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Abstract: Despite their extremely high thermal conductivity and low thermal expansion coefficients,
thermal effects in diamond are still observed in high-power diamond Raman lasers, which proposes a
challenge to their power scaling. Here, the dynamics of temperature gradient and stress distribution
in the diamond are numerically simulated under different pump conditions. With a pump radius
of 100 pm and an absorption power of up to 200 W (corresponding to the output power in kilowatt
level), the establishment period of thermal steady-state in a millimeter diamond is only 50 ps, with
the overall thermal-induced deformation of the diamond being less than 2.5 um. The relationship
between the deformation of diamond and the stability of the Raman cavity is also studied. These
results provide a method to better optimize the diamond Raman laser performance at output powers
up to kilowatt-level.

Keywords: diamond; thermal analysis; high-power; Raman laser; FVM-FEM

1. Introduction

High-power lasers with high beam quality are of interest for applications such as
material processing, space exploration, defence, and high-energy physics [1-3]. However,
the negative effects, including thermal lens, birefringence, beam distortion, and spectral
broadening caused by the intensified thermal accumulation in the laser media during
power scaling, limit improvements to its performance [4-6]. At present, optimization of
pump efficiency [7,8], increases in the surface area of the gain media (viz. fiber laser, slab
laser, disk laser, etc.) [9-11], improvements in the heat dissipation capacity (viz. liquid
nitrogen cooling, microchannel cooling, etc.) [12,13], and beam combination [14-17], are the
main approaches used to alleviate or avoid thermal effects in high-power lasers. However,
the mitigation of thermal effects through the above indirect approaches is still restricted by
the inherent optical and thermophysical properties of the working material. Therefore, it
is effective to improve the output limit of high-power lasers using optical materials with
better photothermal properties.

In the last decade, diamond has been of interest to the laser community due to its
excellent thermophysical, spectral, and nonlinear optic properties. By using a single crystal
diamond with a volume of less than 0.04 cm?, over a kilowatt of quasi-continuous Raman
laser power (in thermal quasi-steady-state) [18,19] and high power (11 W for continuous-
wave, and on-time power 40 W for quasi-continuous-wave) Brillouin lasing [20,21] have
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been demonstrated. In addition, lasers based on diamond as the gain medium provide
a promising approach to high brightness beam generation [22,23] with a wide spectral
range [24-26]. Recently, thermal-induced lensing was observed in diamond in a high-power
device [18,19], despite the thermal conductivity being higher than most other laser media
by over a factor of 100. Numerical simulation of thermal effects is vital for understanding
the behavior of high-power diamond lasers and providing guidance for cavity optimization
and cooling as laser powers increase.

Regarding the numerical simulation, the finite volume method (FVM) and the finite
element method (FEM) are two widely used approaches to represent and solve partial dif-
ferential equations in the form of algebraic equations. Both FVM and FEM are implemented
based on the space discretization with numerous meshes and nodes, and the temporal
discretization with a series of time steps (for unsteady problems). In FVM, “finite volume”
refers to the small volume surrounding each node on a mesh, and all of the divergence
terms in the partial differential equations are evaluated as fluxes in the surfaces of each
finite volume by the volume integrals in the partial differential equations, with divergence
terms being converted to surface integrals. The exact expression of the average value of the
solution in each finite volume can be evaluated by FVM, based on which, the solution to the
whole volume can be approximated [27,28]. In FEM, a large system is divided into a great
deal of smaller parts, which are referred to as “finite elements”, and local approximations
of a solution are made using the local data for each finite element, which are stitched
together to create the global approximation for the whole system [29]. In general, FVM is
more suitable for the flow and heat transfer problem, while FEM is better at stress—strain
analysis. In some previous studies, the two approaches of FVM and FEM are always
combined to solve the thermal—-fluid—mechanical coupled problems, such as those in solar
receivers [30,31].

In this paper, the coupled FVM and FEM are used to simulate the evolution of temper-
ature distribution and thermal deformation in diamond in a high-power operation Raman
cavity. Meanwhile, the relationship between the deformation of diamond and temperature
gradient is studied. Finally, the influence of the change in intracavity beam radius induced
by thermal deformation on the threshold of the Raman oscillator is analyzed. As far as
we know, this is the first time the thermal effect of a diamond is quantitively analyzed by
numerical study.

