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Abstract: In this paper, a model to predict the thermal effects in a flashlamp-pumped direct-liquid-
cooled split-disk Nd:LuAG ceramic laser amplifier has been presented. In addition to pumping
distribution, the model calculates thermal-induced wavefront aberration as a function of temperature,
thermal stress and thermal deformation in the gain medium. Experimental measurements are carried
out to assess the accuracy of the model. We expect that this study will assist in the design and
optimization of high-energy lasers operated at repetition rate.
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1. Introduction

High-energy repetitive rate solid-state lasers have been used in a wide range of
applications, such as laser particle acceleration [1], industrial material processing [2,3] and
inertial confinement fusion [4,5]. Current and previous high-energy lasers development
projects include Mercury laser developed by Lawrence Livermore National Laboratory
(LLNL) with an output energy of 65 J at 10 Hz using Yb:S-FAP as a gain medium [6],
HAPLSE pump laser with 101 J at 3.3 Hz using Nd:phosphate glass [7], DiOPOLE100
with 105 J at 10 Hz using ceramic Yb:YAG [8], Premiumlite-YAG laser with 81 J at 10 Hz
based on ceramic Nd:YAG. In the condition of high-repetition rate operation, split-disk
gas/liquid-cooled amplifier designs are adopted in these laser systems to balance aperture
and gain length scaling, which provides a long gain length while maintaining a high
surface to volume ratio from which to remove residual heat. In addition, the choice of gain
medium is also important. Compared to Nd:phosphate glass and Yb:S-FAP, transparent
YAG ceramics have several advantages such as high thermal conductivity, high optical
quality, robust mechanical strength and the ability to be made into large aperture sizes,
which makes them perfect for use in high average power laser systems as laser gain media.
Comparison of Nd:phosphate glass, ceramic/crystal Yb:YAG and crystal Yb:S-FAP has
been discussed in detail in Ref. [9]. However, ceramic Yb:YAG needs to be cooled to
the cryogenic temperature for efficient operation, while the saturation fluence of ceramic
Nd:YAG is too low for energy storage at high density, thus a number of gain modules
are needed to achieve high energy; for example, there are six gain modules utilized in a
Premiumlite-YAG laser system.
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Ceramic Nd:LuAG as a new generation of laser materials has attracted much attention.
Its excellent properties, such as high thermal conductivity (8 W/m/K), long fluorescence
life time (265 ps) and moderate saturation intensity (1.93 J/cm?), meet requirements for
efficient, high-average-power operation. Recently, several kinds of high-energy Nd:LuAG
ceramic laser amplifiers have been proposed and demonstrated [10-13]. In 2016, a diode-
pumped active mirror ceramic Nd:LuAG amplifier produced an output energy of 1.52 ]
at 10 Hz in a 10 ns [14]. In 2019, their further work on a diode-pumped nanosecond
distributed active mirror amplifier chain with 50-mm aperture ceramic Nd:LuAG and
10J/10 Hz was demonstrated [10]. To date, all of the Nd:LuAG ceramic laser amplifiers are
pumped by laser diode. Actually, for economic and industrial applicability, Xe-flashlamp
as pumping source is another option, however, at a risk of severe thermal effects, which is
the ultimate limitation for scaling average power.

In this paper, we propose a flashlamp-pumped direct-liquid-cooled split-disk Nd:LuAG
ceramic laser amplifier and a simulation model to predict the thermal effect in the gain
medium is presented. In addition to pumping distribution, the model calculates thermally
induced wavefront aberration as a function of temperature, thermal stress and thermal
deformation in the gain medium. Experimental measurements are carried out to access the
accuracy of the model. Under the pump condition of 1500 V, the predicted total wavefront
aberration is 2.08 A, which is basically consistent with the measured result of 2.685 A. We
expect that this study will assist in the design and optimization of high-energy lasers
operated at repetition rate.

2. Direct-Liquid-Cooled Split-Disk Laser Amplifier
2.1. Nd:LuAG Ceramics

Unlike single-crystal preparation [15], the Nd:LuAG transparent ceramics were pre-
pared by solid-state reaction using high purity micron commercial raw materials Nd,O3,
Al;O3, LupyO3. The raw materials are mixed according to the proportion and milled by
alumina grinding balls in alcohol for 24 h. After milling, it is dried at 80 °C for 12 h, and
then milled by mortar and pestle to obtain the mixture powders. The mixture powders are
sieved though a 200-mesh sieve and then presintered at 900 °C for 6 h to remove residual
impurities. Then, the powders are uniaxially pressed and followed by an isostatic cold
pressing under 200 MPa to obtain green bodies with a size of 80 mm x 60 mm X 8 mm.
The ceramic green body was sintered in vacuum at 1750 °C for 10 h, wherein the degree of
vacuum is 1073 Pa, and then, hot isostatic pressing was performed at 1750 °C for 5 h. After
double-sided polishing, transparent ceramic samples with a thickness of 5.5 mm have a
transmittance of up to 80% and good optical uniformity.

