
Citation: Yang, H.; Li, Y.; Wang, W.;

Feng, J.; Zhang, K. Simultaneous

Manipulation of the Temporal and

Spatial Behaviors of Nanosecond

Laser Based on Hybrid Q-Switching.

Photonics 2023, 10, 227. https://

doi.org/10.3390/photonics10020227

Received: 29 January 2023

Revised: 16 February 2023

Accepted: 18 February 2023

Published: 20 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Communication

Simultaneous Manipulation of the Temporal and Spatial
Behaviors of Nanosecond Laser Based on Hybrid Q-Switching
Haoxi Yang 1, Yuanji Li 1,2,*, Wenrong Wang 1, Jinxia Feng 1,2 and Kuanshou Zhang 1,2,*

1 State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics, Shanxi
University, Taiyuan 030006, China

2 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
* Correspondence: liyuanji@sxu.edu.cn (Y.L.); kuanshou@sxu.edu.cn (K.Z.)

Abstract: A hybrid Q-switching method based on a special-shaped saturated absorber was proposed
for simultaneous manipulation of the temporal and spatial behaviors of a solid-state pulse laser.
The temporal–spatial rate equation model of the laser was given and used to optimize the design
parameter of the saturated absorber. Best spatial intensity homogenization performance can be
expected using an active-passive hybrid Q-switched laser, comprising a Pockels cell and a cylinder
Cr:YAG crystal with one end cut as a spherical concave surface. The optimized laser pulse width
could be narrowed to 2.39 ns and the laser radial intensity distribution became quasi-super-Gaussian
distribution with a radial intensity distribution ratio of 0.91, while that for the Gaussian beam was
0.84. In principle, the laser coherence can be maintained, and the laser spatial intensity distribution
can be kept in a long propagation distance.

Keywords: hybrid Q-switching; deformed cylinder saturated absorber; laser intensity distribution
manipulation; laser pulse width reduction

1. Introduction

Solid-state pulse lasers with narrow pulse width (PW) and uniform intensity distri-
bution have found a great many applications in a wide range of fields, including laser
power amplification, laser material processing, imaging, high efficiency fiber injection, and
lithography. In particular, for the efficient generation of ultra-high energy lasers in master
oscillator power amplifier (MOPA) configuration [1–7], which can be further applied in
deep ultraviolet laser generation, long distance laser ranging and laser communication,
etc. [8–10], high quality seed lasers, with the properties of uniform intensity distribution and
good coherence, are strongly needed to achieve efficient utilization of pump energy inside
the side-pumped amplifier modules and coherent amplification. For the temporal short-
ening of the laser PW, there were many mature techniques, for example the short-cavity
lasers employing fast electro-optical (EO) Q-switches or deflectors [11–13], the miniature
passive Q-switched lasers based on saturated absorbers [14–16], and the mode-locking
lasers [17–19]. However, for the spatial homogenization of the laser energy, for instance
getting the top-hat intensity distribution and super-Gaussian distribution, many practical
difficulties exist [20]. The external cavity optical shaping systems based on aspheric lens
combination [21], microlens array [22,23], and diffractive optical elements [24–26] alter
the laser intensity distribution by regulating the propagation direction of each part of
the laser. Hence, the laser spatial coherence was usually weakened, or even destroyed
in principle; the top-hat intensity distribution or super-Gaussian distribution can only be
maintained in a centimeter level distance, and an excess power loss was inevitable. Besides
that, the intracavity beam shaping method was also proposed, mainly depending on a
periodically swinging cavity mirror. Similarly, the laser was operating in multi-mode with
poor coherence and stability.

Photonics 2023, 10, 227. https://doi.org/10.3390/photonics10020227 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics10020227
https://doi.org/10.3390/photonics10020227
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics10020227
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10020227?type=check_update&version=1


Photonics 2023, 10, 227 2 of 10

The dual loss modulation method simultaneously employing two Q-switches, usually
an active Q-switch and a saturated absorber, is another popular method for laser PW
reduction [27–31]. The temporal behaviors of the laser pulse, both PW and the pulse shape
symmetry, can be improved comparing with the EO Q-switched laser for the reason that
the rising and falling edges of laser pulse are reduced by saturation absorption effect. In
comparison with the passive Q-switched laser with a single saturated absorber, the laser
energy fluctuation and time jitter are also optimized since the buildup of laser pulse is
dominated by the active Q-switching.