2. Physical Model and FVM-FEM Coupled Numerical Method
2.1. Diamond Raman Laser (DRL) Setup for the Simulation

The numerical study was performed for the DRL reported in References [22,23,32,33],
where an 8 mm x 4 mm x 1.2 mm single-crystal diamond was used. A schematic of the
external-cavity DRL, including the propagation diagram of pump light and Stokes light,
is shown in Figure 1. The DRL was pumped by a 1064 nm linearly polarized laser that
focused on the diamond using a focus lens. The diamond was placed in a near-concentric
cavity, where the pump beam radius w;, equals the cold-cavity fundamental Stokes mode
waist radius ws for good mode-matching. The concave input-coupling mirror (IM) has high
transmission at the pump wavelength (1064 nm) and high reflectivity at the first Stokes
wavelength (1240 nm); the concave output-coupling mirror (OM) is highly reflective at
1064 nm and has partial transmission at 1240 nm. The radius of curvature of both mirrors
is 100 mm. The ends of the diamond are anti-reflection-coated at 1240 nm. A copper heat
sink is placed under the diamond; meanwhile, cooling water is supplied to remove the
heat in the heat sink, and the amount of cooling water is assumed to be sufficient to keep
the bottom surface of heat sink at a constant temperature of 298 K.
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Figure 1. Illustration of the DRL for simulation (inset: top view of the beam propagation in the diamond).
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The parameters of the diamond and setup used in the simulation are listed in Table 1.
The thermal energy generated by the Raman cavity is assumed to be a spherical heat source
with a radius of 40-100 pm (approximating the cold-cavity fundamental mode radius at
the Stokes) located in the center of the diamond. The heat introduced to the diamond was
mainly caused by the absorption and quantum defect (7 = A,/ As) in the process of Raman
conversion. The total power absorbed was set at 200 W at the maximum, corresponding to
the output power over 1000 W (deduced from References [19,33]). The heat conduction in
the diamond and the copper heat sink, the air natural convection, and the thermal radiation
between the heated diamond/copper and the surroundings are all taken into account.
Both steady-state simulations and transient simulations regarding the above heat transfer
processes were performed by ANSYS Fluent based on FVM. Furthermore, the thermal
deformation of the diamond induced by the large temperature gradient was simulated by
the ANSYS Static Structural based on FEM.

Table 1. Parameters of the diamond and setup for simulation.

Parameters Value
Thermal conductivity 2200 W/(m-K)
Coefficient of thermal expansion 10760 K!
Spectral transmission range >2 um
Diamond Density 3.51 g/cm?
Specific heat capacity 0.519]/(g-K)
Refractive index 2.35 @1 um
Size and volume 8§mm X 4mm X 1.2mm &
0.0384 cm?®
Copper Thermal conductivity 385 W/(m-K)
Temperature 298 K (25 °C)
. Pump beam radius 40, 60, 80, 100 pm
Variable parameter of Stokes beam radius 40, 60, 80, 100 um
the DRL Absorbed power 5,20, 40, 80, 120, 160, 200 W

2.2. Thermal Model
For the solid domain (including the diamond and the copper sink), the governing
equation, i.e., the energy equation, is expressed as follows,
o _ AT S,
OT — PsCOx?  PsCps

M
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where ps, As, and ¢ s are the density, thermal conductivity, and specific heat capacity of the
diamond or the copper sink, respectively; T denotes temperature, T represents time, and x;
(i = 1-3) represents the three coordinates in the Cartesian coordinate system; Sy, is the heat
source generated by the dissipation of the laser, which occurs in a sphere with a certain
diameter located in the center of the diamond.

For the fluid domain i.e., the air around the diamond and the sink, the governing equa-
tions include the continuity equation, the momentum equation, and the energy equation,
which were expressed as follows

dpa O _
s + aixi(Pavl) =0 )
9(pavj) 2 op o[ (o0 oy
ot +87( anU]) 2 i+87] Ha aij'Fafxl + 0agi 3)
9(paT) d o Aa 0 [ 0T
D) 4 tpeaT) = 22 (5) @

where p, is the density of air that is assumed to be incompressible ideal gas, and ¢y, is the
specific heat capacity of air; g; is the acceleration of gravity, and p represents pressure.

