
Citation: Gong, Q.; Zhang, M.; Lin,

C.; Yang, X.; Fu, X.; Ma, F.; Hu, Y.;

Dong, L.; Shan, C. Analysis of

Thermal Effects in Kilowatt High

Power Diamond Raman Lasers.

Crystals 2022, 12, 1824. https://

doi.org/10.3390/cryst12121824

Academic Editor: Dah-Shyang Tsai

Received: 27 November 2022

Accepted: 12 December 2022

Published: 14 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

crystals

Article

Analysis of Thermal Effects in Kilowatt High Power Diamond
Raman Lasers
Qiaoxia Gong 1, Mengxin Zhang 1, Chaonan Lin 1, Xun Yang 1, Xihong Fu 2, Fengying Ma 1, Yongsheng Hu 1,*,
Lin Dong 1,3 and Chongxin Shan 1,3,*

1 Key Laboratory of Materials Physics of Ministry of Education, School of Physics and Microelectronics,
Zhengzhou University, Zhengzhou 450001, China

2 State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics Fine
Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China

3 Henan Key Laboratory of Diamond Optoelectronic Materials and Devices,
School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450052, China

* Correspondence: huyongsheng@zzu.edu.cn (Y.H.); cxshan@zzu.edu.cn (C.S.)

Abstract: Chemical vapor deposition (CVD) diamond crystal is considered as an ideal material
platform for Raman lasers with both high power and good beam quality due to its excellent Raman
and thermal characteristics. With the continuous development of CVD diamond crystal growth tech-
nology, diamond Raman lasers (DRLs) have shown significant advantages in achieving wavelength
expansion with both high beam quality and high-power operation. However, with the output power
of DRLs reaching the kilowatt level, the adverse effect of the thermal impact on the beam quality is
progressively worsening. Aiming to enunciate the underlying restrictions of the thermal effects for
high-power DRLs (e.g., recently reported 1.2 kW), we here establish a thermal-structural coupling
model, based on which the influence of the pump power, cavity structure, and crystal size have been
systematically studied. The results show that a symmetrical concentric cavity has less thermal impact
on the device than an asymmetrical concentric cavity. Under the ideal heat dissipation condition,
the highest temperature rise in the diamond crystal is 23.4 K for an output power of ~2.8 kW. The
transient simulation further shows that the heating and cooling process of DRLs is almost unaffected
by the pump power, and the times to reach a steady state are only 1.5 ms and 2.5 ms, respectively.
In addition, it is also found that increasing the curvature radius of the cavity mirror, the length and
width of the crystal, or decreasing the thickness of the crystal is beneficial to alleviating the thermal
impact of the device. The findings of this work provide some helpful insights into the design of the
cavity structure and heat dissipation system of DRLs, which might facilitate their future development
towards a higher power.

Keywords: diamond; thermal effect; high power; thermal-structural coupling model

1. Introduction

High-power lasers with high beam quality have extensive applications in fields such
as industrial processing, eye-safe lidar, laser medicine, military countermeasures, laser
satellite communications, space exploration, etc. [1–7]. Raman lasers have received much
attention in developing high-beam quality and high-power operation lasers because they
can achieve beam purification by using unique automatic phase-matching characteristics [8].
Diamond crystal is considered an ideal material for Raman lasers with both high-power
and good beam quality due to its high Raman gain coefficient (1332.3 cm−1), low Raman
linewidth (1.5 cm−1), low thermal expansion coefficient (1.1 × 10−6 K−1), high damage
threshold, and thermal conductivity (2200 Wm−1K−1) that is 2–3 orders of magnitude
higher than other crystals materials [8–11].

With continual developments in the chemical vapor deposition (CVD) manufacturing
process of large-size single-crystal diamonds, diamond Raman lasers (DRLs) with both
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high power and high beam quality have made remarkable progress in the last decade or
so [8,11–24]. In 2014, the Mildren’s group at Macquarie University reported a first-order
Stokes light output with a power of 108 W. This is the first time that the output power
of DRLs has reached the 100-watt scale with an optical-optical conversion efficiency of
34% and a beam quality factor of M2 < 1.1 [25]. In 2018, they obtained a second-order
Stokes light output of 302 W with an optical-optical conversion efficiency of 36% and a
beam quality factor of M2 = 1.1 [26]. In 2019, they further got the stokes light output of
the kilowatt level (1.2 kW) with an optical-optical conversion efficiency of 53% and a beam
quality factor of M2 = 1.25 [27]. Despite these significant advances, it can be seen that the
beam quality of the laser begins to deteriorate as the output power of DRLs reaches the
kilowatt level, indicating that the adverse effect of the thermal impact on the beam quality
is progressively increasing.