Up to now, an effective method enabling simultaneous manipulation of the temporal
and spatial behaviors of nanosecond laser, without the expense of complex structure and
weak coherence, is still lacking. There is also no previous research relative to the effect of
spatial saturation absorption distribution on the laser transverse mode behavior. In this
paper, we propose a hybrid Q-switching method based on the deformed saturated absorber
for simultaneous manipulation of the temporal and spatial behaviors of a solid-state pulse
laser. The temporal–spatial theoretical model of the laser was given and the optimized
design of the laser protocol was demonstrated.

2. Temporal–Spatial Rate Equation Model of Hybrid Q-Switched Laser

Figure 1 shows a schematic diagram of the model for a 1.06 µm hybrid Q-switched
laser. Pump light with a single photon energy of hνp was coupled into the gain medium
with an average radius of ωp. The gain medium was an a-cut Nd:YVO4 crystal with
dimensions of 2Rg × 2Rg × l. The resonator consisted of five mirrors, an electro-optic (EO)
Q-switch and a Cr:YAG saturated absorber. M1, M2 and M3 were all high reflection coated
at 1064 nm, while M1 and M2 were plane mirrors, and M3 was a convex mirror with a
curvature radius of Roc1. The output coupler (OC) with a curvature radius of Roc2 had an
output coupling reflection of R at 1064 nm. TFP was a 45◦ thin film polarizer (TFP) enabling
p-polarization light high transmission and s-polarization light high reflection passing. A
quarter-wave plate (QWP) and an RbTiOPO4 (RTP) Pockels cell with a quarter-wave voltage
of Vλ/4 played the role of EO Q-switch, which was driven by a high-voltage driver with a
high-level voltage of Vhl, high-level voltage duration of tqs, and a rise time of tqr. SA was a
deformed cylinder Cr:YAG crystal; the cylinder part had a thickness of lsa,0 and a radius
of Rsa, whilst the concave end had a curvature radius of RSsa. L1 was a match lens with
the same refractive index with Cr:YAG, while the curvature radius of the convex surface
was also RSsa. The use of match lens not only simplified the resonator design, but also
compensated the space-dependent diffraction introduced by the deformed SA. The whole
effective cavity length was Lc,eff, leading to laser mode radii of ωg and ωsa at gain medium
and SA, respectively.

To study the temporal and spatial behaviors of the laser dynamically, the photon
number density evolution should be evaluated in different spatial areas. Here, we defined
a mesh criterion: on the cross-section of each crystal, a radial mesh was defined consisting
of m rings and q angular segments, since both the laser and the crystals were axisymmetric,
where m and q were positive integers. As shown in Figure 2, in the sector with a included
angle of θ = 2π/q and a radial variation range of 0~Rg (Rsa), the gain medium was gridded
along the radial direction with a step size of ωg/m; similarly, the saturated absorber was
also gridded with a step size of ωsa/m. Based on the fact that the intracavity laser had
good spatial coherence, an approximation was made that the evolution of the stimulated
emission photons generated in jth grid on the gain medium, i.e., in the radial variation
range of (j − 1)ωg/m~jωg/m, was only related to the loss provided by the jth grid on the
saturated absorber.
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Figure 1. Schematic of the 1.06 µm hybrid Q-switched laser. (TFP: thin film polarizer, RTP: Rubidium
titanate phosphate crystal, QWP: quarter-wave plate, SA: saturated absorber, OC: output coupler).
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For the saturated absorber with the shape shown in Figure 3a, the length of the satu-
rated absorber in the jth grid (lsa,j) can be approximated to be a constant and represented as:

lsa,j = lsa,0 + RSsa −
√

RS2
sa − (jωsa/m)2. (1)
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Figure 3. Four kinds of shapes of the saturated absorber. (a) the cylinder saturated absorber with
one end cut as a spherical concave surface; (b) the cylinder saturated absorber with one end cut as a
spherical convex surface; (c) the cylinder saturated absorber with one end cut as a conical surface;
(d) the cylinder saturated absorber with one end cut as a parabolic surface.

