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ABSTRACT

Innovative substitutions for Fresnel lenses concentrators by Elliptical shaped Fresnel lens (ESFL) and
parabolic concentrators by ring array concentrator (RAC) models are presented, as well as, advances of
solar-pumped lasers of Ce:Nd:YAG operation during a clean and clouded weather.

The design of the ESFL and RAC were modelled into Zemax® non-sequential ray-tracing soft-
ware from well-defined mathematical equations. Most of the key parameters were analysed and the
resulting outputs were compared and documented in publications.

The design parameters for solar-pumped lasers were optimized using Zemax®, and then the LAS-
CAD™ [aser cavity system software was used to further optimize the laser resonator parameters. A solar
laser prototype was built with an active medium of Ce:Nd:YAG and tested using a heliostat-parabolic
mirror system at both NOVA University of Lisbon and Procédés, Matériaux et Energie Solaire - Centre
National de la Recherche Scientifique (PROMES-CNRS) in Odeillo-Font Romeu, France.

The ESFL offers a 4.58 W/mm? increase in solar flux concentration compared to a Fresnel lens,
which only achieves 2.66 W/mm? at the same size and focal distance. A 3.14 m? RAC with a focal length
of 300 mm can capture over 18 W/m?,

The first recorded Ce:Nd:YAG solar laser operating with a small collection area of 0.293 m? at
the NOVA facility, produced a multimode output power of 11.2 W, resulting in a solar-to-laser power
conversion efficiency of 3.37%, with a minimum threshold pump power of 66 W. The MSSF parabolic
mirror from PROMES-CNRS achieved a lower threshold pump power of 32.4 W using a smaller col-
lection area of 0.075 m?, and during cloudy weather, a threshold pump power was further reduced to
29.2 W. Furthermore, cloud interference improved the solar-to-laser conversion efficiency to 6.32%,
nearly tripling the 2.32% efficiency on a clear sky, while the solar laser conversion efficiency of
21.47 W/m? was nearly twice the value of 12.62 W/m? on a clear sky.

The research efforts performed during this work are explained. Experimental results are dis-
cussed, and future suggestions are proposed.

Keywords: Solar concentrator, Solar-pumped laser, Ce:Nd:YAG, Elliptical shaped Fresnel lens,
Ring array concentrator






RESUMO

Inovacgdes para substituicdes de concentradores de lentes de Fresnel por lentes de Fresnel elipticas
(ESFL) e concentradores parabdlicos por modelos de concentradores de matriz de anéis (RAC) sao
apresentados, bem como avancos de lasers solares de Ce:Nd:YAG operando no limiar mais baixo e
durante o clima nublado. O projeto do ESFL e do RAC foi modelado incorporando as equagdes recém-
deduzidas no software de rastreamento de raios ndo sequencial Zemax®. A maioria dos principais para-
metros foi analisada e as saidas resultantes foram comparadas e documentadas em publicacdes. Em
relacdo aos lasers solares bombeados, todos os pardmetros de projeto foram otimizados e adaptados no
Zemax® e o software de sistema de cavidade a laser LASCAD™ foi usado para otimizar os parametros
do ressonador a laser. O protdtipo de laser solar com o meio ativo de Ce:Nd:YAG foi construido e
testado na instalagdo heliostato-parabdlica na Universidade Nova de Lisboa e no forno solar de tamanho
médio (MSSF) no Procédés, Matériaux et Energie Solaire - Centre National de la Recherche Scientifique
(PROMES-CNRS) em Odeillo-Font Romeu, Franga.

O ESFL oferece um aumento de 4,58 W/mm? na concentracdo de fluxo solar em comparacéo
com uma lente de Fresnel, que alcanca apenas 2,66 W/mm? no mesmo tamanho e distancia focal. Um
RAC de 3,14 m? com uma distancia focal de 300 mm pode capturar mais de 18 W/m?. O primeiro laser
solar Ce:Nd:YAG registrado, operando com uma pequena area de coleta de 0,293 m? na instalacéo da
NOVA, produziu uma poténcia de saida multimodo de 11,2 W, resultando em uma eficiéncia de con-
versdo de energia solar para laser de 3,37%, com uma poténcia minima de bombeamento de 66 W. O
espelho parabdlico MSSF do PROMES-CNRS alcangou uma poténcia de bombeamento de limiar mais
baixa de 32,4 W usando uma area de coleta de 0,075 m? e, durante o tempo nublado, uma poténcia de
bombeamento de limiar de 29,2 W foi registada. Além disso, a interferéncia das nuvens melhorou a
eficiéncia de conversdo de energia solar para laser em 6,32%, quase triplicando a eficiéncia de 2,32%
em um céu claro, enquanto a eficiéncia de converséo de energia do laser solar de 21,47 W/m? foi quase
0 dobro do valor de 12,62 W/m? em um céu claro.

Palavas chave: Concentrador solar, Laser bombado por luz solar, lentes Fresnel de formato
eliptico, concentrador de matriz de anel
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INTRODUCTION

1.1 Background and motivation

The utilization of solar energy is of utmost importance in today’s world as it is a crucial source of
renewable energy. This sustainable energy source offers several advantages, such as being cost-effec-
tive, accessible, and eco-friendly as it does not emit harmful greenhouse gases. Additionally, the tech-
nology used to harness solar energy is continuously improving, making it a promising option for the
future. The adoption of solar energy can contribute significantly to a sustainable future, making it an
essential option for energy generation.

Solar concentrators are a critical technology in the renewable energy industry as they increase the
efficiency of solar power generation. These devices concentrate sunlight onto a small area, producing a
higher concentration of solar energy that can be utilized for various applications. Concentrated solar
power (CSP) plants use this technology to generate electricity, which can be stored and distributed even
when the sun is not shining. This makes solar concentrators a reliable and continuous source of energy
that can reduce our dependence on fossil fuels and decrease carbon emissions. Furthermore, solar con-
centrators can be used for heating and cooling, making them suitable for a range of industrial and resi-
dential applications. In conclusion, solar concentrators have the potential to revolutionize the way we
generate and use energy, making them a vital technology for our lives.

Researchers, power companies, and policymakers are interested in the ability of concentrating
solar power to generate large amounts of continuous electricity, which can overcome the intermittency
issues associated with solar resources. One common approach to identifying potential locations for the
CSP plants worldwide is by analysing the global distribution of Direct Normal Irradiance (DNI). This
analysis reveals that the “Sun Belt” regions of North Africa, the Middle East, the Mediterranean, and
American continent, are highly suitable for CSP plants due to their abundant solar radiation. These re-
gions’ large land areas with high solar irradiation offer an excellent opportunity to install multiple solar-
energy harvesting systems.
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Solar research facilities provide a platform for both academic and industrial researchers to inves-
tigate and test commercial prototypes in various fields. These fields include solar thermal electricity
generation technologies [1, 2], solar fuel production such as H., synthesis gas, liquid and gas hydrocar-
bons [3, 4], cycles for chemical storage of solar energy using ZnO, CeOy, iron, silica, and other materials
[5], solar water treatment techniques such as desalination, disinfection, and decontamination [6, 7], solar
heating and cooling of buildings [8], synthesis of high-value materials and coatings of nanomaterials,
new ceramics or metals, foams, and catalytic layers [9], high-flux photochemistry [10], photo-physics,
characterization of materials under extreme conditions [11], and solar pumping of laser for industrial
and space applications[12, 13].

To achieve the goals mentioned above, this study aimed to investigate innovative solar concen-
tration systems, namely the ring array concentrator (RAC) and elliptical shaped Fresnel lens (ESFL), as
alternatives to the commonly used parabolic mirrors and Fresnel lenses. The potential benefits of these
novel concentrators in various applications were explored. Additionally, the study proposed the utiliza-
tion of a solar pumping prototype with Ce:Nd:YAG in an end-side-pump configuration. The design and
parameters of the solar furnace were conceptualized in Mathematica and numerically optimized using
Zemax®. The findings of this research were published in peer-reviewed journals.

Solar lasers are an emerging technology for applications where sunlight is abundant and other
energy sources are scarce, particularly in space-based operations. Solid-state lasers can be pumped by
solar energy either directly or indirectly, with direct solar pumping being more efficient, simple, and
reliable. However, semiconductor arrays used in indirect pumping (light converted with electricity) have
generally a limited lifetimes and performance degradation over time. Direct solar pumping of solid-state
lasers can overcome these limitations and enable reliable space-borne laser operation over multiple
years. In space, solar energy is a continuous source of energy, and solar lasers offer potential applica-
tions in remote sensing, deep space communications, wireless space power laser beaming [14], asteroid
deflection, fuel-free photonic thrusters [15], and orbital space debris removal. Solar lasers also have
potential terrestrial applications in material processing, micro/nano-material production, and renewable
energy cycles, such as the renewable magnesium-hydrogen cycle [16]. Mg has a high energy storage
density, and when combined with water, produces both H; and thermal energy. However, temperatures
exceeding 4000 K are required for MgO reduction, and solar-powered lasers with excellent beam quality
can easily reach this temperature, refining MgO back to Mg for fuel cell vehicle applications [17]. Over-
all, solar lasers present an exciting opportunity for sustainable energy production and innovation in both
space and terrestrial applications.

The design of solar pumped laser was firstly numerically optimized through Zemax® then LAS-
CAD™ software, respectively. The set-ups design and build in Lisbon, according to the optimized pa-
rameters of the numerical analysis. The testing of the solar laser performance was carried out at NOVA
university and at PROMES-CNRS, through the participation in R&D projects supported by SFERA 111
projects (Solar Facilities for the European Research Area, 7" Framework Program of the EU). Both
facilities collect the solar energy through a heliostat-parabolic parabolic system. At 2022, the solar laser
prototype was performed in February at the NOVA facility, then in September at PROMES-CNRS.

36



Significant progresses in both solar laser efficiency, threshold power reduction through small collection
area and its comparison under cloudless/cloudy sky are explained in detail in Chapter 7.

1.2 Outline

This dissertation is divided into 8 chapters:

Chapter 2 covers the fundamental concepts of solar concentrators. The generalized relationship
of the Sun with the concentrating media are described.

Chapter 3 presents the modelling tools for the numerical optimization of the proposed solar con-
centrators and laser schemes.

Chapter 4 provides a comprehensive overview of the Elliptical shaped Fresnel lens (ESFL)
model, as reported in the paper XIII of the list of publication.

Chapter 5 provides a comprehensive overview of the Ring Array Concentrator model, as reported
in the paper XXVIII and XIX of the list of publication.

Chapter 6 covers the fundamental concepts of solid-state lasers. The solar-pumped lasers concept
is also described, including an overview of the suitable laser materials for solar-pumped lasers and a
State-of-the Art.

Chapter 7 describes the efforts for enhancing the solar-pumped laser with Ce:Nd:YAG under
both cloudless and cloudy conditions for both TEMg, mode and multimode laser output, as reported in
the paper IX, X, and XI of the list of publication.

Chapter 8 is the conclusion and the futures vision.

The highlights and publications obtained during the PhD project are presented in the Annexes.
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SOLAR ENERGY AND CONCENTRATION
SYSTEMS

2.1 General concept

The use of optical devices such as concentrators offers the advantage of collecting solar energy into a
concentrated form, which is highly beneficial for certain high-temperature applications. However, the
degree of energy concentration achieved is subject to several uncontrollable factors, such as the unpre-
dictable atmospheric conditions on Earth or the degradation of the concentrator material over time.
The speed of light is a constant of 299792458 m/s when traveling in a vacuum, with a refractive index
of n;=1. When the propagating ray enters a different refractive material (n;>1), it reduces the phase
velocity by v=c/n,. Typical values of n; for air at normal pressure are around 1.0003, 1.33 for water, and
1.45-1.8 for glass and plastics, respectively. Moreover, the n; is different for each wavelength.

2.1.1 Snell’s law

Snell’s law of refraction follows the principle of least time (from Fermat’s principle). The refracted
incident ray travels from the interface between the refractive index media of n; and ny, as shown in
Equation (2.1).

n; sin(8;) = n, sin(6,) (2.1)
where 6; is the incidence angle normal at medium i and the refracted angle 6; measured at the normal on
medium t. The incident beam splits into a reflected beam and a transmitted beam, both subject to Snell’s
Law, as shown in Figure 2.1.
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Figure 2.1 — Incident radiation is incoming from angle i normal to the surface of the material. Reflected radiation bouncing
with 6r (same value as 6i). The transmitted radiation shifts 6 in its trajectory due to snell’s law. The intensity of the transmit-
ted radiation is reduced due to the absorption and scattering nature of the refractive medium.

2.1.1.1 Refraction

A portion of incident radiation is transmitted through the next interface from the previous. If the second
interface (medium) has the same refraction index (i.e., ni = ny), then the ray continues to travel without
changing its course, i.e., 6i= 6. If ni <n, due to Snell’s law, then the refractive radiation will have a
slight bent or a deviation of the angle about the normal axis, as shown in Figure 2.1. Refractive materials
such as fused silica lenses with n;=1.47 and poly methyl methacrylate (PMMA) at n;~1.49 are com-
monly used in solar-pumped lasers.

2.1.1.2 Absorption

Light with a certain energy, intensity, and wavelength passing through a medium (other than in vacuum)
would have small or sizable portions of its energy absorbed by the material. The transmitted wavelength
intensity (l,») is proportional to the standard exponential decay of the incident intensity (1) by the

coefficient of absorption of the material (o) at a depth length (1):
L) = L) e~ (2.2)

2.1.1.3 Reflection

The reflected radiation remains the same n; section after interacting with the reflective medium. A small
portion of the reflected energy is lost due to the absorption of the material. The reflected angle is mostly
the same as the angle of incidence, 6i= 6.

2.1.2 Mirror

The mirror is an optical device with the primary function of reflecting light. Most mirrors found in the
market are flat and through special demand, curved-shaped mirrors can be obtained. The amount of
energy reflected by the mirror measures the reflectivity, i.e., the amount of energy reflected compared
to the initial energy. Front surface mirrors (or first surface mirrors) are metal-coated mirrors with a thin
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layer of metal coating, mostly produced by vacuum evaporation or by a sputtering technique. The me-
tallic coating adheres to a substrate, mostly glass (fused silica), as shown in Figure 2.2 a). Mirror coating
of aluminium, silver, or gold is commonly found in the market, and less common materials such as
beryllium, copper, chrome, or nickel/chrome alloys are more difficult to acquire. Dielectric layers are
often used to protect or/and enhanced the metallic coating. Metallic mirror (first surface mirror) provides

larger reflective broadband, negligible low achromatic dispersion, and weak angular dependency on
reflectivity.

Another type of mirror is the back surface metallic mirror, which has an added protective glass layer on
top of the metallic surface, as shown in Figure 2.2 b). Household mirrors are silver coated on the back.
Advantages of first surface mirrors compared to back surface mirrors:

The substrate of the mirror does not contribute to the reduction of reflectivity by absorption in
certain broadband regions. This type of mirror has a much lower loss of reflection band in the
infrared region.

Wavefront distortion from reflection caused by inhomogeneities of the substrate cannot occur.
In non-normal incidence light. It does not generate ghost images due to the weaker front surface
reflection from the mirror surface.

Light in normal incidence. It does not cause strong chromatic dispersion based on the interfer-
ence contribution from the front and back surface reflection of the glass substrate.

Disadvantages:

The touched surface creates fingerprints that can easily cause oxidation. It may not be possible
to clean such mirrors, losing the optical quality.

Moisture and aggressive gases may cause oxidation in the mirror coating.

The degradation of reflectivity in the function of time is faster than that of the back surface
mirror.

Harder to clean.

Silver coating Base substrate  Silver coated
«Dialectric
|, coating
| ‘ Glass
‘ ‘
Glass ‘ Metal | /
\ ‘
/
\ ‘ Secondary
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\
‘ ¥
‘ \ : Primary &
a) b) reflection

Figure 2.2 — (a) First surface and (b) back surface mirrors.

2.1.3 Solar spectrum

Figure 2.3 shows both the global and the direct reference spectra ASTM (American Society for Testing
and Materials) G173 at Air Mass 1.5 (AM1.5) [18]. In Zemax®, 21 wavelengths were selected as the
solar spectrum data, each normalized as a function of its weight. The weight determines the inten-
sity/power of each solar ray, which is dependent on the power attributed to the emitting source.
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Figure 2.3 — Global and direct solar spectra ASTMG173 at AM1.5, with the selected wavelength used for ray tracing in Ze-
max® and its respective weight value.

2.1.4 Sun shaped by angle

It is crucial to consider the shape of the Sun when conducting research and developing solar-based
technologies. The acceptance half-angle, which determines the angle at which solar rays reach the
Earth’s atmosphere, is dependent on the size of the Sun and its distance from the Earth. The widely
accepted value for the Sun-Earth subtended acceptance half-angle is 0.27°, which has been determined
mathematically and theoretically [19, 20]. This value is commonly used by researchers in the field of
solar energy concentration [3, 20-34].

The angle mentioned above is only accurate in the absence of Earth’s atmosphere. When solar
rays enter the atmosphere, their trajectory is significantly altered due to the law of refraction. These rays
traverse different atmospheric layers, including the troposphere, stratosphere, mesosphere, and thermo-
sphere, resulting in scattering, dispersion, and absorption. Therefore, the original solar intensity from
the Sun decreases, leading to diffuse sky radiation [20]. The intensity of radiation decreases mainly due
to the absorption of ozone (O3) and water vapor in the atmosphere. Ozone absorbs at the ultraviolet
band, while water vapor absorbs at the near-infrared band. The refractive index of each gaseous layer
affects the refraction angle. Additionally, the acceptance of the half-angle of the Sun’s rays can vary
depending on various factors such as geographical location, time zone, and local atmospheric conditions,
such as the presence of clouds, humidity, sand particles, and pollution in the troposphere. Thus, it is
necessary for the acceptance half-angle to be greater than 0.27° at the Earth’s surface, considering the
intricate factors that influence the refraction of sunlight in the Earth's atmosphere. Despite this, many
researchers in the field have overlooked these complex systems and instead relied on the 0.27° half-
angle as the universal standard in their works [3, 20-35].
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2.1.5 Sun shape Gaussian distribution

The Sun shape image can be inconsistent, and it is difficult to analyse due to unpredictable and uncon-
trollable atmospheric factors. The systematic and the averaging measurement of the image size approx-
imates a near-exact representation of the image of the Sun. One of the alternative approximations was
done by Vittitoe and Biggs [36], which treats the Sun as a superposition of six Gaussian terms.

The approximation of the Sun shape in Gaussian distribution form is described in Equation (2.3). This
Gaussian form sets the behaviour of the Sun distribution of the solar radiation emitting from a generic
source:

I(1,m) ~ Iye~GxI*+Gym?) (2.3)

Where | and m are the direction cosines of the rays in the X and Y axis direction with Gy and G, as the

Gaussian distribution in function of the root-mean-square width (drms), given by Equation (2.4):
1

G, =G, =
* Y 2 X Spus”

(2.4)

The larger the value of Gy and Gy, the narrower the distribution in that respective direction. The overall
distribution collimated form when both G, and Gy are infinite (values of zero in Zemax®).

The drms described and obtained by [36], where the correlation of drws With the solar irradiation (1) is
shown in Figure 2.4, where the curve is given by

Srus X 103 = 3.7648 — 0.0038413(1 — 1000) + 1.5923 x 10~5(I — 1000)? (2.5)

with | is the solar irradiance in W/m?. This curve is a generalized reference to the Sun’s shape at a given
solar irradiance. The actual drus Value may change dependently not only through the current measured
irradiation, but also the time and location where the measurement was carried out, as referenced in [36].

20

6RMS*1 0-3

0 200 400 600 800 1000
Irradiance, Wim?

Figure 2.4 — Variation of Jrws at different solar irradiances.

Zemax® ray tracing software approximates the Sun shape in a mathematical and computational form.
Considering a parabolic mirror of 2 m diameter, a focal length of 850 mm, and a reflectivity of 59%
[12], the same as the medium-sized solar furnace (MSSF) parabolic mirror in PROMES-CNRS, where
a typical local irradiance of 1000 W/m? is normally attained on a normal clear day [37, 38]. The Sun
shape image of this concentrator would have a drus 0f 0.0037648 according to Equation (2.5) then the
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Gx and the Gy would be 35276.6 through Equation (2.4). Alternatively, the Gaussian distribution of Gy
and G, can be manually adjusted in Zemax® until the simulated result is the same as the experimental
measurements [39].
The terrestrial solar half-angle (6e) found by using the effective size of the solar-terrestrial image (dg)
at a distance (L), as represented in Equation (2.6).

0 = tan? <05L;d5> (2.6)
Oe calculated through a simple simulation in Zemax® by using a detector at a distance (L) away from a
small solar light source, as shown in Figure 2.5 a). For example, consider a 0.002 mm diameter source
(a small hole) at L =10 m away from a rectangular detector of 150 x 150 mm? with a precision of
1001 x 1001 pixels. The calculation of 6 is independent of the distance L since de is adjusted by the
inverse-square law.
Figure 2.5 b) shows the solar distribution in Zemax® of a solar source by using the Gx = G, = 35276 as
the Gaussian distribution calculated from Equation (2.4) at a consideration of 1000 W/m? irradiance.
For a correct calculation of the terrestrial solar angle, considering 95% of the total distribution then a
width of de = 91 mm, which is equivalent to 6= = 0.52°, which is very close to that of measured by others
published papers [40, 41]. It is important to note that the acceptance half-angle (6,) of 0.27° can be
found at the accepted effective size (da) at 56% effective of focal Gaussian distribution [42].

a) b)
G, & G, = 35276; 6 = 0.52°
Incoming solar rays from a ! ' ' g [ |
small light source Detector f ‘
‘/é d / d Y
0.44 - S
| / \
r L | J,F \
0.05 M
9]50 -100 -50 0 50 100 150
d (mm)

Figure 2.5 — (a) Light propagation from a small light source towards a detector of size d at a distance L. (b) Solar-terrestrial
image with solar half-angle (6g) of 0.52° calculated from de and acceptance solar half-angle (0a) of 0.27° calculated from da.

2.1.6 Sun shape size deviation

The determination of the Sun’s shape is influenced not only by the unpredictable fluctuations in
the atmosphere but also by the physical imperfections of a non-ideal concentrator. For instance, in the
case of a parabolic concentrator, factors such as the surface’s curvature, waviness errors, the placement
of the concentrator by the tracking mechanism, and the relative position of the concentrator and/or de-
tector all play a role. The combined effect of all these non-systematic errors can be approximated using
a simple standard deviation, 6° = Zc?%. The resulting image is referred to as the degraded Sun shape [20].
The real image of the Sun shape, through Central Limit Theorem, the Gaussian shape is the sum of the
errors added in square, described by Equation (2.7):

2 — 2 2
O-sunshape — Yoptical + Osun (2'7)
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The ¢, depends on the solar Gaussian distribution of the current irradiance intensity. The agpu.cal is
the joint optical error generally found at any concentrator, represented by
Toptical = Olontour + Oamecutar + Odisplacement + Otracking + Thuman (2.8)

The optical errors arising from several sources, and each type of errors itself contributes to: the deform-
ity of the mirror surface (contour error, 62 ,0u); the imperfection and rugosity of the mirror surface
which are observable in microscopic level (Uszpecuzar); the displacement of the concentrator as a whole
can largely influence the outcome of the Sun shape (O-(%isplacement); and the tracking error of the tracking
machine (atzmckmg); the human error of positioning the mirror or the combined-mirror system. The

representation of the optical error is shown in Figure 2.6.

Specular Real surface

ermor_—— (contour error)
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A

Figure 2.6 — Optical error of a real mirror concentrator comparing with an ideal mirror surface. The real surface mirror has
error in orientation, specular, contour and tracking error.
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2.2 Parabolic concentrator

Figure 2.7 — Parabolic geometry. Each parabolic concentrator has the same focal length with different aperture sizes.

A reflector shaped like a parabolic dish is considered the most efficient and simplest solar concentrator.
This type of reflective concentrator reflects all paraxial rays that hit its surface towards a common focal
spot. The parabolic shape is easy to analyse, relatively easy to construct (depending on its size), material-
efficient, and provides a sufficient concentration ratio for many high-power applications [43].
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The sag Equation (2.9) generalizes the parabolic shape in the x-z plane, considering z pointing toward
the Sun.

2.
1+\/1—(1+k)c a? Zaa (2:9)

Where c is the curvature of the surface, k is the conic constant, a is the radial aperture coordinate, and
the terms « are aspheric coefficients. A pure parabolic geometry attained by k = -1 and considered the

coefficients a as zero, then the simplify equation shows as:

ca? a? a?
Most concave geometry uses the radius of curvature (RoC) to design its surface line, which is the inverse

of c. In this case, the RoC would be twice the value of the focal length (fi), as shown in Figure 2.8.

| z Incident ||
| solar ray ‘

| __Focal spot ‘

Paraboli
mirror

o],

Figure 2.8 — Parabolic geometry. w is the rim angle or aperture angle, fi is the focal length, the & half solar angle, and ¢ the
angular rotation of the lens.

The Figure 2.9 a) shows a medium size solar furnace (MSSF) parabolic mirror with a source emitting
twenty blue layout rays. The MSSF is a parabolic mirror concentrator found and used in PROMES-
CNRS, France. This concentrator has a maximum radial aperture of 2000 mm diameter, minimum radial
aperture of 150 mm, a focal length of 850 mm, which is equivalent to a 1700 mm radius of curvature.
Figure 2.9 b) shows the focal distribution (Sun shape) in incoherent irradiance on the Detector viewer.
The concentrated solar flux of 16.2 W/mm? and 15 mm diameter at 5 mm FWHM (full width at half
maximum) in size, were in a very similar range claimed by [37, 38] and [44], under a clear day at with
a solar irradiance of 1000 W/m?,
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Figure 2.9 — (a) Zemax® NSC 3D layout representation of the parabolic concentrator of 1 m radius and a focal length of
0.85 m. (b) Focal spot of a rectangular detector of 20 x 20 mm? with 150 x 150 pixels at the focal spot of the MSSF parabolic
concentrator with 40 million analysis rays, at typical solar irradiance of 1000 W/m?2,

2.3 Fresnel lenses

The Fresnel lens is a refractive optical apparatus with few millimetres in thickness. This concentrator
conceptually produced by removing the non-essential parts of dielectric material from a conventional
lens, as shown in Figure 2.10. The dielectric surface of the resulting thin facetted lens intercepts the rays
of light with the same incidence angle as the original would have and performs identical refractive and
focus functions.

Figure 2.10 — (a) Standard focusing lens and dashed lines divide the steeped surface design by Buffon. (b) Fresnel lens uses
the stepped surface onto a thin substrate.

Both the standard lens and the Fresnel lens use the same sag equation as described in Equation (2.9).
However, while the standard lens uses refractive optics to focus light based on the law of refraction, the
Fresnel lens utilizes refractive optics in conjunction with discrete concentric rings to focus the light.
Despite this difference, both types of lenses suffer from chromatic aberrations due to the broad range of
wavelengths present in sunlight.

Prior to 1950, Fresnel lenses were typically made of glass or silica and were manufactured by
grinding and polishing grooves into the material. Later, a more cost-effective method of casting and
pressing glass into moulds was introduced. However, this method did not receive further treatment,
resulting in lower optical quality lenses. Furthermore, the high surface tension of glass during solidifi-
cation posed challenges in creating rounded grooves and tips.

Currently, advancements in plastics, moulding techniques, and computer-aided diamond-turning
machines have significantly enhanced the quality of Fresnel lenses. The use of these materials and tech-
niques has allowed for lighter and more affordable lenses, expanding their applications. Plastic Fresnel
lenses can be produced through pressure moulding, injection moulding, cutting, or extrusion. These
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lenses have been used in various applications such as overhead projectors, copy machines, camera
screens, magnifiers, reading lenses, holography, data transfer, lighthouses, solar collectors for thermal
and photovoltaic purposes, and solar-pumped lasers.

The two design orientations of the flat Fresnel lens are the “grooves-in” orientation, with the
grooved facet facing towards the target, and the “grooves-out” orientation, with the grooved facet facing
towards the Sun, as depicted in Figure 2.11a) and b), respectively. The grooves-out design boasts en-
hanced optical efficiency, as the trajectory of the traveling light undergoes modification at both the
entering and exiting mediums in accordance with Snell's law. In contrast, the groove-in design only
redirects the light at the exit groove, given that the incoming light is perpendicular to the lens’s input
face. However, grooves-in designs are less prone to soiling problems and are easier to clean and main-
tain.

P 22 2/ 7P PR PR 28 Z28 S /S /S

NI/ AL LY

Figure 2.11 — Fresnel lens. (a) grooves-out design and (b) grooves-in design.