Part of the energy for the pump light is converted into heat in the crystal, causing a
temperature rise that is the root cause of the thermal effects [28–33]. The uneven tempera-
ture distribution inside the laser crystal will cause uneven expansion inside the medium
and generate thermal stress to deform the crystal, resulting in a decrease in the conversion
efficiency of the pumped light inside the crystal. It is generally believed that the config-
uration of the laser resonant cavity, the power and beam distribution of the pump light,
the size of the laser crystal, as well as the heat dissipation method and the structure of
the heat dissipation system are important factors affecting the thermal effect of the laser
crystal [34–39].

Up to now, there has been a lack of research on the thermal effects of DRLs because
the excellent thermal conductivity of diamond allows the neglect of its thermal effects for
low input power. However, the thermal effects of the diamond play a key role in limiting
the output power and beam quality of the laser when the output power of DRLs reaches
the hundred-watt or even kilowatt level [6,40–42]. In 2021, Bai et al. studied the thermal
effects of DRLs by using a simpler point source as a heat source model and found that the
temperature rise of the device reached 70 K at an output power of 302 W [40]; recently, the
group further found that the temperature rise of the device was only 7.15 K at an output
power of 132 W by using the heat source model with crystal internal heat transfer, which
is in better agreement with the experimental results [41]. These results provide a more
significant contribution to the preliminary understanding of the thermal effects of DRLs.
However, we note that there is a lack of research on the thermal effects of high-power
DRLs for the kW level and a lack of research and understanding of the conformational
relationship between cavity structure and thermal effects.

In this paper, aiming to discuss the fundamental limits of the thermal effects for high-
power devices (e.g., 1.2 kW as recently reported [27]), we here establish a thermal-structural
coupling model, based on which we first studied the relationship between device thermal
effect and pump power; then, the influence of cavity structure, including cavity type,
cavity mirror radius of curvature, and diamond size is further discussed. The results show
that: (1) a symmetrical concentric cavity has less thermal impact on the device than an
asymmetrical concentric cavity; (2) the maximum temperature rise in the crystal is ~23.4 K
for DRLs with a symmetric concentric cavity at an output power of ~2.8 kW under the ideal
heat dissipation condition; meanwhile, the warming and cooling processes of the device
are fast, the heating and cooling processes of DRLs are almost unaffected by the pump
power, and the times to reach a steady state are only ~1.5 ms and ~2.5 ms, respectively;
(3) increasing the radius of curvature of the cavity mirror, increasing the length and width
of the diamond crystal, or reducing the thickness of the crystal are all beneficial to the
improvement of the thermal effect of the device. The results of this paper can help to
deepen the understanding of the constitutive relationship of thermal effects for DRLs with
high power and might provide some insights into the design of cavity structures and heat
dissipation systems.
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2. System Structure and Heat Source Model

According to the literature [27], we first built the cavity structure of DRLs as shown in
Figure 1a, where the diamond crystals with dimensions of 1.2 mm × 4 mm × 8.6 mm are
placed in a nearly concentric cavity consisting of concave mirrors with radii of curvature
of 150 mm and 92 mm, respectively. The DRLs are pumped by a 1064 nm Nd: YAG
laser, the device achieves a maximum output power of 1.2 kW, and an optical-to-optical
conversion efficiency of 52.2% for a pump power of 2.3 kW. The system uses single-side
water cooling, where the diamond is placed on a copper heat sink with dimensions of
3 mm × 8.6 mm × 8.6 mm (Figure 1b). Most of the heat inside the crystal is removed
through a temperature control device (298 K) and water circulation inside it, while the rest
of the heat is removed through heat exchange with air on the remaining five sides of the
crystal. Here, we consider the ideal heat dissipation case, i.e., a constant temperature of
298 K at the bottom of the diamond crystal (also the upper surface of the copper heat sink).
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Figure 1. (a) Schematic of DRLs used for the simulation. (b) Model of the diamond crystal and copper
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2.1. Thermal Model of Diamond Crystal