When the shape of saturated absorber was changed to be a deformed cylinder with
one end being a spherical convex surface, as shown in Figure 3b, the function expression
came to be:

lsa,j = lsa,0 − RSsa +

√
RS2

sa − (jωsa/m)2, (2)

For the cases that deformed end of cylinder were cut as a conical surface with an apex
angle of 2β, as shown in Figure 3c, and a paraboloid corresponding to a parabolic equation
of r2 = 2pd, as shown in Figure 3d, the function expression respectively became:

lsa,j = lsa,0 + (jωsa/m)/ tan(β), (3)

lsa,j = lsa,0 + (jωsa/m)2/(2p), (4)

It is worth noting that in the following simulations associated with the latter three
kinds of SA, the shape of the match lens L1 should be changed to the complementation one.

The rate equations of the hybrid Q-switched laser in the jth grid can be written as:

dφj/dt = 1/tr
[
2Njσselφg,j − 2Ng,jσglsa,jφs,j − 2Ne,jσelsa,jφs,j −

[
ln(1/R) + δ0 + δQS

]
φj
]
, (5)

dNj/dt = −Njcσseφg,j − Nj/τf + Ppηp/(πω2
plhvp), (6)

dNg,j/dt = −Ng,jσgcφs,j +
(

Ns0,j − Ng,j
)
/τs, (7)

Ng,j + Ne,j = Ns0,j, (8)

where Nj is the population inversion density in the jth grid of the gain medium. Ng,j, Ne,j
and Ns0,j are the ground state ion density, excited state ion density and the total ion density
in the jth grid of the saturated absorber, respectively. φj, φg,j and φs,j are the average
intracavity laser photon density corresponding to the jth grid of the gain medium, the laser
photon density at the jth grid of the gain medium, and the laser photon density at the jth
grid of the saturated absorber. tr = 2Lc,eff/c is the roundtrip time of the intracavity laser
photon. c is the light speed, σse is the stimulated emission cross-section of the gain medium,
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σg and σe are the ground state and excited state absorption cross-section of the saturated
absorber. δ0 is the intrinsic loss, δQS is the time dependent loss of the EO Q-switch. τf is the
fluorescence lifetime of Nd:YVO4 crystal, Pp is the incident pump power, ηp = 1 − exp(−αl)
is the pump laser absorption efficiency.

Assuming that the pump laser fits top-hat distribution and the intracavity laser fits
Gaussian distribution, the initial conditions of the rate equations can be expressed as:

N0,j =
PpTpηpη f

hvp

ω2
g

ω2
p

1
πω2

pl
, (9)

φ0,j = N0,j
l

cτf

dΩ
4π

, (10)

Ng0,j = Ns0,j, (11)

where dΩ represents the solid angle of spontaneous emission that makes contribution to the
stimulated emission, T0 is the initial transmissivity of the cylinder saturated absorber corre-
sponding to a thickness of lsa,0. Tp is the pump pulse width. ∆t is the time delay between
the rising edge of EO Q switching and the end of the falling edge of the pump pulse.

Moreover, δQS can be expressed by the equivalent transmission at the polarizer as:

δQS(t) = cos2

(
π

2
Vhl

Vλ/4

(
1 − e

−( t
tqr )

4)4

e
−(

t−tqs/2
tqs )

400
)

. (12)

3. Simulation Results and Discussion

According to Refs [32–35], the function relations between σse and the doped concen-
tration of the Nd:YVO4 crystal (Dc), that between τf and Dc, as well as that between α and
Dc can be expressed as:

σse =
(

8.36075 + 2221.49 ∗ Dc − 102818.3 ∗ D2
c − 1490820 ∗ D3

c

)
∗ 10−23, (13)

τf = (−1650 ∗ Dc + 106.67) ∗ 10−6, (14)

α = (13.5 ∗ Dc + 0.8) ∗ 100, (15)

Using Equations (1) and (5)–(15), as well as the parameter values given in Table 1, laser
evolution in each grid can be numerically simulated. Figure 4a shows the photon density
of the emitted pulse laser as a function of radial coordinates, i.e., the lower bound of the
grids, at the case of Vhl/Vλ/4 = 1.4. It can be seen that the local pulse width along the center
of the cross-section of the laser is 2.76 ns. Besides that, there exists a falling edge as long as
45 ns for the photons located on the wings of the cross-section. When an aperture is used
to block the photons on the wings, almost 61.5% power loss will be introduced. Figure 4b
shows the results calculated using Vhl/Vλ/4 = 1. One can find that better spatial intensity
homogenization is achieved. The local pulse width around the central part is narrowed to
be 2.39 ns, quasi-super-Gaussian intensity distribution can be realized with the expense of
37% power loss.
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Table 1. Parameter values used in the theoretical simulations.