In the process of Nd:LuAG ceramics, we reduce residual impurities by selecting high-
purity raw materials and a lower amount of sintering aids. In addition, we also adopt other
techniques to accelerate the discharge of pores and reduce the formation of pores in the
ceramics. Figure 1 shows the scanning electron microscope (SEM) micrograph of Nd:LuAG
ceramics. It can be seen that no obvious micropores are found in the ceramic samples.

Figure 1. SEM micrograph of the Nd:LuAG ceramics.
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2.2. Structure of Laser Amplifier

The schematic diagram of the direct-liquid-cooled split-disk laser amplifier is shown
in Figure 2a. The whole laser amplifier includes two parts: a pump module and a gain
medium module. In the pump module, four xenon lamps with arc length of 100 mm
are located in a sealed cavity and cooled by a set of cooling fluid device, while in the
gain medium module, four Nd:LuAG (with doping concentration of 1.0 at.%) disks with
stainless steel holder are in another sealed cavity, which is shown in Figure 2b. The size
of the Nd:LuAG disk is 70 mmx 50 mmx 5.5 mm, which includes cladding with the
thickness of 5 mm. The gain region of Nd:LuAG is 60 mm x 40 mm. Both larger surfaces
of Nd:LuAG were antireflection (AR)-coated for 1064 nm and immersed in the coolant. The
fluid channel used for cooling has been specially designed. There is a fluid homogenizer in
the inlet region, which is not shown in Figure 2. The function of the fluid homogenizer is to
make the cooling fluid velocity more uniform. The thickness of cooling fluid is 2 mm and
the maximum flow rate of the cooling fluid circulation device used for the gain medium
module is 6 L/min.

(@)

Xenon lamp;
module H

(b) Gain medium: Nd:LUAG ~ Cladding: Sm:LUAG
Outlet

Nd:LUAG ceramics

Stainless steel holder

Figure 2. (a) Schematic diagram of the direct-liquid-cooled split-disk laser amplifier; (b) picture of Nd: LuAG ceramics.

There is a quartz window with 1064-nm highly reflective (HR) coating at one face
between the pump module and the gain medium module. The signal laser beam was
reflected by this quartz window after entering four pieces of Nd:LuAG, which is shown in
Figure 2a.

2.3. Preliminary Thermal Evaluation of Laser Amplifier

The small signal gain of this laser amplifier at different pump voltages was measured.
The results are shown in Figure 3.
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Figure 3. Stored energy and small signal gain versus pump voltage.
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It can be seen from the red line shown in Figure 3 that small signal gain G increases
with pump voltage. According to the laser amplification theory, stored energy Es; can be
calculated by the expression, Est = In(G)E;A, where E; represents the saturated stored
energy density of Nd:LuAG, and A is the area of the gain. Therefore, calculated stored
energy also increases with pump voltage, as shown by the black line in Figure 3. Under the
pump voltage of 1500 V at 1 Hz, the maximum small signal gain is 1.56, corresponding to
a stored energy of 10 J. Furthermore, the thermal performance was simulated assuming;:
a stored energy of 10 J in pumped region of the disk; heat deposited in gain medium is
scaled based on the stored energy using a normalized heating parameter, x = 3.25 [16]. It
is noted that the closer the gain medium was to the xenon lamp, the more pump light it
absorbed. For the convenience of estimating total deposited heat power, four pieces of
Nd:LuAG are assumed to absorb the same amount of pump light. The estimated heating
power is the initial condition of heat source for the next thermal analysis.

3. Modeling of Direct-Liquid-Cooled Split-Disk Laser Amplifier
3.1. Modeling of Thermal Effect in the Laser Amplifier

The model described in this section is divided into three parts, namely:

1. Xenon lamp radiation model, to calculate the pump distribution in Nd:LuAG.

2. Thermal-fluid-solid multiphysics model, to calculate the temperature and stress of
Nd: LuAG.

3. Thermally induced wavefront model, to calculate the single-pass thermally induced
wavefront aberration of Nd:LuAG.

The modeling process can be concisely described. The first step is to determine
the pump distribution in Nd:LuAG ceramic according to the pump source and pump
transmission structure. This process is mainly completed by the ray tracing software. In
the second step, the pump distribution obtained is used as the heat source distribution in
the gain medium. The temperature, stress and deformation distribution of Nd:LuAG can
be calculated by finite element calculation software according to the size, photothermal
parameters and boundary conditions of Nd:LuAG; In the third step, based on data obtained
in the second step, the thermally induced wavefront can be finally calculated. The thermal
simulation flow chart of laser amplifier is shown in the Figure 4.

