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Abstract: We developed a high-power, double-intracavity-frequency, diode-side-pumped, Q-

switched Nd:YAG laser. The thermal birefringence effect of Nd:YAG crystal was compensated by a 

quartz rotating mirror, and the stable cavity structure was designed according to the thermal focal 

length of a single module. A 532 nm laser with a maximum linearly polarized output power of 96 

W was obtained at a pumping power of 1300 W and repetition rate of 10 kHz. The pulse width was 

55.8 ns, and the beam quality was measured to be M2x = 5.98, M2y = 8.14 at the maximum output 

power; therefore, a brightness as high as 6.97 × 108 W·cm−2·Sr was achieved. To the best of our 

knowledge, this is the highest brightness obtained for a high-power Nd:YAG laser at 532 nm. 
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1. Introduction 

A high-power green laser with a high repetition rate, short pulse duration, and rea-

sonably good beam quality is important for various industrial and scientific applications. 

High-power green lasers have been widely used in many fields, such as material pro-

cessing [1], laser medicine [2,3], and military defense [4]. In addition, they can also be used 

as a pump source to realize the laser output in ultraviolet and deep ultraviolet bands [5]. 

Nd:YAG is the most commonly used active material for high-power green lasers due 

to its good optical and thermal properties and low price [6,7]. Although many different 

pumping schemes and laser types are available at present, the diode-side-pumped 

Nd:YAG rod laser is a very competitive technology due to its reliability, high power, and 

simplicity, and the low cost of its components [8–10]. The intracavity frequency doubling 

of a diode-pumped, repetitively Q-switched Nd:YAG laser operating at 1064 nm is an 

efficient way to generate a green beam with high average power, high efficiency, and good 

stability. KTiOPO4 (KTP) crystal and LiB3O5 (LBO) crystal are often chosen as second-har-

monic-generation nonlinear crystals. The former has a high effective nonlinear coefficient, 

large acceptance angle and high temperature bandwidth [11]. The frequency conversion 

efficiency of KTP crystal is higher than that of LBO crystal. However, the graytracking 

problem, which leads to a photochromic effect at a threshold intensity of 80 MW/cm2, 

limits the lifetime of the KTP crystal for high-average-power second harmonic generation 

[12]. LBO is one of the most promising candidates, especially for high-average-power sec-

ond harmonic generation, owing to its high damage threshold (greater than 2.5 GW/cm2). 
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Considering the advantages and disadvantages of KTP crystal and LBO crystal, LBO crys-

tal was finally used in this experiment to obtain a high average power and long lifetime 

for a 532 nm laser. 

Furthermore, to qualify for industrial applications, these diode-pumped solid-state 

green lasers should have a high output power and compact size, be immune to environ-

mental fluctuations, and have low pulse-to-pulse timing and amplitude jitter, as well as a 

high beam-pointing stability and low output-power drift during their long-term opera-

tion, in addition to a simple design that can easily be reproduced using off-the-shelf com-

ponents. 

In recent years, domestic and foreign researchers have conducted research on a solid-

state green laser and made a lot of progress. In 2005, Zhenyu Y et al.[13] designed a reso-

nant cavity structure with high collimation stability, according to the change in the ther-

mal lens focal length of the laser working substance with the pumping power of the pump 

source. Using this resonant cavity structure and adding an acousto-optic Q-switch, they 

successfully achieved a Q-switched green laser output with a power of 162 W at a repeti-

tion rate of 10 kHz, with a pulse width of 80 ns and beam quality of M2 = 20. In 2006, Geng 

A et al.[14] designed a dual-V-shaped configuration to ensure a high average power and 

long-lifetime second harmonic generation. In a thermally near-unstable resonator, a large 

fundamental mode size in the Nd:YAG rod and a small size of LBO crystal could be used, 

which improved both the beam quality and the power density. This structure was used to 

obtain a 121 W green laser output with M2 = 20 and a pulse width of 68 ns at the repetition 

rate of 10 kHz. In 2007, Yong B et al.[15] developed a high-power and high-efficiency laser 

head using a numerical simulation of the gain distribution of the diode-side-pumped 