Parameter Value Parameter Value

l 3 mm ωg 230 µm
Lc,eff 120 mm ωsa 2.5 mm
lsa,0 2 mm ωp 250 µm
Rsa 5.5 mm δ0 0.01

RSsa 5.5 mm Tp 260 µs
Ns0 3.5 × 10−23 m−3 Pp 15 W
hνp 2.4616 × 10−19 J tqr 4 ns
σg 4.3 × 10−22 m2 tqs 160 ns
σe 8.2 × 10−23 m2 R 0.5

Photonics 2023, 10, x FOR PEER REVIEW 6 of 10 
 

 

narrowed to be 2.39 ns, quasi-super-Gaussian intensity distribution can be realized with 

the expense of 37% power loss. 

  

(a) (b) 

Figure 4. Evolution of the radial intensity distribution of the laser output along with the time (a) 

Vhl/Vλ/4 = 1.4; (b) Vhl/Vλ/4 = 1. (Note: Different colors represent the radial intensity distribution of laser 

output at different times) 

Table 1. Parameter values used in the theoretical simulations. 

Parameter Value Parameter Value 

l 3 mm ωg 230 μm 

Lc,eff 120 mm ωsa 2.5 mm 

lsa,0 2 mm ωp 250 μm 

Rsa 5.5 mm δ0 0.01 

RSsa 5.5 mm Tp 260 μs 

Ns0 3.5 × 10−23 m−3 Pp 15 W 

hνp 2.4616 × 10−19 J tqr 4 ns 

σg 4.3 × 10−22 m2 tqs 160 ns 

σe 8.2 × 10−23 m2 R 0.5 

Considering the other three kinds of deformed cylinder saturated absorbers shown 

in Figure 2, namely Equation (2) with Rsa = 3 mm, RSsa = 5.5 mm and lsa,0 = 2 mm, Equation 

(3) with β = 80° and lsa,0 = 2 mm, as well as Equation (4) with p = 75 and lsa,0 = 2 mm, the 

simulations were repeated using these parameters and equations, respectively. Figure 5 

shows the predicted radial intensity distributions at the peak of the laser output in the 

four cases using deformed cylinder saturated absorbers, and another case using normal 

cylinder saturated absorber. It is apparent that the predicted peak radial intensity distri-

bution of the cylinder saturated absorber with one end cut as a spherical concave surface 

(Type I SA) is much closer to quasi-super-Gaussian intensity distribution, while the satu-

rated absorbers with one end cut as a spherical convex surface (Type II SA) or a parabolic 

surface (Type III SA) exhibit weaker spatial homogenization results. Cut as a conical sur-

face (Type IV SA) leads to an opposite effect that further spread the laser intensity to the 

periphery. To make a more intuitive comparison, Figure 6 shows the radial intensity dis-

tribution ratio, defined as the ratio of the central area under the radial intensity distribu-

tion curve to the whole area under the same curve, while the central area indicates the 

corresponding range at 1/e of the highest strength on the cross section. One can find that 

under the same thickness, Type I SA always leads to a radial intensity ratio around 0.9, 

Figure 4. Evolution of the radial intensity distribution of the laser output along with the time (a)
Vhl/Vλ/4 = 1.4; (b) Vhl/Vλ/4 = 1. (Note: Different colors represent the radial intensity distribution of
laser output at different times).