Prolonged exposure to different temperatures can cause changes in the refractive properties of the
material, which can impact the effectiveness of a Fresnel lens. These changes can lead to variations in
the focal distance and size of the focal spot. Moreover, thermal expansion of the lens can cause further
deformation of its image profile. Therefore, it is important to consider the operating temperature of the
lens during the design phase. Additionally, prolong exposure to high temperatures can decrease the
lifetime of the concentrator [45].

Different manufacturers of Fresnel lenses may produce lenses with varying efficiency, even if the lens
specifications are identical, due to factors such as the manufacturing process, type and amount of mate-
rial used, lens thickness, and finishing processes. Removing the lens from the mould or machining pro-
cess can result in a rough surface (as shown in Figure 2.12 a)) due to detachment, and the pitch angle
required to remove the lens from the mould (represented in Figure 2.12 b)) can cause optical loss. A
pitch angle of around 2 degrees is commonly used. The production process can also produce defects
such as rounded facets at the peaks (shown in Figure 2.12 c)) and valleys (shown in Figure 2.12d)),
which are generally caused by poor plastic injection or cutting tool edges during machining. The ideal
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grove is represented as Figure 2.12 ¢). Therefore, it is important to consider the quality of the manufac-
turing process when selecting a Fresnel lens.

d)

€)

Figure 2.12 — Real physical flaws or errors of Fresnel lens. (a) roughness of the groove’s facet surface. (b) pitch angle 6p. (c)
peak round facet, (d) valley round facet and (e) the ideal grove.

Most of the Fresnel lens modelling sequences and parameters found in the industry, including the Ze-
max® Fresnel lens are based on Claytor’s patent [46, 47], shown in Figure 2.13. These variables are:

e r, the aperture defines the radial size of the Fresnel lens.

e RoC, the radius of curvature defines the focal length.

ek, the conic curvature constant defines the shape of the Fresnel lens facet.

e d, is the thickness of the substrate below the grooves.

e  0Op, pitch (degrees) defines the “inactive” faces (those faces nominal parallel to the local z-axis).

e dm, the frequency of the grooves per lens diameter defines the total number of slope facets and their size.
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Figure 2.13 — Fresnel lens with radial aperture (r) with an incident solar ray at the edge with a solar half-angle of 4, and ¢
the angular rotation of the lens. The fi is the focal length of the lens, w is the rim angle, d: is the thickness of the lens and dm is
the groove frequency.

The Fresnel lens’s focal image is wavelength sensitive due to the chromatic Snell’s deviation caused by
the difference in refraction index. Figure 2.14 shows the achromatic aberration of wavelengths from
0.3 um to 1.5 um. The Y = 0 mm is the mathematical focus calculated for 0.5 um (red line) and all other
wavelengths scattered around on its focus. The position Y = 100 mm has the sharpest concentration size
and the highest concentration intensity.
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Figure 2.14 — Achromatic aberration is caused by various collimated wavelengths by a Fresnel lens.

A focal characteristic of a simulated Fresnel lens in Zemax® with the same specification of 889 mm
diameter, focal length of 757 mm, thickness of 3.17 mm and grooves numbers of 50 in 25 mm faced
toward the focus used in Centro Nacional de Investigaciones Metaltrgicas (CENIM) in Complutense
University of Madrid [48-50] is shown in Figure 2.15. This Fresnel lens had generated over 2.60 W/mm?
of concentrated solar flux with a focal size of 8 mm diameter, under a clear day at with a solar irradiance

of 1000 W/m?,
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Detector Image: Incoherent Irradiance

Detector 3, NSCG Surface 1:

Size 20.000 W X 20.000 H Millimeters, Pixels 150 W X 150 H, Total Hits = 181£9234
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Figure 2.15 — Focal spots of a rectangular detector of 20 x 20 mm? with 150 x 150 pixels at the focal spot of the CENIM
Fresnel lens with 40 million analysis rays, at typical irradiance of 1000 W/m?,
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3

NUMERICAL TOOLS FOR DESIGNING SO-
LAR CONCENTRATORS AND SOLAR-
PUMPED LASER MODELS

3.1 Introduction

In this chapter, we delve into the essential numerical tools employed in the design processes of
solid-state lasers and solar concentrators. The initial focus is on the non-sequential Zemax® ray-tracing
analysis, a crucial tool for optimizing the design parameters of solid-state lasers. Furthermore, the chap-
ter explores the Laser Cavity Analysis and Design (LASCAD™) software, employed for evaluating the
performance of laser output. To complement these discussions, the chapter concludes with a brief intro-
duction to the ANSYS™ software, which facilitates temperature calculations using the output data file
generated by Zemax®.

3.1.1 Non-Sequential Component (NSC) editor

The Non-Sequential Component Editor window or NSC editor window serves as a central workbench
for modelling an optical system. This window works similarly to a Microsoft Excel spreadsheet, as
shown in Figure 3.1. Each row is equivalent to an object and each column within a row represents a
specific parameter of that object. An intersection of a row and a column forms a cell. A single cell
(asides from the first and second column) is subdivided into two rectangles, the larger input rectangle is
reserved for data input and the smaller one is for the cell-solving condition. The highlighted cell has a
black background. The arrow key from the keyboard or left-clicking the mouse serves as a navigation
tool to select the intended cell. All column’s widths are modified by hovering on the dividing line be-
tween two columns at the top row (white row).
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Figure 3.1 — Non-Sequential Component Editor window, listing three objects. The first object is Source Eclipse (Yellow),

the second object is Aspheric Surface (Grey), and the third object is Detector Rectangle (Purple).

3.1.1.1 Common parameters cells

All the objects within the NSC editor share the same type of cell composition in the first eleven columns.

>

>
>

A\

YVVVVYVYVYY

Column 1 — Object Type: It indicates the type of object selected for that row. Right-clicking on
this cell opens the Object row <number> Properties dialog box.

Column 2 — Comment: It uses for comments, it can accept no more than 225 characters.
Column 3 — Ref Object: It copies the position and orientation of the target object row number.
The referenced number must be lower than the current object number.

Column 4 — Inside of: Puts the current object inside of the target object row number. The refer-
enced number must be lower than the current object number.

Column 5 — X Position: X coordinate position of the object in millimetres.

Column 6 — Y Position: Y coordinate position of the object in millimetres.

Column 7 — Z Position: Z coordinate position of the object in millimetres.

Column 8 — Tilt about X: X rotation at the X plane at a degree angle.

Column 9 — Tilt about Y: Y rotation at the Y plane at a degree angle.

Column 10 — Tilt about Z: Z rotation at the Z plane at a degree angle.

Column 11 — Material: Defines the material of the current object if applicable. The material
written by the use must be a valid named material found in the “Glass Catalog” list.

3.1.1.2 NSC editor: cell

Each cell apart from the first two columns (“Object type” and “Comments”) subdivides into a larger
rectangular cell (left) and a smaller rectangular cell (right).

Large rectangular cell — Input text box which accepts integer numbers, decimal numbers, or a
string of words depending on the cell’s specification.

A numerical cell can do basic arithmetic functions of plus (+), minus (-), multiplication
(*), and division (/). For example, adding “+5.5 onto an existing “20” within the cell will result
in a “25.5” when pressing the Enter key or by moving to another cell.

I Note: To subtract a number, the sequence starts with a plus before a minus. For example, “+-10". I

Small rectangular cell — Shows the solve condition of the parameter. Zemax® offers four solve
types, as shown in Figure 3.2:

o Empty: The parameter is a fixed solve type.

o V: The parameter is a variable solve type.

o P: The parameter is a pickup solve type.

o Z: The parameter run by a ZPL macro.

52



Parameter 3 selve on object 2

Solve Type:

123.000

123.000

<

123.000

123.000

Figure 3.2 — Solve type dialog box of parameter 3 on object 2.

3.1.1.3 Object nesting volumes and surfaces

The order in which the objects are placed in the NSC Editor window has a significant role in the ray-
objects interaction. The number of nesting objects by default in Zemax® is five and the minimum is four,
special models may need a higher nesting number to function properly. The nesting object limit is
changeable in the Main menu — System — General... — Non-sequential tab.

3.1.1.3.1 Nesting volumes:
Volumetric objects are often refractors. Zemax® keeps tracking the index of refraction through which
the ray is propagating from one object to another.
The general rules are:

If a ray strikes more than one object at the exact point in space; the last object listed in the NSC Editor determines the properties of the
surface or volume at that point.

Considered a silica sphere with a cylindrical hole in the middle, and continuously pumped by a colli-
mated light source in the air, as shown in Figure 3.3. In the NSC editor window, the order of source
object placed before the other two objects. According to the nesting rule, the cylinder volume (#2) of
vacuum material must place after the sphere object (#1) of silica material in the NSC editor window, as

shown in Figure 3.3 a).

The difference between Figure 3.3 a) and Figure 3.3 b) is evident. In Figure 3.3 a), the light passes
normally through the cylindrical hole, while the rays inside of the silica sphere reflects due to the dif-
ference in the refraction index of both silica and air. Figure 3.3 b) shows the incorrect nesting procedure

since the passing ray continues as if no hole is present.

a) Sphere silica #1 Cylinder vacuum #2 b) Sphere silica #2 Cylinder vacuum #1

Source
Source

Figure 3.3 — Nesting order of a Sphere in silica with a cylinder volume in a vacuum. (a) the correct object nesting order, (b)
the wrong nesting order.

3.1.1.3.2 Nesting surfaces:
The nesting surface rules are the same as the nesting volumes.

If a ray strikes more than one object at the same point in space; the last object listed in the NSC Editor determines the properties of the
surface at that point.

For nesting surfaces, additional rules should consider when there is more than one surface existing at

the ray intercepting point:
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1) The last surface listed will determine the properties of the surface.

2) If the last surface listed is a mirror, then the ray will reflect.

3) If the last surface listed is an absorber, then the ray will absorb.

4) If the last surface listed is neither a mirror nor an absorber, the ray will ignore the surface.

5) Surface objects may not share boundaries with volume objects unless the surface object is re-
flective or absorbing, or unless the volume object listed after the surface object; in which case
the volume defines the properties of the common boundary.

3.1.1.4 Wavelength data window

The system’s wavelength is configurable in Wavelength Data dialog box, shown in Figure 3.4, access
from Main menu — System — Wavelengths. A total of 24 wavelength entries can be accepted at a time.
Each wavelength has its respective unitless weight. Each tick box activates and deactivate the selected
wavelengths or to sort, save and load the wavelength data. A minimum and maximum computational
wavelength can be set for the system. The list of wavelengths can be saved and loaded from a * WAV
file. This file is editable by any text editor software, such as Notepad.

The wavelength measured in micrometres and referenced to the system’s air temperature and pressure.
The default system temperature is set at 20 degrees Celsius, and the default air pressure is at 1.0 atmos-
pheres. If a new system with modified temperature and pressure, then a new set of wavelengths must be
manually adjusted.

Wavelength Data
Use Wavelength (um) Weight Use Wavelength (um) Weight
P foszz [08z2085793142 & 13 [o79 [0.700097574575
M2 [osa [1 14 [0.793 0698008630828
3 [oses [0.344681276833 W 15 [0.803 0685029272372
4 [os78 [os0s837268637 16 foss 0 [0677934206858
5 [o588 [0.934555338723 = 17 [0.808 0695873383406
W6 [ose2 [o8sns0011151 W 18 [oam 0677355115696
F7 o7z [o7oesm 0 Mo [osis 0 [0577969054921
F s [o73s [o76623319711 20 oz [0.556365068302
Wy [o7e3 [07sseeiasszi7 W 21 [oess  [0e236as7izesz
P10 [o746  [o7esmsevass 22 [oss  [0.609381088411
F 1 fo7s3 [o781293560078 ™23 [055 [
P12z o758 [o7s3soeez0sid 24 Joss [
Select-> [FdCostle) | Pomay |
Gaussian Quadrature > | Steps: [« <
Minimum Wave: 527 Madmum Wave: R
- | Cancel | Sort |
Help | Save | Load |

Figure 3.4 — Wavelength Data dialog box. 22 solar wavelengths with their respective weights selected from the solar spec-
trum overlapped with the absorption bands of Nd:YAG.

3.1.1.5 Spectrum file

The Wavelength Data dialog box is the most direct and common way to introduce wavelengths into the
ray tracing system, however, it can only accept up to a maximum of 24 wavelengths. Spectrum file is
an alternative method to increase the number of system wavelengths, up to 200 and no less than 3 sets.
Notepad with *.SPCD extension is used for Spectrum files, and by default placed in the Object
\Sources\Spectrum Files folder. The Spectrum file consists of two sets of columns, a column of wave-
length in micrometres and other columns as a dimensionless relative weight value, shown in the follow-
ing format:
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# comment <optional>
wavelengthl weightl
wavelength2 weight2
etc...

Any blank line or a line starting with the “#” or “!”” symbol assumed to be a comment and ignored.

The spectrum file can only be accessed from the object’s property under the Sources tab and by selecting
the dropdown box of “Source color”. The “System Wavelengths” is the default option and the “Spectrum
file” option selected from that dropdown box, which enables a new dropdown list menu of spectrum
files with *.SPCD extension. Any spectrum file selected will supersede the default system wavelength
data. Figure 3.5 a) shows the resulting 200 wavelengths and weight distribution of a direct AM 1.5 solar

spectrum.

a) b)
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Figure 3.5 — (a) Spectrum file with 200 spectral lines from the direct AM 1.5 solar spectrum. (b) Solar spectrum distribution
measured from a source of 1000 W with the loaded spectrum file of (a).

3.1.1.6 Ray selection from a spectrum

Once a spectrum is defined either from wavelength data or from a spectrum file, the ray tracing process
randomly chooses wavelengths from the spectrum based on their relative weight. A wavelength with
twice the relative weight as another wavelength will be traced twice more often, and therefore twice of
that wavelength will be traced. If a wavelength has a low relative weight, fewer rays are traced. If the
source units are in Watts or Joules, every ray would have the same amount of power (or energy). The
power distribution resulting from the weight at each wavelength from a 1000 W source with the solar
Spectrum file of Figure 3.5 a) can be seen in Figure 3.5 b). Wavelengths with higher weights have a
higher power distribution due to the larger number of wavelengths hitting the detector, and vice versa
for wavelengths with a lower weight. The combined total power of all wavelengths on the detector is
equal to the initial power from the source, which is 1000 W.

3.1.1.7 Glass Catalog dialog box and Glass table

Every physical and optical aspect of the material found in Zemax® can be consulted and edited. An
optical material is called “glass”. Zemax® provides pre-existing standard Catalogs from various promi-
nent optical companies. New glasses and Catalogs are created, added, and shared. Any objects with
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volume may attribute a glass material by writing the glass name into the “Material” column, for example,
WATER, which Zemax® will look for the matching name in the glass Catalog or the glass table.

Glass Catalog

The Glass Catalog dialog box, as shown in Figure 3.6, accessed from the Main menu — Tools — Cat-
alogs — Glass Catalogs.... Distinct groups of glass lists can be accessed at different Catalog lists. Each
glass may have a separate set of parameters that tie to its dispersion formulas; refraction index; operating
temperature; maximum and minimum wavelength; etc... Each parameter within this dialog box is edita-
ble and saved into a separate glass Catalog.

Glass Catalog

The transmission at a different wavelength within the material consulted and edited in the Transmission

Catalog:

[ARCHER2 AGF

Glass:

Rename: |NDYAG
Fomula: |Schott -

| [updated 02/2005

[ Z42B100ED000
(TS0

DO: [96350E006
D1: [0DODDE-000 |
D2 [ODODDE-000
ED: [o0000E-000
Ef: [00000E000
Lt: [D.000OE-000 |

Status: [Standard I [ TCE: [56
Nd 1828944 Vd 37.0073 [ Temp: [25
[~ Ignore Themal Expansion [ p: [443
I Exclude Substiution [ dPgF: [-0.0037
[~ Meta Material {Negative Index) Mirimum Wavelength:  [030000000
Maximum Wavelength: ~ [5.00000000
Melt Freq: [1 Comment [
Rel Cost oo crftm P smft20 Az er[to0

= 1

Fit Index Data

SaveCatalng | hser Glass | Sor By > | [Name -
Save Catalog As__| Cut Glass | Glass Report | Catalog Report__|
Reload Catalog | CopyGlass | Tranamission Compute NdVd |

| FiMetData |

Figure 3.6 — Glass Catalog dialog box. “NdYAG” as the selected material.

Data dialog box, through the Transmission button, as shown in Figure 3.7.

Q)| anmisson Data p) | Tensmission Deta
Glass: NDYAG Glass: NDYAG
Numbsr  Wavelength Transmission Thickness Number  Wavelength Transmission. Thickness.
1 [0.527000 [o2s0000  [toooo000 15 [0.803000 [0-040000 [10.000000
2 [0.531000 [o-260000 [0.000000 6 [0805000  [D060000  [10.000000
3 [0568000  [0.090000  [10.000000 17 [0.308000 [o:001000 [10.000000
4 [0.578000 [o-330000 [10.000000 18 [0.811000 [0.014000 [10.000000
5 [0.586000 [0.002800 [0.000000 19 [0815000  [0250000  [10.000000
6 [05s2000 [o240000  [10000000 20 [0.820000 [0.150000 [10.000000
7 [o732000 [o:240000 [10.000000 21 [0.865000 [0240000 [10.000000
ScollUp | Page lp | GeEeT | el Up | [ Pagg e Save Catalog |
Scol Down | PageDown |[____ Ea | Scrol Down | PageDown | Eit |
Save To Fie | Load From Fie | Save To Fie | Load From Fiie |

Figure 3.7 — Transmission Data dialog box of Nd:YAG. (a) is the transmission of wavelengths at 10 mm thickness for the
initial batch of seven wavelengths starting from 0.2 micrometres to (b) as the 15-21 bulk of wavelength data.

The first column is the wavelength, the second column is the transmission weight calculated through the
normalized Beer’s law Equation (3.1) at a known thickness (z) in mm. The absorption coefficient () is
a measured identity tied to a respective wavelength.

t(d) = e~ 2 (3.2)
Material: Nd:YAG
The material “Nd:YAG” is not included in the Zemax® Catalog. However, the S-LAM60M material in
the ARCHER Catalog has the same refractive index as an Nd:YAG crystal. To use this material as

NdYAG in Zemax®, the user should copy and rename it as “Nd:YAG” and then replace the transmission
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data with that of Nd®* ions at the correct concentration. The Table 3-1 shows the calculated transmission
weight per wavelength for a Nd(1%):YAG calculated from Equation (3.1) by using the absorption co-

efficient distribution in [51].
Table 3-1 — Nd(1%):YAG absorption band [51] and the related transmission weight at 10 mm material length.

Wavelength (nm) Transmission weight
527 0.24
531 0.26
568 0.09
578 0.39
586 0.0028
592 0.24
732 0.24
736 0.09
743 0.16
746 0.002
753 0.024
758 0.039
790 0.35
793 0.056
803 0.04
805 0.06
808 0.001
810 0.014
815 0.25
820 0.15
865 0.24
880 0.40

3.1.2 Pumping sources

A pumping source or simply source is a ray-emitting object in Zemax® that spreads rays at a predefined
intensity, angle, and wavelength. A Zemax® model without a source object cannot do any ray tracing.
In solar-pumped laser modelling, only the surface-type sources were used:

e Source Ellipse — An elliptical surface that emits light from a virtual source point.
e Source Rectangle — A rectangular surface that emits light from a virtual source point.

Source Ellipse:
The Source Ellipse is a flat elliptical (and optionally annular) surface. The rays launched lie on the
surface of the ellipse with a uniform distribution. The distribution of the ray direction follows a Gaussian
distribution from the following Equation (3.2):

I(l,m) =~ Iye~(Gx *+Gym?) (3.2

Where | and m are the direction cosine of the rays in the X and Y axis direction and Gx and Gy are
constants. This form defines a far-field pattern that is different in the X or Y directions. The larger G
and Gy are, the narrower the distribution. If both Gx and Gy are zero, then all rays will emit from a virtual
point source as collimated light.

The values of Gy and Gy are in parameters 10 and 11 of the Source Ellipse object.

Source Rectangle:

The Source Rectangle is a flat rectangular surface. The parameter of this object is identical to the Source
Ellipse.
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3.1.3 Source power calculation

3.1.3.1 Source power calculation for general use:

The value of the source power (parameter 3) is dependent on the solar irradiance (Is) and the effective
collection area (Aer). Equation (3.3) is the generic solar source power for the full solar broadband wave-
length. For example, considering an elliptical source with an effective area of 1 m?, irradiated by
1000 W/m? solar irradiance, then the power of the source is 1000 W.

Pg = Aer Is (3.3)

3.1.3.2 Source power calculation for solar-pumped laser:

For solar-pumped lasers, only a portion of the solar wavelength is useful for the laser medium. A 22 set
of wavelengths on the source were configured to pump the absorption wavelength of Nd** from the
Nd:YAG crystal, as shown in Figure 2.3. The source power of each laser material is recalculated through
the amount of overlapping absorbing bands with the whole solar spectrum and the solar power provided
from the effective source size at a constant solar irradiance.
3.1.3.21 Nd:YAG
In the case of Nd:YAG crystal, the amount of available energy is the overlapped solar energy with the
absorption bands of Nd** ion (Movertap,nas+), Which is roughly about 16% of the total solar power [52-
54].
Pnayac = Aer Is Novertap na®* (3.9
3.1.3.22 Ce:Nd:YAG
The Ce:Nd:YAG crystal has both Nd** and Ce** ions that contribute directly and indirectly to the output
of the 1064 nm laser, as mentioned in section 6.3.2.1. The Ce:Nd:YAG is remarkably similar to the
Nd:YAG in many aspects, therefore the Nd:YAG crystal can be used as a preliminary substitute for
Ce:Nd:YAG, changing only the amount of energy available for absorption at the source. In Zemax® ray
tracing, two separate sources considered to pump the crystal.
The first source emits all the relevant overlapped wavelengths of the solar spectrum with the Nd®* ion
absorption spectrum, as well as the wavelength data that includes the Ce3* quantum cutting down con-
version of non-radiative transfer to Nd**. The simulated power of source 1 (Psource1) follows Equation
(3.5) [53].
Psourcer,ce:navac = Aef Is(Moveriapna®t + NMovertap,ce®* X NINR:ce3*-Na®+) (3.5
The Nyperiapna+ 1S the overlapped solar energy with the Nd** ion (~16%), Myperiap,ce3+ IS the over-
lapped solar energy with the Ce®* ion (~15.7%) and nyg.ce3+- ng3+ 1S the Ce* quantum cutting down
conversion of non-radiative transfer to Nd** (~70%) [53-55].
The second source accounts for 30% of the absorbed energy by Ce®* that was transferred radiatively to
Nd** (Ng.ce3+onq3+), @S Shown in Equation (3.6) [53-55].

PsourceZ,Ce:Nd:YAG = Aef Is (rloverlap,Ce3+ X MR:ce3*— Nd3+) (36)
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3.1.4 Objects for solar-pumped laser

The solar-pumped laser modelling in Zemax® consists of various well-placed and optimized optical
objects. The most used objects briefly are described in 3.1.4.1. Imported custom-made CAD objects are
described in 3.1.4.2.
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3.1.4.1 Zemax® objects

3.1.4.1.1 Primary concentrator

Large optical devices leverage their expansive surfaces to efficiently concentrate substantial amounts of
solar radiation onto a highly localized and focused focal spot. These sophisticated optical systems har-
ness the incoming solar energy, employing precision in their design to channel and intensify sunlight,
maximizing the efficiency of energy collection. The concentrated solar radiation at the tight focal spot
enables the generation of elevated temperatures and facilitates various applications, ranging from solar
power generation to materials processing. This remarkable capability underscores the importance of
large optical devices in harvesting and harnessing the immense power of the Sun for diverse technolog-
ical and industrial purposes.

Aspheric surface Fresnel lens

Figure 3.8 — Commonly used primary concentrator objects: Aspheric surface and Fresnel lens.

Aspheric Surface — This object commonly used as a parabolic mirror.
Fresnel lens — A general radial symmetric or cylindrical solid Fresnel lens constructed by modelling the detailed faces of the
Fresnel surface.

3.1.4.1.2 Secondary concentrator
These sophisticated optical devices play a crucial role in the solar energy harvesting process by enhanc-
ing the concentration or distribution of solar radiation from the primary concentrator to the active me-
dium crystal. Crafted from high-quality fused silica, these optical components are meticulously designed
to ensure precision and efficiency in channelling sunlight. By skilfully manipulating and directing solar
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rays, these components contribute to the optimization of energy transfer to the active medium crystal,
thereby enhancing the overall performance of solar energy conversion systems.

Annular aspheric lens Rectangular volume Cylinder volume

(1

Figure 3.9 — Commonly used secondary concentrator objects: Annular aspheric lens, Rectangular volume, and Cylinder vol-
ume.

Annular Aspheric Lens — The Annular aspheric lens is an annular solid with a conic asphere with even aspheric polynomial
terms. It further increases the concentration and reduce the size of the focusing solar radiation from the primary concentrator.
Rectangular volume — It used as an optical light guide to homogeneously distribute the focusing radiation onto the crystal.
This object used as a body of water for cooling the active medium.

Cylinder volume — A cylinder can serve as a rod when both its front-end and back-end have equal radial sizes, and it can also
operate as a light guide or an active medium. In cases where the front-end radius differs from the back-end radius, the cylinder
can be transformed into a solid cone to serve as a focusing light guide or a pumping cavity when it's not solid.

3.1.4.1.3 Pumping cavity
Optical devices play a pivotal role in the intricate process of redirecting concentrated solar radiation into
the crystal, facilitating multiple reabsorptions of energy within the crystal. Primarily in the form of mir-
rors, these surface-type objects are meticulously designed to efficiently capture and redirect sunlight.
Through their reflective surfaces, these optical components ensure that solar energy is effectively chan-
nelled back into the crystal, promoting enhanced absorption and utilization of the radiant energy. This
intricate interplay of optical components significantly contributes to optimizing the overall efficiency
of solar energy absorption and conversion systems.
Cone CPC Rectangular CPC Rectangular roof

Figure 3.10 — Commonly used pumping cavity objects: Cone, CPC, Rectangular CPC, and Rectangular roof.

Cone — A hollow conic and reflective cavity used as end-side-pumping, an active medium.
CPC and Rectangular CPC — Compound parabolic concentrators used to concentrate light entering one end to another end.
This type of CPC is the same as the “Basic CPC” described in [56].
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Rectangular roof — A reflective folding surface with controllable folding angles. Used as a side-pumping cavity to achieve
reabsorption by reflecting any light into the active medium rod.

3.1.4.1.4 Others
Annulus Rectangle Ellipse Sphere

Figure 3.11 — Other useful objects: Annulus, Rectangle, Ellipse, and Sphere.

Annulus — An elliptical surface used as a reflective ring.
Rectangle and Ellipse — Used as folding mirrors or parts of an optical or mechanical apparatus.
Sphere —Used anywhere.

3.1.4.2 Imported CAD objects

Objects shapes not found in Zemax® objects database are imported from other Computer Aid Designs
(CAD) programs, such as Standard Triangle Language (STL), Initial Graphics Exchange Specification
(IGES), Standard for the Exchange of Product Data (STEP) and Standard ACIS Text (SAT). Zemax®
also accepts dynamically linked objects such as Autodesk Inventor™, Creo Parametric™, and Solid-
Works®.

There are no restrictions on the shape, complexity, or quantity of objects that can be imported.
However, importing multiple objects in a single file can negatively impact ray tracing speed and poten-
tially decrease the accuracy of the results.

The ray tracing accuracy of an imported CAD object depends on the complexity of its shape and the
number of facets. For instance, an imported cylinder, if done correctly, would have the same optical
accuracy as a native Zemax® cylinder object in ray tracing. Moreover, most CAD approximations are
mostly suitable for mechanical designs, and not optimized for optical precision in ray tracing, where
surfaces must be well known into tiny fractions due to the sensibility of ray wavelength into surface
interaction. To increase the accuracy of the ray tracing with an imported Autocad® object, it is advisable
to export with the largest number of facets possible. This can be achieved by modifying the object pol-
ygon count to the maximum with the Facetress command.

Some CAD objects may automatically convert an imported object into a Zemax® Object Format (ZOF),
a native file format easily recognizable by Zemax® and improves the simulation time. This newly con-
verted object will have an extra extension of *.ZOF at the end of the original file name. For example, if
the original file name is Object.IGES then becomes an Object.IGES.ZOF. An imported CAD object in
Zemax® used as any other object type.
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o CAD Part: STEP/IGES/SAT — Uses imported CAD objects in IGES, STEP, and SAT format.
The imported file will automatically convert into a ZOF (Zemax®’s native format).

e CAD Part: STL — The STL object is an open-ended user-defined object. It defines an open
polygon surface or a closed polygon volume such as a prism or other solid. The STL Object
format is based on a collection of 3D triangles. This format supported by mechanical CAD
programs. There are no fixed limits to the total number of vertices or polygons imported.