The boundary conditions were set as follows. The bottom surface of the copper sink is
set at a constant wall temperature of 298 K, with the assumption that the cooling capacity
of the cooling water is infinite. The interfaces between the air domain and the solid domain
were set as coupled surfaces. The boundaries of the air domain were specified as pressure
outlet conditions.

In the present study, the transient characteristics during the heating process and
cooling process are investigated. For the heating process, the initial condition was set as
the air being stationary and the temperatures of the diamond and the copper sink being
the same as the surrounding air. The steady simulation results from the heating process
were regarded as the initial conditions for the cooling process.

The governing equations for the thermal model were discretized by FVM and solved
by the software ANSYS Fluent. The mesh in the diamond is specially refined. According
to the grid-independent test and the time-step independent study, the grid system with
28,667,369 elements and the time step of AT = 1 us were selected. In addition, the radi-
ation heat transfer in the computational domain was simulated by the discrete ordinate
(Do) model.

2.3. Thermo-Elasticity Model

The diamond and the copper sink are regarded as thermo-elasticity with isotropic
physical properties. The basic equations of thermo-elasticity, including the equilibrium
differential equations, the strain-displacement equations, and the constitutive equations,
are expressed as follows.

Equilibrium differential equations:

doy OTyx 0Ty
B
y zy Xy
9y t T = 0 ®)
J0; JT. aTyz _
=ttty =0

According to the equivalence theorem of shear stress, the following relations are obtained:

Tyz = Tzy, Tzx = Txz, Tay = Tyx (6)
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Strain-displacement equations:

__ du _ Ouy _ du
ex = 9F &y = 5y €2 = GF
_ Ouy duy
Ty = 9 T o @)
ou 9
_ Y u
Tz =3 T o
iy iy

Constitutive equations for thermal elasticity

[ox — (O'y +0z)] + aAT
[y — pu(0z +0x)] +aAT
ez = z|oz— (Ux +0y)] +aAT

Txy Tzx

Yy = G Yyz = Gl'er— C

»—\m\ ==
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where E is the Young’s modulus, y is the Poisson’s ratio, « is the thermal expansion
coefficient, AT is the temperature rise provided by the thermal modeling, and G represents
the shear modulus and is expressed as

_ E
2(1+p)

Both the diamond and the copper sink were allowed to freely expand, except the
interface between the diamond and sink, which was set as bonded.

The governing equations for the thermo-elasticity model were solved by the software
ANSYS Static Structural, based on FEM. According to the grid-independent test, the grid
system with 113,187 elements was adopted.

)

3. Results and Discussion
3.1. Transient Response and Temperature Distribution

Since the temperature gradient of diamond crystal is an important factor leading to its
deformation and thermal lens effect, the temperature response characteristics of diamond
in the heating stage was studied first. The influence of the heat source power on the
transient temperature of the diamond was numerically studied, with a heat source radius
of 60 pm. Figure 2 shows the evolution of the temperature of the diamond over time when
suffering from various thermal powers, where the temperatures in the volume center (T.)
and on the center point of the upper surface (Ts) are monitoredand taken as an example.
The temperature gradient represented by the temperature difference between the volume
center and the upper surface, T.—Ts, is correspondingly illustrated in Figure 2. The inset (a)
and (b) of Figure 2 further represent the temperature distribution of diamond crystal under
steady-state at the heat sources of 20 W and 200 W, respectively.