Considering the other three kinds of deformed cylinder saturated absorbers shown in
Figure 2, namely Equation (2) with Rsa = 3 mm, RSsa = 5.5 mm and lsa,0 = 2 mm, Equation
(3) with β = 80◦ and lsa,0 = 2 mm, as well as Equation (4) with p = 75 and lsa,0 = 2 mm, the
simulations were repeated using these parameters and equations, respectively. Figure 5
shows the predicted radial intensity distributions at the peak of the laser output in the four
cases using deformed cylinder saturated absorbers, and another case using normal cylinder
saturated absorber. It is apparent that the predicted peak radial intensity distribution of the
cylinder saturated absorber with one end cut as a spherical concave surface (Type I SA) is
much closer to quasi-super-Gaussian intensity distribution, while the saturated absorbers
with one end cut as a spherical convex surface (Type II SA) or a parabolic surface (Type III
SA) exhibit weaker spatial homogenization results. Cut as a conical surface (Type IV SA)
leads to an opposite effect that further spread the laser intensity to the periphery. To make
a more intuitive comparison, Figure 6 shows the radial intensity distribution ratio, defined
as the ratio of the central area under the radial intensity distribution curve to the whole
area under the same curve, while the central area indicates the corresponding range at 1/e
of the highest strength on the cross section. One can find that under the same thickness,
Type I SA always leads to a radial intensity ratio around 0.9, which is 0.06 higher than
that of Gaussian distribution and is insensitive to the variation of absorber thickness. In
addition, the radial intensity distribution ratio of the laser output using Type II SA or Type
III SA increases significantly with rising absorber thickness. When the absolute passive
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loss inside laser is enhanced enough, the radial intensity distribution ratios of these two
cases approach 0.9 also. The radial intensity distribution ratio of the laser using Type IV
SA shows opposite behavior. When the absorber thickness is 2.5 mm, a radial intensity
distribution ratio of 0.78 is achieved and is 0.06 lower than that of the Gaussian distribution.
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Figure 6. Radial intensity distribution ratio of the laser output using 5 different kinds of
saturated absorbers.

Pump power is the other parameter possessing global impact on the overall laser
behaviors. Figure 7 shows the predicted peak radial intensity distributions ratio of the laser
output in the five cases under different pump power when lsa,0 is set as 2 mm. For Type I
SA, the laser radial intensity distribution ratio still experiences little influence from pump
power variation, and the maximum of 0.91 is achieved at a pump power of 15 W. However,
the laser radial intensity distribution ratios for Type II SA and Type III SA become worse
when the pump power is raised up and quickly decayed to the same results of Gaussian
distribution. This phenomenon can be understood when one notices that the saturated
absorbers can be saturated more easily at higher laser power. Type IV SA brings out a
curious curve that contains several strong fluctuations, this may be due to the fact that
the thickness of the saturated absorber changed sharply with radial position in this case,
especially in the area around the center of the saturated absorber. In this case, the initial state
of the laser intensity distribution can no longer be approximated as Gaussian distribution.
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Figure 8 shows the predicted laser peak radial intensity distribution ratio of the laser
output in the five cases under different reflectance of the output coupling mirror, when
lsa,0 is set as 2 mm and Pp is set as 15 W. The rough trends of the five curves are similar to
that shown in Figure 7, for the reason that both higher pump power and higher output
coupling reflectance will generally cause more intense intracavity laser oscillation. Note
that best laser spatial homogenization performance, namely a radial intensity distribution
ratio of 0.91, is obtained at a reflectance of 0.55.
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4. Conclusions

In conclusion, a hybrid Q-switching method that relied on deformed cylinder satu-
rated absorbers was proposed, for simultaneous manipulation of the temporal and spatial
behaviors of a solid-state pulse laser. The temporal–spatial rate equation model of the
laser was given and used to optimize the design parameter of the saturated absorber.
The cylinder saturated absorber with one end cut as a concave surface enables the best
spatial intensity homogenization. At the case of Rsa = 5.5 mm, RSsa = 5.5 mm, Pp = 15 W,
Vhl/Vλ/4 = 1, the laser PW can be narrowed to be 2.39 ns, and the laser radial intensity
distribution was altered to be quasi-super-Gaussian distribution with a radial intensity dis-
tribution ratio of 0.91. The nanosecond laser with quasi-uniform intensity distribution and
good coherence paid the way for a high efficiency, high energy single mode MOPA. Better
manipulation performance of the laser temporal and spatial behaviors can be expected
when the parameters of the saturated absorber and resonator design are further optimized.



Photonics 2023, 10, 227 9 of 10

This kind of laser can be applied in laser amplification, laser material processing, imaging,
high efficiency fiber injection, and lithography.