3.1.4.3 Detectors for ray-tracing analysis

The detector object stores data. The qualitative data stored in the detector depends on the number of
rays that touches its surface. The detector can be reflective, transparent, or absorbing, as in MIRROR,
blank, or ABSORB, respectively. Each detector types offers unique analysis and functions. In this book,
there are only two types of detectors used in solar-pumped lasers:

3.1.43.1 2D detectors
Detector Rectangle:
The detector rectangle object stores energy data from rays that strike or pass through it. The resulting
data distributions viewed for incoherent light in spatial or angular domains, spatially coherent irradiance
or phase, or coherent irradiance as a point spread function.

3.1.4.3.2 3D detectors
Detector Volume:
The amount of energy stored in each voxel depends on the material absorbance. The resulting data
distributions viewed as incident flux, absorbed flux, or absorbed flux per unit volume. Detector volumes
may be transparent or be any valid glass material. Detector volumes may also be nested within or strad-
dled with other objects. The Detector Volume object shaped like a box, with its origin point at its center.

‘ Note: In solar-pumped laser modelling, the laser crystal rod is nested inside of a water Detector Volume.

3.1.5 Raytracing

3.1.5.1 Ray Trace Control

The Ray Trace Control dialog box used to initialize ray tracing analysis. The controls within this dialog
box are shown in Figure 3.12:

Clear Detectors; Select “All” or any | ™™= - *
ifi -~ e
specific detector to be cleared. | lgnore Errors: If checked, errors
I oo o ~l| generated by ray tracing are
= 7 —_—
Clear and Trace: Clears detector and /- r ignored, and any errors that occur
initializes the tracing procedure. r [E520 will not terminate the ray tracing. In
ZRD Fomat [compressed Full Data | solar-pumped modeling, this option
o Per: ' is enabled.
Use P0|arlzat|0n: |f Checked, Elapsed time: 1.83 seconds, SZS’r,dnne\
polarization will be used to determine _, Simulation elapsed time and
ray energy, reflection, transmission, completion percentage.
absorption, and thin film effects. In Temnste | \
. . - B ~a
solatl;—lpzmped modeling, this option is Terminate: Button to terminate the
enabled.

ongoing ray-tracing calculation.

Figure 3.12 — Ray Trace Control dialog box.
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Note: The ray tracing session should start with all the detectors cleared.
Note: If the ray tracing calculation terminated during tracing, then a new ray tracing must start with all detectors cleared.

3.1.5.2 Post-ray tracing: Detector Viewer

The Detector Viewer is a window that displays data of a detector in either a graphic or text format. This
window accessed at the Main Menu — Analysis — Ray Tracing — Detector Viewer. Figure 3.13 shows
the Detector Viewer window in Incoherent Irradiance after raytracing. Each pixel in the graph corre-
sponds to an intensity color value. The bottom part of the detector viewer shows the information and
summary of the detector, such as the detector object number (in this case, the 20" object), the size of the
detector, the number of pixels per axis, the total number of rays hit, the peak irradiance and the accu-
mulative total power.

€2 3: Detector Viewer X = 5.697, ¥ = 5.236 - o X

Update Settings Print Window Text Zoom

9.8870

5_8013

7.6456

6.6899

5.7342

4.7785

3.s228

2.8671

1.9114

0.9857

0.0000

Detector Image: I rent Irradiance

Detector 20, NSCG Surface 1:

Size 20.000 W X 20.000 H Millimeters, Pizels 150 W X 150 H, Total Hits = 7663353
Peak Irradiance : 4.5570E+000 Watts/mm*2

Total Power : 4.6494E+002 Watts

Figure 3.13 — Detector Viewer window.

3.1.5.3 Detector viewer Text window

Clicking the “Text” button on the menu in the Detector Viewer window in Figure 3.13 will opens a new
text-based window shown in Figure 3.14 a). The text Detector Viewer shows all the relevant information
related to the detector, such as the size, the position, and the type of power on each pixel or voxel,

depending on the option chosen in “Show Data”.
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a) & & Detector Viewer 2 - u] % b) 3D Detector text file

Update Settings Print Window

Detector Viewer Listing A Detector info

File : C:\Users\user\Deskcop\phd solar pumped laser\solar laser - book\RAC - =
Title:

Zplane 1of N
Detector 20, NSCG Surface 1:
Size 20.000 W X 20.000 H Millimeters, Pixels 150 W X 150 H, Total Hits = 76633
Peak Irradiance : 9.5570E+000 Watts/mm"2 [
Total Power : 4.6494E+002 Watts -
Smoothing : None Zplane Nof N
Data Type : Incoherent Irradiance
Detector X 1 0.0000
Detector ¥ 1 0.0000 L
Detector Z 1 0.0000

Detector Tilt X : 90.0000
Detector Tilt Y : 0.0000
Detector Tilet Z : 0.0000
Position Units : Millimeters
Units ¢ Watts/mm~2

1 2 3 4 5 €
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2 0.000E+000 3.464E-003 7.385E-003 O.000E+000 1.478E-006 4.297E-004 0.000E+
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< >

v

Figure 3.14 — (a) is the Text-based Detector Viewer. (b) is the 3D detector text file structure.

The data shown in text mode depends on the type of detector used:

- Two-dimension detector: Pixel data listed into a two-dimensional x-y matrix.

- The three-dimension detector: VVoxel data listing is like a two-dimension detector, with a two-
dimension x-y matrix listed in each z layer, and a list of voxels sorted by coordinates, as shown
in Figure 3.14 b).

- Imported object as a detector: The pixelation data have the same order of sequence as the draw-
ing coordinate sequence of the imported object.

Any text-based Detector Viewer can be saved into a text file from Window — Save Text.
The detector text file can be used as an intermediate file for importing into other software. A three-
dimensional detector text file was required to load into LASCAD™ as a thermally loaded crystal and

then used for calculating the laser power.

Important Note: Some software may only accept some type of text encoding architecture. LASCAD™ only accepts ANSI file encoding
architecture, while ANSYS™ and other more advanced software can accept both ANSI and Unicode encoding architecture. In the Zemax®
Main Menu — File — Preference... — Miscellaneous (tab) has the option to change the encoding architecture.

3.2 Evaluation of solid-state laser output performance by LAS-
CAD™ goftware

This chapter introduces the calculation of laser power and the conditions required to achieve both multi-
mode and single-mode (TEMg) lasers using LASCAD™, a laser cavity modelling software. LAS-
CAD™ gsoftware combines various simulation algorithms to optimize laser resonator design, including
thermal and structural Finite Element Analysis (FEA), the ABCD Gaussian Beam Propagation Code,
and the Beam Propagation Method (BPM) for non-Gaussian beams. It analyses resonant cavities, con-
sidering thermal lensing effects, multimode and TEMg, mode output power and efficiency, laser beam
quality and profile, and laser beam propagation outside the cavity, considering parameters such as re-
flectivity, radius of curvature, distance between cavity components, diffraction losses, gain saturation,
and more.
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3.2.1 Standing Wave Resonator window

The Standing Wave Resonator window represents the laser cavity, as shown in Figure 3.15 a). This
shows a single window with a black background with green horizontal lines (mode plot). If astigmatism
is configured in the Miscellaneous tab in the Parameter Field window, then the Standing Wave Reso-
nator window would present two mode plots, with the upper box in the x-z-plane, and the lower one in
the y-z-plane, respectively.

The optical elements represented in vertical white lines with the center-numbered box as the number of
that element. The y-axis value shows the maximum calculated spot size within the cavity. The x-axis
value shows the distance between each optical element within the resonant cavity. The distance edited
at the “distance (mm)” row at the Parameter Field window (Figure 3.15 b).

The optical elements represented by vertical lines within the mode plot represented by three types of
elements, identified by triangular symbols.

- Mirrors: Filled rectangular triangles.
- Dielectric interfaces: Open rectangular triangles.
- Lenses: Filled isosceles triangles.
a) = Standing Wave Resonator - [m] x
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Figure 3.15 — (a) is the Standing Wave Resonator window, and (b) is the Parameter Field window.

3.2.2 Crystal, Pump Beam, and Material Parameter window

LASCAD™ uses Finite Element Analysis to compute the temperature distribution, deformation, and
stress of a thermally loaded crystal. The dimension of the crystal is defined by the imported thermally
loaded crystal data from Zemax®.

The Crystal, Pump Beam, and Material Parameters window or FEA window accessed through the Main
menu — FEA — FEA/Parameter Input & Start of FEA Code, as shown in Figure 3.16.
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Figure 3.16 — Crystal, Pump Beam, and Material Parameters window.

This dialog box consists of six accessible tabs Models, Pump Light, Boundaries, and Mat. Param, Dop-
ing & Mats, and FEA Options.

Each tab serves as input conditions for FEA calculation for a single thermally loaded crystal and filled
according to the physical conditions of the laser system to get an accurate numerical calculation.
“Apply & Run FEA” Button:

Clicking on the “Apply & Run FEA” button for the first time, without defining the FEA output directory,
will prompt a window to save the FEA calculation directory. It is advisable to save within the same
directory as the working LASCAD™ file. FEA output files are written in text file format.

After clicking on “Apply & Run FEA”, it prompts a directory window to select the Zemax®’s detector
data file. When the FEA calculation starts, a loading Finite Element Analysis dialog box will then pop
up showing computational progress. During FEA calculation, it shows the iteration number, the maxi-
mum thermal analysis value, or the value of the maximum nodal displacement for the structural analysis.
The “Skip” button stops the iteration process and finishes the numerical computation of thermal or
structural analysis. A “FEA finished successfully!” message appears when the last iteration computation
of structural analysis is complete.

3.2.3 Analysis of thermal lensing effects by FEA

3.2.3.1 2D data profiles & parabolic fit

This window accessed from the Main menu — FEA — 2D data profiles & parabolic fit. A directory
window will then ask to load a FEA_x_y.out file, i.e., the FEA output files from the previous subsection.
The window 2D data profiles & parabolic fit shown in Figure 3.17. Each 2D profile has a single curved
blue line, which represents the loaded FEA data. The x-axis is the same size as the crystal rod diameter
and the y-axis changes depending on the selection of the Show Profile.
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Figure 3.17 — 2D Profiles & Parabolic Fit windows. (a) Temperature fitting and (b) Pump Profile fitting.

After clicking on the “Refresh & Fit” button, a small yellow instruction dialog box will then prompt to
remind the user to insert the calculated thermally loaded crystal in the Standing Wave Resonator window
in between two elements by pressing both the ALT key and left clicking with the mouse. A yellow-
coloured thermal lens (thermally loaded crystal) will add to the plot, as shown in Figure 3.18. The in-
serted crystal automatically changes the diameter for both elements and sets its distance based on its
length in the Parameter Field window.

= Standing Wave Resonator, FEA Directory: C:\Users\user\Desktop'\PHDSOL~ 1\SOLARL~ 2\ LASCAD- 1\SIMULA~ 1\SOLARE~2\SOLARE~T\FEA - [m] x

Show Additional ltems  Starting Conditions for Ext. Bzam  Help

#-Z-Plane Made

v [|Shrink | < - IStretch

¥ Adjust Length [ Adjust Diameter * Modeonly ¢ Mode + Extemnal Beam ¢ Extemal Beam only

Figure 3.18 — Standing Wave Resonator windows after inserting the thermally loaded crystal (orange) between elements 0
and 1. The end-pump resonant cavity is defined by three elements: coated mirror (element 0), a dielectric interface (element
1), and an output mirror (element 2).

Note: The old thermal lens in the Standing Wave Resonator window must be cleared beforehand, by pressing the CTRL key and clicking
with the left mouse button on the thermally loaded crystal.

3.2.3.2 3D Visualizer

The LASCAD™ 3D Visualizer window, as shown in Figure 3.19, accessed after the FEA simulation at
any time by selecting the View option in the LASCAD™ Main menu window. Various physical repre-
sentations of thermally loaded crystal in terms of heat load, temperature, stress intensity, structural de-
formation, and absorption is changeable in the View menu.
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Figure 3.19 — (a) Heat load of the thermally loaded crystal in 3D Visualizer window. (b) is the temperature and (c) is the
stress intensity of the thermally loaded crystal.

3.2.4 Laser beam propagation method (BPM)

The beam propagation method (BPM) is an alternative approximation that takes full advantage of the
3D distribution of the refractive index and the structural deformation obtained from the FEA by consid-
ering the physical optics code, based on FFT (Fast Fourier Transform). Unlike ABCD-based optical
coding, the BPM does not consider parabolic approximation. This method takes wavefront propagation
through each FEA crystal layer. The cavity configuration shaped by the Gaussian algorithm (at the Pa-
rameter Field window), and it used as an input for BPM. The beam profile is computed using an iterative
computation of the Fox and Li round-trip procedure that involves a more complex computation method
[57]. The iterative process shows the convergence of the theoretical approximated spot size generated
in the cavity. Simultaneously, a 3D graphical representation of the intensity distribution windows in the
output-coupling mirror after each round-trip. At the end of a single iteration process, it displays the
phase profile.

3.2.4.1 Convergence of laser beam radius with cavity iteration window

The convergence of laser beam radius at the cavity iteration window appears after a single Fox and Li
iteration, as shown in Figure 3.20 a), with the x-axis as the cavity iteration and the y-axis as the spot
size of in micrometre. The y-axis information can be switched from radius at 1/e”2 or 1/e with the option
control below the graph. The input text box can change the accuracy of the graph at box axes, respec-
tively.

3.2.4.2 Laser beam profile on the right end mirror

The Intensity Profile on the Transversal Plane — Compaq Array Viewer window shows the laser beam
intensity profile at the right end mirror, as shown in Figure 3.20 b). The plot refreshes each cavity iter-
ation. The BPM menu item “View/Intensity along beam path” shows the intensity distribution along the
resonator axis and x-axis.
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Figure 3.20 — (a) Convergence of Beam Radius with Cavity Iteration windows of 250 um spot size at 313" Cavity iteration.
(b) Intensity Profiled on Transversal Plane - Compaq Array Viewer window at 27™ iteration.

3.2.5 Computation of laser output power

™

The Laser Power Output window (Figure 3.21) can be accessed from the LASCAD™ Main window.
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Figure 3.21 — Laser Power Output window. (a) Laser output power in function of output mirror reflectivity, and (b) Laser
output power in function of absorbed pump power.

The top side of the window defines the lasing parameter of the cavity, such as the reflectivity of the
output mirror, the percentage of a complete resonator round-trip loss, the pumping wavelength, and the
absorbed pump power.

The complete resonator round-trip loss follows Equation (3.7).

Round trip loss (%) = 2 a5 Lyt + I;mp + Dyoss (3.7)
where the as is the scattering coefficient, the factor of laser power is lost inside of the crystal at a two-
way roundtrip length (Lr); Imp is the imperfection of the crystal; and Dioss is the diffraction loss. For
Nd:YAG crystal, the as is typically 0.002 cm™ (or 0.2%) and I, is about 0.004 (or 0.4%).

Based on the numerical optimization of the solar laser systems in both Zemax® and LASCAD™,
the solar laser heads and laser resonator mechanics were design in AUTOCAD® and then produced in
Lisbon. The laser prototype cross-section image can be found in section 6.3.3.2, section 7.1.1.2, section
7.2.1.2, while the resulting solar-pumped laser measurements are presented in section 7.1 and 7.2.
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3.3 Focal spot analysis of primary solar concentrators with AN-
SYS™ goftware

This chapter outlines the basic operating procedure for interfacing Zemax® with ANSYS™, The 2D
detector data obtained from Zemax® at the focal point is superimposed on a cylinder of identical dimen-
sions to calculate the temperature in ANSYS™ software. ANSYS™ is a simulation software used for
engineering analysis, employing Finite Element Analysis (FEA) to simulate models of structures, elec-
tronics, machine components, and analyse their properties such as strength, toughness, elasticity, tem-
perature distribution, electromagnetism, fluid flow, and other inherent or user-defined attributes.

All ANSYS™ simulations were carried out on the ANSYS™ workbench. Figure 3.22 illustrates
the two sets of operations required to interact with the Zemax® data. Figure 3.22 a) depicts two con-
nected analysis systems for FEA calculation. Group A, which includes external data, serves to import
any external data. Group B is the transient thermal method of FEA calculation, which computes the
propagation and distribution of temperature as a function of time.

b
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Figure 3.22 — a) ANSYS™ workbench project schematic setup for temperature calculation in Transient Thermal analysis sys-
tem influenced by the imported Zemax® file at External data analysis system. b) ANSYS™ external data configuration by
accepting three data columns extracted from the Zemax® detector data file.

The native Zemax® detector file is not compatible with ANSYS™ input, unlike LASCAD®. However,
ANSYS™ can import any universal text-based file, such as a *.DAT file extension, through the External
Data function. Figure 3.22 b) illustrates the reading configuration of the External Data from the file,
which reads the content column by column. In this case, column A is considered the X-axis in millimetre
length, column B as the Y-axis, and column C as the heat flux in W/mm?. Each line corresponds to a
single heat flux pixel at the X and Y coordinates on the detector.

Figure 3.23 illustrates how the matrix-formatted data shown on the detector in Zemax® can be
easily converted into the necessary data format for ANSY S™. The conversion process can be automated

using Microsoft Excel or programming languages such as Matlab®, Mathematica®, JavaScript, C++, and
others.
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Figure 3.23 - Zemax® matrix data converted into importable/readable form for ANSYS™.

The imported heat flux map data from Zemax® overlaid on the cylindrical temperature detector
is depicted in Figure 3.24 a). The cylinder was designed within the Geometry window of ANSYS™ and
modelled with matching coordinates as found in the Zemax® data. It had a diameter of about 4 cm and
was meshed using the Tetrahedrons method with an element size of 0.4 mm. The imported data was
then incorporated into the Transient Thermal analysis system as one of the setup conditions.

Before executing the FEA simulation, other conditions were assigned to the cylinder object. It was con-
sidered as a Graphite material with an emissivity of 0.85, which is the average emissivity of graphite at
a working temperature above 3000 K [58]. Additionally, boundary conditions of convection were used
on the disk surface with a constant heat transfer of 5 x 10°° W/mm?/K, which was equivalent to natural
stagnant air convection. The radiation exchange between the surface in ANSYS™ was restricted by a

grey-diffuse surface. The simulated temperature is shown in Figure 3.24 b), where a maximum temper-
ature of 3773.4 K is attained at the center of the cylinder [39].
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Figure 3.24 — (a) The imported heat flux data on top of the solid cylinder detector. (b) Temperature of the detector.
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A

ELLIPTICAL SHAPED FRESNEL LENS DE-
SIGN

4.1 State of the art

The shaped Fresnel lens, in contrast to its flat counterparts, exhibits enhanced concentration capabilities
attributed to the reduction of chromatic aberration resulting from its curved design. Despite its promising
potential, research in this field has been relatively limited, mainly due to the intricate process of inte-
grating Fresnel equations onto a curved surface. Additionally, the existing body of research often relies
on theoretical predictions, lacking real-world measurements for comparison.

This chapter introduces a novel, straightforward modelling approach for an elliptically shaped
Fresnel lens. The method not only outlines the modelling process but also details the calculation of
concentration. To validate the proposed model, a comparative analysis is conducted, juxtaposing the
results with those obtained from a peer-reviewed article focused on a flat Fresnel lens. This approach
aims to contribute to the existing body of knowledge by providing a more accessible and practical
method for modelling and assessing the performance of elliptical-shaped Fresnel lenses.

A novel three-dimensional elliptical-shaped Fresnel lens (ESFL) analytical model is presented
to evaluate and maximize the solar energy concentration of Fresnel-lens-based solar concentrators. Au-
toCAD®, Zemax® and Ansys™ software were used for the ESFL design, performance evaluation and
temperature calculation, respectively. Contrary to the previous modelling processes, based on the edge-
ray principle with an acceptance half-angle of £0.27° as the key defining parameter, the present model
uses, instead, a Gaussian distribution to define the solar source in Zemax®. The results were validated
through the numerical analysis of published experimental data from a flat Fresnel lens. An in-depth
study of the influence of several ESFL factors, such as focal length, arch height, and aspect ratio, on its
output performance is carried out. Moreover, the evaluation of the ESFL output performance as a func-
tion of the number/size of the grooves is also analysed. Compared to the typical 1-16 grooves per mil-
limetre reported in the previous literature, this mathematical parametric modeling allowed a substantial
reduction in grooves/mm to 0.3-0.4, which may enable an easy mass production of ESFL. The concen-
trated solar distribution of the optimal ESFL configuration was then compared to that of the best flat
Fresnel lens configuration, under the same focusing conditions. Due to the elliptical shape of the lens,
the chromatic aberration effect was largely reduced, resulting in higher concentrated solar flux and tem-
perature. Over 2360 K and 1360 K maximum temperatures were found for ESFL and flat Fresnel lenses,
respectively, demonstrating the great potential of the three-dimensional curved-shaped Fresnel lens on
renewable solar energy applications that require high concentrations of solar fluxes and temperatures.
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Figure 4.1 — 3D view of the ESFL in AutoCAD®.

4.2 Introduction

According to [59], optical concentration can significantly reduce the cost of photovoltaic cells. By using
mirrors and lenses, high-concentration photovoltaic technology concentrates sunlight from a large area
onto a smaller area of active semiconductor cells, resulting in direct conversion of sunlight into electric-
ity [60, 61]. The Fresnel lens, known for its simple structure, light weight, low cost, and ease of pro-
cessing [62], has been widely employed in the field of concentrated photovoltaics. However, its strong
achromatic aberration limits its concentration ratio.

To overcome this issue, non-flat Fresnel lenses have been widely studied by many researchers,
proposing new modelling methods and configurations with the aim of increasing the solar energy con-
centration. The shaped Fresnel lens conception was initiated in 1977 by Cosby [63]. One year later, a
patent was filed by O’Neill [64], while Kritchman published his finding [21]. Since then, many other
researchers throughout the world have been proposing their own non-flat Fresnel lens models and mod-
elling processes [3, 22-25, 65]. Currently, the most notable work in this field is a published book by
Leutz et al. [26], who presented an in-depth study of the non-flat shaped Fresnel lens.

The modelling process of the shaped Fresnel lens follows Snell’s law (or law of refraction). The
half-angle subtended by the Sun is the key parameter to set the size of the refractive prism facets by
using the edge-ray principle, which adjusts the number of grooves required for the concentrator. It dic-
tates the absolute angle at which the solar rays arrive at the surface of the Earth globe. The Sun—Earth
subtended acceptance half-angle of 0.27° can be determined by the mathematical relationship between
the radial size of the Sun and its distance to the Earth [20, 27, 35]. It stands valid from a theoretical and
mathematical perspective, being considered by many researchers in the field of solar energy
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concentration [3, 20-33, 35]. However, this angle could only be accepted if the Earth had no atmosphere.
The sudden change from vacuum to Earth’s atmosphere significantly alters the trajectory of solar rays
due to the law of refraction. The solar rays pass through various atmospheric layers, such as the thermo-
sphere, mesosphere, stratosphere, and troposphere. Each individual layer’s gaseous composition has its
own refractive index, influencing the refraction angle. Moreover, the half-angle subtended by the Sun
can be different depending on geographical location, time zone, and local atmospheric conditions, such
as the presence of clouds, humidity, sand particles and pollution in the troposphere. Therefore, within
the Earth’s atmosphere, the acceptance half-angle should be larger than 0.27°. These complex systems
that influence the refraction of sunlight on Earth were neglected by most researchers in this field, who
had adopted the half-angle of 0.27° as a standard for their works [3, 21-35]. This oversimplification in
the acceptance half-angle calculation paired with the edge-ray principle has set and cemented the num-
ber and size of grooves in the production of Fresnel lenses in the market [66].

There are two categories of simulation methods for evaluation of the concentration systems: one
by ray tracing and the other by analytical approach [67, 68]. The ray-tracing method simulates a vast
number of discrete and well-defined rays of different wavelength, energy and traveling trajectory. Each
ray has its own trajectory, which is influenced by the transmission, reflection, or refraction in a medium
within its path. It is only numerically completed when the ray hits an absorbing detector or reaches an
annihilation condition. This category has an accurate prediction of the flux distribution, but with the
cost of high computing complexity, power, and time. Several pre-existing reputable ray-tracing tools
are available in the market, such as Zemax® [39, 69, 70], LightTools® [29, 71-73] and Soltrace® [74].
The existing software are reliable, robust, user friendly, easy to learn and allow repeatability, making
them great tools to expand new fields of research.

The analytical method, which uses self-developed computational codes and programs to outline
the distribution of flux density, has been widely adopted in the field to greatly reduce computing time
[22-25, 31, 32]. However, each research group has their own unique source code, which may differ
greatly from others, and there is no guarantee that the code has been correctly implemented or that all
critical parameters or functions have been incorporated. Therefore, the outcomes of this method may
vary greatly due to these uncertainties.

Analysing the focused solar image is crucial in solar concentration research as it helps determine
the achievable maximum concentration and flux distribution at the focal zone. It is essential to carefully
examine and present these key features. To ensure the accuracy of numerical or analytical results, they
should be experimentally validated or compared with existing experiments.

In this work, a parametric modelling procedure of a three-dimensional elliptical-shaped Fresnel
lens is presented, using Snell’s law. The ESFL is designed in AutoCAD®, and then imported into Ze-
max® non-sequential ray-tracing software for numerical evaluation of the ESFL output performance. In
this evaluation, a Gaussian distribution based on measured data from the literature [36] is considered to
define the solar source, instead of the classical edge-ray principle method with a solar acceptance half-
angle of 0.27°. To validate the analytical model, this was applied in the performance evaluation of a flat
Fresnel lens with published experimental data [75], whose results were in accordance with those
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obtained through the proposed model. An in-depth study of the influence of the ESFL parameters, such
as focal length, arch height, and aspect ratio on its output performance, in terms of concentrated solar
flux, optical efficiency and full width at half maximum (FWHM), is also carried out. Furthermore, to
the best of our knowledge, this is the first time that the ESFL concentration efficacy is evaluated as a
function of the number of grooves, with optimal 0.4-0.3 groove numbers per millimetre being found.

This study reveals that the number of grooves necessary to maximize the concentrated solar flux
could be significantly reduced in relation to that reported by the literature and market, which may en-
hance the cost efficiency of the manufacturing process of Fresnel lens solar concentrators. From the
abovementioned studies, the best ESFL design is found. The optimal concentrated solar flux value
within its focal cone is then analysed and compared to that of a flat Fresnel lens, which proved the
effectiveness of the ESFL in substantially reducing the chromatic aberration and, consequently, on max-
imizing the solar flux.

The temperature analysis of both concentrators is also performed by ANSYS™., The maximum
temperatures of 2360 K and 1360 K were attained from the ESFL and the flat Fresnel lens, respectively,
demonstrating once more the potential of the ESFL in many solar energy research and applications that
require high solar flux and temperature.

4.2.1 Advantages and disadvantages

The advantages of a shaped Fresnel lens compared with a flat Fresnel lens are:
* Reduction of the chromatic aberration effect.
* Have higher structural integrity and mechanical stability.
* Non-imaging lens.
The disadvantages of the shaped Fresnel lens include:
* The complexity of manufacturing this type of lens, and the precision required would be quite
expensive.
* Non-imaging lens.

4.3 Modelling

The shaped Fresnel lens is characterized as a chain of a well-defined prism (grooves) aligned along an
outline, such as a semicircle or an ellipse. Each prim individual prism is designed and optimized so that
most of the refracted light will focus on the same focal position.
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Figure 4.2 — Elliptical-shaped Fresnel lens. 6 is the half angle from the Sun to Earth, w is the aperture angle, fi is the focal

length, hq is the height of the lens, and ¢ the angular rotation of the lens.

The general parameters to model an ESFL are:

4.3.1

r — Radial aperture (mm) defines the size of the concentrator.

ht — Focal length (mm), which defines the vertical distance between the focus and the outmost
prism of the concentrator.

hi — Lens height (mm) defines the height of the “arch”.

d: — Lens thickness (mm), is the thickness of the substrate below the grooves.

n, — Refraction index of medium and wavelength dependents.

ow — Division angle (°), defines the size of each groove.

fp — Pitch angle (°), or “draft angle”.

Defining the size of the ellipse

The shape of the elliptical arch depends on r, hs and h;. These parameters are required to draft the ellip-
tical shell. The mathematical model of the ellipse is described at Equation (4.1), with “a@” being the
major axis length and “b” as the minor axis length, as shown in Figure 4.3. The curved segment of the

parabola is used as the outline for the shaped Fresnel lens. Within the minor axis “b”, h; defines the focal
distance of the lens, and the h; is the height of the lens.