Nd:YAG rod. They designed a thermal, near-unstable resonator with double-rod birefrin-

gence compensation, and then obtained a green laser output with an average power of 

218 W with M2 = 20 using the intracavity frequency-doubling technique. In 2008, Zhong-

yao Feng et al.[16] demonstrated a laser diode, side-pumped, two-rod, quasi-continuous-

wave Nd:YAG green laser. The green laser output power of 164 W was measured at a 

single laser diode pumping current of 21.6 A, with a repetition rate of 27.2 kHz, pulse 

width of 130 ns, optical-to-optical conversion efficiency of 13.7 %, beam quality factors of 

M2x = 9.52 and M2y = 9.86, and output power fluctuation of 2.3%. In 2014, Sharma K et 

al.[17] designed an acousto-optic Q-switched Nd:YAG laser, combined with an LBO crys-

tal, to obtain a 160 W green laser output with repetition rates of 20 kHz, pulse duration of 

73 ns, and beam quality of 18. The optical-to-optical conversion efficiency was 12.7%. In 

2017, Yuan X et al.[18] demonstrated a high-power laser at 532 nm by frequency doubling 

an acousto-optic Q-switched and side-pumped Nd:YAG laser at 1064 nm, using a compact 

linear cavity. The average output power of the pulsed fundamental laser at 1064 nm was 

as high as 299 W. The laser employed two acousto-optic Q-switches, placed orthogonally 

to each other to improve their hold-off capacity. Using intracavity frequency doubling 

with a type II non-critically phase-matched LBO crystal, 165 W average power was gen-

erated for the frequency-doubled output at 532 nm, with a repetition rate of 20 kHz and 

pulse width of 160 ns, which corresponds to a pulse energy of 8.25 mJ and peak power of 

51.6 kW, respectively. In 2019, Singh A et al.[19] developed an intracavity frequency-dou-

bled acousto-optic Q-switched Nd:YAG laser, generating 260 W of average green power 

using two identical diode-pumped gain modules with fivefold pumping symmetry in a 

simple two-mirror linear cavity configuration. At maximum output power, individual 

green-pulse duration was measured to be 73 ns, with a pulse repetition rate of 18 kHz and 

beam quality of M2 = 35. The laser was highly stable, with measured fluctuations in aver-

age green power ±0.83 W over 5 h of continuous operation. The jitter in pulse delay time 

and pulse-to-pulse amplitude fluctuations were measured to be within ±4.25 ns and ±5%, 

respectively. 



Crystals 2023, 13, 290 3 of 10 
 

 

In previous studies, the beam quality of the 532 nm high-power laser was poor. In 

this paper, a reasonable resonator was designed, considering the thermal effect of the crys-

tal to obtain a 532 nm laser with high power and high beam quality. Furthermore, the laser 

had the highest brightness obtained to date, to the best of our knowledge. 

In this paper, to obtain a high-power and high-beam-quality green laser, a reasonable 

resonator was designed, considering the thermal effect of the crystal. An average power 

of 96 W was obtained at 532 nm, with a pulse width of 55.8 ns and a repetition rate of 10 

kHz. At the maximal power, beam quality factors M2x = 5.98, M2y = 8.14 were measured, 

and a brightness as high as 6.97 × 108 W·cm−2·Sr was achieved. 

2. Theoretical Analysis 

At present, how to increase the output power and improve the beam quality of an 

all-solid-state green laser is the research focus. To achieve high output power in a solid-

state green laser, it is necessary to increase the pumping power and the number of pump-

ing diodes. In this case, the diode-side-pumped Nd:YAG laser was shown to be effective. 