Author Contributions: Conceptualization, H.Y. and Y.L.; methodology, K.Z.; software, H.Y. and Y.L.;
validation, H.Y. and Y.L.; formal analysis, Y.L. and J.F.; investigation, H.Y. and W.W.; resources, K.Z.;
data curation, J.F. and W.W.; writing—original draft preparation, H.Y. and Y.L.; writing—review and
editing, Y.L. and K.Z.; visualization, H.Y.; supervision, K.Z.; project administration, K.Z.; funding
acquisition, K.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (NSFC),
grant number 62175135, and Fundamental Research Program of Shanxi Province, grant number
202103021224025.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhao, B.-R.; Yao, B.-Q.; Qian, C.-P.; Liu, G.-Y.; Chen, Y.; Wang, R.-X.; Dai, T.-Y.; Duan, X.-M. 231 W dual-end-pumped Ho:YAG

MOPA system and its application to a mid-infrared ZGP OPO. Opt. Lett. 2018, 43, 5989. [CrossRef] [PubMed]
2. Liu, G.; Mi, S.; Yang, K.; Wei, D.; Li, J.; Yao, B.; Yang, C.; Dai, T.; Duan, X.; Tian, L. 161 W middle infrared ZnGeP MOPA system

pumped by 300 W-class Ho:YAG MOPA system. Opt. Lett. 2021, 46, 82–85. [CrossRef] [PubMed]
3. Yue, F.; Jambunathan, V.; David, S.P.; Mateos, X.; Šulc, J.; Smrž, M.; Mocek, T. Diode-pumped master oscillator power amplifier

system based on cryogenically cooled Tm:Y2O3 transparent ceramics. Opt. Mater. Express 2021, 11, 1489–1496. [CrossRef]
4. Markus, T.; Neumann, T.; Martino, A.; Abdalati, W.; Brunt, K.; Csatho, B.; Farrell, S.; Fricker, H.; Gardner, A.; Harding, D. The Ice,

Cloud, and land Elevation Satellite-2 (ICESat-2): Science requirements, concept, and implementation. Remote Sens. Environ. 2017,
190, 260–273. [CrossRef]

5. Garcıa-López, J.H.; Aboites, V.; Kir’yanov, A.V.; Damzen, M.; Minassian, A. High repetition rate Q-switching of high power
Nd:YVO4 slab laser. Opt. Commun. 2003, 218, 155–160. [CrossRef]

6. Pinto Robledo, V.J.; Lopez, G.; Espinosa, Y.M.; Pisarchik, A.N.; Jaimes Reátegui, R.; Aboites, V. Experimental study of the
dynamics of a diode-pumped Nd: YVO4 laser under periodic modulation of losses. Rev. Mex. Física E 2012, 58, 150–155.

7. Jiao, Y.; Ma, Y.; Li, Y. All-solid-state single-longitudinal-mode pulse Nd:YVO4 ring laser. Acta Sin. Quantum Opt. 2014, 20, 81–84.
[CrossRef]

8. Wu, W.; Li, X.; Yan, R.; Zhou, Y.; Ma, Y.; Fan, R.; Dong, Z.; Chen, D. 100 kHz, 3.1 ns, 1.89 J cavity-dumped burst-mode Nd:YAG
MOPA laser. Opt. Express 2017, 25, 26875–26884. [CrossRef] [PubMed]

9. Wu, W.; Li, X.; Mei, F.; Chen, D.; Yan, R. 30 mJ, 1 kHz sub-nanosecond burst-mode Nd:YAG laser MOPA system. Opt. Express
2019, 27, 36129–36136. [CrossRef]

10. Pan, L.; Geng, J.; Jiang, S. High power picosecond green and deep ultraviolet generations with an all-fiberized MOPA. Opt. Lett.
2022, 47, 5140–5143. [CrossRef]

11. Yu, Y.-J.; Chen, X.-Y.; Wang, C.; Wu, C.-T.; Yu, M.; Jin, G.-Y. High repetition rate 880 nm diode-directly-pumped electro-optic
Q-switched Nd:GdVO4 laser with a double-crystal RTP electro-optic modulator. Opt. Commun. 2013, 304, 39–42. [CrossRef]

12. Ma, S.; Lu, D.; Yu, H.; Zhang, H.; Han, X.; Lu, Q.; Ma, C.; Wang, J. High repetition rates optically active langasite electro-optically
Q-switched laser at 1.34 µm. Opt. Express 2017, 25, 24007–24014. [CrossRef]

13. Shang, J.; Yang, J.; Hao, H.; Li, Q.; Zhang, L.; Sun, J. Compact low-voltage electro-optic Q-switch made of LiNbO3. Opt. Express
2020, 28, 22287–22296. [CrossRef]