XZ 2
=1 (4.1)
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Figure 4.3 — The ellipse with major axis length of a and minor axis length of b. The useful elliptical arch is defined by a
radial aperture r and arch height of hi. This arch has a focal length of hr and aperture angle of .

Both major and minor axes are calculated at Equation (4.2):
bXxr

b2 — h,? (4.2)

b= hs+h

a =

4.3.2 Numbers of prisms

The prims are aligned or chained through the outline of the ellipse arch with the input facets facing
toward the Sun. The number of prims or grooves (N) is defined by the divisions of the aperture angle

with the angular segments (dw), shown in Equation (4.3).

w

4.3.3 Single prism modelling

In Figure 4.4 shows a single arbitrary prism and a ray traveling vertically. The incoming solar ray comes
from top to bottom into the input facet. The ray is then bend within the medium through Snell’s law and
is then further bent outward at the exiting facet toward to origin point (focal point), as described in
Equation (4.4).
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Incoming solar rays

Input facet

Output facet

Figure 4.4 — The light path getting in and out through an ABD prism. The angles o, 8, 7, o, 6p and w are the characteristic
angles for the Snell’s law equations that the vertical incoming ray would exit at angle w.

In this case, the incoming ray with the prism can be simply described by the Snell’s law at the following

equation:

sin(a) = n, sin(a —y)
{nl sin(f +vy) = sin(f + w)

The angle « is the input angle originated from the difference of the normal angle from the input facet

(4.4)

with the angle of incidence. The difference of « — y is the changed angle within the medium at refractive
index of n,. The angle £ is the slope angle of the exiting facet in relation to the horizontal line. The sum
of both g8 + y is the angle normal to the exiting facet, while $ + w is the exiting angle in relation to the
exiting facet toward to the focus.
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4.3.3.1 Input facet coordinate

0]

Figure 4.5 — A small segment of facet AB is acquired by defining a division angle of dw. The point A starts at angle , and
point B ends at angle w-dw on the arch. AO and BO are the length between point A and B to O origin.

Knowing the size of the shaped Fresnel lens, then the outmost prism is the first to be modelled, as shown
in Figure 4.5. The point A is defined as the vertex of the prism which binds the input and output facet.
The point B is the other end of the input facet which binds with the back facet. The Equations (4.5) and
(4.6) calculates the distance between A and B in relation to origin point (focal point). The size of the
input facet AB is defined by size of the dw. A larger dw, means a larger input facet. The parameter n is
the prism number, hence, n =1 is the first prism (farthest prism of the lens), then n = 2 is the second
prism, and so on, up until n = N (central prism of the lens). The total number of grooves represents only
half of the arch, since other the side is symmetrically identical.

axb

A0n = \/az cos(w — (n — 1)éw)? + b? sin(w — (n — 1)dw)? (4.9)
BO, = axb (4.6)

\/az cos(w — (n)dw)? + b? sin(w — (n)dw)?

The coordinates of point A and B are described in Equation (4.7) and (4.8).
{xn,A = A0, sin(w — (n —1) dw) @)

Yna = A0, cos(w — (n—1) dw) '
{xn’B = B0,, sin(w — (n) dw) 4.8)
Ynp = BO, cos(w — (n) dw)

The Figure 4.6 a) shows a single collimated ray incoming from top to bottom, arriving at angle o per-
pendicular to the prism input facet (AB,). Through the diffraction of the material n;, the ray is then turned

by an angle of y within the medium.

80



By By /
Gn [ ~ e ni_l 4_7,// \&h\'](\ | an+ﬁn
L A 90°-0, T~ _
-‘ n -~ e
| —y 1 b [a, A,
N n o/l I+ .
W, - 0w &-—-} n n>1 ».'ff_'y” "‘-ﬁ n
ni A | \ )
O~y
i
|
. ks
ﬁn “\
w, : &
» w,-dw
C,(?)

Figure 4.6 — (a) Collimated light ray interacting with the input facet (AB). « is the input light angle perpendicular to the facet
AB. y is the angle of the turned light path inside of the refractive material. (b) Exiting light ray from the output facet AC at
output angle 4.

With both coordinate of point, A and B known, then the facet length AB is trivially calculated by Equa-
tion (4.9):

AB, = \/(xn,B - xn,A)z + (Yn,B - Yn,A)Z (4-9)
The input angle a at any given prism n is shown in Equation (4.10).
—1(Yna ~ YnB
a, =tan"! | —"——— 4.10
" (xn,A - xn,B> ( )
The v is obtained through Equation (4.11) by isolating the Snell’s equation.
sin(a
Yn = Qp — sin‘l( ( n)> (4.11)
ny

4.3.3.2 Output facet coordinate and completing the prism

The output facet is determinate by the output angle Sn, which is determined by the refractive index of
the material and output angle wn. In Figure 4.6 b) shows the exiting ray from the medium to the exterior
through facet AC to the focus. The rays arrive at the focus at angle w-dw, which is the angle in between
w and w-dw. The back-facet BC adapts the same slope as the ray-path within the medium with the angle
0.

The output angle £, can be calculated from inverting the Equation (4.4), as shown in Equation (4.12):

,3 — tan~! <nl Sil’l(l)/nl) - Sin(wn)>

cos(wn) — nz cos(Iynl) (4.12)

The exiting angle wnat ' prism is presented in Equation (4.13):

wp=w—MmM—-1bw (4.13)
To calculate the size of the output facet AC and the coordinate C, then a change of coordinate of the
prism at point A, as the origin point and B, as the base coordinate is then needed, as shown in Figure 4.7
a). The coordinate of point C, can be found at the intersection of the both lines coming out from the
prism’s vertex at point A, and point B, with angles a+4 and 90°-g, respectively.
The intersection of the two lines is shown at the following intersection condition at Equations (4.14)
and the generic strait line of (4.15):
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Yac = VBc (4.14)

y=m(x—d)+c (4.15)
The slope at point A, and B, are represented at following equations:
my,, , = tan(lay| + |Bn) (4.16)
mg, , = —tan(90° — o,) (4.17)
Then the output facet length (ACn,0) has the following coordinates.
mg  AB,
Cno = Xeno = my, ‘— mg,, (4.18)

ycn,o = mAn,o xcn,o

The facet Can, length is the same as the following equation:

ACy, = J (e, )2 + Ve, ) (4.19)

The coordinate C,, of the isolated prism is then integrated into the ESFL coordinated system; thus, the
coordinate C is presented by following Equation (4.20):
{xn,C = Xpa — ACy o c0s(Br)
Xnc = Yna — ACyo sin(By)
With all the coordinate A, B and C, then the prim is graphically formed, as shown in Figure 4.7 b).

(4.20)

Figure 4.7 — (a) The point Cn,o is acquired by the interception the two lines projected from Ano and Bn,o at angle ant+fn and
90°-an. The point An, is considered an origin point (0, 0) and point Bn,o with (AB, 0). (b) A complete prism with all coordi-
nates An, Bn, Cn localized and all facet size of ABn, ACn and BCn known.

4.3.3.3 Pitchangle

As any real Fresnel lens composition, the pitch angle is an inevitable variable caused by the production
process, as exemplified in Figure 4.8. Most of the mass-produced Fresnel lens were made by etching of
a metallic mould of the injected hot plastic, such as PMMA. The original substrate shown at Figure 4.8
cannot be etched due to the inner hooked shape the groove. During fabrication process, a small part of
the unused segment would be gone by means of etching or mechanically lathed, leaving a pitch angle.
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Figure 4.8 — Etching process of a Fresnel lens. The etching by vertical pressing leaves a mechanical groove print at the back
facet of the prism. The pitch angle is formed by the characteristic of the mechanical groove.

One of the possible integrations of the pitch angle into the model is presented and shown in Figure

4.9 a), the pitch angle (8,) is subtracted from the angle at point B. Then point D, is the intersection

between the line AC, and BDx.

Figure 4.9 — The prism modification from ABCn to ABDn by the influence of pitch angle (6p).

The same procedure of changing the orientation of the prism done for Figure 4.7 a). The modified slope
including the pitch angle (mp, , ,,) is shown in Equation (4.21).

mp, ,p = —tan(90° — o, — 6p) (4.21)
The Equation (4.22) gives the coordinate of the isolated prims at point Dn.
mg, ,p AB,
Doo=1"Pro "y —my (4.22)

yDTL,O = mAn,oan,o

The Equation (4.23) is the facet length of BD,.
BD = [Gxn,,,)? + 0,,)? (4.2

Then coordinate of the reduced facet by including the pitch angle is presented in Equation (4.24).
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{xn,D = XnaA— BD, COS(Bn) (4 24)

Xn,D = YnA — BD, Sin(ﬁn)

4.3.3.4 Thickness

The ideal prism shown in Figure 4.9 is not physically capable of joining a neighbouring prism. Expand-
ing the output and the back facet at thickness (d:) in relation to the input facet, changes the triangular
prism shape into a new type of prism, as shown in Figure 4.10. Vertex E and F is the direct increment
of d; of point B and A, respectively.

Figure 4.10 — Extension of thickness at BAn facet to EFna by length of d..

4.3.3.5 Prism chaining

The chaining process starts with joining the facet BE; to the next prism facet AFn.+1, as shown in Figure
4.11. The strings of input facets EF, maintains the original curvature elliptical shape obtained from the
Equation (4.2).

Figure 4.11 — The prism chaining process of the first three polygon.

4.3.3.6 Automation and coordinate extraction

The Figure 4.11 shows the first four segments of an ESFL coordinates imported into AutoCAD®. The
coordinates are automatically drawn Polyline command. A complete ESFL would be drawn from
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coordinates A1, D1, Az, Dy, until Dy, then it continues from Fy to F1 and finally ending by closing the
Polyline. If done correctly, all the coordinates of the ESLF should be drawn in the positive quadrant of
the cartesian space.

The conceptual model of the ESFL is no more than a list of coordinates of prisms chained together at
one end to another end, forming a semi-arch. The coordinates of the ESFL can be automated with a
simple recursive code, where all the vertices of the prism are calculated incrementally achieving the
calculated number of prisms. In Figure 4.12 shows the flowchart for ESFL modelling.

l = | Facets facing toward the

ESFL input parameters —> Sun: <

Aperture size, r (mm) Point A (XA,m yA,n"'dt)
Focal lenght, hf (mm)
Lens height, h; (mm)

« Segment of division, w (°)
Refraction index, ny |

Thickness, d; (mm)
Pitch angle, 0p (°)

N= wlr, hfl / daw |
Facets facing toward the Output
N focus: Cartesian coordinates of all
Point A (x4,4, ¥A,1) points
Point D (xp,,, yp,n)
J, | Export coordinates to a CAD |
n=n+1 ‘

Y N @

Figure 4.12 — Flowchart of ESFL modelling process.

The newly drawn 2D wire shaped ESFL can be converted into a 3D form of some shape or slab shape.

o Dome shape: Use the Revolve command on the 2D ESFL outline and revolve it for
360° along the Y axis to make a dome shape solid object, as shown in Figure 4.13 a).

e Slab shape: Use the mirror command on the 2D ESFL outline along the Y axis to make
a duplicate, then use Extrude command to make a 3D slab ESFL, as shown in Figure
4.13 b).

Note 1: Use Facetress command then change the value to maximum (10) to achieve highest
polygon count possible before exporting. Any optical design intended to be exported form a CAD
should be as fine as possible.

Note 2: ESFL can only be correctly exported in IGES format.

Note 3: The CAD program or any imported program may become slow with too many grooves.
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N

Figure 4.13 — 3D view of the ESFL in AutoCAD™, (a) The ESFL in dome shape. (b) The ESFL in slab shape.

4.4 Numerical Simulation Method

Figure 4.14 shows the sequence of the numerical simulation process in Zemax®. The sequence was the
same for each ESFL configuration, but each output was unique in terms of concentrated solar flux,
optical efficiency, and focal size at FWHM.

................. Input |, _ pemeeee] Output | .o
E Solar distribition : 7 “‘ 7 “l
H ESFL -Collimated 1 Source ' [ 1
E -All variables or -Position/orientation ] :
' -Gaussian ' -Size : +—»  Concentrated solar flux
N .. ' -Wavelenghts : H
: ] H /
g -1 ESFL modelling }[---------- .~ H ' H
; 2 o o N
I o 5 . I ! : Optical efficiency
Mathematica ESFL.iges — > Zemax . )
HE ' \
AutoCAD P Pl FWHM
- Detector ] H
\

Figure 4.14 — Sequence diagram of a single numerical simulation.

Each individual coordinate of the ESFL was calculated with the Mathematica® programming language.
Then, the coordinates of all the relevant Cartesian points were exported into AutoCAD® and linked as
straight lines by the polyline command. The enclosed object was then revolved into a solid with the
highest polygon count possible by adjusting the facetres command to its maximum. The object was then
exported to Zemax® as an IGES file. Both AutoCAD® and the imported Zemax® object shares the same
coordinates, as seen in X, Y, Z position of object 2 (the CAD imported object) in the non-sequential
component editor windows as shown in Figure 4.15.
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Figure 4.15 — The Non-sequential component editor window of Zemax® for the ESFL numerical simulation. The object 1 is
the source positioned above the imported CAD ESFL object 2, the object 3 is the detector object.

4.4.1 Focal characteristics

Depending on the refractive index of the material used, the focal image of the elliptical shaped Fresnel
lens (ESFL) is sensitive to wavelength and can experience chromatic Snell's deviation (achromatic ab-
erration). Figure 4.16, which depicts the ESFL object in Zemax® under the same conditions as Figure
2.14, demonstrates some achromatic aberration issues as expected, similar to the flat Fresnel lens. How-
ever, the most concentrated focal spot produced by the ESFL is located closer to the mathematical focal
length (Y =0 mm), which reduces chromatic scattering when compared to a flat Fresnel lens of the same
size and focal length [42].

Incident solar
ray

Figure 4.16 — Achromatic aberration caused by various collimated wavelengths onto the ESFL.

4.5 Results

4.5.1 Output solar distribution at the focal zone of the ESFL

To analyse the solar distribution at the focal zone of each ESFL configuration, over 60 million rays were
employed per simulation. The output data were obtained from an absorbing detector with dimensions
20 x 20 mm? and resolution 150 x 150 pixels, positioned at the mathematical origin. The obtained data
contained the solar distribution characteristics in terms of concentrated solar flux, optical efficiency (the
total number of rays that strike the detector over the total emitted rays from the source) and FWHM.

Figure 4.17 shows the comparison of the three-dimensional focal distributions from a Gaussian source
with Gy = Gy = 35276 and a collimated source with G, = Gy = 0 (or infinite). In this case, an arbitrary
ESFL model with 1 m diameter, h; = 400 mm, h; = 400 mm, d;= 3 mm, and dw = 0.20° (256 grooves),
with 6, = 12°, was used. The focal shape formed by the Gaussian source, shown in Figure 4.17 a) has a
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wide normal distribution with 10.8 mm FWHM and a concentrated solar flux of 5.0 W/mm?, while the
collimated source, shown in Figure 4.17 b) has a needle-shaped distribution with 0.3 mm FWHM, re-
sulting in a peak concentrated solar flux of more than 100 W/mm?. The collimated source offers the
highest concentration intensity and its FWHM is nearly as tight as a laser beam. However, this is not
possible to obtain with incoherent light provided from the Sun.

(a) Gaussian Source (b) Collimated Source

6

(W/mm?2)

Concentrated solar flux
Concentrated solar flux

Y axi = e X _
(n?r):i -10 . Xaxis Y axis 5 —10 ~5
(mm) (mm)

X axis
(mm)

Figure 4.17 — The focal image formed by ESFL modelled at 1000 W/mm? irradiance with the (a) Gaussian source and (b)
collimated source.

4.5.2 Comparative study of the ESFL output performance with the meas-
ured output performance of a Fresnel lens

Figure 4.18 shows the simulated layout and the focal output of the ESFL and a flat Fresnel lens [75] at
the same focusing conditions. Ferriere et al. used a flat Fresnel lens of 900 mm diameter with 757 mm
focal length, 20 grooves/cm (1800 grooves), and 31.7 mm thickness [75]. The measurement was con-
ducted in PROMES-CNRS, where the irradiance can reach 1000 W/m? [44, 75, 76]. The remaining
Fresnel lens parameters were adjusted to achieve the same output performance of the publication, by
assuming a conic constant of —1.95 and a modest pitch angle of 2°. By using the solar source Gaussian
distribution from [36], the simulated focal output of the flat Fresnel lens in Zemax® matched well with
the measured data [75]. An ESFL with same collection size and focal length, and h; = 300 mm, dw =
0.0017° (1807 grooves), d: = 3 mm and 6, = 12°, was numerically simulated and compared. Figure 4.18
a) and b) presents the cross-sectional view of the light rays from five concentric annulus solar sources
(with same area and power) passing through the ESFL and the Ferriere Fresnel lens, respectively. Area
1 represents the solar rays from the outmost concentric annulus source, while Area 5 corresponds to the
solar rays of the innermost circular source. Figure 4.18 c) and d) show the contribution of each source
on the concentrated solar flux of the ESFL and Ferriere Fresnel lens, respectively, as well as the com-
bined concentrated solar fluxes distribution. As shown in Figure 4.18 b), it is noticeable that the solar
rays at the external annulus area of the flat Fresnel lens (Area 1 and 2) are barely detected, leading to
solar fluxes close to zero, as shown in Figure 4.18 d). The curved shaped of the ESFL overcomes this
problem, allowing the solar rays from the external annulus area to be more efficiently focused, as
demonstrated in Figure 4.18 a) and c). Since the external annulus areas collect most of the incoming
solar power, the advantage of the ESFL concentrator in attaining higher solar flux becomes evident.
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Chromatic aberration is also significantly reduced, leading finally to a higher concentrated solar flux of
4.5 W/mm? in Figure 4.18 ¢) compared to that of the flat Fresnel lens with 2.6 W/mm? in Figure 4.18 d)
[75]. In addition to the elliptical shape of the Fresnel lens, there are also important factors that can
contribute to the better performance of this concentrator, such as the aspect ratio and the number/size of
grooves.

(b)
Ferriere RIS E T e |

Fresnel Lens

ESFL

() ESFL + + + + = Total
0.747 W/mm? 0.838 W/mm? 0.904 W/mm? 0.995 W/mm? 1.098 W/mm? 4.581 W/mm?
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-10-5 0 5 10-10-5 0 5 10-10-5 0 5 0-10-5 0 5 10-10-5 0 5 10 -10-5 0 5 10

N L e

Concenlrated solar flux

Detector size (mm)
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Figure 4.18 — (a) The ESFL and (b) the Ferriere Fresnel lens irradiated by five concentric solar sources with identical area
and power. (c) and (d) are the concentrated solar fluxes and the combined solar fluxes for the ESFL and the Ferriere lens,
respectively.

4.5.3 Comparative study of the ESFL output performance with other con-
centrators

Table 4-1 presents a summary of various analytical and experimental studies of other types of concen-
trators. It is crucial to keep in mind that when designing and simulating other concentrators, the experi-
mental data from existing concentrators should be used as a reference to ensure an accurate and unbiased
evaluation of their performance.

The parabolic mirror of the MSSF had a measured peak concentration of 16 W/mm? with 2000 mm
diameter, 850 mm focal length and a focal size of 10 mm FWHM [37]. This parabolic concentrator has
currently the highest known concentrated solar flux. However, based on analytical predictions, some
authors have claimed higher concentrations with focal width like that presented in Figure 4.17 b) [25,
28, 72, 77], which is not possible with the incoherent solar light. The focal distribution measurements
of linear-shaped Fresnel lenses by O’Neill and McDanal [64] and Leutz et al. [78] had both resulted in
much lower concentration solar fluxes of 0.065 W/mm? and 0.045 W/mm?, respectively, with the cor-
responding focal widths of 30 mm and 20 mm. It is common to find much lower concentrations from
linear Fresnel lenses. The measured output performance of the flat Fresnel lens presented by Ferriere et
al. had a concentrated solar flux of 2.6 W/mm? and a focal size of 8.3 mm at FWHM with a solar
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irradiance of 1000 W/m? [75]. The present ESFL, at the same conditions of the flat Fresnel lens from
[75], had a better focal solar flux of 4.5 W/mm?,

Table 4-1 — Focal concentration and size from various concentrator types found in some publications.

Publications Concentrator Type Concentration Focal Width Lens Width  Focal Length Grooves per mm Method
(mm) (mm) (mm)
Nelson et al., 1975 [79] Fresnel lens 4.3-5.0 (ratio) ~30 137 140 ~0.1 Analytical
Cosby, 1977 [63]  Sraped F“Zj:;' lens (lin- 26 (ratio) ~20 914 ~509 10 Analytical
Kritchman et al., 1979  Shaped Fresnel lens . Infinitely small .
[21] (linear) 172 (ratio) N/A vary vary grooves Analytical
O"Neill et al., 1993 [64] Shape‘é'“Fn f;r’;e' lens 4 065 (Wimm2) 30 850 726 N/A Experimental
. ) ~16 .
Flamant et al., 1999 [37] Parabolic mirror 16.0 (W/mm?) ~10 (FWHM) 2000 850 N/A Experimental
Shaped Fresnel lens ) ~20 N _ .
Leutz et al., 2000 [78] (linear) 0.045 (W/mm?) ~ 5-6 (FWHM) 300 150 N/A Experimental
- ~20 .
2
Ferriere et al., 2004 [75] Flat Fresnel lens 2.644 (W/mm?) 8.3 (FWHM) 900 757 2.0 Experimental
Shaped Fresnel lens 2 .
Yeh, 2009, [34] (linear) 0.060 (W/mm?)  ~5-6 (FWHM) 300 446 1.0 Analytical
1,367,704,600 .
Panetal., 2011 [72] Fresnel lens (W/mm?) <0.25 189 189 N/A Analytical
Aklsawat[;zflfl., 2012 Shaped Fresnel lens 0.506 (W/mm?) <1 45 60 4.0 Analytical
Cheng et al., 2013 [28] Fresnel lens N/A <0.1 88 50 0.22 Analytical
Languy et al., 2013 [25]  Shaped Fresnel lens 8500 (ratio) <1 N/A N/A N/A Analytical
Shaped Fresnel lens 0.070 (W/mm?) ~20 .
Yeh, 2016 [31] (linear) (at 1135 nm) 4 (FWHM) 300 223 2.0 Analytical
~20 .
~ 2
Yehetal., 2016 [32] Shaped Fresnel lens 5.0 (W/mm?) ~4 (FWHM) 460 280 43 Analytical
Zhao et al., 2018 [73] Shapec(ililzree;rr;el lens 40.6 (ratio) 16 650 950 N/A Experimental
ct 6.0 (W/mm? ~20 2000 00 / lytical
Garcia et al., 2019 [39] RA 16.0 (WImm) 15 (FwHM) 5 N/A Analytica
Liang et al., 2021 [77] AFSCFL? 46.7 (W/mmz) <1 734 593 N/A Analytical
Present work Shaped Fresnel lens 4.5 (W/mm?) ~10.0 (FWHM) 900 757 0.34 Analytical

! Ring array concentrator.
2 Annular Fresnel solar concentrator coupled with a circular Fresnel lens.
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4.5.4 Output performance of the ESFL regarding the concentrated solar
flux, the optical efficiency and the FWHM

45.4.1 ESFL configurations with fixed total height of 700 mm
As any lens, the shape of the ESFL concentrator has direct influence on its output performance. Figure
4.19 shows some of the possible configurations of the ESFL with a combined hr and h; of 700 mm total

height.

hy

A R R

hy

7100 mm
200 mm

700 mm
300 mm
~ 400 mm
500 mm
600 mm

600 mm
700 mm

500 mm

400 mm

jﬂ

Figure 4.19 — ESFL configuration with a combination of hr and hq for a total height of 700 mm.

The ESFL has a similar configuration of a flat Fresnel lens at hs = 700 mm, h; = 0 mm. As h; increases,
the lens becomes more curved, and the aspect ratio becomes larger. The aspect ratio (AR) of the ESFL

is given by the quotient of h; and D (diameter of the lens):
hu (4.25)

AR =
D

Figure 4.20 shows the variation of the concentrated solar flux as a function of the aspect ratio of ESFL
and hy, with 700 mm total height. All the ESFL configurations had D =1 m, J,, = 0.28°, ¢, = 12° and
d: = 3 mm. The concentrated solar flux starts with 3.9 W/m?at h;= 0 mm, which closely resembles that
of a flat Fresnel lens. It gradually increases with hy, at which point the Fresnel lens is shaped into a
parabola. The concentrated solar flux is maintained over 5.2 W/mm? from h; of 500 mm to 700 mm, i.e.,

with aspect ratio from 0.603 to 0.702.
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Figure 4.20 — Concentrated solar flux of the ESFL with a combined hr + ha of 700 mm as a function of h; and aspect ratio.

45.4.2 Concentrated solar flux, optical efficiency and FWHM as a function of the aspect ratio
and several combinations of hs + h

Figure 4.21 shows the concentrated solar flux, optical efficiency and FWHM at various combinations
of hs and h; with ESFLs of D = 1 m, d., = 0.28°, 6, = 12° and d; = 3 mm. hs ranges from 200 mm to
600 mm and h; ranges from 50 mm to at least 500 mm.

Each hy has its own peak concentrated solar flux at different h; (Figure 4.21 a). For example, in the ESFL
configuration with hs = 200 mm, the concentrated solar flux varies from 4.2 W/mm? at h;= 50 mm to
5.2 W/mm?at h;= 500 mm, above which it starts to decrease. The highest concentrated solar flux was
attained by the lowest h = 200 mm at h; = 500 mm (aspect ratio of 0.603). The increase in h; resulted in
a lower concentrated solar flux, whose peak value shifted to a lower h;, decreasing the aspect ratio of
the concentrator. For example, the ESFL with hs = 600 mm has an aspect ratio of 0.500 with h; = 350 mm
and a concentrated solar flux of 4.4 W/mm?,
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Figure 4.21 — (a) Concentrated solar flux, (b) optical efficiency and (c) FWHM of the ESFL configurations with D =1 m at
various hr and hi combinations.

The optical efficiency tends to stagnate at larger h;, as shown in Figure 4.21 b). The highest optical
efficiency of about 60% was attained at the higher h; of 600 mm. The FWHM enlarges in a near linear
fashion with the increase in h, and it also expands with the increase in hy, as shown in Figure 4.21 c).
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4.5.4.3 Influence of size/number of grooves on the ESFL output performance

The influence of different sizes of dw on the ESFL output performance was analysed for the most fa-
vourable combinations of hr and h; that achieved the highest concentrated solar fluxes, shown in Figure
4.21 a). The variation of dw changes the size of each groove/prism within the ESFL concentrator, mainly
changing the size of the input (AiBn) and the output (AnDn) facets, as calculated in Equations (4.9)
and (4.23). A range of dw, from 0.05° to 1°, was used for the conception of the ESFL model. Figure
4.22 a) shows the number of grooves per dw at different hs. The number of grooves drops exponentially
independently of the hr with the increase in dw. A gap in the number of grooves between hy is observed
at a smaller dw, while it converges closer into the same number of grooves at a larger dw.

Figure 4.22 b) shows the concentrated solar flux as a function of dw. Regardless of h;, the maximum
concentrated solar flux was found at 6w = 0.3°, which is equivalent to 210 to 132 grooves for h; 200 mm
to 600 mm, respectively. As shown in Figure 4.22 ¢), the increase in dw lowers the optical efficiency
from 66% to 56% and 53% to 50% at hs of 600 mm and 200 mm, respectively. The FWHM shows a
minimum within a certain dw range, as shown in Figure 4.22 d). For example, at hs = 600 mm, more
than 10.7 mm FWHM was found at dw = 0.35°, while at hs = 200 mm, the minimum FWHM of about
8 mm was found at 6w = 0.2°. In all cases, the largest FWHM is located at dw = 1°.
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Figure 4.22 — Characteristics of the Gaussian distribution source at the focal zone: (a) number of grooves per dw, (b) con-
centrated solar flux, (c) optical efficiency and (d) FWHM.