Figure 4. Thermal simulation flow chart of the laser amplifier.
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3.2. Xenon Lamyp Radiation Model

The schematic diagram of the xenon lamp radiation model is shown in Figure 5. Four
close-packed xenon lamps, as pump source, were located in the pump cavity. Four pieces
of Nd:LuAG, as gain media, were located in front of the pump source from far to near.
Xenon lamps radiate light in all directions, which was absorbed by front gain media. The
main purpose of this model is to obtain the pump distribution in Nd:LuAG.

Cooling Fluid
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Figure 5. Schematic diagram of the xenon pump radiation.

Figure 6 shows the calculated result of pump distribution. It can be seen that the
strong area of the pump intensity is concentrated in the center of Nd:LuAG, whereas the
pump intensity in the surrounding area is lower than that in the center. This is because
the radiated light is in all directions and the light around the edges cannot be absorbed
by Nd:LuAG. As a result, the pump intensity in the surrounding area is lower than in the
center. By optimizing the number and arrangement of xenon lamps, the pump distribution
will be more uniform. This pumping distribution can be used as an initial condition of heat
distribution in the thermal effect simulation.
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Figure 6. Calculated result of pump distribution.
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3.3. Thermal-Fluid—Solid Multiphysics Model

The temperature and stress distribution in gain medium is related to the thermophysi-
cal parameters, geometric structure and external environmental conditions of material. In
Cartesian coordinates, the steady-state heat transfer equation can be expressed as,

2T  *T 0T

where Q is the heat source inside gain medium. The heat source distribution is consis-
tent with pump distribution and the absolute value of Q can be preliminarily estimated
according to Section 2.3.

The boundary conditions of the steady-state heat transfer equation are given by
Newton’s law of cooling,

n-VTQ—F%[T(Q)—TC]:O ()

where 7 is the vector perpendicular to the surface of Nd:LuAG; () represents the boundary
of Nd:LuAG; & is the heat transfer coefficient of surface between sloid and fluid; T, is the
coolant temperature.

The boundary condition of each side of Nd:LuAG is express as,

n- kVT]lg =0 3)

Each side of Nd:LuAG was assumed to be a thermal boundary condition of adiabatic
state and mechanical boundary conditions of fixed constraint. The three-dimensional
modeling of the above process can be carried out using a finite element calculation software.
In order to save computing resources, this model is established for one piece of Nd:LuAG.
The schematic diagram of the thermal-fluid-solid multiphysics model is shown in Figure 7.

Gain Medium

Figure 7. Diagram of the thermal-fluid-solid multiphysics model.

The temperature and stress distribution of Nd:LuAG in central plane were calculated,
which is shown in Figure 8.

The temperature difference in the central plane is 3.7 K, which is acceptable in a laser
amplifier. The maximum stress in the gain medium is 1.4 MPa, which is far lower than the
breaking stress of Nd:LuAG.



Photonics 2021, 8, 97

7 of 13

299.5
299
298.5
298
297.5
297

296.5
K

-10

10 20 30

X-axis (mm)

Y-axis (mm)

30

X-axis (mm)

Figure 8. (a) Temperature distribution in central plane; (b) stress distribution in central plane.

3.4. Thermally Induced Wavefront Model

The variety of optical path difference (OPD) of a laser beam due to thermal effects
is mainly caused by three reasons: the first is end face deformation of gain medium due
to thermal expansion; the second is the variation in refractive index of Nd:LuAG due to
the thermo-optic effect; the third is the birefringence effect caused by stress. The total
wavefront distortion can be expressed as:

OPD(x,y) = AL(x,y)(np — 1)

on LT d 3
37 ) (x,y,z)dz+ )

L 9n
—¢;i(x,y,z)dz 4
)y Jy s sitnads @

The first term on the right side of equation represents the deformation-induced wave-
front aberration; the second term represents temperature-induced wavefront aberration;
the third term represents stress-induced wavefront aberration.