A high-power laser output can be obtained using two rods. However, due to the non-

uniform absorption of the laser working substance by the pump light, only part of the 

energy input that was pumped into the crystal was converted into laser oscillation, and 

the rest of the energy was converted into heat loss, which leads to an uneven temperature 

distribution in the laser crystal. This phenomenon is called the thermal effect, which in-

cludes three main aspects: thermal lensing, thermal deformation, and thermal birefrin-

gence. The influence of thermal deformation is relatively low, and can be ignored when 

considering the influence of thermal effect on cavity [20]. In particular, the pump-power-

induced thermal lensing effect greatly influences the laser performance; as a result of this, 

the laser mode size at various locations inside the resonator varies dynamically with the 

pump power, and the cavity becomes unstable as the pump power approaches a critical 

value. Therefore, when the laser operates at high power, the thermal effect of the laser 

crystal is one of the main factors to be considered in the design and optimization of the 

laser system. 

For solid-state lasers, the structure of the resonator is changed by the thermal effect 

caused by optical pumping; therefore, it is necessary to study the dynamic working char-

acteristics of the resonator using the thermal stabilizer mirror and the parameters of the 

output beam. The reasonable selection of the resonator’s structural parameters is im-

portant in solid-state laser technology. 

Thermal lensing is an optical effect caused by the inhomogeneity of temperature and 

stress in the laser rods. The laser medium is equivalent to a thermal lens, whose thermal 

focal length can be calculated using the following formula: 

𝑓 =
𝐾𝐴

𝑃𝑎
[
1

2

𝑑𝑛

𝑑𝑇
+ 𝑛3𝛼𝑇𝐶𝑟,𝜙 +

𝛼𝑇𝑟(𝑛 − 1)

𝐿
]−1 (1) 

where K represents the thermal conductivity of the laser working substance, A represents 

the cross-section area of the laser working substance, 𝑃𝑎 represents the total heat dissi-

pated by the laser working substance, dn/dT represents the gradient value of the refractive 

index with temperature, 𝛼𝑇 is the thermal expansion coefficient of the laser working sub-

stance, and 𝐶𝑟,𝜙 is the photoelastic coefficient related to the radius and tangential direc-

tion. 

To obtain high-power and high-beam-quality green light output, the resonator was 

designed and optimized according to the thermal effect of laser crystal. In this experiment, 

a quartz rotating mirror was added between two crystal rods to compensate for their ther-

mal birefringence. The pumped region of the Nd:YAG rod can be considered a thick lens 

with a transfer matrix [21], given by 
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[𝑀𝐿]𝑟,𝜑 =

[
 
 
 
 1 −

ℎ

𝑓𝑟,𝜑

𝐿

𝑛

−
1

𝑓𝑟,𝜑
1 −

ℎ

𝑓𝑟,𝜑]
 
 
 
 

 (2) 

where ℎ = 𝐿/2𝑛, which is the distance between the main plane of the lens and the end 

face of the crystal rod. L is the length of the Nd:YAG rod, and n is the refractive index of 

the Nd:YAG rod. 𝑓𝑟,𝜑 is the focal length of the thermal lens for tangential and azimuthal 

polarization, respectively. For azimuthal polarization, the thermal focal length 𝑓𝜑 can be 

calculated from the relation 𝑓𝜑/𝑓𝑟 = 1.2 [22]. In a pumped Nd:YAG rod for the tangential 

polarization, the variations in measured thermal focal power, as a diode power function 

for non-lasing conditions, are shown in Figure 1. The thermal focal power linearly in-

creases with the pumping current. 

 

Figure 1. Variation in thermal focal power with pumping current. 

In the high-power green laser, the thermal-lensing effect of the frequency-doubling 

crystal cannot be ignored, but the influence of the thermal effect can be reduced by con-

trolling the temperature and tilt angle of the frequency-doubling crystal. The thermal ef-

fect is ignored in the work. The thermal lens equivalent diagram of the resonator is shown 

in Figure 2. 

 

Figure 2. Thermal lens equivalent diagram of resonator. 