The number of grooves has a direct influence on the focal characteristics of the concentrator, as demon-
strated in Figure 4.23 a). On the one hand, with the increasing number of grooves (lower dw), each prism
becomes smaller, which reduces the refraction space within the prism. Consequently, above a certain
number of grooves, the number of effective rays that could be refracted onto the targeted focal position
is diminished, causing the decrease in the concentrated solar flux, as illustrated in Figure 4.23 b). On
the other hand, the reduction in the number of grooves (higher dw) leads to an increment in the size of
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the prism, hence broadening the final output focal shape, as shown in Figure 4.23 d). Therefore, the
concentration solar flux also diminishes with the decrease in the number of grooves, as shown in Figure
4.23 b). Maximum concentrated solar flux was numerically found at dw = 0.30° for all the ESFLs,
regardless the hy, as demonstrated in both Figure 4.22 b) and Figure 4.23 b). However, the optimum
number of grooves varies with h;. Consequently, for dw = 0.30°, the optimum number of grooves varied
from 227 grooves with h;=200mm to 132 grooves with h;=600mm, corresponding to
0.42 grooves/mm and 0.26 grooves/mm, respectively. This variation is even more pronounced with
smaller dw (higher number of grooves). The optimum groove number per size is by far lower than that
of other Fresnel lenses (Table 4-1), such as the shaped Fresnel lens with 4.3 groove/mm at D = 460 mm
[32], flat Fresnel lens with 2 grooves/mm at D = 900 mm [75], 2 grooves/mm at D = 889 mm [49], and
a range of 15.7 grooves/mm to 1 grooves/mm at various sizes of Fresnel lenses found at the market,
such as the Fresneltech [66]. The improved performance of the ESFL, which utilizes larger prisms and
a lower number of grooves, is since the design process was not based on the edge-ray principle, which
is commonly used in modelling processes, but rather on the solar Gaussian distribution. Reducing the
number of grooves and increasing the prism size may be advantageous for the manufacturer as it can
minimize losses caused by manufacturing inaccuracies, such as blunt tips and deformed grooves.
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Figure 4.23 — Characteristic of the Gaussian distribution source at the focal zone: (a) dw, (b) concentrated solar flux, (c)
optical efficiency and (d) FWHM as a function of the number of grooves.

4.5.5 Comparison between ESFL and a flat Fresnel lens

45.5.1 Optimal focal position analysis of both the ESFL and a flat Fresnel lens

Figure 4.24 and Figure 4.25 show the three-dimensional light distribution along the focal zone of the
ESFL and a flat Fresnel lens with the same collection size, respectively. The ESFL had D = 1 m,
0o = 0.28° (171 grooves), 6, = 12°, d; = 3 mm, hs = 300 mm, and h,; = 450 mm. The flat Fresnel lens with
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the highest concentration flux configuration was chosen, with D = 1 m, hs = 400 mm, 0.3 grooves per
mm (150 grooves) and &, = 12°. The focal cones, as shown in Figure 4.24 a) and Figure 4.25 a), were
represented by a detector volume with 100 x 100 x 100 voxels in vacuum, where each voxel accumu-
lates and stores the energy data from each ray that passes through it, with the associated wavelength and
power. Figure 4.24 b) shows the top view focal distribution of the ESFL in the detector positioned at
the origin (Z = 0 mm), with a concentrated solar flux of 5.08 W/mm?, while Figure 4.24 c) shows the
focal distribution at Z = —5 mm in relation to the origin, with a maximum concentrated solar flux of
5.48 W/mm?. Figure 4.25 b) shows the focal distribution of the flat Fresnel lens at Z = 0 mm, with a
concentrated solar flux of 0.75 W/mm?. At Z = +30 mm in relation to the origin, the maximum concen-
trated solar flux of only 1.86 W/mm? was reached, as shown in Figure 4.25 c).

For both the ESFL and the flat Fresnel lens, the focal distributions at the origin (Z = 0 mm) do not
correspond to the positions where the concentrated solar flux is maximum, as shown in Figure 4.24 a)
and Figure 4.25 a). This phenomenon occurs due to the chromatic aberration, which is more abundant
in the flat Fresnel lens. It is important to note that a parabolic concentrator (a concentrator with no
chromatic aberration effect) has its maximum concentration exactly at the origin point [39].
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Figure 4.24 — (a) Three-dimensional focal distribution of the ESFL. (b) Top view of the light distribution at the focal point
(Z =0 mm). (c) Top view of the light distribution with the highest concentrated solar flux (Z = —5 mm).
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Figure 4.25 — (a) Three-dimensional focal distribution of the flat Fresnel lens. (b) Top view of the light distribution at the
focal point (Z = 0 mm). (c) Top view of the light distribution with the highest concentrated solar flux (Z =30 mm).

455.2 Temperature analysis of both the ESFL and the flat Fresnel lens

Zemax® non-sequential raytracing and Ansys finite element analyses were both used to evaluate the
temperature of both the ESFL and the flat Fresnel lens at the Z position with the highest concentration
solar flux found in the previous section. ANSYS™ allows thermo-optical calculations that deal with
complex geometric shape and boundary conditions, enabling the approximation of variables in a volume
or surface element that changes across the matrix [80-82].

A 20 x 20 mm? detector with an emissivity (g) of 1 [80] was used in Zemax® to calculate the
concentrated solar flux at the optimal focal positions of the ESFL and the flat Fresnel lens. The detector
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was divided into 150 x 150 pixels. The resulting matrix data was exported to the ANSY S™ workbench
using the “External data” component and loaded as a heat flux source.

In ANSYS™ 2021 finite element analysis, a graphite disk receiver of 20 mm diameter and 5 mm thick-
ness was used to obtain the temperature of both concentrators. The graphite of 2250 kg/m?® constant
density, 24 W/m K thermal conductivity and 709 J/Kg K specific heat were chosen from the ANSYS™
internal material library. The disk receiver was divided by the tetrahedrons meshing method with a
sizing element of 0.4 mm. The sample size was relatively small, containing around 1600 elements,
which provided sufficient data for finite element analysis calculations with good approximation. The
boundary conditions set for the convection applied onto the disk were the same as the natural stagnant
air convection, representing a heat transfer coefficient of 5 x 107 W/mm?K. The radiation exchange
between surfaces was restricted by a grey-diffused surface and the emissivity for the graphite disk sur-
face was confined to & = 0.85. A room temperature of 295.15 K was considered.

The respective temperatures of the ESFL and the flat Fresnel lens are shown in Figure 4.26. Both tem-
peratures were generated from the focal distributions of Figure 4.24 c) and Figure 4.25 b), respectively.
The ESFL attained maximum and minimum temperatures of 2362 K and 1945 K, respectively, which
were 1.73 and 1.60 times more than that of the Fresnel lens with the maximum temperature of 1363 K
and minimum temperature of 1217 K, respectively.
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Figure 4.26 — Focal temperature of ESFL (a) and flat Fresnel lens (b).

4.5.6 Conclusions

A new approach to addressing the chromatic aberration issue in Fresnel lens concentrators involved the
creation and analysis of a three-dimensional Elliptical-Shaped Fresnel lens parametric model. The mod-
elling process was based on the solar Gaussian distribution using the parameters measured by Vittitoe
and Biggs [36], rather than the traditional edge-ray principle method and a solar acceptance half-angle
of 0.27°. The design was developed using CAD software and later subjected to numerical calculations
in Zemax®. The precision of the model was validated by comparing the output performance of a flat
Fresnel with experimental data, which yielded good agreement [75]. The ESFL was also evaluated under
the same focusing conditions, and its performance was compared to these results. The analysis revealed
that the ESFL has an advantage in efficiently focusing solar rays from the external annulus area at the
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external annulus collection area, where a significant portion of the incoming solar power is collected.
Consequently, the ESFL results in a considerable increase in concentrated solar flux.

The study of different combinations of ESFL focal length and arch height, and their influence
on the output performance was carried out. The highest peak solar flux of about 5.2 W/m? was attained
for the ESFL with a shorter focal length of hs = 200 mm and high arch height of h; = 500 mm, resulting
in a large aspect ratio of 0.603. As h: increased, the solar concentration decreased, but maximum solar
fluxes were attained with a smaller h;, hence lowering the aspect ratio.

The optimal concentrated solar flux value within the focal cone of the best ESFL was then
studied and compared to that of a flat Fresnel lens at its best output performance configuration. This
study demonstrated the effectiveness of the ESFL in reducing the chromatic aberration, leading to a
significant enhancement of the concentrated solar flux and temperature, as compared to that of the flat
Fresnel lens.

Furthermore, this study conducted a thorough investigation on the impact of prism size and
groove count on the performance of ESFL. Results indicated that the ideal number of grooves per mil-
limetre could be significantly decreased compared to previous research and industry standards. This
finding could simplify the manufacturing process of Fresnel lens concentrators and boost its solar con-
centration ability, highlighting the potential of ESFL in numerous solar energy applications and research
endeavours.
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5

RING ARRAY CONCENTRATOR

5.1 State of the art

Traditionally, mirror-type solar concentrators have been regarded as the optimal choice for achieving
higher temperature concentrations. This superiority is attributed to their complete elimination of chro-
matic aberration at the focus, a contrast to Fresnel lenses that are affected by the constraints of Snell's
law. Among the mirror concentrators, the parabolic mirror stands out as the most commonly utilized.
While the parabolic mirror demonstrates promising theoretical and practical outcomes in generating
substantial energy at a confined focus, its efficiency diminishes as the size of the receiver and its me-
chanical support increases, primarily due to the cast shadow effect.

In this chapter, a novel solar concentrator configuration is introduced, featuring a combination
of concentric rings of mirrors along with a Fresnel lens. Notably, the receiver and its mechanical support
are strategically positioned behind the concentrator, aiming to address the challenges associated with
shadowing effects and enhance the overall performance of the solar concentrator system.

5.2 Introduction

Solar energy is a promising resource to replace fossil energy in the future. Photovoltaic technologies
dominate the current solar energy market due to their cost [83]. Solar concentrators are used to boost
the photo-energy conversion efficiency while decreasing the overall cost, by reducing the size of the
photovoltaic system. This is prompt to receive more solar energy and thus being more efficient [84, 85].
Fresnel lens concentrator technology is widely used in photovoltaic technology; however, these lenses
have a limited concentration ratio due to their strong chromatic aberration issue [86, 87]. The use of
high solar flux benefits heat-to-electricity conversion by Stirling engines [82, 88, 89]; direct light-to-
material interaction, energetic transition from other non-renewable sources [3]; solar-pumped high
power lasers [12, 13]; energy heat storage [90-93].

The existing parabolic mirrors have their own specific characteristics depending on their size and appli-
cation, as shown in Figure 5.1 [44, 94-99].
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Figure 5.1 — The state-of-the-art concentrated solar fluxes. MSSF: Medium Size Solar Furnace [44]; Eurodish [94]; MWSF:
Mega Watt Solar Furnace [95]; PROMES- CNRS: Procédés, Matériaux et Energie Solaire - Centre National de la Recherche
Scientifique; ANU: Australian National University [99]; PSA-CIEMAT: Plataforma Solar de Almeria- Centro de Investigaci-
ones Energéticas, Medio ambientales y Tecnoldgicas NSTTF: National Solar Thermal Test Facility [97]; HFSF: High Flux
Solar Furnace; PSI: Paul Scherrer Institute [98].

Although parabolic mirrors can achieve higher solar fluxes than Fresnel lenses, they have a disadvantage
in that the receiver and its mechanical support must be positioned in front of the solar concentrator,
which casts shadows and reduces the overall efficiency [100].

Currently, there are other types of solar concentrators that have been developed to advance research in
solar energy. One of these is the dome-shaped Fresnel lens, which has a higher concentration ratio than
a flat Fresnel lens. However, this type of lens is not yet available for commercial use [25, 28, 101].
Ring-array concentrator (RAC) is an alternative concentrator that combines the advantages between the
reflective nature of a parabolic mirror and the focusing method of a Fresnel lens. The RAC consists of
a set of parabolic reflective rings mounted coaxially to avoid shading effect from either incoming or
reflected light among parabolic rings, as shown in Figure 5.2 a). The focal spot is created by the super-
position of the concentrated solar rays from the ring mirrors. The RAC modelling methodology requires
positioning and sizing of each ring, ensuring no shadows between them. The possible shadowing in
RAC derives from its mechanical support and it is far less compared to the shadow caused by a receiver
and its associated mechanical support in front of a parabolic mirror, shown in Figure 5.2 b).
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Figure 5.2 — (a) The seven-ring ring-array concentrator and (b) the medium size solar furnace parabolic mirror. Both con-
centrators have the same collection area of 3.14 m?. 6, is the Sun-Earth acceptance half-angle.

More importantly, the RAC shows no chromatic aberration along its focal spot, hence providing much
higher solar concentration efficiencies than those by a Fresnel lens. The first RAC concept occurred at
as early as the end of the 19" century by Manuel Gomes with the Pyreheliophoro [102, 103], further
studied by Vasylyev and Oleg in 2003 [104], Mouzouris et al. in 2009 [105], and Garcia et al. in 2019
[39, 70]. The latter reported a novel 3D RAC solar furnace model and its temperature calculation. The
RAC concept was also used for improving solar laser efficiencies [106-109].

A previous publication explored the RAC model with all rings resting onto the same focal level, creating
some odd and impossible shapes for some of the concentrator’s specifications [39]. The present article
addresses the influence of the RAC configuration on its output performance by integrating a new vari-
able that changes the ring position within the RAC. A fixed collection area of 3.14 m? (radius of 1 m)
and focal length of 0.3 m was used for the analytical process of the RAC, while changing the ring width
and the ring height position. A comparative study, conducted by the ray-tracing program of Zemax®,
about concentrated solar flux and optical efficiency, in combination with total ring surface area and
aspect ratio, was developed for different RAC configurations. Consequently, an equilibrium between
the RAC output performance and its cost-effective design was presented for the first time. Additionally,
the influence of the solar divergence half-angle and tracking error on the RAC performance was studied.

5.3 RAC design methodology

The seven-ring RAC incorporates both reflection and refraction mechanisms by utilizing the surface of
the parabolic ring mirror section and Fresnel lens, respectively, to redirect incoming solar rays. The
design of the RAC is depicted in Figure 5.3, where each ring section of the parabolic mirror was math-
ematically positioned and sized to prevent obstruction of the light path. The central solar rays were then
focused towards the focal spot with the assistance of the Fresnel lens.
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Figure 5.3 — Schematics of the ring-array concentrator unit with seven rings. The blue lines represent the cross section of the
parabolic rings, and the green line represents the cross section of the Fresnel lens. Aal and Aa2 are the ring width of the first
and second ring, respectively; a,, is the outer radial aperture of the first ring; a;,, is the inner radial aperture of the first
ring; hf is the focal length; dt is the thickness of the ring, rfresnel is the radius of the Fresnel lens; hd is the ring height modi-
fier parameter; H1 is the height of the first ring; hg, is the ring height correction and hfresnel is the height of the Fresnel lens
in relation to the origin.

The general parameters to model a RAC are:

® a,y, — Radial aperture (mm) defines the size of the concentrator.

e hi— Focal length (mm), which defines the vertical distance between the focus and the outmost
ring.

¢ hg— Ring height modifier (mm).

e di— Lens thickness (mm).

o Aai(dw)- First ring width.

5.3.1 General equations

A parabolic ring is a section of a parabolic aspheric surface. Equation (5.1) shows the sag equation of a
general geometric aspheric surface (z), where c is the curvature of the surface, a is the radial coordinate
or aperture and o; is the aspheric coefficient. In this study, the constant k (curvature constant) is set as

-1 for a pure parabolic configuration, and c is the inverse of the radius of curvature (c = 1/RoC).
M

cXa? z o1 an
Zy = + ) aat = (5.1)
" i+JI-(+kciad & 2RoC
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Equation (5.2) defines the radius of curvature (RoC,) for a given n" ring with a desired focal length (hy),
inner aperture (a;,, ) and ring height modifier (hq). n is the index number of the ring, n € [1, N], with N

being the maximum desired humber of rings within the RAC.

RoC,, = \/(hf +(m—=1)hg)? —ajp, 2 — (hy + (n— 1) hy) (5.2)
The hq parameter changes the vertical position of each ring. Where hg = 0 mm means that all rings had
the same focal length. While, hg > 0 mm, the vertical position of each inner ring increases linearly ac-

cording to the ring number by (h; + (n — 1) hy), thus changing the ring focal length by (n — 1) hy
per ring number. The first ring (n = 1) always starts its focal length at h.

5.3.1.1 Firstring

The RAC model is highly dependent on the initial parameters of the first ring. The implementation of
the first ring in a Cartesian space is illustrated in Figure 5.4.
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Figure 5.4 — Parametric positioning of the first parabolic ring. A virtual parabolic ring mirror is indicated as solid grey sag

line from ay;, 10 a;,, and has its focus at (0, h,,). The remaining parabola is drawn by extending the sag line from a;,,, to

a, =0 mm (represented as dashed grey line) and has its vertex on the origin point (0, 0). The parabolic ring segment of the

RAC model (solid blue sag line) is found by subtracting the h,, in Y axis from the virtual parabola, which ensures the focus
in the origin point.

The initial procedure of the RAC modelling is to define the outmost radial aperture of the first ring
(@out, ), Which also defines the maximum size of the RAC. Next, it is defined the size of the first ring,

Aaq, which is the width of the first ring. In this article, Aa, is defined as a scalable product that changes
with the size of the RAC model, as shown by Equation (5.3).

Qout
Aa; = d,, —O; : (5.3)

dw is the initial ring width variable; the constant R is the base radius of the RAC, which is considered as
1000 mm in this study. The Aa, output changes with dw and a,, . For example, if a,,;, is 1000 mm,

then the Aa,will have the same value as dw. However, if ay,;, is 2000 mm, then Aa, will be double the
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value of d as shown in Table 5-1. This equation ensures a linear scalability for any RAC size in relation

to a 1000 mm base radius RAC.
Table 5-1 — The variation of Aa1 with dwat different aou1 and R of 1000 mm.

Aai (mm)
du (mm) Qoue, (MM)
500 1000 1500 2000
60 30 60 90 120
80 40 80 120 160
100 50 100 150 300

With both a,,;.and Aa,, the inner radial aperture (a;,,) can be found by the difference of the outer
radial aperture with the ring width, as shown in Equation (5.4).
Ain, = Aout, —Aay (5.4)
The parabolic ring segment can be designed from both the outer and inner radial apertures in the sag
equation (Equation (5.1)). In this case, the vertex of the virtual parabolic sag will be positioned onto the
origin point (0, 0), and its focal point at (0, h,,), as shown in Figure 5.4 by the solid and dashed grey
sag lines.
The h,_is used to correct the position of any n"ring in the vertical axis, as shown in Figure 5.4. This
ensures the focus of each ring at the origin point. The corrected ring mirror position is represented by
the solid blue sag line (Figure 5.4). h,_is half of the radius of curvature of the ring, as shown in Equation
(5.5).
__ RoC,
an - 2
The first ring is then defined by the coordinates of the blue sag line, starting at (a4, H1) and ending
at (ain,, hy).
The Hyis the height of the ring, given by Equation (5.6).
Hp =2y, —hg, (5.6)

(5.5)
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5.3.1.2 Other rings

For the second ring and other successive rings, the sequence of modelling is shown in Figure 5.5.

(aoutz' ZZ)

(auutl, H1) (aoutzv HZ)

(@in,» by + ha)

Fhg

Figure 5.5 — Parametric positioning of the second ring. The outer radial aperture of the next ring (a,y.,) is found through the
inner radial aperture of the previous ring. The inner radial aperture of the next ring is found at the intersection of the focal
length of the next ring (XX, ht + ha) with the reflected light from (a,y.,, Hy) to origin (0, 0).

The outer radial aperture of the next ring (a, ) is found by subtracting the width of the ring thickness
(di) from the inner radial aperture of the previous ring (a;,,,_,), as shown in Equation (5.7) and repre-
sented in Figure 5.5. This ensures the physical ring thickness within the RAC model.

Qout,, = Ain,_y — dq (5.7)
To complete the next ring, the inner radial aperture (a;,, ) can be found at the intersection of the reflected

light ray from the top of the previous ring at (ayy:,_,, Hn—1) With the focal length of the next ring at
(XX, hs + hg), as shown in Equation (5.8).

R+ (- Dhy
S (5.8)
aoutn_]_

With both outer and inner radial aperture found; then it is possible to draft the virtual parabolic ring
(solid grey sag line, shown in Figure 5.5) through Equation (5.1). Then the RAC parabolic ring segment
(solid blue sag line) can be found with the corrected vertical ring height position, given by h, from

Equation (5.5), ensuring the focus at the origin.

5.3.1.3 Fresnel lens
The next inner rings are modelled with the same procedure, until the desired number of rings is com-
pleted. The last ring’s inner aperture, a;;,,, (innermost ring of the RAC) leaves a “hole” in the middle

of the concentrator. A Fresnel lens is used to complete the remaining space. Its radius is represented by
lresnel IN EQuation (5.9).

Trresnel = Qiny (5.9)
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The height of the Fresnel lens, hiesnel, 1S given by the product of the interception of the reflected light
ray from the top of the last ring (ay:,, Hy) to the origin point with the position of the inner aperture of
the last ring (a;y,,, YY), as shown in Equation (5.10).
Hy
Rfresner = = Qiny (5.10)

outy

5.3.2 RAC Design

According to the above-mentioned equations, the design of the desired RAC configuration is governed
mainly by the following parameters:

e N, the number of rings.

®  auy,, the radial size of the first parabolic ring, which defines the collection area of the RAC.

e hy, the focal length of the lens.

e dw, the initial width of the ring, which defines the size of each parabolic ring.

e hg, the ring height modifier, which modifies the height of each successive ring.
ey, the thickness of the parabolic ring.

5.3.2.1 Number of rings, N

The RAC model depends on the number of rings which is composed. Figure 5.6 shows the cross-sec-
tional view of three RACs with six to eight rings. These three RACs shared the same parameter of
Aoyt,= 1000 mm, hy =300 mm, dw = 100 mm, and hq = 40 mm.

Six-ring RAC Seven-ring RAC Eight-ring RAC

SN SN, SN,

Figure 5.6 — Cross-sectional view of six-ring, seven-ring, and eight-ring RACs.

This thesis mainly focused on the RAC configurations with seven rings, which has shown to be the most
suitable for designing an efficient RAC concentrator [39].

5.3.2.2 Initial ring width, dy

The width of the first ring, (da1), is a key parameter for the RAC modelling. However, this parameter is
a product of a scalable function with dyin Equation (5.3). Figure 5.7 shows the influence of dy on the
design of the RACs with h; = 300 mm, a,,,,= 1000 mm and hq = 27.5 mm. A smaller d. led to a shorter
first ring width and a larger Fresnel lens at the center, while a larger dw resulted in a wider first ring
width and a smaller Fresnel lens at the center.
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Focal
length,
hy(mm)

Initial ring width, d,, (mm)

80 100 120

300 ““ ‘c‘ \ | [/ [ \ |

(h;27.5 mm)

Aa,(d,,)

Figure 5.7 — Cross-sectional view of the seven-ring RAC configuration at different dw of 80, 100 and 120 mm, with
ht =300 mm, collection area of 3.14 m? and hq = 27.5 mm.

5.3.2.3 Ring height modifier, hq

The ring height modifier is a critical design parameter which was not discussed in [39]. This parameter
modifies the focal length of each individual ring by changing its height. It yields a significant modifica-
tion of the size and position of each ring, which is crucial for the conception of a physically acceptable
RAC. Figure 5.8 shows the cross-sectional view of seven-ring RAC configurations with three different
ha (15 mm, 25 mm, and 35 mm), but all with fixed parameters of a,,,, = 1000 mm, h; =300 mm, and

=100 mm. As hg increased, the size of each ring section reduced both in height and width, thus in-
creasing the size of the Fresnel lens.

Focal
length,
h(mm)

Ring height modifier, /1; (mm)

\ / / \ \ [\ A | N I 7
300 \ oh il Wil 77 oL\ L S AR RN A% 4
\ \ \ \‘ (/). ISR \ \ ey AR \\ WA /,, J
(d,, 100 mm) b NN § Ui 0 e s 42 4 St NN P & RESEN =

Figure 5.8 — Cross-sectional view of the seven-ring RAC configuration at different hq of 15, 25 and 35 mm, with
ht = 300 mm, collection area of 3.14 m? and dw = 100 mm.

5.3.2.4 Total ring surface area

The surface area of a concentrator is pivotal for building a cost-effective concentrator. Equation (5.11)
shows the total surface area (Ar) of all rings within a RAC. The integral section refers to the calculation
of each ring surface area. The sum section refers to the sum of the surface areas of all N rings.

Zn,high

T X RoCy,
Z _[ e (RoC +4 X 22) oCn3] dz (5.11)
n= 1Zn low

This equation is applicable for designing all the RAC configurations. Table 5-2 shows the total surface
area of various RAC configurations at a fixed collection area of 3.14 m? and hs= 300 mm, but with
different dy, ranging from 60 mm to 180 mm, and hq, ranging from 0 mm to 65 mm. The total surface
ring area reduced with the increase of hg, with fixed dw. This reduction is mainly due to the decrease of
the ring width and height from each inner ring. When hqwas too high, the innermost ring (the last ring)
became so small that either its ring width or height became negative. In this situation, the mathematical
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model for the RAC became invalid and the RAC ceased to exist. This problem could be easily avoided
if arestriction had been previously imposed, such as a minimum ring width (min Aa,,) and/or a minimum
ring height (min Hy). However, in this study, no restriction was imposed for the RAC composition at
any configuration. The largest surface area was obtained at hg = 15 mm and dy = 180 mm, and it de-
creased as dw was reduced. Near hq threshold, the overall RAC ring surface area was significantly re-
duced.

Table 5-2 — Surface area of a RAC with 3.14 m? collection area and hr = 300 mm at different dw and ha.

Total surface ring area (m?)

ha (mm)
dw (mm)

15 275 35 45 55 60 65
60 8.52 7.08 4.61 - - -
80 8.84 7.89 6.97 3.97 - -
100 9.08 9.08 7.70 6.36 - -
120 9.28 8.63 8.13 7.22 5.62 -
140 9.46 8.88 8.46 7.74 6.66 -
160 9.64 9.10 8.74 8.13 7.30 6.73
180 9.82 9.31 8.98 8.46 7.77 7.32 6.77

5.3.25 Aspect ratio

The aspect ratio is the ring height divided by the diameter of the concentrator. It is one of the most
important parameters for solar concentrator design and applications. Equation (5.12) gives the aspect
ratio (AR) of a RAC, illustrated in Figure 5.9. D is the diameter of the RAC and max H, is the highest
ring height of all the rings.

maxH,, maxH,

= ,n=|[1,..,N 5.12
D 2 agye, [ ] ( )

I\\\\\ f /////

I
D I

Figure 5.9 — Aspect ratio of a RAC. H is the maximum height and D is the diameter of the RAC.

Table 5-3 shows the aspect ratio of the seven-ring RAC with the same collection area of 3.14 m? and
hf = 300 mm, but with different hq, ranging from 15 mm to 65 mm, and dw, ranging from 60 mm to
180 mm. The aspect ratio decreased drastically with the increase of hg, at fixed dw. It also decreased with
the reduction of dw; however, at a lower rate than that with hq variation.
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Table 5-3 — Aspect ratio of a RAC at different dw and hg with 3.14 m? collection area and ht = 300 mm.

Aspect ratio

ha (mm)
dw (mm)
15 275 85 45 55 60 65
60 0.48 0.33 0.19 - -
80 0.52 0.37 0.30 0.16 -
100 0.56 0.40 0.34 0.25 -
120 0.60 0.42 0.37 0.30 0.22
140 0.66 0.44 0.39 0.33 0.27
160 0.72 0.46 0.41 0.36 0.30 0.28
180 0.81 0.48 0.44 0.38 0.33 0.31 0.29

5.4 RAC modeling process in Zemax®

Figure 5.10 displays the non-sequential component editor within Zemax® used to model a seven-ring
RAC. The initial six objects are control objects that are not shown and do not directly function within
the ray-tracing sequence. The first object (named as BSPSEU) sets the solar irradiance at parameter 3,
the parameter 6 sets the size of the RAC (aou) and the size of the source, the parameter 10 and 11 (not
shown in the image) sets the Gaussian distribution of the source. The second object’s (named as BYREF)
“Y Position” sets the focal length (hy) of the lens. The third object’s (named BRING) “Y position” de-
fines the rings thickness (d;), the “Tilt about x” defines the first ring with du, it is important to note that
this parameter is read by a customed made ZPL that builds the whole RAC system into the NSC editor
in real time. The fourth object (named as “ring size B”) “X position” defines the hq for all rings. Object
6 serves a reference for moving the whole RAC at any axis.

Object 7 to 13 are “aspheric surface” objects that acts as reflective rings, named b1 to b7, re-
spectively. The RoC (parameter 1), ain (parameter 3), aou: (parameter 4) and dw are calculated through a
standalone ZPL code. The Y position of each ring was calculated using Equation (5.5), which is pre-
cisely negative half of the RoC value, as determined by the “pick-up” function. Object 14 represents the
Fresnel lens, with its Y position being calculated via Equation (5.10), while its RoC is precisely half of
its value, which is inserted in Parameter 6. The size of the Fresnel lens matches that of the last ring inner
aperture, and Objects 16 and 17 represent the sources of the parabolic mirrors and the Fresnel lens,
respectively. The calculation of the source powers follows Equation (3.3), while the detector is posi-
tioned at the origin.
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Figure 5.10 — non-sequential component window of the Zemax® for modeling the RAC.