In this work, we use a Gaussian heat source model that is closer to the actual pump
beam characteristics than the point heat source model, which is widely accepted in solid-
state laser heat dissipation studies [28,31,36,43]. The pump light is assumed to be approxi-
mated as a Gaussian beam, which is focused through the lens to the center of the diamond
crystal. Meanwhile, assuming that the pump beam waist radius is equal to the Stokes beam
waist radius due to the consideration of the requirement of good mode matching [26,40,44],
the heat source function can then be expressed as:

Qv(x, y, z) = 2ξPpump

πω2
p l

exp
[
−2 (

x− a
2 )

2
+(y− b

2 )
2

ω2
p

]
exp(−αz)

0 ≤ x ≤ a, 0 ≤ y ≤ b, 0 ≤ z ≤ l
(1)

ξ = 1 − η (2)

ωp = ω0

√√√√√1 +


(

z − l
2

)
zp

2

(3)

zp =
πnω2

0
M2λp

(4)

where a, b, and l are the thickness, width, and length of the diamond crystal, respectively,
Ppump is the pump power of the laser, zp is the Rayleigh length, ω0 is beam radius of the
pump light, ωp is the beam waist radius of the pump light at any position within the crystal,
as shown in Table 1, α is the absorption coefficient of the diamond crystal, ξ is the thermal
conversion coefficient, η = λp/λs is the quantum conversion efficiency, λp, λs are the
wavelengths of the pump light and Stokes light, respectively, and n is the refractive index
of the diamond crystal.
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Table 1. Parameters used in simulation.

Parameters Value

Diamond

Thermal conductivity K 2000 Wm−1K−1

Coefficient of thermal expansion αT 1.1 × 10−6 K−1

Absorption coefficient α 0.375 m−1

Thermal coefficient of the refractive index dn/dt 1.5 × 10−5 K−1

Thermal conversion coefficient ξ 0.142

Density 3510 kgm−3

Crystal refractive index n 2.39 @1 µm

Crystal size 1.2 mm × 4 mm × 8.6 mm

Young’s modulus 1100 GPa

Poisson’s ratio ν 0.069

Copper
Size 3 mm × 8.6 mm × 8.6 mm

Thermal conductivity 385 Wm−1K−1

DRLs

Pump wavelength λp 1064 nm

Quality factor of pumping beam M2
p 15

Stokes wavelength λs 1240 nm

Water Constant temperature 298 K (25 ◦C)

Air Ambient temperature T0 298 K (25 ◦C)

Assuming that the thermal conductivities of diamond crystals in the x, y, and z
directions are kx, ky, and kz, respectively, the three-dimensional heat conduction equation
is [29–31]:

kx
∂2T(x,y,z)

∂x2 + ky
∂2T(x,y,z)

∂y2 + kz
∂2T(x,y,z)

∂z2 + Qv(x, y, z) = 0
0 ≤ x ≤ a, 0 ≤ y ≤ b, 0 ≤ z ≤ l

(5)

where T(x, y, z) is the temperature at any point position within the crystal. At the beginning
of heating, the initial moment conditions are set assuming that the diamond crystal and the
copper heat sink are in equilibrium as follows:

T(x, y, z, 0) = T0 (6)

T0 is the external ambient temperature, where the natural convection of air and the
radiation of the thermal environment between the diamond and the copper heat sink and
the surrounding environment are taken into account during the heating process.

2.2. Thermo-Elasticity Model of Diamond Crystal

When the pump light hits the crystal, part of the energy is absorbed, and the rest of
the power is converted into heat unevenly distributed inside the crystal, which leads to
uneven temperature distribution, resulting in uneven thermal expansion in the crystal.
The magnitude of thermal stresses and thermal strains caused by the uneven temperature
variations in the crystal can be solved by coupled thermal-stress analysis, i.e., the thermal
analysis of the diamond crystal is first performed, and the mechanical analysis is performed
based on the results of the thermal analysis simulation, where the position and stress
state of the crystal is determined by a set of thermoelastic equations, including geometric,
physical, and equilibrium differential equations [31,40,41], as follows:
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Firstly, the relationship between strain and displacement can be described by the
geometric equation, which is as follows:

εx = ∂ux
∂x , εy =

∂uy
∂y , εz =

∂uz
∂z

εxy =
γxy

2 = 1
2

(
∂ux
∂y +

∂uy
∂x

)
εyz =

γyz
2 = 1

2

(
∂uy
∂z + ∂uz

∂y

)
εzx = γzx

2 = 1
2

(
∂uz
∂x + ∂ux

∂z

) (7)

where ux, uy, uz are the displacement components of the crystal in the x, y, and z directions,
respectively, εx, εy, and εz are the line strain components of the crystal in the x, y, and z
directions, respectively, and γxy, γyz, and γzx are the shear strain components of the crystal
in the three planes, respectively.