14. Chen, Y.; Huang, J.; Lin, Y.; Gong, X.; Luo, Z.; Huang, Y. Stable passively Q-switched 1537 nm Er:Yb:Lu2Si2O7 pulse microlaser
with peak output power higher than 10 kW at 1–2 kHz. Opt. Laser Technol. 2022, 155, 108392. [CrossRef]

15. Cho, C.; Cheng, H.; Chang, Y.; Tang, C.; Chen, Y.-F. An energy adjustable linearly polarized passively Q-switched bulk laser with
a wedged diffusion-bonded Nd:YAG/Cr4+:YAG crystal. Opt. Express 2015, 23, 8162–8169. [CrossRef] [PubMed]

16. Sakai, H.; Kan, H.; Taira, T. >1 MW peak power single-mode high-brightness passively Q-switched Nd3+: YAG microchip laser.
Opt. Express 2008, 16, 19891–19899. [CrossRef]

17. Lin, Y.-N.; Fang, W.-T.; Gu, C.; Xu, L.-X. Wideband all-polarization-maintaining Yb-doped mode-locked fiber laser using a
nonlinear optical loop mirror. Chin. Phys. Lett. 2016, 33, 43–45. [CrossRef]

18. Kelleher, E.J.R.; Travers, J.C.; Sun, Z.; Rozhin, A.G.; Ferrari, A.C.; Popov, S.V.; Taylor, J.R. Nanosecond-pulse fiber lasers
mode-locked with nanotubes. Appl. Phys. Lett. 2009, 95, 111108. [CrossRef]

http://doi.org/10.1364/OL.43.005989
http://www.ncbi.nlm.nih.gov/pubmed/30547987
http://doi.org/10.1364/OL.413755
http://www.ncbi.nlm.nih.gov/pubmed/33362022
http://doi.org/10.1364/OME.422603
http://doi.org/10.1016/j.rse.2016.12.029
http://doi.org/10.1016/S0030-4018(03)01193-3
http://doi.org/10.3788/ASQO20142001.0081
http://doi.org/10.1364/OE.25.026875
http://www.ncbi.nlm.nih.gov/pubmed/29092171
http://doi.org/10.1364/OE.27.036129
http://doi.org/10.1364/OL.472644
http://doi.org/10.1016/j.optcom.2013.04.023
http://doi.org/10.1364/OE.25.024007
http://doi.org/10.1364/OE.393958
http://doi.org/10.1016/j.optlastec.2022.108392
http://doi.org/10.1364/OE.23.008162
http://www.ncbi.nlm.nih.gov/pubmed/25837153
http://doi.org/10.1364/OE.16.019891
http://doi.org/10.1088/0256-307X/33/5/054203
http://doi.org/10.1063/1.3207828


Photonics 2023, 10, 227 10 of 10

19. Qin, Z.; Xie, G.; Zhao, C.; Wen, S.; Yuan, P.; Qian, L. Mid-infrared mode-locked pulse generation with multilayer black phosphorus
as saturable absorber. Opt. Lett. 2016, 41, 56–59. [CrossRef]

20. Wu, W.; Li, X.; Yan, R.; Chen, D.; Tang, S. Cavity-dumped burst-mode Nd:YAG laser master-oscillator power-amplifier system
with a flat-top beam output realized by gain profile-controlled side pumping. Opt. Express 2022, 30, 20401–20414. [CrossRef]
[PubMed]

21. Kasinski, J.J.; Burnham, R.L. Near-diffraction-limited laser beam shaping with diamond-turned aspheric optics. Opt. Lett. 1997,
22, 1062–1064. [CrossRef]

22. Xue, L.; Pang, Y.; Liu, W.; Liu, L.; Pang, H.; Cao, A.; Shi, L.; Fu, Y.; Deng, Q. Fabrication of random microlens array for laser beam
homogenization with high efficiency. Micromachines 2020, 11, 338. [CrossRef] [PubMed]

23. Wippermann, F.; Zeitner, U.-D.; Dannberg, P.; Bräuer, A.; Sinzinger, S. Beam homogenizers based on chirped microlens arrays.
Opt. Express 2007, 15, 6218–6231. [CrossRef]

24. Reddy, A.N.K.; Pal, V. Robust design of diffractive optical elements for forming fat-top beams with extended depth of focus. Appl.
Phy. B 2019, 125, 231. [CrossRef]

25. Dev, V.; Reddy, A.N.K.; Pal, V. Generation of uniform-intensity light beams with controllable spatial shapes. Opt. Commun. 2020,
475, 126226. [CrossRef]

