4 by adjusting offset 
of the collimating lens, Δx. The formation of one-dimensional vortex- 
arrays with tunable singularity in PQS microchip laser is attributed to 
Δx-dependent elongated gain region induced by the decentered annular 
beam. Its validity is also confirmed by the theoretical simulation of the 
simultaneous oscillation of multiple transverse modes. One-dimensional 
vortex-array with four singularities has been obtained at Δx ​= ​120 ​μm. 
The output power of one-dimensional vortex-array with four singular
ities was 0.76 ​W at Pin ​= ​5.66 ​W. The optical efficiency was 13.4%. 
The laser pulse width is 3.5 ​ns and peak power is 5.56 ​kW. Decentered 
annular beam pumping has been demonstrated to be a solid and robust 
method for generating vortex-arrays with different singularity distri
bution in PQS microchip lasers. High peak power, nanosecond one- 
dimensional vortex-arrays with tunable singularity provide a potential 
arena for optical communication, quantum entanglement, and optical 
tweezers. 
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