Secondly, the relationship between stress and strain satisfies Hooke’s law and can be
described by the physical equation:

εx = ∂ux
∂x = 1

E
[
σx − µ

(
σy + σz

)]
+ αT∆T

εy =
∂uy
∂y = 1

E
[
σy − µ(σz + σx)

]
+ αT∆T

εz =
∂uz
∂z = 1

E
[
σz − µ

(
σx + σy

)]
+ αT∆T

(8)

γxy =
τxy

G
, γyz =

τyz

G
, γzx =

τzx

G
(9)

σx , σy, σz are the stress components of the crystal in the x, y, and z directions,
respectively, µ is the Poisson’s ratio, E is the tensile modulus of the crystal, αT is the
coefficient of the thermal expansion of the crystal, ∆T is the temperature change, and
G = E

2(1+µ)
, is the shear modulus of elasticity.

The crystal satisfies the hydrostatic equilibrium condition when a diamond crystal is
in equilibrium:

ΣX = ΣY = ΣZ = ΣMx = ΣMy = ΣMz = 0 (10)

Using the equilibrium condition for the moments ΣMx = ΣMy = ΣMz = 0, we can obtain:
τxy = τyx
τxz = τzx
τyz = τzy

(11)

Using the displacement equilibrium condition ΣX = ΣY = ΣZ = 0, we can obtain the
equilibrium differential equations for the forces in the x, y, and z directions of the crystal,
respectively, as: 

∂σx
∂x +

∂τyx
∂y + ∂τzx

∂z + Fx = 0
∂τxy

∂x +
∂σy
∂y +

∂τzy
∂z + Fy = 0

∂τxz
∂x +

∂τyz
∂y + ∂σz

∂z + Fz = 0

(12)

where, Fx, Fy, Fz are the external force components acting on the diamond crystal in x, y,
and z directions, respectively, and Fx = Fy = Fz = 0 since the surface of the diamond
crystal is freely bounded. Bringing Equations (8) and (9) into Equation (12), the equilibrium
differential equation expressed in terms of displacement components can be obtained.

2.3. Thermal Lensing Strength of Diamond Crystal

A large heat load is accumulated in diamond crystal due to the attenuation of the
optical phonons generated by Raman and the absorption of impurities or defects in the
crystal by pump light and Stokes light from DRLs. The heat generated affects the conversion
efficiency and beam quality of DRLs through the thermal lensing effect, thermally induced
stress birefringence, and thermally induced stress fracture, where the thermal lensing effect
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is one of the critical parameters in the study of thermal effects. To evaluate the effect of
thermal lensing inside the crystal, the magnitude of the thermal lensing intensity within the
crystal can be calculated. Assuming a uniform thermal accumulation along the length of the
crystal as Ph, the thermal lens intensity is mainly influenced by the thermally induced radial
perturbation of the refractive index, end-face bulging, and photo-elastic effects, which can
be expressed as the equation of the intensity as [6,45,46]:

f−1 ≈ Ph
2πω2

pK
·
(

dn/dt + (n − 1)(ν + 1)αT + n3αTCr,ϕ

)
(13)

Ph = ξPdep + αpPpump + αsPs/(1 − Rs) (14)

As shown in Table 1, where K is the thermal conductivity of the diamond, dn/dt
is the thermo-optical coefficient of the refractive index, n is the refractive index of the
diamond crystal, ν is the Poisson’s ratio, αT is the coefficient of thermal expansion, Cr,ϕ is
the photoelasticity coefficient, where Pdep is the heat deposited (per unit time) due to the
production of Raman phonons and absorption of the Stokes beam, and Ppump is the pump
power of the laser. In this work, we assumed that Pdep = Ppump, which is more convenient
for our calculations. Ps is the output power of Stokes light; αp and αs are the absorption
coefficients of the diamond crystal for pump light and Stokes light, respectively. Since the
wavelength difference between pump light and Stokes light is insignificant, it is assumed
that αp = αs (0.375 m−1 @1 µm), and Rs is the reflectance of the output coupling mirror to
Stokes light.