The resulting built RAC model are shown in Figure 5.11, a) in layout model and b) in shaded model.
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Figure 5.11 — (a) Layout window and (b) shaded model window of the seven-ring RAC.

5.5 Zemax® numerical evaluation of the RAC performance

To evaluate the optical efficiency and concentrated solar flux of different RAC configurations, we used
Zemax® non-sequential ray-tracing software. Since a RAC object is not available in Zemax®, | created
a virtual macro using Zemax® programming language to automate the design process. This macro in-
cluded all relevant equations and added four 10 mm thick mechanical supports for both parabolic rings
and the PMMA Fresnel lens, as shown in Figure 5.12. The parabolic rings were 1.5 mm thick, while the
Fresnel lens was 3 mm thick.

In order to have a fair comparison with the concentrated solar flux of the MSSF parabolic mirror
system in PROMES-CNRS [12], 59% mirror reflectance was here assumed for the parabolic ring mir-
rors. This 59% reflectance of the MSSF resulted from the 78% reflectivity from the heliostat and the
76% reflectivity from the MSSF parabolic mirror. The typical solar irradiance of 2000 W/m? in Odeillo,
France, in clear sunny days was also considered. Sixteen key solar wavelengths, ranging from 0.325 ym
to 2.223 pm, with their respective weight consulted in the standard solar spectrum for one-and-a-half
air mass (AML1.5), were used as the wavelength data [110]. An absorbing flat rectangular detector of
15x15 mm?2 with 100x100 pixels resolution was used for the simulation and data acquisition at the focus
of the RACs. Over 20 million analysis rays were used for each ray-tracing simulation to evaluate the
performance of the RAC.
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Figure 5.12 — (a) General view and (b) Cross-sectional view of an example of the RAC design.

The incoming solar light follows a gaussian distribution that was calibrated from the MSSF parabolic
mirror at PROMES-CNRS within Zemax® to match the concentrated solar flux and focal size. The solar
divergence half-angle (6s) of 0.27° was assumed. The same gaussian distribution was then used for the
numerical analysis of the RAC. Figure 5.13 shows the interaction of a portion of the non-normal incident
solar rays with the first two rings. A portion of the solar rays (-6.) is reflected by the 1% ring (1), while
a small portion is lost by the physical thickness of the ring (2). The remaining portion of the solar rays
(+0s) is reflected by the 2" ring (3). Only a small portion of the solar rays, at the input edge of the 2™
ring, are blocked by the back-surface of the 3™ rings (4), representing a loss less than 1%.

Incoming
solar rays

-0, +0, rd .
| (P 3 Ring

244 Ring

I Ring

Figure 5.13 — Cross-sectional view of the interaction of one part of the incoming solar rays with the first two rings of the
RAC in Zemax® non-sequential workspace. (1) The transmitted solar rays with divergence half-angle -6a. (2) The blocked
solar rays by the physical thickness of the ring. (3) The reflected solar rays with divergence half-angle +0a. (4) The re-
flected/blocked solar rays due to the thickness of the 3™ ring from the reflected rays at the edge of the 2" ring.

5.5.1 Concentrated solar flux

The concentrated solar flux represents the amount of solar power per unit area at the focus of the con-
centrator. Figure 5.14 shows the concentrated solar flux of a seven-ring RAC with collection area of
3.14 m? and h; of 300 mm, at different dw, ranging from 60 mm to 180 mm, and hg, ranging from 15 mm
to 65 mm.

Concentrated solar flux higher than 18 W/mm?was achieved within a certain range of hq at any value of
dw. For example, for dw = 60 mm, concentrated solar fluxes higher than 18 W/m? were obtained at hq
ranging from 0 mm to 32.5 mm. Smaller dy attained a slightly increased concentrated solar flux as com-
pared to that with larger dw. For example, with dy =60 mm at hg = 27.5 mm, maximum concentrated
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solar flux of 18.72 W/mm? was attained, while with dw = 80 mm at hg = 32.5 mm, the solar flux de-
creased to 18.64 W/mm?. For the same dy, the solar flux varied significantly with hq. For example, with
dw =120 mm and hg =45 mm, 18.3 W/mm? solar flux was obtained, while with dy =120 mm and
hs = 54 mm, the flux value decreased to 16 W/mm?. Nevertheless, at larger dy, the concentration solar
flux was kept above the 18 W/mm? within a larger range of hq. Figure 5.14 offers a wider range of choice
for RAC modelling.

Collection area 3.14 m?, h; = 300 mm

d,60mm ¢, 80mm d, 140 mm d, 160 mm
L \ “ d, 180 mm

X v \
Bl NN T e e —— {

I

g “g d, 120 mm
- I W ¢,00mm ]
8
L e
10
30 40 50 60
hy (mm)
Figure 5.14 — Concentrated solar flux of seven-ring RACs with collection area of 3.14 m? at hs = 300 mm with different dw
and ha.

5.5.2 Optical efficiency

The optical efficiency is given by = P,/P1, where Py is the initial radiative energy reaching the input
area of the concentrator, and P is the concentrated radiative energy at the focus [110]. The RAC optical
efficiency depends on the concentration efficiency of both the parabolic rings and Fresnel lens. Figure
5.15 shows the optical efficiency of the seven-ring RAC with fixed collection area of 3.14 m?and hy of
300 mm, at different du, ranging from 60 mm to 180 mm, and hq, ranging from 15 mm to 65 mm. The
maximum optical efficiencies are shown in Figure 5.15. Unlike the concentrated solar flux mentioned
in the previous section, the optical efficiency approached the maximum value for large values of hg and
dw. The maximum optical efficiency stopped at dw of 180 mm, where the RAC model ceased to exist.

112
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Figure 5.15 — Optical efficiency of the seven-ring RAC with collection area of 3.14 m? at hs = 300 mm with different dw and
ha.

5.6 Seven-ring discussion

The concentrated solar flux, optical efficiency, total ring area, and aspect ratio of the seven-ring RAC
with a collection area of 3.14 m? and a focal length of 300 mm are strongly influenced by the initial
RAC parameters, which dictate the model's outcome. Figure 5.16 illustrates the output performance of
the RAC under various combinations of dy and hg, showing the concentrated solar flux, optical effi-
ciency, total ring area, and aspect ratio.
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Figure 5.16 — Representation of the output characteristics of: (a) concentrated solar flux (W/mm?), (b) optical efficiency
(%), (c) total ring surface area (m?) and (d) aspect ratio, from the seven-ring RAC configurations with 3.14 m? collection
area, hs = 300 mm at dw of 60, 80, 100, 120, 140, 160, 180 mm and hq4 of 0, 20, 40 to 60 mm.

The concentrated solar flux benefits from an increase in hg value, at fixed dw. This is valid until a certain
hq threshold, from which it starts to decrease. For example, in Figure 5.16 a), at dw 60 mm, the concen-
trated solar flux started with 18.20 W/mm? for hg = 0 mm, increasing to 18.72 W/mm? for hg = 27.5 mm,
and then it dropped to 13.05 W/mm? at hg = 35 mm. For a fixed hq value, the concentrated solar flux has
a decreasing trend with the increase of dy.

Similarly, the optical efficiency rises with the increase of the hy value, at fixed dw, up to a certain hq
threshold, from which it starts to decrease. This example could be seen at Figure 5.16 b) at d 60 mm,
where the optical efficiency started with 53.45% for hqg = 0 mm, increasing to 55.11% at hq = 30 mm,
and then it dropped to 46.61% at hg = 35 mm.

The total ring surface area of the RAC has its maximum at hqg = 0 mm, at any dw, and it is reduced with
the increase of hg, as shown in Figure 5.16 c). This steady reduction became more abrupt with the de-
crease of dy.

The aspect ratio of the RAC rapidly decreases with the increase of hg, as shown in Figure 5.16 d). With
the increase of d, this sudden decline acquires a more gradual reduction rate.
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The interaction of dy and hq has a direct influence on the width and height of all the rings of the RAC,
influencing the concentrator’s aesthetical composition and output. Figure 16 shows the strong influence
of dw and hq on the RAC cross-sectional profile and its respective output performance.

The dy has a direct tie with the width of a ring. A small d., value not only sets a smaller width of the first
ring, but also leads to a smaller width for each successive inner ring. The last ring would normally leave
a hole in the middle, and it would be occupied by a Fresnel lens, as shown in Figure 5.17. At larger du,
the width of the inner rings was larger, which leaves a smaller gap at the centre of the concentrator, as
shown in Figure 5.17, for dy, = 100 mm, and hg = 15 mm.

At the extreme case of dw = 180 mm, the width of the second and third ring is larger, and their size
occupied most of the inner space. The width of the next rings decreased for smaller hq in such a way
that the last ring would become unrealistically long and there would be practically no space to add a
Fresnel lens at the centre, as shown in Figure 5.17 for dw = 160 mm and dw = 180 mm, at hq = 15 mm.
Due to the long length of the innermost ring, the total ring surface area and aspect ratio increases. More-
over, this configuration does not offer the best performance in terms of concentrated solar flux and
optical efficiency.

The variation of hy modifies the internal ring’s height position, and it influences the width and height of
all internal rings. The increment of this value generally leads to a decrease in size of all rings and,
consequently, to a larger gap on the centre of the concentrator, as shown in Figure 5.17 for dy = 100 mm,
at hg from 15 mm to 35 mm. This not only changes the aesthetical aspect of the concentrator, but also
vastly improves its desirability by reducing the aspect ratio from 1.03 to 0.53, the total ring surface area
from 1.90 m? to 1.86 m?, increasing the concentrated solar flux from 18.10 W/mm? to 18.40 W/mm? and
the optical efficiency from 54.31% to 54.93%, respectively. However, any further increment of the hg
may cause some of the innermost rings to become too small and physically impossible to produce, as
shown in Figure 16 for dw 160 mm and hg 60 mm. In this case, the innermost ring could be removed, as
well as the vertically long innermost ring of the RAC with hg 15 mm, since in both cases the collection
area was so small that it has little influence on the total output of the concentrator.

The output performance of the concentrator is largely dependent on both hy and dy variables. Most of
the hd/dy combinations proved to be equally efficient, but the practicability of the concentrator should
be also considered. It is favourable for a cost-effective concentrator to have a smaller aspect ratio and a
lower total ring surface area, which is more practical, cheaper, and lighter. Therefore, a compromise
between dw and hq is needed to attain a balance between high concentrated solar flux and optical effi-
ciency, accompanied by a reasonable aspect ratio and low total ring surface area. For example, the dy =
60 mm and hq = 27.5 mm configuration had the highest concentrated solar flux of 18.72 W/mm?, asso-
ciated with a moderate optical efficiency of 54.75%, while it had a total ring surface area of 1.81 m? and
a moderate aspect ratio of 0.50.
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Figure 5.17 — Summary of the concentrated solar flux (W/mm?) / optical efficiency (%) / total ring surface area (m?) / aspect

ratio from the seven-ring RAC configurations with 3.14 m? collection area and ht

300 mm at different dw and hq of 15, 27.5,

35, 45 and 60 mm.
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5.7 3D RAC

Figure 5.18 illustrates the 3D RAC solar furnace proposed in this study, which consists of five RAC
units that focus incoming solar light onto a shared focal spot. These RACs are arranged to form a com-
pact box-shaped solar furnace, which has a rear opening for easy access to the focal spot in the center.
Figure 5.19 shows the concentrating process, with the primary RAC receiving incoming solar light that
has been reflected by the heliostat, while the four lateral RACs receive reflected sunlight that has been
first reflected by the heliostat and then by the four plane folding mirrors, which have a reflectivity of
95%.

Mechanical Main RAC solar Small Fresnel
support furnace unit

(59% reflectivity)

Plane folding

mirror
(95% refiectivity)

Plane folding
mirror

Side RAC solar furnace unit
(59% reflectivity)

Figure 5.18 — 3D RAC solar furnace composed of five identical seven-ring RACs and four folding mirrors.

RAC
\ | ce unit
. el lens
Plane folding
mirror I

(95% reflectivity)

o\

Mechanical support Focal spot

Figure 5.19 — Schematics of the cross-sectional view of the 3D RAC solar furnace with solar rays being concentrated to a
common spot.

5.7.1 Heat load analysis of the 3D RAC, the MSSF parabolic mirror and the
Fresnel lens solar furnaces.

The heat load analysis of the solar furnaces was conducted with a 15 mm x 15 mm x 15 mm volume
detector in ZEMAX®. To ensure an accurate comparison with the performance of the 3.14 m? (1 m
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radius) MSSF parabolic mirror, each RAC unit had 0.447 m radius, corresponding to 0.628 m?collection
area; therefore, a combined 3.14 m? collection area was achieved for the five RAC units mounted to-
gether to form the 3D RAC solar furnace. 59% reflectivity was assumed for all the rings and 95% re-
flectivity for the folding mirrors.

The heat load distributions and the FWHM dimensions of the focal spots of the 3D RAC, the MSSF
parabolic mirror and the Fresnel lens solar furnaces are shown in Figure 5.20.

3D RAC MSSF parabolic mirror Fresnel lens
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Figure 5.20 — Cross-sectional view of the heat load distribution at the focal spot of (a) the 3D RAC, (b) the MSSF parabolic
mirror and (c) the Fresnel lens solar furnaces.

Due to the short focal length of 0.447 m for each 3D RAC unit, a considerably small spherical focal
volume of 3 mm x 3 mm x 3 mm (27 mm?®) was obtained, as compared to that of the MSSF parabolic
mirror, which obtained a large ellipsoidal-shape focal volume of 3.75 mm x 3.75 mm x 5.63 mm
(41.45 mm?®). The Fresnel lens presented a significantly large cylindrical focal volume of 3.5 mm x
3.5 mm x 15 mm (577 mm?3).

The unique combination of the five RAC’s units ensured therefore a considerably enhanced solar flux
as compared to that of the conventional parabolic mirror solar furnace. This also may open a door for
the high flux solar pumping of laser media, such as Alexandrite that requires very high pumping flux
within a small volume [111].

5.7.2 Improvement of solar concentration ratio by the 3D RAC furnace

The concentration ratio C is defined by the input aperture area of the focusing collector over the receiver
area (C = Sconcentrator /Sreceiver) [20]. By using the edge-ray principle [112] and assuming 6. = 0.265° Sun-
Earth acceptance half-angle subtended by the Sun [20], the maximum radius of a spherical receiver
(rspnere) at the focus of a parabolic mirror can be determined by the parabola’s radial aperture (Fparabola)
and its rim angle (w) [3, 113], as indicated by Equation (5.13) and Figure 5.21 a).

sin 8, (5.13)

T =r _—
sphere parabola Sin w
The maximum solar concentration ratio for an ideal perfectly specular 3D paraboloid rim angle aligned

to the Sun, is given by Equation (5.14) [20].
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Figure 5.21 — Solar concentration schemes of (a) the parabolic mirror and (b) the 3D RAC solar furnaces, both with the
same collection area S; Srac1, Srac2, Sracs, and Sracs, Sracs are the collection areas of each single RAC; rrac is the radius of a
single RAC; r’rac is the inner radius of the outmost ring of the RAC; rsprere and r’sphere are the radius of the receiver spheres
of the parabolic mirror and the 3D RAC solar furnaces, respectively ; w and w’ are the rim angles of the parabolic mirror and

the 3D RAC solar furnaces, respectively; 6ais the Sun-Earth acceptance half-angle.

The 3D RAC furnace total collection area (Ssprac) is given by the combination of the five single RACs
collection area (Sraci), as shown in Figure 5.21b and Equation (5.15).

5
S3prac = Z Sraci (5-15)
i=1

Since the 3D RAC furnace is composed of five single RACs with the same aperture and focal length,
by the edge-ray principle, the radius of the spherical receiver of the 3D RAC (»’sphere) Can be determined
by the inner radius of the outmost ring of a RAC (r rac), its rim angle (o ) and the Sun-Earth acceptance
half-angle (6. = 0.265°), as shown in Equation (5.16):

sin 6
’ _ a
T sphere = T RACI sinw' (5.16)

From Equations (5.8) and (5.9), the concentration ratio of the 3D RAC can then be calculated by:

S3pRAC _ Yi-1Sraci _ Y51 T MRaci sin o’ _ 5 Tacsin >’ (5.17)
Sphere 41"} pc SN O, 4 1’} pcsin® 6, .

The MSSF parabolic mirror with rparanola = 2000 mm has 60° rim angle and 850 mm focal distance. For
the same collection area (S = 3.14 m?), each RAC has rrac = 447 mm, r’rac = 420 mm, 447 mm focal
distance and 43° rim angle. By using the edge-ray principle, the spherical receiver surface areas of

358.42 mm? (rsphere = 5.34 mm) and 101.47 mm? (7 sphere = 2.84 mm) were calculated for the MSSF

Caprac = =
! !
S'sphere ATT

119



parabolic mirror and the 3D RAC furnaces, respectively. The concentration ratios of 8765 for the MSSF
parabolic mirror and 30962 for the 3D RAC solar furnace were finally obtained, respectively, as sum-

marized by Table 5-4.
Table 5-4 — Comparison of the MSSF parabolic mirror concentration ratio with that of the 3D RAC furnace

3D RAC furnace MSSF parabolic mirror
Collection area (m?) 3.14 3.14
Sphere radius (mm) 2.84 5.34
Concentration ratio 30962 8765

Figure 5.22 shows the incident solar flux distribution onto the spherical receivers of both the MSSF
parabolic mirror (rsphere = 5.34 mm) and the 3D RAC (r ’sphere = 2.84 mm) solar furnaces. The large re-
ceiver surface of the MSSF parabolic mirror has one single light spot with high flux at its top, while
little or no presence of light irradiance at its bottom, as shown in Figure 5.22 a). For the small 3D RAC
receiver, most of its surface area is irradiated more uniformly than that of the MSSF parabolic mirror
by high flux solar power, as shown in Figure 5.22 b).

a) MSSF parabolic mirror b) 3D RAC
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Figure 5.22 — The solar flux distribution profile on the surface of the spherical receivers from (a) the MSSF parabolic mirror
and (b) the 3D RAC solar furnace.

5.7.3 Improvement in optical efficiency by the 3D RAC solar furnace

The optical efficiency is defined as the ratio between the absorbed solar power by a receiver and the
incoming solar power of a solar collector. Figure 5.23 shows the comparison of the optical efficiencies
of the MSSF parabolic mirror and 3D RAC furnace, for various spherical receiver sizes. For the MSSF
parabolic mirror, 37.8% optical efficiency was numerically achieved for the 2rsphere = 10.68 mm diameter
spherical receiver, while less optical efficiency of 29.5% was numerically attained for the 27 sphere =
5.68 mm diameter spherical receiver of the 3D RAC. However, for receiver spheres of same diameter,
the 3D RAC furnace offered a significantly higher optical efficiency compared to that of the MSSF
parabolic mirror. For example, for the 10.68 mm diameter, 51.0% optical efficiency was numerically
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achieved by the 3D RAC, which is 1.35 times more than that of the parabolic mirror. For receiver sphere
larger than 15 mm diameter, the 3D RAC suffers from a slight decrease in optical efficiency.

0.7

MSSF parabolic mirror

3D RAC fumace

Optical efficiency

bt
[

e

0055 1010.68 1s 20 25 30

Spherical receiver diameter (mm)

Figure 5.23 — Optical efficiency comparisons between the 3D RAC and the MSSF parabolic mirror at different receiver di-
ameters.

5.7.4 Temperature performance analysis of the solar furnaces

Since the focused solar light at the focal spot of the 3D RAC are from five different directions (Figure
5.18), the use of the disk receiver is not suitable to analyse the temperature. Therefore, a spherical re-
ceiver was used to analyse the temperature for both the MSSF parabolic mirror and the 3D RAC solar
furnaces.

Initially, a stereolithographic (STL) sphere with a radius of 2.84 mm and a total of 5624 superficial
pixels was employed in Zemax® to substitute the disk receiver at the MSSF parabolic mirror’s focus.
The sphere’s center was aligned with the focal spot’s center, as demonstrated in Figure 5.24 a). Through
numerical simulations, a maximum temperature of 3582 K, a minimum temperature of 2371 K, and an
average temperature of 2841 K were achieved, as presented in Figure 5.24.

b) Top view c) Cross-sectional view

Cross-section «

Temperature
Unit: K

3582.5 Max
3447.9
33133
31788
3044.2

2909.6 o X
2775

26404

2505.9
2371.3 Min

i

Figure 5.24 — (a) Spherical graphite receiver at the focal spot. (b) Top view and (c) cross-sectional view of the temperature
distribution at the focal spot of the MSSF parabolic mirror.

A 2.84 mm radius spherical STL detector was then used for the temperature analysis of the 3D RAC
furnace. The maximum temperature of 3756 K, the minimum temperature of 3344 K and the average
temperature of 3632 K were numerically achieved, as shown in Figure 5.25.
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Figure 5.25 — (a) Spherical graphite receiver at the focal spot. (b) Top view and (c) cross-sectional view of the temperature
distribution at the focal spot of the 3D RAC furnace.

——

The collection area of the solar furnace and the size of the receiver are critical factors to determine the
amount of solar radiation reaching the focal spot. The 3D RAC, the parabolic mirrors and the Fresnel
lens furnaces were analysed for the temperature comparison at their focal spot. Figure 5.26 shows the
maximum attainable temperature for collection area up to 100 m2. 5.68 mm, 10.68 mm, 15 mm, and
20 mm diameter spherical receivers were used.

For collection areas smaller than 3.14 m?, the MSSF offered the highest temperature, and the 3D RAC
furnace provided a slightly reduced temperature, while the Fresnel lens produced the lowest tempera-
ture. However, for the 5.68 mm diameter receiver, the 3D RAC exceeded the maximum temperature of
the MSSF parabolic mirror, when the collection area was larger than 3.14 m2, For collection areas var-
ying from 3.14 m? to 100 m?, 1.1 times gradual enhancement in maximum attainable temperature were
numerically calculated. The maximum temperature of the 3D RAC furnace also increased faster than
that of the MSSF parabolic mirror for all receivers, as shown in Figure 5.26.
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Figure 5.26 — Maximum temperature of 3D RAC, parabolic mirror, and Fresnel lens as a function of the collection area for

receiver diameter of (a) 5.68 mm, (b) 10.68 mm, (c) 15 mm and (d) 20 mm.
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Due to its short focal length, the 3D RAC furnace had the advantage of achieving effective solar con-
centration within a smaller focal spot and only a small portion of the focused rays missed the smaller
diameter receiver, when compared to that of the parabolic mirror with an enlarged focal spot. For large
collection area, the 3D RAC had an evident tendency for attaining higher temperature than that of the
parabolic mirror. Moreover, a multiple side heating together with less heat dissipation from the small
focal spot of the 3D RAC furnace also enabled a higher temperature than that of the parabolic mirror.
The Fresnel lens presented about 45% reduction in the maximum temperature performance, as compared
to the above-mentioned parabolic mirror and 3D RAC schemes. No significant variation in temperature
was attained neither with more collection area nor with a larger receiver.

Besides the importance of the maximum temperature, average and minimum temperatures are also vital
parameters to characterize the working temperature capacity of a solar furnace. Figure 5.27 shows the
influence of the receiver size and the collection area on average and minimum temperatures for each

type of solar furnace. The 3D RAC furnace presented advantages in average and minimum temperatures
for all collection areas.
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Figure 5.27 — Average and minimum temperature of 3D RAC, MSSF parabolic mirror and Fresnel lens as a function of the
collection area for receiver diameter of (a) 5.68 mm, (b) 10.68 mm, (c) 15 mm and (d) 20 mm.

With the 5.68 mm diameter receiver and the collection area varying from 3.14 m? to 100 m?, the average
and minimum temperatures of the 3D RAC furnace were significantly improved by 870 K and 1140 K,
respectively, as compared to that of the parabolic mirror, as shown in Figure 5.27 a). Even for a large
diameter receiver, the superiority of the 3D RAC furnace in both average and minimum temperature
operation remained. With the 20 mm diameter receiver and 100 m? collection area, for example, the 3D
RAC furnace achieved about 870 K average temperature and 1140 K minimum temperature enhance-
ments, respectively, over that of the parabolic mirror, as shown in Figure 5.27 d). The Fresnel lens
presented significantly reduced average and minimum temperature values among these three types of
solar furnaces.

5.7.5 Influence of convection coefficient on the temperature performances
of both the 3D RAC solar furnace and the MSSF parabolic mirror

The temperature performances of both the 3D RAC and the parabolic mirror solar furnaces depend
strongly on the convection coefficient. ANSYS™ simulation tool was used to analyse this dependency.
For 5x10° W/mm?/K convection coefficient, corresponding to the stagnant air situation in the previous
sections, maximum, average and minimum temperatures of 3756 K, 3632 K and 3344 K, respectively,
were numerically calculated for the 3D RAC furnace with 5.68 mm diameter receiver sphere; while
maximum, average and minimum temperatures of 3582 K, 2841 K and 2371 K, respectively, were
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numerically calculated for the parabolic mirror furnace with 10.68 mm diameter receiver sphere. There-
fore, 4.6%, 21.8% and 29.1% more maximum, average, and minimum temperature, respectively, were
obtained by the 3D RAC furnace. With the increase in convection coefficient, the advantage of the
temperature performance of the 3D RAC solar furnace became more evident. For 1.2x10° W/mm?/K
convection coefficient, maximum, average, and minimum temperatures of 3321 K, 3182 K, 2865 K,
respectively, were calculated for the 3D RAC furnace and 3014 K, 2137 K, 1580 K, respectively, for
the parabolic mirror solar furnace. The receiver sphere with large surface area of the MSSF parabolic
mirror resulted in more convection losses than that by the receiver sphere with small surface area of the
3D RAC furnace. The solar furnace using the 3D RAC design was able to generate significantly higher
temperatures than the MSSF parabolic mirror scheme, with increases of approximately 9.2%, 32.8%,
and 44.9% in maximum, average, and minimum temperature, respectively. This suggests that there were
significant thermal losses in the parabolic mirror scheme.
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1000 N .
~——— MSSF parabolic mirror (maximum)

MSSF parabolic mirror (average)

————— MSSF parabolic mirror (minimum)

0 2x104 4x104 6x104 8x104 1x103 1.2x103
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Figure 5.28 — Influence of convection coefficient on the temperature performances of both the 3D RAC solar furnace and
the MSSF parabolic mirror.

5.7.6 Tracking error analysis of the 3D RAC and the parabolic mirror solar
furnaces

The deviation in tracking (tracking error) results in the displacement of the focal spot from the ideal
position, leading to a significant decrease in efficiency. Figure 5.29 a) demonstrates the reduction in
efficiency of the 15 mm diameter spherical receiver as a function of tracking error in altitude and azi-
muth directions for both the MSSF parabolic mirror and the 3D RAC solar furnace.
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Figure 5.29 — (a) The absorbed energy by black body detector with the tracking error in altitude and azimuth directions. (b)
The heat load distributions of the 3D RAC (1)(2)(3)(4)(5) and the MSSF parabolic mirror (1°)(2°)(3’)(4°)(5’).

At 0.25° altitude and azimuthal tracking errors, about 11% and 42% loss were obtained for 3D RAC
and MSSF parabolic mirror, respectively. However, at 0.50° on only one of the axes, a 26% and 68%
power loss was obtained for 3D RAC and MSSF parabolic mirror, respectively. At the extreme case of
tracking error by 0.50° on both axes, the efficiency was nearly extinguished for the MSSF parabolic
mirror, and a 60% loss was obtained for 3D RAC. In summary, the 3D RAC furnace had a generally
better tracking error performance as compared to the parabolic mirror furnace. Figure 5.29 b) shows the
tracking error with heat load efficiency distribution at the focal spot by the 8 mm x 8 mm x 8 mm de-
tector. For small tracking errors, the 3D RAC produced an enhanced heat load distribution at the center
of the detector, as compared to that of the parabolic mirror furnace.
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5.8 Conclusion

Analytical and numerical models were firstly used to optimize the single RAC solar furnace unit param-
eters. The single RAC, with seven ring-arrays and a small Fresnel lens at the center, provided nearly the
same temperature range as that of the 3.14 m? MSSF parabolic mirror from PROMES-CNRS. The
3D RAC solar furnace, consisting of five RAC furnace units, was then proposed, and numerically opti-
mized in Zemax® software. It formed a compact box-shaped solar furnace with an opening at the rear
side for an easy access to the common focal spot at the center. By adopting the edge-ray principle, 3.53
times higher concentration ratio was calculated for the 3D RAC furnace, as compared to that of the
parabolic mirror, leading to considerably improved thermal and optical efficiencies. The temperature
performance of the 3D RAC and its dependency on both the receiver size and collection area were then
numerically evaluated in ANSYS™ software and compared to that of the MSSF with same collection
area. For the 6.5 mm diameter receiver, the 3D RAC exceeded the maximum temperature of the MSSF
parabolic mirror for the collection area larger than 3.14 m2, For large collection areas varying from
3.14 m? to 100 m?, 1.1 times gradual enhancement in the maximum attainable temperature was numer-
ically calculated. With the increase of the collection area, the maximum temperature of the 3D RAC
furnace also increased faster than that of the MSSF parabolic mirror for all receivers. For a large size
receiver (20 mm diameter for example), 870 K and 1140 K enhancements in average and minimum
temperatures, respectively, in relation to that with MSSF, were numerically obtained. This shows the
superiority of the 3D RAC, especially for achieving both average and minimum attainable temperatures.
In addition, the 3D RAC solar furnace presented better temperature performance with convection loss
and an overall enhanced tracking error compensation capacity, as compared to that of the MSSF.
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6

SOLAR-PUMPED LASERS

6.1 State of the art

Laser technology has played a crucial role in various applications involving coherent light, such as ma-
terial cutting, processing, and spectroscopy across diverse fields. However, conventional lasers of this
kind are often characterized by their size, complexity, and high cost. The typical process involves ex-
citing an active medium through lamps, then laser emission through the energy absorption by the active
medium. This method demands a significant amount of electricity to generate a high-powered laser, and
the configuration of the laser beam is achieved through intricate optics.