When the center of the left laser rod is used as the reference plane, the round-trip 

propagation matrix is given by: 

[
𝐴 𝐵
𝐶 𝐷

] = [𝑀𝐿]𝑟𝑑𝑚[𝑀𝐿]𝜑𝑑2𝑀𝑅𝑑2[𝑀𝐿]𝜑𝑑𝑚[𝑀𝐿]𝑟𝑑1𝑀𝑅𝑑1 (3) 

where 𝑀𝑅 = [
1 0

−
2

𝑅
1], 𝑑𝑖 = [

1 𝑑𝑖

0 1
] (i=1,2,m), and R is the curvature radius of mirror 1 

and mirror 2. Matrices represent the transfer matrices for mirrors M1 and M2. The matri-

ces [d1] and [d2] represent the ray propagation matrices for the free space between mirror 

M1, the main plane of pump head 1 and pump head 2, and mirror M2, respectively. Matrix 
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[𝑑𝑚] represents the ray propagation matrices between the two main planes of the pump 

heads. 

The laser resonator was designed by incorporating measured variations in thermal 

focal length, along with the pump power required to operate at a high pumping current, 

using the following resonator stability criteria: 

−1 <
𝐴 + 𝐷

2
< 1 (4) 

This is the stability condition of the laser resonator. The light will go back and forth 

several times in the two mirror cavities, satisfying this condition; therefore, the geometric 

loss of the stable cavity is smaller. The relationship between the q parameters of the TEM00 

Gaussian mode and every element of the round trip matrix is: 

1

𝑞
=

𝐷 − 𝐴

2𝐵
± 𝑖

√4 − (𝐴 + 𝐷)2

2𝐵
 (5) 

Therefore, the beam waist of the Gaussian mode in the laser rod is: 

ω = √
λ

π

2B

√(4 − (A + D))2
 (6) 

The laser spot size anywhere in the resonator can be obtained by changing the incep-

tive reference place of the round-trip matrix. The laser beam distribution can be calculated 

at any position within the cavity. 

According to the transmission matrix and geometric parameters of the resonant cav-

ity, the stability region diagram can be obtained, as shown in Figure 3a. The variation of 

spot size along the length of cavity at the maximum pumping current is also simulated, 

as shown in Figure 3b. Through the simulation results, the position of each device in the 

resonator can be obtained. Figure 3c shows the variation in the TEM00 mode radius at the 

left end of the Nd:YAG rod for LH1.  

 

Figure 3. (a) Stability region diagram of resonator. (b) Variation of spot size along the length of 

cavity at the maximum pumping current. (c) Variation in fundamental mode size with pumping 

current. 

The laser was designed in a convex-convex linear cavity configuration, aiming to ob-

tain a tight spot size at the nonlinear crystal to obtain a higher laser power at 532 nm. At 

the same time, a better beam quality can be obtained using this type of cavity. To obtain a 

high-power and high-stability laser, combined with simulation and experiment, the 

length of the total cavity was finally determined to be 596 mm (the distance between the 

two Nd:YAG rods is 70 mm, the distance from M1 to the left-end face of the LH1 was 180 

mm, and the distance from the right-end face of the LH2 to M2 was 180 mm). According 

to Figure 3b, the LBO crystal is placed at the smallest spot size, about 55 mm from the lens 

M2.  
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3. Experimental Setup 

The experimental apparatus of a double-intracavity-frequency, diode-side-pumped, 

Q-switched Nd:YAG laser is shown in Figure 4. LH1 and LH2 (RBA35-1C2) are two high-

power-laser side-pumping modules. The laser crystals are rod-shaped Nd:YAG crystals 

with a size of Φ3 × 83 mm and a doping concentration of Nd3+ of 0.8%. The front and back 

faces were coated with 1064 nm anti-reflection film to reduce the reflection loss at both 

ends of the crystal. The laser rod was placed at the center of a flow tube, which can reduce 

the thermal lensing effect of the laser crystal. A quartz rotator was inserted between the 

two modules to compensate for the thermal birefringence effect, allowing for the output 

power and beam quality to be improved. The quartz polarization rotator rotated the two 

components of the laser electric field by 90°. This could cancel out the phase difference 

produced by the two laser rods, to compensate for the thermal effect. 