For diamond crystals, since the thermo-optical effect is several orders of magnitude
higher than the photo-elastic effect [24], under the first-order approximation, only the
thermo-refractive index change is usually calculated, while neglecting the effect of the
last two terms in Equation (13), so the thermal lensing intensity of the crystal can be
simplified as:

f−1 ≈ Ph
2πω2

pK
· dn/dt (15)

Thus, the thermal lensing intensity of the crystal is proportional to the pump power;
the higher the pump power, the more serious the thermal lensing effect; inversely propor-
tional to the square of the pump spot radius, the larger the pump spot, the smaller the
thermal lensing effect.

3. Results and Discussion
3.1. The Effect of Pump Power on Thermal Effect
3.1.1. Temperature Distribution at Different Pumping Power Levels

Firstly, we examine the steady-state temperature distribution inside the diamond
crystal for different pump power levels. Due to the optical-to-optical conversion efficiency
being 52.2% [27], when pump power levels are 800 W, 2.3 kW, 3.8 kW, and 5.3 kW, respec-
tively, the corresponding output power levels would be about 0.42 kW, 1.2 kW, 2.0 kW,
and 2.8 kW. As shown in Figure 2, the temperature variation of the diamond crystal is
mainly concentrated in the pumped region, i.e., near the central crystal axis. With the
pumping power rising from 800 W to 5.3 kW, the maximum temperature rise inside the
crystal gradually increases from 3.2 K to 23.4 K. In the transverse direction (y-direction),
the temperature distribution inside the crystal is symmetrical, and it gradually decreases
from the center to both sides of the face. Finally, both sides of the surface and ambient
temperature are almost the same.



Crystals 2022, 12, 1824 7 of 15

Crystals 2022, 12, x FOR PEER REVIEW 7 of 15 
 

 

the temperature distribution inside the crystal is symmetrical, and it gradually decreases 

from the center to both sides of the face. Finally, both sides of the surface and ambient 

temperature are almost the same. 

 

Figure 2. Cross-sectional temperature distribution of diamond crystal at pumping power (a) 800 W 

(b) 2.3 kW (c) 3.8 kW, and (d) 5.3 kW, respectively. 

Figure 3 further gives the temperature variations in three directions inside the 

diamond for different pumping power levels. It can be seen from Figure 3a that the 

temperature is highest at the center of the crystal on the lateral side [31,41], and the 

temperature difference between the center temperature and the lateral edge increases 

gradually from 3.2 K to 21.5 K as the pumping power increases. From Figure 3b, it can be 

seen that the temperature also decreases gradually from the center of the crystal to the 

two end faces in the crystal axis direction, with the lowest temperature at the two ends, 

which is because the pump beam waist position coincides with the center of the diamond 

crystal so that the pump energy density is the largest, and at the same time, both ends of 

the crystal are in contact with the air, so the heat dissipation effect is better than the center 

of the crystal, which is consistent with the findings in the Ref. [47]. With the pumping 

power increasing from 800 W to 5.3 kW, the temperature gradient between the center of 

the crystal and the two end faces increases from 0.6 K to 4.0 K. Figure 3c shows the 

temperature distribution along the x-direction (thickness direction) at the central face of 

the crystal. It can be seen that the highest temperature also occurs at the central position 

of the crystal, which is 301.5 K, 308.1 K, 314.8 K, and 321.4 K at the pump power of 800 W, 

2.3 kW, 3.8 kW, and 5.3 kW, respectively. The temperature decreases gradually from the 

center of the crystal to the upper and lower surfaces. Since the bottom surface of the 

diamond crystal is in contact with the copper heat sink and is fixed at the ideal 298 K, its 

heat dissipation effect is better than that of the upper surface. The temperature decreases 

rapidly from the center of the crystal to 298 K, while the temperature of the upper surface 

increases with the increase in pumping power. 