Once the heat source is loaded, the temperature in the volume center (T) where the
heat source is located increased immediately. The surface temperature (Ts) remained at
the initial temperature of 298 K, until the heat located in the center was transferred to
the surface after about 12 pus. It is noted that it took a relatively long time (greater than
0.5 s, not illustrated in Figure 2) to approach 99% of the steady-state values for both center
temperature (T) and the surface temperature (Ts). However, the temperature gradient
reached 99% of the steady-state value after a relatively short time (53 ps). As the thermal
effect in the external-cavity diamond Roman laser is mainly driven by a temperature
gradient rather than the local temperature in the diamond crystals, the evolution of the
temperature gradient is of more significance than the local temperature [34] and, thus, the
thermal constant time is defined as the time taken for the temperature gradient to reach
99% of the steady-state value. Therefore, it can be observed from Figure 2 that the thermal
constant time is 53 us for a constant heat source, with a radius of 60 um, and the thermal
constant time was independent of the heat source through all the power ranges, which
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Figure 2. Temperature variation of diamond under different thermal powers in the heating process (top: center, middle:
upper surface, and bottom: the difference). Inset: the temperature contours in the diamond with the heat source radius of

is consistent with the previous report in Reference [32]. This means that it is sufficient to
enable the establishment of steady-state temperature gradients under various heat sources
after a period of on-time durations of 53 ps, which can be representative of continuous-
wave operation. Although the local temperature continues to rise, the local temperature rise
within several hundred Kelvin is not expected to significantly affect the Raman conversion
due to the weak effects on the Raman line-shape and gain coefficient [34]. In addition,
although the thermal constant time is independent of the heat sources, the steady-state
value of the temperature gradient in the diamond crystal is proportional to the heat sources,
and the thermal deformation induced by temperature gradient consequently increases with

the heat sources, which will be discussed in Section 3.2.
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Figure 3 shows the influence of the beam waist radius on the transient temperatures
of diamond when the absorbed power is constant (140 W, corresponding to the theoretical
output power over 1000 W according to Reference [35]). Inset (a) and (b) represent the
temperature distribution of diamond crystal with the heat source radius of 40 um and
100 pm, respectively. The temperature in the center of the diamond is inversely proportional
to the waist radius of the heat source; however, the temperature of diamond surface is
not affected by the size of heat source. Furthermore, Figure 3 indicates that the thermal
constant time depends on the waist radius of the heat source. When the radii of the heat
source are 40, 60, 80 and 100 um, the thermal constant times are 45, 53, 58 and 62 us,
respectively. This finding proves that it takes slightly longer for the thermal effects in the

DRL with a smaller waist radius pump beam to become established and stable.
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Figure 3. Temperature variation of diamond with different thermal radius in the heating process (top: center, middle: upper

surface, and bottom: the difference). Inset: the temperature contours in the diamond with the absorbed power of 140 W and

heat source radius of (a) 40 um, and (b) 100 um, respectively.

To understand the maximum repetition rate of DRL under quasi-continuous pumping
conditions, the temperature variation in a diamond is calculated after the heat source is
removed, when the thermal steady-state is realized. Figure 4a,b shows the cooling process
of the diamond after thermal state-stability is reached, when the radii of the heat source and
the absorbed power are constant (refer to Figures 2 and 3), respectively, where the steady-
state temperature distributions in the diamond crystal under various pump beams with
different waist radii and different heat sources powers are regarded as the corresponding
initial state. For the reason discussed above, we still pay more attention to the evolution
of the temperature gradient in the diamond crystal. Figure 4a indicates that temperature
gradient drops to 1% of the values of the initial state (approaching 0 K) after the laser stops
working for 53 ps for the cases with different heat source powers, corresponding to their
thermal constant times. This means that the temperature-gradient-driven thermal effects in
the external-cavity DRL under a pump beam with a waist radius of 60 pum almost disappear
after 53 ps. Similarly, for the cooling process with different waist radii, as illustrated
in Figure 4b, it takes the same time as their respective “thermal constant time” for the
temperature gradients to drop to 1% of their respective initial state values in different cases.

In summary, thanks to the extremely high thermal conductivity of the diamond, the
thermal constant time in the DRL is quite short, ranging from 45 to 60 ps in typical applica-
tion conditions. The waist radius is the most important factor to determine the thermal
constant time of diamond, and the pump beam power has no effect on this. As illustrated
in Figure 5, the diamond reaches the thermal steady-state after 50 us pumping (heating
period); once the pump stops, the temperature of diamond drops to room temperature
after 50 ps (cooling period). It can be concluded that, for a single-sided cooled diamond
crystal as the gain medium, long-term kW-level Raman lasing without heat accumulation
can be realized at a repetition rate of up to 10 kHz.
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Figure 4. Temperature variation in diamond in the cooling process with (a) different absorbed power (60 um thermal
radius), and (b) different thermal radius (140 W power), respectively.
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Figure 5. The diagram of temperature change in diamond at repetitive operation without heat
accumulation.