 

Figure 4. Schematic of the laser setup. 

In the experiment, two acousto-optic Q switches were used to obtain the peak power 

laser. The driving frequency was 27.4 MHz, the maximum driving radio frequency (RF) 

power was 100 W, and a modulation pulse width of ≤100 ns could be achieved. The 

acousto-optic modulation frequency of this experiment was set at 10 kHz. The two 

acousto-optic switches were placed vertically, and the diffraction efficiency of 1064 nm 

laser was improved by double acousto-optic vertical diffraction. The acousto-optic Q 

switches were placed close to the crystal rods to improve the diffraction efficiency. To 

effectively cool the acousto-optic Q switch, its cooling channel had a stainless steel coating, 

which completely solved the problem of channel corrosion. 

M1 is a mirror with high reflectivity at 1064 nm. Mirror M2 is the output mirror, with 

the surface coated for high reflectance at 1064 nm and high transmittance at 532 nm. The 

curvature radius of both mirror M1 and mirror M2 was 280 mm. M3 is a flat mirror coated 

for high transmittance at 1064 nm and high reflectivity at 532 nm. The nonlinear fre-

quency-doubling crystal was an LBO crystal cut for type-I phase-matching with the size 

of 4 mm × 4 mm × 18 mm. To increase the cooling capacity of the LBO crystal, each side of 

LBO was wrapped with a layer of indium foil stuck in a copper heat sink, and the temper-

ature was accurately controlled by the thermo-electric cooler (TEC). In this experiment, 

the temperature set by the LBO was 39.8 °C. During the experiment, the angle of the LBO 

crystal was finely adjusted to meet the phase matching, to improve the frequency conver-

sion efficiency as much as possible. Finally, the purpose of the polarization beam-splitter 

(PBS) was to provide a linearly polarized 1064 nm laser to the LBO crystal. 

4. Results and Discussion 

In the experiment, the curve of 1064 nm and 532 nm laser output power versus the 

total pumping power of two rods was depicted, which is demonstrated in Figure 5. The 

1064 nm laser showed tangential polarization in the LH1 and azimuthal polarization in 

the LH2, and the final output of the 532 nm laser was tangential polarization. The thresh-

old electrical pump power of the 1064 nm laser was 600 W, and that of the 532 nm laser 

was 750 W. The reason for this phenomenon is that the threshold power of the laser be-

comes higher after the LBO crystal is added. The output power increases, nearly in pro-

portion to the pumping power. When the electrical pump power is 1300 W, the output 

power of the 1064 nm laser is 157 W, and the maximum output power of the 532 nm laser 

can reach 96 W; therefore, the frequency-doubling efficiency is 61%. The optical elements 
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in the laser are controlled by the constant water-cooling temperature, and the optical ele-

ments are fixed by a reliable stainless steel adjusting frame. Therefore, the laser power can 

be reproduced, and the maximum fluctuation range of the laser power is within 0.5 W. 

However, it can be seen that the power of the 532 nm laser decreases when the electrical 

pump power is near 1200 W. The characteristic of the laser-unstable cavity is that the out-

put power will further increase with the increase in current after the laser operating point 

crosses the unstable region. When the electric pump power is 1200 W, the output power 

is 83 W; then, it enters the unstable zone and the output power decreases. When the elec-

tric pump power is 1250 W, the power decreases to the lowest, 70 W, and then enters the 

stable zone. When the electric pump power increases to 1300 W, the output power reaches 

96 W. 

 

Figure 5. The output power of the 1064 nm laser and 532 nm laser under different pump currents. 