This chapter delves into the realm of solar-pumped lasers, a field that has evolved since the early 1960s.
The technology involves concentrating solar light across all wavelengths onto the active medium
through multiple stages of concentration. Subsequently, the laser is generated through the absorption of
various wavelengths characteristic to the active medium. Notable advancements include the shift from
the commonly used Nd:YAG crystal to the more recent Ce:Nd: YAG, as well as the transition from direct
collectors of parabolic mirror then the use of Fresnel lenses to a heliostat-parabolic mirror system.

The focus of this chapter is on the modeling of an end-side-pump solar laser system, specifically target-
ing the pumping of Ce:Nd:YAG. The research aims to optimize solar laser production by utilizing a
smaller solar collector. Key investigations include determining the minimum energy required for solar
laser emission, exploring solar laser production under cloudy conditions, and studying the generation of
a doughnut-shaped solar laser beam in such scenarios. These studies are crucial for the development of
smaller-scale solar-pumped lasers capable of operating under cloudy conditions and providing flexibil-
ity in altering laser beam shapes.

6.2 Properties of light of solid-state lasers

Quantum properties dominate the fields of atomic and molecular physics. Radiation is quantized such
that for a given frequency of radiation, there can be only one value of quantum energy for the photons
of that radiation. The energy levels of atoms and molecules can have only certain quantized values.
Transitions between these quantized states occur by the photon processes absorption, emission, and
stimulated emission. All these processes require that the photon energy given by the Planck relationship
is equal to the energy separation of the participating pair of quantum energy states.
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6.2.1 Absorption and emission

The electron transitions associated with visible and ultraviolet interactions with matter, the absorption
of a photon will only occur when the quantum energy of the photon matches the energy gap between
the initial and final states, as shown in Figure 6.1.

AE = E, — E; = hvy, (6.1)
where E; and E; are two discrete energy levels, in which E>> E, v21 is the frequency, and h is Planck’s
constant (6.626x10%J.s).

In the interaction of radiation with matter, if there is no pair of energy states such that the photon energy
can elevate the system from the lower to the upper state, then the matter will be transparent to that
radiation frequency.

a) Absorption b) Emission
N2 N2
Eo——— E,—&—
Ephoton =ho J\/\/V\/K—’
E;—Q0000O E;—2Yooo
N1 N1

Downward transition then
emission of photon

A Ephoton =ho=E2-E: Ephoton =ho=E2-E:

Figure 6.1 — Photon process of absorption in (a) and emission in (b).

Absorption occurs when:

Energy levels associated with molecules, atoms and nuclei are in general discrete, quantized energy
levels and transitions between those levels typically involve the absorption or emission of photons.
Electron energy levels have been used as the example here, but quantized energy levels for molecular
vibration and rotation also exist. Transitions between vibrational quantum states typically occur in the
infrared and transitions between rotational quantum states are typically in the microwave region of the
electromagnetic spectrum.

At thermal equilibrium, the amount of population of N1 in E1 energy level should be populated, and none
of N at E> should be populated. The number of N1 can be depleted proportionally due to the absorption

of radiation at a density of p(») with a constant probability of Bi,, shown in Equation (6.2):
aN.

a_tl = —B,p(V)N; (6'2)

And the energy density is shown as:

3
p(v) = 8h lc’—g 6.3)

With c as speed of light at 299792458 m/s.
After an atom has been raised to the upper level by absorption, the population at the upper-level decays
spontaneously to the lower level at a rate proportional to the upper-level population:
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N,

at

where Az is a constant related to the spontaneous transition probability to a lower level within a unit of

time. Spontaneous emission can occur without the presence of an electromagnetic field, where the emit-

ted quanta are incoherent. Thus, the A; Einstein coefficient represents a loss term and introduces into

the system photons that are not phase-related to the incident photon flux of the electric field, which
means that the spontaneous process represents a noise source in a laser.

= —A21N2 (64)

6.2.2 Stimulated emission

An electron already in excited state and an incoming photon with quantum energy is equal to the energy
difference between its present level and a lower level, would stimulate a transition to that lower level,
producing a second photon of the same energy, as shown in Figure 6.2.

N2 N2
E> Q E2 5
e Stimulated .
Epnoton =ho emission AN
E: E:
N1 N1

Figure 6.2 — Stimulated emission.

6.2.3 Population inversion

When a sizable population of electrons resides in upper levels (N2>>N), this condition is called a “pop-
ulation inversion”, and it sets the stage for stimulated emission of multiple photons. This is the precon-
dition for the light amplification which occurs in a laser, and since the emitted photons have a definite
time and phase relation to each other, the light has a high degree of coherence.

a) A\ b) N2
E, -20000000000

E- 0000000000
Ephoton:hl) N2>>N: %

E: E:
N1 N1

Figure 6.3 — (a) population inversion. (b) photons produced by stimulated emission, producing coherent light.

6.2.4 Fluorescence

If a high energy photon is absorbed by an atom or molecule by exciting an electron and then quickly
undergoes some interaction with the crystal lattice or some collisional process, the excited electron can
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be transferred to a lower quantum state. If the electron then makes a transition back to its original state,
then the photon emitted will be of lower photon energy and longer wavelength.

The metastable state is an additional intermedial energy level between E, and E;, defining the laser
output frequency during the meta-state transition, as shown in Figure 6.4. Most transitions of ions show
rapid non-radiative decay because the coupling of the internal atomic oscillations to the surrounding
lattice is strong. Radiative decay processes occur, but most have short lifetimes and broad linewidths.
Only a few transitions of selected ions in solids turn out to be decoupled from the lattice vibrations,
which have a radiative decay that leads to relatively long lifetimes.

In three and four level laser systems, illustrated in Figure 6.4, the 3—2 and 1—0 transition frequencies
fall within the frequency range of the vibration spectrum of the host crystal lattice. For this reason, these
transitions can relax extremely rapidly by direct non-radiative decay, emitting a phonon to the lattice
vibrations with lifetimes sz, T10 ~ 1078 to 101! s. Nevertheless, the transitions 3—0, 3—1, 2—0, and
2—1, with larger energy gaps, often correspond to transition frequencies that are higher than the highest
possible vibration frequency of the crystal lattice. Since the lattice cannot accept phonons at those high
frequencies, these transitions cannot relax via simple single-phonon spontaneous emission but relax
either by radiative photon emission or by multiple-phonon processes, which are relatively weak com-
pared to direct single-phonon relaxation. Therefore, these transitions will have much slower relaxation
rates (t21 = 107° to 1073 s). The energy levels from the pump band, Es, will then relax mostly into the
metastable level, E;, which has a long lifetime because there are no other levels located close below it,
into which it can decay directly.
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Figure 6.4 — Schematic energy level diagram of a three and four-level laser system.

6.2.5 Laser oscillator

For a laser device, in addition to a laser material and pump energy to maintain a non-equilibrium state,
it is also necessary to have a feedback mechanism for radiation to build up the amplified optical field.
This requirement can be obtained by placing the laser medium into a laser resonator, as shown in Figure
6.5.

The pump energy inverts the electron population in the laser material, leading to energy storage in the
upper laser level, as shown in Figure 6.5 b) to f). The resonator, or resonant cavity, maintains the
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electromagnetic field configuration by the amplifying medium through stimulated emission. Thus, the
resonator defines the spectral, directional, and spatial characteristics of the laser radiation. The resonator
is composed of two opposing mirrors (plane-parallel or curved) with the right radius of curvature, re-
flectivity of the mirror and relative distance to the axis of the active material. This enables the laser
beam to travel back and forth through within the laser material, increasing the amplification of stimu-
lated radiation, as shown Figure 6.5 c) to f). For laser emission at the desired wavelength, one of the
cavity mirrors must be highly reflective, approaching 100% reflectivity, while the other lens (output
coupler), must have a partially reflective coating for the same wavelength. A portion of the radiation
will then “leak” out from the oscillator, and laser emission will occur if the feedback and gain are strong
enough to compensate for the internal losses within the system.
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Figure 6.5 — Schematic scheme of laser oscillation operation through a resonant cavity.

6.3 Solar power conversion to laser output power

To achieve a desired output performance with the maximum system efficiency it is of utmost importance
to understand the dependency and interrelationship of the laser system design parameters and design
issues which may help in the optimization of the overall laser efficiency. This can be represented by the
energy diagram schematically illustrated in Figure 6.6.
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Figure 6.6 — Energy conversion process in a solar pumped laser system.

6.3.1 Absorption of pumped radiation by the active medium and transfer of
energy to the upper laser level
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Figure 6.7 — Absorption and emission energy level of Ce®* and Nd®* ions. (1) the energy transfer by cross relaxation of Ce®*
to Nd3*ion, and (2) the quantum cutting down conversion of Ce3* ion from 5d1 energy level into two Nd3* ions at *Far2 energy
level. Adapted from [55] and [51].

The strong UV and blue photons excite the Ce** 4f level (the 2Fs;, ground state), towards the 5d sublevels
of 5d; and 5d, as shown in Figure 6.7 [55, 114]. The consequent energy relaxation from 5d; to both
ground states F7, and 2Fs, forms a yellow/green broad emission spectrum, overlapping with the exci-
tation peaks of the Nd** ion at the *G7,+2Go+°Ki3i2 energy levels between 510 nm and 540 nm and the
2G7+*Gs/2 energies levels between 566 nm and 595 nm [55, 115]. The radiative transfer mechanism by
the transition 5d—4f of the Ce*" ion and the transitions *lo,—*G7,+2Gep+?Kisr and *lop—2Gro+*Gsy
through cross-relaxation process are indicated by pathway (1) in Figure 6.7 [55]. The pathway (2) rep-
resents the energy transfer from the Ce®" excited state at 5d; to the two Nd** ions at “Fs, level through
guantum cutting down-conversion process [55].
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6.3.2 Conversion of input delivered from the pump source to useful pump
radiation.

In solar-pump modelling process, the useful solar radiation is considered in the pumping source as the
radiation absorbed by laser medium. The Ce:Nd:YAG is used through this thesis as the active medium
and the main emission wavelength of 1064 nm from Nd**. The direct solar spectrum, the Ce:Nd:YAG
absorption spectrum, the Ce** and Nd** ions’ emission bands in YAG are represented in Figure 6.8. The
broad absorption bands of the Ce** ion is located at the most energetic region of the electromagnetic
spectrum, between 315 nm and 510 nm, corresponding to the excited energy level of 5d; (centred at
341 nm) and 5d; (centred at 458 nm). While the Nd** absorption bands are in between 510 nm and
888 nm, with five prominent absorbing bands, Gz,+2Ge+2Kiz2 (centred at 530 nm), 2G72+Gss (cen-
tred at 580 nm), *Sz+*F72 (centred at 770 nm), 2Ho+*Fs2 (centred at 805 nm) and “Fs. (centred at
878 nm) [51, 55, 116].
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Figure 6.8 — AML.5 direct solar spectrum (black), adapted from [117]. Ce(0.1 at%):Nd(1.1 at%):YAG absorption spectrum
(blue), Ce®* (green) and Nd3* (purple) are emission spectra in YAG, adapted from [118].

The total absorbed solar power of an ion (Pass,ion) Of the active medium is calculated through Equation
(6.5).
Ar
Passion = | 1001 = e om0} (65

1(7) is the solar spectral irradiance (W/m?/nm) of each wavelength 4, L. is the effective absorption length
of the laser rod and aion(4) is the absorption coefficient of the ion for each wavelength. To effectively
calculate the total power available from the Sun to feed both ions, L. must be considered infinite. In this
case, the total absorbed power by Ce*" (Pabsce) and Nd** (Passnd) ions is approximately 157 W
and 162 W, respectively. Given the total solar irradiance of 1000 W/m?, by integrating all the solar
wavelength intensities, the overlap efficiency, i.e., the fraction of the available solar power that is ab-
sorbed by the Ce** (overiap,ce) and Nd** (overiap,na) i0NS, is about 15.7% and 16.2%, respectively, as cal-
culated through Equation (6.6).
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Paps,i
Noverlap,ion = ﬁ (6.6)

The energy transfer efficiency of the non-radiative process (#nr:ce-nd) 1S about 70% [55, 119], whereas
for the radiative process (#r:ce-ng) IS about 30% [55].

6.3.2.1 The pump source defined in Zemax®

There are many possible and viable ways to calculate the absorbed power within the Ce:Nd:YAG with
the prevalent wavelengths in the Zemax® software. A direct approach for calculation consists of using
all the wavelengths of both the solar emission and the Ce:Nd:YAG absorption spectra. However, this
method would require much more computing resources to achieve the same results as those by simulat-
ing with a few key solar wavelengths related to the absorption bands responsible for lasing [57].

A total available solar power of 249.05 W can be obtained by the NOVA parabolic mirror with an ef-
fective collection area (Ae) of 0.293 m?, at 850 W/m? solar irradiance (I). However, only 16.2% and
15.7% of the total power calculated from Equation (6.6) are useful for calculating the absorbed power
by the Ce:Nd:YAG rod with finite dimensions. Consequently, in Zemax®, two sources were defined for
solar pumping. The energy division is shown in Figure 6.9 a).

Source 1 emits all the relevant overlapped wavelengths of the solar spectrum with the Nd3* ion absorp-
tion spectrum, as well as the wavelength data that includes the Ce** quantum cutting down conversion
of non-radiative transfer to Nd**, described by pathway (1), as shown in Figure 6.9 b). The simulated
power of source 1 (Psource1) follows the Equation (6.7) and has a total power of 67.72 W.

Psource1 = Al (noverlap,Nd3+ + Novertap,ce3* X NINR:Ce-Nd ) (6.7)

Source 2 accounts 30% of the absorbed energy by Ce®" that was transferred radiatively to Nd®*, as shown
in Figure 6.7 by pathway (2). This source emits green and orange wavelengths useful for Nd** absorp-
tion, as shown in Figure 6.9 (c). The simulated power of source 2 (Psource2) follows the Equation (6.8)
and has a total power of 11.73 W.

Psourcez = Al Noverlap,ce3* X NR:Ce-Nd (6.8)
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Figure 6.9 — (a) Solar energy division for Ce:Nd:YAG absorption from a total of 249.05 W. Spectral composition used in

(b) source 1 and (c) source 2.

6.3.3 Laser head optics

6.3.3.1 Optical parameters

The transmission data for water and fused silica materials from Zemax® glass Catalog, along with
the 22 transmission wavelengths of Ce(0.1 at%):Nd(1.1 at%):YAG at L.=10 mm, are presented in Fig-
ure 6.10 a). Figure 6.10 b) displays the index of refraction of Ce(0.1 at%):Nd(1.1 at%): Y AG, water, and
fused silica as a function of the wavelength, which was utilized in Zemax®.
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Figure 6.10 — Materials in Zemax®: Ce(0.1 at%):Nd(0.1 at%):YAG, water and fused silica. (a) Transmission of the materi-
als at 10 mm depth. (b) Index of refraction of the materials at 20 °C and 1 atm.

The quantity of energy trapped within the Ce(0.1 at%):Nd(1.1 at%):YAG is determined by the trans-
mission (T) characteristics of the Nd** active ion, water, and silica materials, as displayed in Equation

(6.9):
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T(1) = e WXL (6.9)

6.3.3.2 Pumping efficiency: Side-end-pumping

The transmission and the refractive index of the optical materials, the shape of each optical apparatus,
the solar wavelengths and the angle of the concentrated solar rays determine the optical path of the solar
rays from the source to the crystal rod. Figure 6.11 shows the optical path of the concentrated solar rays
arriving at the laser head, through the fused silica aspheric lens, then into the cooling water and finally
to the Ce:Nd:YAG crystal rod. Most of the concentrated solar rays enter the laser rod through its upper
HR1064 nm end face, and travel within the rod through total internal reflection (due to the refractive
index differences between the water and the active medium), as shown in Figure 6.11 by the red ray.
Side-pumping occurs when rays enter the rod through its lateral surface. Multiple passes can be achieved
by a single ray zigzagging back into the crystal through the conical pump cavity, which increases the
path length of the ray inside the rod, L, and hence the amount of energy absorbed.
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Figure 6.11 — Solar rays at various angles and wavelengths passing through the Ce:Nd:YAG medium inside the laser head.
End-pumping occurs through total internal reflection within the rod. Side-pumping may have 1 to 5 or more passes through
the rod.

Figure 6.12 shows the absorption of the laser rod as a function of the wavelength and the number of
passes. The end-pump has a minimum L, of 25 mm, the same as the length of the rod. The average L,
of 1-pass, 2-pass, 3-pass, 4-pass, and end-pumping is about 3.25 mm, 6.50 mm, 9.75 mm, 13 mm, and
35 mm, respectively. The absorption of a single ray increases gradually with each successive number of
passes within the crystal. Some wavelengths, such as 527 nm, 531 nm, 736 nm, 793 nm, 805 nm, and
808 nm are totally absorbed by the rod if the ray is traveling within the rod by end-pumping regime.
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Figure 6.12 — Wavelength-dependent absorption versus number of passes within the crystal. Each pass covers an average
absorption length travelled within the crystal rod.

The pump flux distribution along its longitudinal cross-section and five central transversal cross-sections
are shown in Figure 6.13. Red color represents the maximum solar energy absorption, whereas blue
represents little or no absorption. The most intensive absorbing region has a peak flux of 0.95 W/mm?3,
located slightly below the input surface of the rod. The lower part of the rod also absorbs some radiation
due to multiple passages of the solar rays by side-pumping with the help of the reflective cone. A total
absorbed solar energy of 30.96 W was stored along the thermally loaded crystal.

0 W/mm® mmm = 0.95 W/mm?

Figure 6.13 — Absorbed solar pump-flux distribution along the longitudinal at a central cross-section, and five separate
transversal cross-sections of the Ce:Nd:YAG rod.

6.3.4 Conversion of the upper state energy to laser output

The beam overlap efficiency is strongly dependent on the resonator parameters, such as radius of cur-
vature of the mirrors; dual cavity length of Li and L, for side-pumping solar lasers and single cavity
length L; for side-end-pump solar lasers; rod diameter and length (L,); and most importantly the pump-
ing configuration, as shown in Figure 6.14.
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Figure 6.14 — Schematic diagram of the TEMoo-mode beam propagation along the asymmetric laser resonator at side-pump-
ing lasers with large RoC end mirrors. L1 and L2 represent the separation length of the high reflection (HR) mirror and partial
reflection (PR) mirror, respectively, to the end face of the laser rod with length LR.

In solid-state lasers, optical pumping leads to a radial temperature gradient in the laser rod. As a result,
in high-average laser power systems, the laser rod acts like a positive thick lens with an effective focal
length, which is inversely proportional to pump power [120, 121]. Pump induced fluctuations on the rod
focal length will hence exert strong influence on resonator modes configuration and stability, giving rise
to thermally stable zones [120, 121]. Conventionally, lasers are designed to operate at the middle of
thermally stable zones, where the fundamental mode size is insensitive to thermal perturbation [120].
Since the TEMo mode Gaussian beam has the smallest beam radius and divergence in a resonator, if
the transverse dimension of the gain region is much larger than the TEMoo mode size, laser oscillates at
several modes [120]. However, to achieve laser operation in fundamental mode, classically a pinhole
with a similar diameter to the fundamental mode size is inserted inside the laser resonant cavity to pre-
vent higher-order modes from oscillating, considerably reducing the laser extraction efficiency because
of poor utilization of the stored energy in the active medium. Thus, a suitable resonator design for effi-
cient energy conversion to the TEMg, mode must maximize the overlap integral of the resonator TEMgo
mode and the pump profile while simultaneously utilizing only the rod to higher-order spatial modes
[122]. In side-pumped solar lasers, the adoption of an asymmetric resonator configuration with concave
end mirrors of large radius of curvature has shown to provide a large spatial overlap between the funda-
mental mode and pump mode volumes, as shown in Figure 6.14. The use of small diameter laser rods
played a crucial role. Since the laser rod acts as an aperture, high-order resonator modes can be easily
suppressed with small diameter rod due to large diffraction losses, improving thus the beam quality and
contributing largely on the efficient extraction of TEMgo laser power [12, 13, 108, 123-130].

6.4 Solar-pumped laser output classification

Through literatures, the solar-pumped lasers have various classifications, which all depends on the
measured solar laser output power from a power meter, as identified in Figure 6.15.
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Figure 6.15 — Schematic of a heliostat-parabolic mirror solar energy collection and concentration system.

6.4.1 Solar laser output power

The final output power of the solar-laser measurement is impacted by various factors, including the
active medium used, solar irradiance at the time of measurement, tracking method (direct or indirect),
primary concentrator size and quality, side-pumping or side-end-pumping of the laser rod, energy dis-
tribution type (point focusing or homogenous), and resonant cavity configuration. Additionally, external
factors such as ambient temperature, cooling water temperature and its quality, laboratory dust levels,
heliostat tracking errors, laser head and/or other optical component positioning errors, and duration of
exposure to concentrated light may also affect the output power. The solar laser output power is pre-
sented in Watts.

6.4.2 Solar laser collection efficiency

The collection efficiency (CE) is defined by the ratio between the laser output power and the effective
area of the solar concentrator:
P
CE=—2* (6.10)
Aeffective

The CE is presented in Watts/m?2.

6.4.3 Solar-to-laser collection efficiency

The solar-to-laser collection efficiency (SLCE) is defined by the ratio between the laser output power
and the input power useful for pumping:
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SLCE = —out
I'x Aeffective
It is important to remember that the input power can be either the incoming solar power (which
is calculated as the solar irradiance multiplied by the effective collector area) or the concentrating solar
power (which is the result of incoming solar power and the optical quality loss of the system, such as a

heliostat-parabolic mirror or Fresnel lens), as shown in Figure 6.15. The SLCE is expressed as a per-

X 100% (6.11)

centage.

6.4.4 Slope efficiency

The slope efficiency (SE) is calculated by performing a linear regression on solar laser measurements
obtained at various input power levels. It provides an estimate of the scaling capability of the solar-
pumped laser under an input power. It is worth noting that the calculation of slope efficiency depends
on the type of power used in the X-axis, whether it is incoming solar power or concentrating solar power.
The resulting slope efficiency is expressed as a percentage.

6.4.5 Threshold power

The minimum power required to initiate laser production is known as the threshold power (Ty). This can
be determined by reducing the effective area of the primary concentrator through the use of a light mask,
or by employing a controllable shutter or by adjusting the opening of the shed door, as depicted in Figure
6.15. It should be noted that the threshold power can be expressed as either incoming threshold power
or concentrated threshold power.

6.4.6 Progress in multimode solar-pumped lasers

An historical progression solar-pumped lasers in multimode is summarized in Table 6-1. In 1963, Kiss
et al first observed solar-pumped laser technology. Subsequently, Young produced a 1 W solar laser by
employing a 0.29 m? parabolic mirror to pump a relatively large Nd:YAG crystal. Over time, advance-
ments in pumping schemes utilizing smaller active mediums and alternative solar collectors led to an
increase in solar laser output power. In 2003, Yabe achieved a multi-mode 24.4 W solar laser using a
9 mm diameter, 100 mm length Nd:YAG crystal pumped by a 1.3 m2 Fresnel lens.

Further innovations emerged in 2011 when Liang et al introduced a smaller active medium a
4 mm diameter, 25 mm length Nd:YAG rod end-side pumped by a 0.636 m? Fresnel lens, producing a
12.3 W laser with a solar laser collection efficiency of 19.3 W/m?, demonstrating greater compactness
and efficiency. In 2021, the first measurement of Ce:Nd:YAG crystal displayed promising results in
solar laser production, utilizing at least 30% of solar energy. Since then, solar laser research has pre-
dominantly focused on Ce:Nd:YAG due to its higher solar laser output and the reduced collection area
required for initiating laser production.

In 2022, Garcia et al employed a heliostat-parabolic collection system of 0.293 m?, pumping a
Ce:Nd:YAG rod with a diameter of 2.5 mm and length of 25 mm, achieving an 11.2 W laser with a
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slope efficiency of 4.5%. A configuration with three rods reached a 16.5 W laser, equivalent to a re-
markable 41.3 W/m? collection efficiency. In 2023, Garcia et al explored solar-pumped laser research
under cloudy conditions, revealing improvements in slope efficiency and solar-to-laser conversion effi-
ciency. Later in the same year, the production of a doughnut-shaped solar laser beam became achievable

with a smaller collection area, facilitated by the presence of clouds.
Table 6-1. — Summary of the progress of solid-state solar-pumped laser efficiency in multimode regime.

Solar-to-laser

Year ; Pumping type Laser Slope effi-
Primary concen- ) P . g yp_ Laser collec- ) P conversion ef-
Authors trator (Collection Active medium (dimen- output power tion efficiency ciency (total / ficiency (total
Reference sions cW at the focus
area) ) (cw) ) / at the focus)
1963 Dy:CaF
. Spherical mirror 4 2
Kiss et al (6.35 mm x 3.16 mm x - - -
(0.099 m?)
[131] 25.4 mm)
1966 Side-pumpin
Parabolic mirror . pUMPINg o
Young 029’ Single Nd:YAG rod 10w ~3.4 W/m -] - /-
[132] ' (@3 mm x 30 mm)
1984 Segmented para- Side-pumping
Arashi et al bolic mirror Single Nd:YAG rod 18.0wW ~1.4 Wim? e ---1~1.6%
[133] (13.1m?" (@4 mm x 75 mm)
1988 Weksler ~ Segmented mir- Side-pumping
and Schwartz ror concentrator Single Nd:YAG rod ~66 W ~5.1 W/m?* --12.1% - ~1.5%
[134] (12.8m?° (26.35 mm x 76.2 mm)
Heliostats / Pa-
1993 Krupkin  raboloidal mir- Side-pumping 500 W 0.76 Wi / ,
etal [135] rors Array of Nd:YAG rods '
(660 m?) =)
ACTA solar Side-pumpin
2003 Lando et . pumping
al [136] concentrator Single Nd:YAG rod 46.0 W 6.7 W/m? - - [ ---
(6.75 m?) (26 mm x 72 mm)
2007 End-side-pumpin .
Fresnel lens Enaside-pumping ~83+1%/  ~1.93%/
Yabe et al ) Single Cr:Nd:YAG rod 24.4W 18.7 W/m?
(1.3m?) 12.5+1.51 ~2.9%
[137] (23-9 mm x 100 mm)
2011 Liang End-side-pumping
. Fresnel lens . N . .
and Almeida (0.636 m?) Single Nd:YAG rod 123 W 19.3 W/m? 2.75%135%  2.17%/2.76%
[138] ' (@4 mm x 25 mm)
2012 End-side-pumping
. Fresnel lens . . .
Dinh et al (4.0 ) Single Nd:YAG rod 120 W 30 W/m? 43%/86%  3.26%/6.52%
[139] ' (26 mm x 100 mm)

*
The value is not indicated in the publication, but it can be assumed/calculated based on the reported parameters.