The calculated single-pass thermally induced wavefront aberrations are shown in
Figure 9. The peak-to-valley (PV) of the temperature, stress and deformation-induced
wavefront aberrations were 0.13 A, 0.13 A, and 0.05 A, respectively, and the total wavefront

aberration PV was 0.26 A.
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Figure 9. Calculated wavefront aberrations after single pass: (a) total wavefront aberration; (b) temperature-induced

wavefront aberration; (c) stress-induced wavefront aberration;

(d) deformation-induced wavefront aberration.
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The wavefront aberration of whole laser amplifier is eight times that of the single pass.
Thus, the total wavefront aberration is shown in Figure 10,
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Figure 10. Total wavefront aberrations in laser amplifier.

Figure 10 shows that the total wavefront aberrations in laser amplifier is 2.06 A, which
can be compared with our subsequent measurement result.

4. Experimental Setup and Results
4.1. Experimental Setup

The schematic diagram of measurement is shown in Figure 11. The input pulsed beam
with diameter of 100 mm illuminated the laser amplifier. After the reflection of the laser
amplifier, the test laser beam, which carried the laser amplifier information, entered the
detector. As the detector aperture is generally smaller than the beam aperture, the test laser
beam was reduced to the proper size so that the detector can receive it. The pump distribu-
tion data were received by CCD (13.3 um x 13.3 um resolution, 1024 x 1024 sampling point,
13.6 mm x 13.6 mm imaging area, Gangyu Company, Chongging, China). The thermally
induced wavefront data were received by the wavefront sensor SID4 (29.6 pm X 29.6 pm
resolution, 160 x 120 sampling point, 3.6 mm x 4.8 mm imaging area, France Physics). To
prevent the influence of xenon lamp pump light and stray light, a pinhole was placed on
the focal spot of L1 and L2. During the measurement, the 1064 nm filter was also placed in
front of CCD or SID4 to reduce the interference of stray light. When pump distribution
were measured, the pump light was turned on while the signal light was turned off.

Input pulsed laser

\l ./O
@)

.9
MLLLLIAS)

AMP

L1

Figure 11. Schematic diagram of the experiment for measuring laser amplifier performance. AMP:
direct-liquid-cooled split-disk laser amplifier; L1: lens with f = 1000 mm; L2: lens with f = 50 mm;
HR: fused silica with high-reflection coating for 1064 nm; PH: pinhole plate; A: CCD used for
measuring the pump distribution; B: wavefront sensor SID4 used for measuring the thermally
induced wavefront.
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4.2. Experimental Pump Distribution

The measured result of pump distribution is shown in Figure 12. Compared with the
calculation result shown in Figure 6. It can be seen that the measured pump distribution
is basically consistent with the calculated result. Both strong areas of distributions were
located in the center, while the intensity of the surrounding areas was lower. By further op-
timizing the arrangement and number of xenon lamps, a more uniform pump distribution
can be obtained.
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Figure 12. Measured result of pump distribution.

4.3. Experimental Wavefront Aberration

The thermally induced wavefront aberration was measured using a wavefront sensor
in the pump condition of 1500 V at 1 Hz repetition rate, which is shown in Figure 13.

Legendre coefficient

-30

-20

-10

0 10 20 30 12 3 456 7 8 9101112131415

X-axis (mm) Term number

Figure 13. Single-pass thermally induced wavefront aberration through the amplifier. (a) measured wavefront aberration;

(b) analysis of wavefront aberration by Legendre polynomials.

Figure 13a shows that the experimental total wavefront aberration was 2.685 A.
Figure 13b shows the measured first 15 orders Legendre coefficients of different Legendre
polynomials. The 2nd and 4th polynomial coefficients were dominant, where the 2nd
coefficient corresponds to the x tilt, and the 4th coefficient corresponds to x defocuses. The
7th polynomial (x-primary coma) and 11th polynomial (x-primary spherical) are somewhat
larger than other higher-order polynomial coefficients. However, they are still smaller than
the 2nd and 4th polynomial coefficients. No obvious higher-order wavefront distortion
appears. Thus, wavefront aberration can be easily rectified using the adaptive phase
corrector technique.
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The calculated PV of single-pass wavefront aberration is 0.26 A and total wavefront
aberration is 2.08 A, which is basically consistent with the measured result of 2.685 A.

It is noted that due to the complex structure of laser amplifier, the measured wavefront
data may have other components, such as thermal effect of heat deposition in quartz
window or the deformation of gain medium due to cooling fluid pressure, etc. These
factors require further analysis in the future.

In addition, under the condition of 6 L /min cooling flow rate, the wavefront aberration
at different pump voltages was measured, which is shown in Figure 14.

28 T T T T T T T

26 1

Wavefront abberation (A)
o 4o oA NN
A N N~

—_
N
T
1

1L L L L L L L L

800 900 1000 1100 1200 1300 1400 1500
Pump voltage (V)

Figure 14. Wavefront aberration versus pump voltage with the cooling flow rate of 6 L/min.