It should be noted that the temperature of the bottom surface of the diamond crystal 

(or the top of the copper heat sink) is assumed to be constant at 298 K in this work, which 

is an ideal state, while if the temperature at the bottom of the copper heat sink is fixed at 

298 K, the maximum temperature inside the diamond crystal will reach 355.7 K at a pump 

power of 2.3 kW. The corresponding maximum temperature rise will be significantly 

increased from 10.1 K to 57.7 K, which is even much higher than the ideal case with a 

pump power of 5.3 kW. This shows that it is crucial for DRLs to rationally design the heat 

dissipation structure of the diamond crystal. 
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Figure 3 further gives the temperature variations in three directions inside the diamond
for different pumping power levels. It can be seen from Figure 3a that the temperature is
highest at the center of the crystal on the lateral side [31,41], and the temperature difference
between the center temperature and the lateral edge increases gradually from 3.2 K to
21.5 K as the pumping power increases. From Figure 3b, it can be seen that the temperature
also decreases gradually from the center of the crystal to the two end faces in the crystal
axis direction, with the lowest temperature at the two ends, which is because the pump
beam waist position coincides with the center of the diamond crystal so that the pump
energy density is the largest, and at the same time, both ends of the crystal are in contact
with the air, so the heat dissipation effect is better than the center of the crystal, which is
consistent with the findings in the Ref. [47]. With the pumping power increasing from
800 W to 5.3 kW, the temperature gradient between the center of the crystal and the two
end faces increases from 0.6 K to 4.0 K. Figure 3c shows the temperature distribution along
the x-direction (thickness direction) at the central face of the crystal. It can be seen that
the highest temperature also occurs at the central position of the crystal, which is 301.5 K,
308.1 K, 314.8 K, and 321.4 K at the pump power of 800 W, 2.3 kW, 3.8 kW, and 5.3 kW,
respectively. The temperature decreases gradually from the center of the crystal to the
upper and lower surfaces. Since the bottom surface of the diamond crystal is in contact
with the copper heat sink and is fixed at the ideal 298 K, its heat dissipation effect is better
than that of the upper surface. The temperature decreases rapidly from the center of the
crystal to 298 K, while the temperature of the upper surface increases with the increase in
pumping power.
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It should be noted that the temperature of the bottom surface of the diamond crystal
(or the top of the copper heat sink) is assumed to be constant at 298 K in this work, which
is an ideal state, while if the temperature at the bottom of the copper heat sink is fixed
at 298 K, the maximum temperature inside the diamond crystal will reach 355.7 K at a
pump power of 2.3 kW. The corresponding maximum temperature rise will be significantly
increased from 10.1 K to 57.7 K, which is even much higher than the ideal case with a
pump power of 5.3 kW. This shows that it is crucial for DRLs to rationally design the heat
dissipation structure of the diamond crystal.

We further investigated the warming process of the diamond crystal in the case of
pulsed pumping and the cooling process after stopping pumping. The results are shown
in Figure 4. Tc and Ts are the temperatures of the diamond in the volume center and the
upper surface center, respectively, Tc − Ts is their temperature difference, and the time for
the temperature gradient to reach 99% of the steady-state value is defined as the constant
thermal time [25,40]. It can be seen from Figure 4a that the volume center temperature of
the diamond crystal is higher and rises faster than the upper surface center temperature
at the beginning stage after the pump pulse action, which is because the pump energy
is concentrated at the center of the crystal. The upper surface center temperature starts
to rise from ~0.01 ms. It stabilizes at about 1.5 m, during which the temperature of the
volume center is always higher than the upper surface temperature of the crystal, which is
consistent with the results of the steady-state temperature distribution within the diamond.
It is worth noting that the thermal constant time is almost independent of the pumping
power because the thermal equilibrium time is mainly determined by the pumping beam
area and the basic thermal properties of the crystal (specific heat capacity and thermal
conductivity) [25].
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Figure 4b shows the results of the cooling process for the diamond crystal after the
pumping stopped. Within 0.01 ms of removing the heat source, the center temperature
of the upper surface of the diamond crystal remains almost unchanged. In contrast, the
temperature of the volume center drops rapidly to be close to that of the upper surface. After
that, the center temperature of the upper surface of the diamond crystal starts to decrease
slowly. The hysteresis of the cooling is mainly caused by the different heat dissipation
conditions on the upper and lower surfaces, which can also be seen from the variation
of the temperature difference Tc − Ts: after the heat source is removed, the temperature
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difference Tc − Ts decreases rapidly, and becomes negative after ~0.01 ms, reaching the
maximum value at ~0.25 ms, and then slowly converges to the ambient temperature (298 K).
The thermal effect reaches equilibrium after the pumping stops after ~2.5 ms. Similarly, the
time required to reach equilibrium finally is almost unaffected for different pump power
levels, despite the slightly different range of temperature variations. Based on this result,
we can speculate that kW-level Raman laser emission without heat accumulation can be
achieved at repetition frequencies of ~250 Hz for the diamond crystals cooled on one side
in this paper.