3.2. Thermal Deformation Model

The deformation of the optical crystal caused by the thermal effect is the main reason
for the thermal lens effect, which leads to fracture damage [36,37]. Figure 6 illustrates
the thermal deformation contours in diamond with different steady-state power and heat
source radii. The results show that the thermal deformation is only related to the absorbed
power, not to the heat source radius. The inset (a) and (b) show the thermal deformation
of diamond, with absorbed powers of 20 W and 200 W, respectively. With the maximum
absorbed power of 200 W, the maximum deformation of diamond is only 2.456 + 0.004 pm
with the heat source radius changing from 40 to 100 pm. Based on the ray-tracing method,
a 2.5 um deformation of the diamond results in the thermal lensing f = 54.5 mm. While the
DRL works at the hundred-watt level (0.319 £ 0.004 um deformation with absorbed power
20 W), the thermal effect is nearly negligible, with f = 413.9 mm at maximum.
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Figure 6. Thermal deformation contours in diamond with different power and heat source radius. Inset: (a) 20 W, and (b)

200 W with hear source radius of 60 pum, respectively.

To further study the influence of the thermal effect on the cavity mode, we calculated
the influence of the thermal lens effect’s strength on the intracavity Stokes mode. According
to the schematic diagram in Figure 1, the cold cavity length is set as 201 mm, which
corresponds to the Stokes beam waist radius of 72.6 pm. As can be seen from Figure 7a,
the increased thermal-induced deformation will cause a stronger thermal lensing effect
(corresponding to shorter f), which leads to an increase in the Stokes beam radius in the
center of the diamond, and then to an increased lasing threshold. When the thermal lens
effect is intensified further (f < 52.8 mm), the resonator will become unstable. In contrast,
the radius of pump beam in the center of the diamond is slightly inversely proportional
to the intensity of the thermal effect. However, neither of the above conditions poses
any significant challenge to the generation of highly efficient diamond Raman lasing. For
example, when f = 54.5 (2.5 um deformation), we need to increase the cavity length from
201 mm to ~204.4 mm to keep the radius of the pump and Stokes constant (~72.6 um).
Moreover, the waist radius of the Stokes beam is usually set to be no smaller than that
of the pump beam for high-quality Raman lasing; therefore, the simulation results also
indicate that the output Stokes can still maintain high quality, even in the presence of
thermal effects.
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of diamond.

4. Conclusions and Outlook

In this paper, based on the FVM-FEM coupled numerical method, we study the
temperature evolution of diamond crystal with time under high power operation, and the
influence of shape variables on the mode of the resonator. The results show that the time
for the diamond to reach the thermal steady-state is independent of the absorbed power,
and only positively related to the waist radius of the Stokes beam in the cavity. When
the output power of the DRL is in the order of kW, the change of the beam waist of the
resonator caused by the small deformation of the diamond can be easily compensated by
tuning the length of the resonator. Our study builds a bridge between the design and the
operation power of the diamond Raman laser, and is of great significance to realize the
high-efficiency output at powers in the thermal-affected regime. Meanwhile, this work lays
a theoretical foundation for the operation and thermal management of high-power DRLs.