26. Caley, A.J.; Thomson, M.J.; Liu, J.; Waddie, A.J.; Taghizadeh, M.R. Diffractive optical elements for high gain lasers with arbitrary
output beam profiles. Opt. Express 2007, 15, 10699–10704. [CrossRef]

27. Yang, K.; Zhao, S.; Li, G.; Zou, J.; Song, P.; Wu, W. Pulse compression in AO Q-switched diode-pumped Nd:GdVO4 laser with
Cr4+:YAG saturable absorber. Appl. Phy. B 2005, 80, 687–692. [CrossRef]

28. Li, D.; Zhao, S.; Li, G.; Yang, K. Optimization of pulse width of double passively Q-switched lasers with GaAs and Cr4+-doped
saturable absorbers. Opt. Laser Technol. 2009, 41, 272–279. [CrossRef]

29. Li, G.; Zhao, S.; Yang, K.; Li, D.; Zou, J. Pulse shape symmetry and pulse width reduction in diode-pumped doubly Q-switched
Nd:YVO4/KTP green laser with AO and GaAs. Opt. Express 2005, 13, 1178–1187. [CrossRef]

30. Zhao, S.; Zhao, J.; Li, G.; Yang, K.; Sun, Y.; Li, D.; An, J.; Wang, J.; Li, M. Doubly Q-switched laser with electric-optic modulator
and GaAs saturable absorber. Laser Phys. Lett. 2006, 3, 471–473. [CrossRef]

31. Jin, D.; Bai, Z.; Wang, Q.; Chen, Y.; Liu, Z.; Fan, R.; Qi, Y.; Ding, J.; Yang, X.; Wang, Y. Doubly Q-switched single longitudinal
mode Nd: YAG laser with electro-optical modulator and Cr4+: YAG. Opt. Commun. 2020, 463, 125500. [CrossRef]

32. Chen, Y.-F.; Lee, L.; Huang, T.; Wang, C. Study of high-power diode-end-pumped Nd:YVO4 laser at 1.34 µm: Influence of Auger
upconversion. Opt. Commun. 1999, 163, 198–202. [CrossRef]

33. Mukhopadhyay, P.K.; George, J.; Sharma, S.; Ranganathan, K.; Nathan, T. Experimental determination of effective stimulated
emission cross-section in a diode pumped Nd:YVO4 micro-laser at 1064 nm with various doping concentrations. Opt. Laser
Technol. 2002, 34, 357–362. [CrossRef]

34. Turri, G.; Jenssen, H.P.; Cornacchia, F.; Tonelli, M.; Bass, M. Temperature-dependent stimulated emission cross section in
Nd3+:YVO4 crystals. J. Opt. Soc. Am. B 2009, 26, 2084–2088. [CrossRef]

35. Zhao, X.; Song, Z.; Li, Y.-J.; Feng, J.-X.; Zhang, K.-S. High efficiency sub-nanosecond electro–optical Q-switched laser operating at
kilohertz repetition frequency. Chin. Phys. B 2020, 29, 335–340. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1364/OL.41.000056
http://doi.org/10.1364/OE.460305
http://www.ncbi.nlm.nih.gov/pubmed/36224786
http://doi.org/10.1364/OL.22.001062
http://doi.org/10.3390/mi11030338
http://www.ncbi.nlm.nih.gov/pubmed/32214035
http://doi.org/10.1364/OE.15.006218
http://doi.org/10.1007/s00340-019-7345-2
http://doi.org/10.1016/j.optcom.2020.126226
http://doi.org/10.1364/OE.15.010699
http://doi.org/10.1007/s00340-005-1784-7
http://doi.org/10.1016/j.optlastec.2008.06.005
http://doi.org/10.1364/OPEX.13.001178
http://doi.org/10.1002/lapl.200610038
http://doi.org/10.1016/j.optcom.2020.125500
http://doi.org/10.1016/S0030-4018(99)00132-7
http://doi.org/10.1016/S0030-3992(02)00028-2
http://doi.org/10.1364/JOSAB.26.002084
http://doi.org/10.1088/1674-1056/ab8ac4

	Introduction 
	Temporal–Spatial Rate Equation Model of Hybrid Q-Switched Laser 
	Simulation Results and Discussion 
	Conclusions 
	References