3.1.2. Thermal Stress Distribution under Different Pumping Power

Figure 5 shows the distribution of thermal stresses inside the diamond at different
pumping power levels. It can be seen that the stress is highest at the center of the crystal
and lowest at the center of both end faces, and the maximum thermal stress inside the
crystal increases from 20.7 MPa to 137.4 MPa as the pumping power increases from 800 W
to 5.3 kW. It is noteworthy that this distribution and trend of thermal stress is similar to
the results of the temperature distribution inside the diamond (Figure 2), which is mainly
because the higher thermal expansion at higher temperature locations within the crystal
requires more stress generation to avoid thermal deformation. Also, due to the diamond
having a smaller thermal expansion coefficient, this thermal stress is significantly lower
than other crystals at the same pumping power level, such as Tm: YAP and Tm: LuAG
et al. [31,36].
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3.1.3. Heat Deformation Distribution under Different Pumping Power

According to Equation (8), the relationship between deformation and stress satisfies
Hooke’s law, i.e., thermal stress tends to prevent thermal deformation, which also means
that the distribution of thermal deformation will be opposite to the distribution of thermal
stress [41]. The corresponding results are given in Figure 6, where it can be seen that the
deformation at the center of the crystal is the smallest, and the deformation at both ends
is the largest for different pumping power levels. With the pumping power increasing
from 800 W to 5.3 kW, the maximum deformation in the crystal increases from 0.02 µm to
0.13 µm. Nevertheless, this result is significantly lower than other crystal materials [31,36].
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3.2. Effect of Resonant Cavity Configuration on the Thermal Effects

To analyze the factors influencing the thermal effect more comprehensively, we further
investigated the thermal impact of the devices at different cavity lengths and cavity curva-
ture radii on the basis of the literature of [27] (pumping power of 2.3 kW). Considering the
cavity lengths of 100 mm, 150 mm, 200 mm, and 250 mm, respectively, Figure 7a–d is the
temperature distribution of the crystal axes at different cavity radii of curvature. It can be
seen that the symmetric concentric cavity (L = R1 + R2) structures all exhibit the lowest
crystal temperature for different cavity lengths, and the longer the cavity length (i.e., the
larger the radius of curvature), the lower the temperature. The minimum temperatures for
the four cavity lengths are 309.5 K, 308.7 K, 308.3 K, and 308.0 K, respectively. The above
temperature distribution pattern is mainly caused by the variation of pump light energy
density: the increase in cavity length and the radius of curvature of the cavity mirror causes
the increase in the beam waist radius of the first-order Stokes light, which leads to the rise
in the pump light beam waist radius (a requirement for good mode matching) so that the
pump energy density decreases, and the temperature inside the crystal decreases. It is easy
to calculate from the ABCD matrix to obtain the beam waist radii of Stokes light at four
cavity lengths; they have slight variations, which are 66 µm, 73 µm, 78 µm, and 83 µm,
respectively; therefore, the difference in minimum temperature is also tiny, only ~1.5 K.

Figure 7e,f summarizes the relationship between the maximum thermal stress and
thermal deformation of the concentric cavity DRLs with the radius of cavity curvature for
different cavity lengths, respectively. It can be seen that the maximum thermal stresses
all gradually decrease with the increase in the radius of curvature of the cavity mirror for
all four cavity lengths, but the overall effect is weak and eventually tends to stabilize at
~60 MPa. The maximum thermal deformations under different conditions (Figure 7f) are
independent of the cavity length and radius of cavity curvature, which all remain around
~0.057 µm.
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different radii of curvature at different cavity lengths, (a) 100 mm, (b) 150 mm, (c) 200 mm, and
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inside crystals with a symmetrical concentric cavity at different radii of curvature.