Author Contributions: Conceptualization, Z.B., and K.W,; formal analysis, Z.B., Z.Z. (Zhanpeng
Zhang), Z.Z. (Zhendong Zhang) and J.G.; writing—original draft preparation, Z.B., and K.W.;
writing—review and editing, X.Y., and R.P.M.; visualization, Z.Z. (Zhanpeng Zhang); supervision,



Nanomaterials 2021, 11, 1572 11 of 12

YW, Z.L., and RP.M,; funding acquisition, Z.B. 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 (61905061,
and 62005073), Natural Science Foundation of Hebei Province (F2019202337), Hebei Foundation for
Returned Overseas Scholars (C20190177), National Defense Science and Technology Key Labora-
tory Foundation (6142107190308), and Key Laboratory of Optoelectronic Information Technology
Education (Tianjin University, no. 2020KFKTO005).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

1. Richardson, D.J.; Nilsson, J.; Clarkson, W.A. High power fiber lasers: Current status and future perspectives. JOSA B 2010, 27,
B63-B92. [CrossRef]

2. Williams, R.J.; Kitzler, O.; Bai, Z.; Sarang, S.; Jasbeer, H.; McKay, A.; Antipov, S.; Sabella, A.; Lux, O.; Spence, D.J.; et al. High
power diamond Raman lasers. IEEE . Sel. Top. Quantum Electron. 2018, 24, 1. [CrossRef]

3. Bai, Z.; Chen, H.; Gao, X,; Li, S.; Qi, Y.; Bai, Z. Highly compact nanosecond laser for space debris tracking. Opt. Mater. 2019, 98,
109470. [CrossRef]

4. Weber, R.; Neuenschwander, B.; Weber, H.P. Thermal effects in solid-state laser materials. Opt. Mater. 1999, 11, 245-254. [CrossRef]

5. Chénais, S.; Druon, F; Forget, S.; Balembois, F.; Georges, P. On thermal effects in solid-state lasers: The case of ytterbium-doped
materials. Prog. Quantum Electron. 2006, 30, 89-153. [CrossRef]

6.  Soderlund, M.J.; i Ponsoda, J.].M.; Koplow, ].P.; Honkanen, S. Heat-induced darkening and spectral broadening in photodarkened
ytterbium-doped fiber under thermal cycling. Opt. Express 2009, 17, 9940-9946. [CrossRef]

7. Shen, D.Y; Sahu, ] K.; Clarkson, W.A. Highly efficient in-band pumped Er: YAG laser with 60 W of output at 1645 nm. Opt. Lett.
2006, 31, 754-756. [CrossRef]

8.  Ichikawa, H.; Yamaguchi, K.; Katsumata, T.; Shoji, I. High-power and highly efficient composite laser with an anti-reflection
coated layer between a laser crystal and a diamond heat spreader fabricated by room-temperature bonding. Opt. Express 2017, 25,
22797-22804. [CrossRef]

9.  Jauregui, C.; Limpert, J.; Tinnermann, A. High-power fibre lasers. Nat. Photonics 2013, 7, 861-867. [CrossRef]

10. Wang, F. High stability 488 nm light generated by intra-cavity frequency doubling in optically pumped semiconductor disc lasers.
Infrared Laser Eng. 2019, 48, 0606004. [CrossRef]

11. Wang, H,; Lin, L.; Ye, X. Progress and tendency of high power slab lasers. Infrared Laser Eng. 2020, 49, 20190456. [CrossRef]

12.  Ripin, D.J.; Ochoa, J.R.; Aggarwal, R.L.; Fan, T.Y. 165-W cryogenically cooled Yb: YAG laser. Opt. Lett. 2004, 29, 2154-2156.
[CrossRef] [PubMed]

13.  Feve, ].PM,; Shortoff, K.E.; Bohn, M.].; Brasseur, ].K. High average power diamond Raman laser. Opt. Express 2011, 19, 913-922.
[CrossRef] [PubMed]

14. Cheung, E.C; Ho, ].G.; Goodno, G.D.; Rice, R.R.; Rothenberg, J.; Thielen, P.; Weber, M.; Wickham, M. Diffractive-optics-based
beam combination of a phase-locked fiber laser array. Opt. Lett. 2008, 33, 354-356. [CrossRef]

15.  Zhou, P; Liu, Z.; Wang, X.; Ma, Y,; Ma, H.; Xu, X.; Guo, S. Coherent beam combining of fiber amplifiers using stochastic parallel
gradient descent algorithm and its application. IEEE ]. Sel. Top. Quantum Electron. 2009, 15, 248-256. [CrossRef]