It can be seen from Figure 14 that the wavefront aberration increased with the pump
voltage. As the pump voltage increases, the thermal effect becomes more serious, so the
wavefront aberration increases gradually.

5. The Modeling of 10 Hz Direct-Liquid-Cooled Split-Disk Laser Amplifier

From Sections 3 and 4, results of the laser amplifier model established in this study
are basically consistent with measured results. Therefore, we can extrapolate calculation
results to the case of 10 Hz operation. The heat source setting has been adjusted to ten times
of 1 Hz operation. The temperature and stress distribution of Nd:LuAG were calculated,
which is shown in Figure 15.

Y-axis (mm)
= 2

[4,]

-

-3 30 (MPa)

X-axis (mm) X-axis (mm)

Figure 15. (a) Temperature distribution in central plane; (b) stress distribution in central plane.

It can be seen that both temperature and stress are higher than the 1 Hz operation.
The temperature difference in the central plane is 33.7 K, and maximum stress is 14 MPa,
which is still lower than the breaking stress of Nd:LuAG, which indicates that Nd:LuAG
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can still support 10 Hz repetition operation despite the high temperature difference. It also
indicates the potential of Nd:LuAG in repetition rate operation.

The single-pass wavefront aberrations are shown in Figure 16. The PV of the tem-
perature, stress, and deformation induced wavefront aberrations were 1.29 A, 1.28 A, and
0.54 A, respectively, and the total wavefront aberration was 2.56 A. The thermal effect of
10 Hz laser amplifier is more severe than 1 Hz. So it needs to adopt more effective cooling
method. It is necessary to analyze the cooling capacity of fluid in the laser amplifier.
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Figure 16. Calculated wavefront aberrations after single pass: (a) total wavefront aberration; (b) temperature-induced
wavefront aberration; (c) stress-induced wavefront aberration; (d) deformation-induced wavefront aberration.

In the fluid channel design, the choice of the thickness of the cooling fluid is partic-
ularly critical. The thickness of the cooling fluid directly determines the heat dissipation
effect of the gain medium. The heat dissipation capacity is generally expressed by the
convective heat transfer coefficient, which is defined as [17],

_» WxD
Dy 2(WjiD)
Re = U?H
Pr= =" ©)
Nt = 1.86(RePr
— Nuk
h= Dy

Dy, Re, Pr, Nu, and h represent the thickness of the fluid channel, Reynolds number,
Prandtl number, Nusselt coefficient and heat transfer coefficient, respectively. U, v, p, Cp,
and k represent the velocity of fluid, kinematic viscosity, dynamic viscosity, specific heat,
and thermal conductivity, respectively. According to Equation (5), the calculation results
are shown in Figure 17.
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Figure 17. Heat transfer coefficient as a function of fluid thickness and fluid velocity.

Figure 17 shows that the heat transfer coefficient increases with fluid velocity and
decreases with thickness. The thickness of cooling fluid introduced in Section 2.2 is 2 mm
and the upper limit of the cooling flow rate is 6 L/min. Thus, flow velocity in each cooling
channel in this laser amplifier is 0.1667 m/s, which corresponds to the heat exchange
coefficient of 1771 W /(m?K). From results of Figures 15 and 16, the current cooling fluid
structure are not suitable for the 10-Hz laser amplifier operation. Therefore, the cooling
capacity of the laser amplifier can be improved by reducing the thickness of the fluid in
future work.

6. Conclusions

In this study, a model to predict the thermal effect in a flash-lamp-pumped direct-
liquid-cooled split-disk Nd:LuAG ceramic laser amplifier has been presented. It includes
xenon lamp radiation model, thermal-fluid—solid multiphysics model, and thermally in-
duced wavefront aberration model. We show that this model allows the prediction of
performance of a direct-liquid-cooled split-disk Nd:LuAG ceramic laser amplifier from
pump distribution to thermal-induced wavefront aberration. Under the pump condition of
1500 V at 1 Hz, the predicted total wavefront aberration is 2.08 A, which is basically consis-
tent with the measured result of 2.685 A when considering the 0.4-0.5 A wavefront aberration
induced by cooling fluid. The profile of predicted pump distribution is agreement with
measurement result. Furthermore, the thermal results in the 10-Hz laser amplifier have
been predicted. The wavefront aberration of single Nd:LuAG is 20.48 A. In the end, heat
transfer coefficient as a function of the fluid thickness and fluid velocity is obtained. The
cooling capacity of the 10-Hz laser amplifier can be improved by reducing the thickness of
the fluid in future work.
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