The pulse width of the 532 nm laser was measured by a pulse detector (THORLABS, 

DET10A2) and digital oscilloscope (Tektronix, TDS 3054B). Figure 6a shows the pulse 

width of the laser at 532 nm as a function of pumping current. From Figure 6a, we can see 

that the pulse width of the 532 nm laser decreased with the pumping current. The pulse 

width of the green laser, as shown in Figure 6b, is 55.8 ns at the maximal output power 

and the repetition rate of 10 kHz. 

 

Figure 6. (a) Variation of the pulse width as a function of pumping current. (b) A typical recorded 

pulse shape at the maximum output green power. 

A beam quality diagnostic instrument (DataRay, M2DU-200 Stage) was used to 

measure the spot and beam quality of the laser, as shown in Figure 7. Figure 7a shows the 

recorded spatial profile of the output green beam, which is nearly circular, when the 

power of the 532 nm laser is 96 W. Figure 7a also shows the relative distribution of the 532 
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nm laser, which is 70 cm from the output mirror when the output power is 96 W. This 

shows that the far-field spot of the laser output has approximately the same spatial distri-

bution as the TEM00 mode. To measure the beam quality of the laser, the output beam was 

exposed to the CCD camera after passing through an internal lens with a 100 mm focus 

length. In Figure 7b, the variation in the M2 value of the green beam is shown as a function 

of the output green power. The M2 value is shown to increase with the increase in the 

power of 532 nm laser. Figure 7c shows a horizontal beam quality of M2x = 5.98 and vertical 

beam quality of M2y = 8.14 when the output power of the 532 nm laser is 96 W.  

 

Figure 7. (a) Recorded spatial profile of the green beam. (b) Measured variation in the M2 value of 

the green beam as a function of the green output power. (c) The beam quality of 96 W. 

This variation in the M2 value with the output power of 532 nm can be qualitatively 

explained using the estimated variation in the fundamental TEM00 mode radius at the 

Nd:YAG rod, as a function of the pump power. The M2 value varies inversely with the 

fundamental TEM00 mode area at the pumped Nd:YAG rod [22]. At a low pumping cur-

rent, the TEM00 mode radius at the gain medium is large, which leads to a lower M2 value. 

As the pumping current is increased, the mode radius decreases with the pumping current 

due to the thermal lensing effect at the gain medium, which leads to a rapid increase in 

the M2 value of the green beam. 

From the perspective of practical applications, brightness (B) is also a very important 

factor for lasers, which is defined as [23]: 

𝐵 =
𝐶 ∗ 𝑃

𝜆2 ∗ 𝑀𝑥
2 ∗ 𝑀𝑦

2 (7) 

where P represents the average output power and C is a constant depending on the beam 

profile (C = 1 for a Gaussian-type beam). The brightness of the laser was calculated to be 

6.97 × 108 W·cm−2·Sr, which is 1.13, 4, and 6.5 times higher than that in other works, such 

as in [14] (164 W, M2x = 9.52, M2y = 9.86, B = 6.17 × 108 W·cm−2·Sr), [15] (160 W, M2 = 18, B = 

1.74 × 108 W·cm−2·Sr), and [12] (121 W, M2 = 20, B = 1.07 × 108 W·cm−2·Sr), respectively. 

5. Conclusions 

In conclusion, we developed an intracavity frequency-doubled acousto-optic Q-

switch Nd:YAG laser. Our laser can produce up to 96 W of power at 532 nm at a 10 kHz 

repetition rate, with a 55.8 ns pulse duration. Meanwhile, the beam quality factors M2x = 

5.98, M2y = 8.14 were measured at the maximum output power, corresponding to a bright-

ness of 6.97 × 108 W·cm−2·Sr. To the authors’ knowledge, this is the highest brightness ob-

tained for a high-power, double-intracavity-frequency, Q-switched Nd:YAG laser. Due to 

its high power, good beam quality, and high brightness, the laser has good application 

prospects in the laser-processing field. For example, the laser can be used a hybrid laser 

system, using a water jet as light guide. The stable water jet thus works as a liquid wave-

guide delivering laser light to the work piece, avoiding thermal damage to the sample.  
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