16. Cui, C; Wang, Y,; Lu, Z,; Yuan, H.; Wang, Y,; Chen, Y.; Wang, Q.; Bai, Z.; Mildren, R.P. Demonstration of 2.5 J, 10 Hz, nanosecond
laser beam combination system based on non-collinear Brillouin amplification. Opt. Express 2018, 26, 32717-32727. [CrossRef]

17.  McKay, A.; Spence, D.J.; Coutts, D.W.; Mildren, R.P. Diamond-based concept for combining beams at very high average powers.
Laser Photonics Rev. 2017, 11, 1600130. [CrossRef]

18. Antipov, S.; Williams, R.J.; Sabella, A ; Kitzler, O.; Berhane, A.; Spence, D.J.; Mildren, R.P. Analysis of a thermal lens in a diamond
Raman laser operating at 1.1 kW output power. Opt. Express 2020, 28, 15232-15239. [CrossRef]

19. Antipov, S.; Sabella, A.; Williams, R.J.; Kitzler, O.; Spence, D.J.; Mildren, R.P. 1.2 kW quasi-steady-state diamond Raman laser
pumped by an M? = 15 beam. Opt. Lett. 2019, 44, 2506-2509. [CrossRef]

20. Bai, Z.; Williams, R.J.; Kitzler, O.; Sarang, S.; Spence, D.].; Wang, Y.; Lu, Z.; Mildren, R.P. Diamond Brillouin laser in the visible.
APL Photonics 2020, 5, 031301. [CrossRef]

21.  Williams, R.J.; Bai, Z.; Sarang, S.; Kitzler, O.; Spence, D.J.; Mildren, R.P. Diamond Brillouin lasers. arXiv 2018, arXiv:1807.00240.

22. Bai, Z.; Williams, RJ.; Jasbeer, H.; Sarang, S.; Kitzler, O.; Mckay, A.; Mildren, R.P. Large brightness enhancement for quasi-
continuous beams by diamond Raman laser conversion. Opt. Lett. 2018, 43, 563-566. [CrossRef]

23. Bai, Z.; Williams, R.J.; Kitzler, O.; Sarang, S.; Spence, D.].; Mildren, R.P. 302 W quasi-continuous cascaded diamond Raman laser
at 1.5 microns with large brightness enhancement. Opt. Express 2018, 26, 19797-19803. [CrossRef]

24. Yang, X; Kitzler, O.; Spence, D.].; Bai, Z.; Feng, Y.; Mildren, R.P. Diamond sodium guide star laser. Opt. Lett. 2020, 45, 1898-1901.

[CrossRef] [PubMed]


http://doi.org/10.1364/JOSAB.27.000B63
http://doi.org/10.1109/JSTQE.2018.2827658
http://doi.org/10.1016/j.optmat.2019.109470
http://doi.org/10.1016/S0925-3467(98)00047-0
http://doi.org/10.1016/j.pquantelec.2006.12.001
http://doi.org/10.1364/OE.17.009940
http://doi.org/10.1364/OL.31.000754
http://doi.org/10.1364/OE.25.022797
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.3788/IRLA201948.0606004
http://doi.org/10.3788/IRLA20190456
http://doi.org/10.1364/OL.29.002154
http://www.ncbi.nlm.nih.gov/pubmed/15460887
http://doi.org/10.1364/OE.19.000913
http://www.ncbi.nlm.nih.gov/pubmed/21263631
http://doi.org/10.1364/OL.33.000354
http://doi.org/10.1109/JSTQE.2008.2010231
http://doi.org/10.1364/OE.26.032717
http://doi.org/10.1002/lpor.201600130
http://doi.org/10.1364/OE.388794
http://doi.org/10.1364/OL.44.002506
http://doi.org/10.1063/1.5134907
http://doi.org/10.1364/OL.43.000563
http://doi.org/10.1364/OE.26.019797
http://doi.org/10.1364/OL.387879
http://www.ncbi.nlm.nih.gov/pubmed/32236027

Nanomaterials 2021, 11, 1572 12 of 12

25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

36.

37.