3.3. Effect of Diamond Crystal Size on the Thermal Effect

Considering that the application of larger-size single-crystal diamonds will become
possible in the future, we further discussed the effect of the diamond crystal size on thermal
effects. Figure 8a shows the variation of the maximum temperature inside the diamond
crystal (crystal cross-section is 1.2 mm × 4 mm) for different lengths. It can be seen that the
maximum temperature inside the crystal gradually decreases from 310.1 K to 306.3 K as the
crystal length increases from 7 mm to 11 mm. This is because the increase in crystal length
will make the conversion of pump light to Stokes light more adequate, thus improving the
utilization of pump light and reducing heat accumulation. Figure 8b shows the variation of
maximum thermal stress with crystal length. It can be seen that the effect of crystal length
on the maximum thermal stresses inside the crystal is negligible; they all remain around
60 MPa. In contrast, the ultimate thermal deformation gradually decreases from 0.07 µm
to 0.04 µm as the crystal length increases (Figure 8c). Figure 8d shows the relationship
between the maximum temperature inside the diamond crystal and the width and thickness
of the crystal for a fixed length of 8.6 mm. It can be seen that the maximum temperature
increases with the increase in the crystal thickness when the width of the crystal is certain;
this is because the bottom of the diamond is fixed at 298 K, and increasing the thickness
of the diamond is equivalent to increasing the distance between the heat source and the
heat sink, which indicates that the thermal effect of DRLs increases with the increase in the
crystal thickness; it is consistent with the findings of the literature [48] regarding the effect
of the thickness of the Ti: Sa crystal on the thermal effect of the laser system; meanwhile,
the maximum temperature decreases with increasing the width of the crystal when the
thickness of the crystal is fixed, which is because expanding the width is equivalent to
increasing the contact area between the diamond and the heat sink. Figure 8e shows the
corresponding maximum thermal stresses. It can be seen that the maximum thermal stress
of the device decreases slightly with increasing crystal width, and the effect of crystal
thickness on the maximum thermal stress is negligible. Figure 8f shows the maximum
thermal deformation as a function of crystal size. It can be seen that it tends to follow the
same trend as the temperature change, where the thermal deformation decreases as the
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crystal width increases, and the smaller the crystal thickness is, the smaller the thermal
deformation is.
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3.4. Thermal Lensing Effect Analysis

Finally, we discuss the variation of the thermal lens strength of DRLs with the pump
power for different cavity radii of curvature (symmetric concentric cavity) and crystal
lengths. It can be seen from Figure 9a that the thermal lens strength decreases with
increasing the cavity radius of curvature when the pumping power is constant because an
increase in the radius of curvature of the cavity mirror will cause an increase in the radius
of the first-order Stokes beam waist and a consequent increase in the pump beam waist,
which will lead to a decrease in the temperature rise in the crystal and, consequently, a
decrease in the refractive index change. It can also be seen from Figure 9a that the thermal
lens strength increases significantly with the increase in the pumping power, indicating that
the rise of the pumping power causes the thermal accumulation of the crystal to increase
rapidly, which in turn leads to the rapid change of the refractive index. However, with
the pump power increasing, the thermal lens strength increases more flatly for structures
with a large cavity radius of curvature. When the pump power increases to 5300 W and the
cavity radii of curvature are 50 mm, 75 mm, 100 mm, and 125 mm, respectively, the thermal
lens strengths are 163.6 m−1, 133.7 m−1, 117.1 m−1, and 103.5 m−1, which are similar to
the thermal lens strength of diamond crystal in the literature [6,45], while significantly
lower than those of other crystals such as Nd: GdVO4 and Tm: YLF [34,35]. There is a
similar conclusion for different crystal lengths (Figure 9b), where the thermal lens strength
decreases with increasing pump power and crystal length.
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4. Conclusions

In conclusion, aiming to discuss the fundamental limits of the thermal effects for high-
power devices, we here establish a thermal-structural coupling model, based on which the
influence of the pump power, cavity structure, and crystal size have been systematically
studied. The results show that using a symmetric concentric cavity structure and increasing
its radius of curvature, choosing the appropriate diamond size (increasing the length and
width of the diamond crystal or decreasing the thickness of the crystal) is beneficial to
alleviate the thermal effect of the device. Under ideal heat dissipation conditions, the
maximum temperature rise in the crystal is ~23.4 K for DRLs, and the constant thermal
times of the warming and cooling processes are ~1.5 ms and 2.5 ms, respectively, for an
output power of ~2.8 kW. The results of this work provide a basis for the design of the
resonant cavity structure of DRLs, which might promote the development of DRLs with
high power and high beam quality.
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