Li, Y,; Bai, Z.; Chen, H.; Jin, D.; Yang, X.; Qi, Y.; Ding, J.; Wang, Y.; Lu, Z. Eye-safe diamond Raman laser. Results Phys. 2020, 16,
102853. [CrossRef]

Demetriou, G.; Kemp, A.].; Savitski, V. 100 kW peak power external cavity diamond Raman laser at 2.52 pm. Opt. Express 2019,
27,10296-10303. [CrossRef]

LeVeque, R.J. Finite Volume Methods for Hyperbolic Problems; Cambridge University Press: Cambridge, UK, 2002.

Tao, W.Q. Numerical Heat Transfer; Xi’an Jiaotong University Press: Xi’an, China, 2001. (In Chinese)

Daryl, L. A First Course in the Finite Element Method; Cengage Learning: Stamford City, CT, USA, 2011.

Wang, K; Zhang, Z.D.; Li, M.].; Min, C.H. A coupled optical-thermal-fluid-mechanical analysis of parabolic trough solar receivers
using supercritical CO; as heat transfer fluid. Appl. Therm. Eng. 2021, 183, 116154. [CrossRef]

Wang, K.; Zhang, Z.D.; Zhang, X.Y.; Min, C.H. Buoyancy effects on convective heat transfer of supercritical CO, and thermal stress
in parabolic trough receivers under non-uniform solar flux distribution. Int. J. Heat Mass Transf. 2021, 175, 121130. [CrossRef]
Williams, R.J.; Kitzler, O.; McKay, A.; Mildren, R.P. Investigating diamond Raman lasers at the 100 W level using quasi-continuous-
wave pumping. Opt. Lett. 2014, 39, 4152-4155. [CrossRef] [PubMed]

Williams, R.J.; Nold, J.; Strecker, M.; Kitzler, O.; McKay, A.; Schreiber, T.; Mildren, R.P. Efficient Raman frequency conversion of
high-power fiber lasers in diamond. Laser Photonics Rev. 2015, 9, 405-411. [CrossRef]

Mildren, R.P. Optical Engineering of Diamond; Wiley-VCH Verlag: Darmstadt, Germany, 2013; Chapter 1; pp. 1-34.

Kitzler, O.; McKay, A.; Spence, D.J.; Mildren, R.P. Modelling and optimization of continuous-wave external cavity Raman lasers.
Opt. Express 2015, 23, 8590-8602. [CrossRef] [PubMed]

Shen, Y.; Liu, W.B.; Zong, N.; Bo, Y.; Feng, X.Q.; Li, EQ.; Pan, Y.B.; Guo, Y.D.; Wang, P.Y.; Tu, W. Comparison of laser induced
thermal fracture between polycrystalline ceramic and crystal Nd: YAG. Opt. Lett. 2014, 39, 1965-1967. [CrossRef] [PubMed]
Loiko, P.A.; Yumashev, K.V.; Kuleshov, N.V,; Savitski, V.G.; Calvez, S.; Burns, D.; Pavlyuk, A.A. Thermal lens study in diode
pumped Ng-and Np-cut Nd: KGd (WOy), laser crystals. Opt. Express 2009, 17, 23536-23543. [CrossRef]


http://doi.org/10.1016/j.rinp.2019.102853
http://doi.org/10.1364/OE.27.010296
http://doi.org/10.1016/j.applthermaleng.2020.116154
http://doi.org/10.1016/j.ijheatmasstransfer.2021.121130
http://doi.org/10.1364/OL.39.004152
http://www.ncbi.nlm.nih.gov/pubmed/25121674
http://doi.org/10.1002/lpor.201500032
http://doi.org/10.1364/OE.23.008590
http://www.ncbi.nlm.nih.gov/pubmed/25968697
http://doi.org/10.1364/OL.39.001965
http://www.ncbi.nlm.nih.gov/pubmed/24686650
http://doi.org/10.1364/OE.17.023536

	Introduction 
	Physical Model and FVM-FEM Coupled Numerical Method 
	Diamond Raman Laser (DRL) Setup for the Simulation 
	Thermal Model 
	Thermo-Elasticity Model 

	Results and Discussion 
	Transient Response and Temperature Distribution 
	Thermal Deformation Model 

	Conclusions and Outlook 
	References