1 The value is not indicated in the publication, but it can be calculated based on the reported parameters.
T The value was overestimated, considering only a few laser output data points at high solar input power to calculate the slope efficiency.
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End-side-pumping

2014 Fresnel lens ) , . 2.91%]/
) Single Nd:YAG grooved 2TW 26.2 W/m 4.09%/9.04%
Xu et al [140] (1.03m?) 6.44%
rod (@6 mm x 100 mm)
. L End-side-pumping
2017 Lianget  Parabolic mirror ] , . . .
al [13] (118 m) Single Nd:YAG rod 37.2W 31.5W/m 5.25%/8.9%  3.14%/5.31%
' (@4 mm x 35 mm)
2018 End-side-pumping
Fresnel lens
Guan et al Single Nd:YAG/YAG 331W 32.1 W/m? 5.4%/ --- 3.3%/ ---
(1.03 m?)
[141] ' rod (@6 mm x 95 mm)
. . End-side-pumping
2018 Liang et  Parabolic mirror . ) . « «
al [142] L0 ) Single Nd:YAG rod 325w 32.5W/m 6.7%/8.96% 3.74% 1 5.0%
' (4.5 mm x 35 mm)
. . Side-pumping
2019 Lianget  Parabolic mirror . ) ) . «
al [143] 09m?) Single Nd:YAG rod 153w 17.0 W/m 5.4%/7.22% 2.43% 1 3.25%
' (23 mm x 30 mm)
. . End-side-pumping
2020 Liang et Parabolic mirror 18.3W (6.1 ) . . «
al [144] 10 m) Three Nd:YAG rods W each) 18.3 W/m 5.1%/6.82% 2.2%12.95%
' (@3 mm x 25 mm)
. . Side-pumping
2021 Vistaset  Parabolic mirror ) . .
al [145] 0.7 m) Ce:Nd:YAG rod 16.5W 23.6 W/m 4.4%/5.88% 2.8%/3.73%
' (@4 mm x 35 mm)
. . End-side-pumping
2022 Garciaet  Parabolic mirror . ) . -
al [53] (0,293 ) Single Ce:Nd:YAG rod 112w 38.2 W/m 6.8%/9.09%  4.5%/6.02%
' (@2.5 mm x 25 mm)
. . End-side-pumping
2022 Liang et  Parabolic mirror 165W 7.64%/ 4.64% /
Three Ce:Nd:YAG rods 41.3 W/m? . .
al [54] (0.4 m?) (5.5 W each) 10.2% 6.20%
(@2.5 mm x 25 mm)
. . End-side-pumping
2023 Garciaet  Parabolic mirror . 14 W
Single Ce:Nd:YAG rod . 21.47 W/m? 7.71% 6.32%
al [188] (0.652-0.152 m?) (with clouds)
(92.5 mm x 25 mm)
. L End-side-pumping
2023 Garciaet  Parabolic mirror i . 134 W 5 0
Single Ce:Nd:YAG rod (Doughnut shape) 5.93 W/m - 1.08%

al [189]

(0.226 m?)

(92.5 mm x 25 mm)

2 The value is not indicated in the publication, but it can be calculated based on the reported parameters.
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7
SOLAR PUMPED LASER CE:ND:YAG

Solar-pumped laser is an arrangement of well-defined and well-assorted optics that converts the inco-
herent solar spectrum radiation into collimated and coherent wavelength laser radiation. Solar laser tech-
nology is a promising candidate for space applications, such as deep-space communications, laser power
beaming, space-to-Earth wireless power transmission and asteroid deflections [15, 146, 147]. On Earth,
solar-pumped laser applications are highly conditioned by Earth’s rotation and revolution, as well as
atmospheric processes and phenomena. Still, a green and sustainable industry [148, 149], based on solar
laser material processing [16, 150], can flourish in locations with abundant solar irradiance.

While the first solar-pumped laser was reported by Kiss et al. in the 1960s [131], optical pumping de-
signs and gain media has largely improved over the last two decades. Substantial progress in this field
of research has been carried out by a few research teams, mostly by using Nd:YAG laser crystal [12,
13, 123, 126, 127, 133, 134, 136, 139, 141-143, 151-159] and most recently with Ce:Nd:YAG laser
crystal [53, 54, 145, 160-164].

The Nd:YAG crystal is the most used active medium for the solid-state laser industry, not only due to
its relatively low price, availability in the market, but more so to its high quantum efficiency, exception-
ally good thermal conductivity, and robust mechanical strength. However, the absorption efficiency of
the Nd** ions in YAG is rather low when pumped by either flash lamps or sunlight. The introduction of
the Ce®* ion sensitizer into Nd:YAG benefits from the absorption of the ultraviolet (UV) and visible
wavebands, whose energy is transferred to the absorption bands of the Nd** ion through cross-relaxation
and quantum cutting down conversion from the Ce** 5d; pump band [55], further increasing the number
of Nd* ions into excitation state.

The use of the Ce:Nd:YAG active medium improved laser output efficiency not only through di-
ode/lamp pump sources [115, 165, 166], but also through solar pumping [53, 54, 162-164]. In 2021,
Vistas et al. reported an improvement of 1.5 times in Ce:Nd:YAG solar laser efficiency over that with
Nd:YAG under the same pumping conditions [145]. However, this material is still not as matured as
Nd:YAG, and during solar laser operation the thermal effects were more pronounced, resulting in the
damage of the active medium at high input power levels [161, 163]. To minimize the thermal load in
Ce:Nd:YAG, in 2022, Almeida et al. [162] and Vistas et al. [163] adopted a rectangular light guide
homogenizer, instead of a classic aspheric lens [145, 163], to uniformly side-pump a Ce:Nd:YAG rod.
Still, the efficiency was worse than the previous one [145]. In the same year, Liang et al. used a three-
rod configuration to simultaneously end-side-pump three thin Ce:Nd:YAG rods within a single cavity,
ensuring an equal redistribution and sharing of the solar pump light by the Ce:Nd:YAG media while
substantially improving the solar laser collection and solar-to-laser conversion efficiencies to 41.25
W/m? and 4.64%, respectively [54]. Garcia et al. adopted a parabolic mirror with small collection area
of only 0.293 m? to pump a single thin Ce:Nd:YAG rod with 2.5 mm diameter and 25 mm length [53].
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High collection efficiency of 38.22 W/m? and high solar-to-laser conversion and slope efficiencies of
6.02% and 9.9% at the focus of the primary concentrator were respectively attained. Moreover, the
lowest threshold solar power at the focus of 66 W was obtained [53]. In 2023, Cai et al. used a Fresnel
solar collector and a 6 mm diameter 95 mm length Ce:Nd:YAG/YAG grooved bonded crystal rod which
resulted a 200 W incoming threshold solar power, 3.85% solar-to-laser conversion efficiency,
38.8 W/m? collection efficiency [164].

7.1 Ce:Nd:YAG Solar Laser with 4.5% Solar-to-Laser Conversion
Efficiency

The efficiency potential of a small-size solar-pumped laser is studied here. The solar laser head was
composed of a fused silica aspheric lens and a conical pump cavity, which coupled and redistributed the
concentrated solar radiation from the focal zone of a parabolic mirror with an effective collection area
of 0.293 m? to end-side pump a Ce (0.1 at%):Nd (1.1 at%):YAG rod of 2.5 mm diameter and 25 mm
length. Optimum solar laser design parameters were found through Zemax® non-sequential raytracing
and LASCAD™ analysis. The utilization of the Ce:Nd:YAG medium with small diameter pumped by
a small-scale solar concentrator was essential to significantly enhance the end-side pump solar laser
efficiency and thermal performance. For 249 W incoming solar power at an irradiance of 850 W/m?,
11.2 W multimode solar laser power was measured, corresponding to the record solar-to-laser power
conversion efficiency of 4.50%, being, to the best of our knowledge, 1.22 times higher than the previous
record. Moreover, the highest solar laser collection efficiency of 38.22 W/m? and slope efficiency of
6.8% were obtained, which are 1.18 and 1.02 times, respectively, higher than the previous records. The
lowest threshold solar power of a Ce:Nd:YAG solar-pumped laser is also reported here.

7.1.1 Materials and method

7.1.1.1 Solar energy collection and concentration: NOVA heliostat-parabolic system

The NOVA heliostat-parabolic mirror solar laser system, as shown in Figure 7.1, is composed of a two-
axis heliostat with four flat mirrors of 93.5% reflectivity, which are used for redirecting the incoming
solar radiation towards a parabolic mirror of 80.0% reflectivity with a focal length of 660 mm. This
whole system has a combined reflective capacity of 74.8%. By using an external annular mask, the
collection diameter of the parabolic mirror was reduced from 1.50 m to 0.68 m. About 0.293 m? effec-
tive solar collection area was then calculated by discounting the shadowed area of approximately
0.07 m? caused by the laser head and its supporting mechanics, the X-Y-Z positioner, and the non-re-
flecting space between the two flat segments of the heliostat.
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Figure 7.1 — Schematic of the NOVA heliostat-parabolic mirror solar energy collection and concentration system.

7.1.1.2 Solar laser head

Figure 7.2 shows the image of the solar laser head and its optical components, as well as the laser reso-
nator components. The laser head was composed of a fused silica aspheric lens of 99.995% optical purity
that focused the concentrated solar radiation onto the flat upper surface of the Ce(0.1 at%):Nd(1.1
at%):YAG rod of 2.5 mm diameter and 25 mm length, mounted within a single reflective conical pump
cavity. The rod’s flat upper surface had a highly reflective (HR) coating for the laser emission wave-
length at 1064 nm (99.9% @ 1064 nm), while the other end surface had an anti-reflection (AR) coating
for the laser emission wavelength (reflectivity (R) < 0.2% @ 1064 nm), supplied by Chengdu, Dongjun
Laser Co., Ltd. (Chengdu, China). Cooling water constantly flowed into the laser head from an inlet and
the heated water was extracted through the outlet. Maximum lasing could only be achieved when the
laser head was correctly aligned at the focus of solar concentrator through the X-Y-Z positioner and the
correct alignment of the laser resonator mirrors.

Heliostat

)

Water inlet

Aspheric
Ce:Nd:YAG lens

v ¢ mirror
Solar laser 7<% positioner,

head X-Y-Z PgSitioner

Figure 7.2 — Photograph of (a) the Ce(0.1 at%):Nd(1.1 at%):YAG solar laser head at the focus of the parabolic mirror, and
(b) the front view of the laser head.

The fused silica aspheric lens had an 82 mm diameter and a thickness of 37 mm, with a curved input
surface and a flat output surface. The curved feature of the aspheric lens follows the sag (z) in Equation
(7.1), with radial aperture (r) of 41 mm, the parabolic constant k =0, the radius of curvature (c)
of -43 mm and the aspheric coefficient a; = —0.004.

cxr?

— 2
Z = —1+\/W + ar-, (71)
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The flat output surface of the lens was 6 mm apart from the flat input surface of the crystal rod. This
space was necessary for the laser rod to effectively absorb the concentrated solar radiation and to guar-
antee an abundant cooling for effective heat dissipation. The absorption efficiency was further enhanced
by a silver-coated aluminium foil of 94% reflectivity that covered the conical pump cavity. The reflec-
tive conical surface allowed the reabsorption of the solar energy due to the crisscross of the solar rays
into the laser rod, thus helping in the redistribution of the solar energy along the rod. This conical pump
cavity was 19.5 mm in length with input and output aperture diameters of 18 mm and 9 mm, respec-
tively.

Cooling water with 6 L/min flow rate was used as the heat extraction medium. The cooling system was
designed to maximize the removal of the heat generated within the rod and the optical components, such
as the fused silica aspheric lens and the conical pump cavity. Both the cooling water and the silica lens
weaken the intensity of the UV solarization and IR heating arriving at the rod, which help to reduce the
thermal lensing issue.

7.1.1.3 Solar laser model in Zemax®

The NSC editor for modelling the Ce(0.1 at%):Nd(1.1 at%): Y AG solar pumped laser is shown in Figure
7.3. The solar source is represented by object 2, the parabolic mirror by object 3, the aspheric fused
silica by object 7, the cooling water by object 8, the reflective cavity by object 9, the detector as water
by object 13, the Ce:Nd:YAG crystal by object 14, and the mechanical holder by object 15. Reference

objects 1, 5, 6, and 12 are also included for optimization purposes.

<

''''

-3 0 0.00 0.00 21.000 0.00 0.00 0.00 MIRROR 1.250) 1.3 1.3

Figure 7.3 — Non-sequential component editor of the Ce:Nd:YAG solar pumped laser.

7.1.1.4 LASCAD™ simulation

The absorbed power in cubic matrix form was imported into LASCAD™ software to analyse the solar
laser output performance. The material data of Ce(0.1 at%):Nd(1.1 at%):YAG crystal with a stimulated
emission cross-section of 2.8x107° cm?, a fluorescence lifetime of 230 ps and an absorption/scattering
loss of 0.002 cm™* was set in LASCAD™, The mean absorbed and intensity-weighted wavelength of
660 nm was considered in the analysis [134]. Figure 7.4 shows the laser resonator of the thermally
loaded crystal rod and the associated dielectric lenses. The left end-face of the rod has a layer of HR
1064 mm coating, represented by the optical dielectric interface 0. The output end-face has an AR
1064 nm coating, represented by the optical dielectric interface 1. The partial reflection (PR) output
mirror is positioned 17 mm apart from the AR coated end face (Lar-rr=17 mm), represented by optical
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dielectric interface 2. Different reflectivity and radii of curvature (RoC) of the PR mirror were tested to
find the best combination to achieve the highest laser output power for the most efficiently solar-pumped
Ce:Nd:YAG rod. A total round-trip loss of 1.6% was accounted in the LASCAD™ calculation.

977.6 um

0
HR1064 nm Coating

AR1064 nm Coating

977.6 um
0

| HR1064 nm Coating AR1064 nm Coating
N

Figure 7.4 — Laser resonator configuration for multimode solar laser extraction from the Ce:Nd:YAG rod. The Lc is the laser
rod length, and the Lar-r is the length between AR1064 nm end face of the rod and the PR1064 nm mirror.

The results of the LASCAD™ analysis for the 2.5 mm diameter and 25 mm length rod are presented in
Figure 7.5, which shows the heat load, temperature, and stress intensity. The analysis was performed
under ambient temperature and cooling boundary conditions of 300 K. The locally maximum heat load
was found to be 0.385 W/mm?3. The tip of the input surface of the crystal attained a maximum tempera-
ture of 313.8 K. The highest thermal stress recorded was 24.23 N/mm?, which is considered moderate.

Heat load Temperature Stress

(W/mm?) (K) (N/mm?)
0.385 pm 313.8 pgm 24230 g
0.309 311.0 19.420
0.233 308.3 14.620
0.157 305.5 9.810
0.081 302.7 5.004
0.005 . 300.0 . 0.199 .

Figure 7.5 — Heat load, temperature and stress intensity of the 2.5 mm diameter, 25 mm length Ce:Nd:YAG rod, numeri-
cally acquired through LASCAD™ analysis.

Considering all the physical attributes of the stimulated active medium, our numerical calculations in-
dicate that an optimal maximum multimode laser power of 11.3 W can be achieved. This is best attained
using a PR1064 nm mirror with a reflectivity (R) of 96% and a Radius of Curvature (RoC) of 0.5 m.
This configuration would result in an earlier laser emission with a lower solar energy input, as illustrated
in Figure 7.6. It's noteworthy that a PR1064 nm mirror with reflectivity values of 98% and 96% would
yield a lower solar laser output power compared to the 96% reflectivity configuration.
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Figure 7.6 — Numerically calculated solar laser output power of the Ce:Nd:YAG as a function of the total amount of solar
power absorbed in the crystal, at partial reflection (PR) mirror of 94%, 96% and 98%.

7.1.2 Results and discussion

The solar laser head prototype was built according to the model designed in Zemax® that provided the
highest laser power extraction through LASCAD™, The laser head was tested at the NOVA solar facil-
ity in April of 2022. The solar irradiance of 850 W/m? was measured during that period, which is equiv-
alent to a maximum incoming solar power of 249 W provided from the primary parabolic mirror with
effective diameter of 0.68 m. A maximum multimode laser power of 11.2 W was successfully achieved
using a PR (R > 96% @ 1064 nm) mirror with RoC of 0.5 m, as shown in Figure 7.7, which matches
well with the numerical prediction (Figure 7.6). The lasing emission started with an incoming solar
power of 88 W and grew linearly to 11.2 W at 249 W incoming solar power, leading to a slope efficiency
of 6.8%.
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Figure 7.7 — Ce:Nd:YAG solar laser output power as a function of the incoming solar power, using a PR mirror of 96%.

Table 7-1 summarizes the most recent progress in solar-pumped lasers, regarding to the minimum
threshold power, maximum solar-to-laser power conversion, solar laser collection and slope efficiencies.
In this work, only 88 W solar power was needed to start the lasing process, which is 0.44 times below
the record minimum threshold power of 200 W [141]. The solar lasing system was able to produce
11.2 W multimode laser power, equivalent to the highest solar-to-laser power conversion efficiency of
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4.50%, to the best of our knowledge, which is 1.22 times more than the record of 3.69% [142]. Further-
more, the solar laser collection and slope efficiencies were 38.22 W/m? and 6.8%, respectively, being
1.18 and 1.02 times higher than the previous records of 32.5 W/m? and 6.7% through an end-side-

pumped Cr:Nd:YAG rod [142].

Table 7-1 — Comparison of progress in solar efficiencies.

Liang et al.
Parameters Guan et al. 2018 2018 Vistas et al. This work LTE:O\:_(;T;T:
[141] 2021 [145] 2022 prev
[142] record (times)
. Parabolic mir-  Parabolic mir-  Parabolic mir-
Primary concentrator Fresnel lens -
ror ror ror
Overall efflmency of the —45% 75% 75% 75% i
collection system
Effective collection area 1.030 m? 1.000 m? 1.070 m? 0.293 m? -
Tracking method Direct tracking Via heliostat Via heliostat Via heliostat -
Solar irradiance 980 W/m? 870 W/m? 860 W/m? 850 W/m? -
Active medium Nd:YAGYAG  CTNOYAG  congyag  CENEYAG
. . End-side- . End-side- )
Pumping method End-side-pump pump Side-pump oump
Laser power 31.1W 325W 165W 112w -
Minimum incoming 200 W 400 W 220 W 88 W 0.44 [141]
threshold power
Solar-to-laser conversion 3.1% 3.7% 2.8% 4.5% 1.22 [142]
efficiency
Solar laser collection effi- ) ) ) )
ciency 32.1W/m 32.5W/m 23.6 W/m 38.22 W/m 1.18 [142]
Slope efficiency 5.4% 6.7% 4.4% 6.8% 1.02 [142]

The laser beam M2 quality factors of the Ce:Nd:YAG were measured according to 1SO 11164-1 stand-
ards, with a CINOGY UV-NIR beam profiler using a CinCam CMOS. Figure 7.8 a) shows the multi-
mode laser beam profile. The measured solar laser beam widths along the beam caustic and the associ-
ated extrapolated hyperbolic plot are shown in Figure 7.8 b). M,? = 32.16 + 2.62 and M,? = 36.62 + 4.22
factors were experimentally obtained.
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Figure 7.8 — (a) Multimode beam profile. (b) Caustic fit measurements of the multimode solar laser beam.

The highly efficient Ce:Nd:YAG solar laser was composed of the first-stage heliostat-parabolic mirror
solar energy collection and concentration system; the second-stage fused silica aspheric lens that further
concentrated the solar energy onto the end-face of the active medium by end-pumping; and the third-
stage conical-shaped reflective pump cavity to efficiently side-pump the 2.5 mm diameter, 25 mm length
Ce:Nd:YAG rod. The solar energy transfer for the Nd*" and Ce®* ions as well as the energy transfer of
Ce®* to Nd** were introduced and considered in Zemax®. The design parameters of the laser head were
optimized to find the highest solar energy absorption by the active medium to then determine the best
lasing conditions in LASCAD™, The Ce:Nd:YAG solar laser prototype was then built according to the
simulated model. 11.2 W multimode laser output power was successfully measured, matching well with
the numerical result. This, to the best of our knowledge, resulted in a record solar-to-laser conversion
efficiency of 4.50%. The highest solar laser collection and slope efficiencies of 38.22 W/m? and 6.8%,
respectively, were also obtained. Furthermore, low threshold power of 88 W was also reported. Since
the NOVA solar energy collection and concentration facility has a limited transfer efficiency of 0.75,
further research on small size Ce:Nd:YAG solar laser in direct solar tracking mode will, most hopefully,
ensure further solar laser efficiency enhancement and enable promising space applications.

7.2 Lowest-threshold solar laser operation under cloudy sky con-
dition

Classical solar-pumped lasers often demand a significant amount of concentrated solar power for laser
emission, which is only attainable under clear sky condition, limiting their applicability. In this research,
we report the first solar laser emission at very low threshold solar power under cloudy sky condition by
end-side-pumping a 2.5 mm diameter, 25 mm length Ce:Nd:YAG rod at the focus of a parabolic mirror
concentrator. The Ce:Nd:YAG solar laser performance was also evaluated under clear sky condition for
comparison. Low threshold pump power of 32.4 W for continuous-wave solar-pumped laser was ob-
tained under clear sky condition, being two times lower than the previous record. However, the cloud-
filtered infrared sunlight enabled notable improvements in the solar laser performance by lessening the
thermal lensing effects in the laser medium. The threshold pump power was further reduced to 29.2 W
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and maximum solar laser output of 14 W was successfully measured. This nearly doubled the focal slope
efficiency from 4.03% during clear weather to 7.71% under a cloudy sky. The solar-to-laser conversion
efficiency of 6.32% was nearly tripled compared to the 2.32% on a clear sky, while the solar laser con-
version efficiency of 21.47 W/m? was nearly twice the value of 12.62 W/m? obtained on a clear day.
This demonstrates that a cloudy environment could be an asset for solar laser research.

7.2.1 Materials

7.2.1.1 Solar energy collection and concentration system
™
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Figure 7.9 — Schematic depicting the solar pumped laser facility in three dimensions. It includes the laboratory, which
houses the parabolic mirror, the laser head, and the XYZ holder. Additionally, there is a mirror-heliostat located outside the
laboratory that reflects solar light filtered by the clouds.

The incoming solar radiation was redirected by a two-axis heliostat, constituted by 36 small flat back-
surface silver-coated mirrors (0.5 m x 0.5 m each) with less than 80% reflectivity, to the MSSF para-
bolic mirror, also back-surface silver-coated, installed inside a laboratory as shown in Figure 7.9. Only
59% of the total combined effective incoming solar radiation is useful for pumping the laser head.

In these experiments, the external annular area of the MSSF parabolic mirror was masked to reduce the
collection area as much as necessary. The total effective collection area discounts the shadow area
caused by the space between the heliostat mirrors, the shutter blades, The X-Y-Z mechanical positioner
and the laser head, leading to four different setups with total effective collection areas of 0.152 m?,
0.110 m?, 0.075 m?, and 0.652 m2.

The experiments were conducted on 16 September 2022 from 10:00 to 17:00. The solar irradiance was
measured locally by a Kipp and Zonen CH1 pyrheliometer, on a Kipp and Zonen 2AP solar tracker,
from Kipp and Zonen, Delft, The Netherlands. The resulting data of that day at Universal Time Coor-
dinated (UTC) is shown in Figure 7.10.
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Figure 7.10 — The direct normal irradiance measured at the PROMES-CNRS on 16 September 2022 from 5:00 to 19:00
UTC time, and the experimental duration period for each parabolic mirror diameter size. Collector sizes of 1.520 m?,
0.110 m?, and 0.075 m? were used during the clear sky. 0.652 m? was used during the cloudy sky.

7.2.1.2 End-side-pumped solar laser head

@) ! S
L D utlet &)b‘lino water - ‘S
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Figure 7.11 — Photograph of (a) the solar laser head housing the Ce:Nd:YAG crystal placed at the focus of the MSSF para-
bolic mirror with 0.075 m? effective collection area and (b) the sky on 16 September 2022 at 15:48 UTC in PROMES-CNRS.

The laser head was previously used at the NOVA facility [53]. It was composed of a large, fused silica
aspheric lens of 99.995% optical purity, designed to effectively focus the concentrated solar radiation
onto a 2.5 mm diameter, 25 mm length crystal rod, and used as a lid to enclose the laser head. The Ce(0.1
at%):Nd(1.1 at%):YAG crystal was centred in a conical pump cavity covered with silver-coated alu-
minium foil of 94% reflectivity, as shown in Figure 7.12. The pump cavity had a conical shape with
19.5 mm length and input/output diameters of 18.0 mm and 9.0 mm, respectively, whose dimensions
were previously optimized numerically. This design not only facilitated the easy flow of cooling water,
but most importantly enabled efficient multi-pass pumping to the laser rod, resulting in better pump
energy absorption and distribution along the active medium. In our study, we were limited by the local
open cooling system, which operated with a flow rate of 4 L/min and 4.5 bar pressure at ambient tem-
perature. However, the future implementation of a laser chiller to regulate both the temperature and
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pressure of the cooling water could further help to increase the solar laser output. Payziyev [167] ob-
served that the increase of the water flow rate might result in a significant increase of the solar laser
output, especially at high solar pump power level. Figure 7.11 a) and Figure 7.12 show the water-cooling
system of the solar laser head.

Inset figure |  Pump cavity

Ce(0.1 at%):Nd(1.1 at%): YAG solar laser head

e 218.0 mmI I 29.0 mm
R . \
N
~Concentrated solar / Ce:Nd:YAG

. rays - Pump cavity 19.5 mm
o ;

Ce:Nd:YAG
PR output

; coupler o

.;yl/ s )

1064 nm e
e Fused silica Outlet cooling water Power meter

aspheric lens N
Inlet cooling water

Figure 7.12 — Design of the laser head in end-side-pumping configuration, composed of the fused silica aspheric lens, the
conical pump cavity, and the Ce:Nd:YAG laser rod actively cooled by water. Dimension of the pumping cavity in the inset
figure.

The laser rod has one end-face with a high-reflection coating at the laser emission wavelength (99.9%
@ 1064 nm), facing the output section of the aspheric lens, while the other end-face has an anti-reflec-
tion (AR) coating with less than 0.2% reflectivity (<0.2% @ 1064 nm). The active medium was acquired
from Chengdu, Dongjun Laser Co., Ltd. (Chengdu, China). A partial-reflection (PR) coated output cou-
pler for the 1064 nm laser emission with 95% reflectivity and a radius of curvature of -0.5 m was posi-
tioned 17 mm apart from the AR-coated end face of the laser rod. Solar-pumped laser emission could
only be attained when all optical elements were correctly aligned. The solar laser power was then meas-
ured by the Thorlabs PM110D power meter.

7.2.2 Methods and measurements

7.2.2.1 Ce:Nd:YAG end-side-pumped solar laser experiment under a clear sky with different
collection areas

The first set of solar-pumped laser measurements was conducted from 10:10 to 10:40 with an effective
collection area of 0.152 m? and solar irradiance of 905-926 W/m?; the second set from 11:30 to 11:50
with an effective collection area of 0.110 m? at 959-964 W/m?; and the last set from 14:20 to 15:00 with
an effective collection area of 0.075 m? at 972-974 W/m?, as shown in Figure 7.10.

The data acquisition process consisted of the registration of the laser power as a function of the solar
power at the focus for the three collection areas, as presented in Figure 7.13. The solar incoming power
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was controlled by the shutter. Solar laser emission was firstly spotted with the shutter opened at 50%,
58% and 75% for 0.152 m?, 0.110 m? and 0.075 m? collection areas, respectively, corresponding to
40.2 W, 36.1 W and 32.4 W minimum threshold solar powers at the focus. By fully opening the shutter,
maximum solar laser output powers of 1.94 W, 1.24 W, and 0.43 W were respectively reached with
solar powers at the focus of 82.87 W, 62.28 W, and 43.21 W, leading to laser slope efficiencies of
4.75%, 4.88%, and 4.03% for 0.152 m?, 0.110 m? and 0.075 m? collection areas, respectively.
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Figure 7.13 — Solar laser output power versus solar power at the focus and the respective slope efficiencies at effective col-

lection areas of 0.151 m2, 0.110 m?, and 0.075 m2.

7.2.2.2 First Ce:Nd:YAG end-side-pumped solar laser operation under a cloudy sky.

Figure 7.14 shows the solar irradiance values between 15:30 to 17:00 that were constantly changing, evidencing
the cloud coverage of the sky. Thin clouds could momentarily increase the solar irradiance up to 700 W/m?
(around 16:17 to 16:20), while thicker and darker clouds could reduce it to a minimum of only 1 W/m?.
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Figure 7.14 — The direct irradiance measured at the PROMES-CNRS on 16 September 2022 from 15:15 to 17:15 UTC time.
The inset figures are photographs of the cloudy sky at certain periods.

Since the solar irradiance and the solar laser power were oscillating rapidly, reliable solar-pumped laser
output power measurements were only considered when the solar irradiance values were steady for more

156



than two seconds. As shown in Figure 7.15, the solar laser output powers of 14.0 W, 11.0 W, 6.0 W,
5.5 W, and 1.0 W were successfully measured under solar irradiances of 211.6 W/m2, 173.2 W/m?,
111.6 W/m2, 105.8 W/m? and 54.3 W/m?, respectively.

The lowest incoming threshold powers at the focus of 34.48 W, 29.37 W, and 29.12 W were obtained with solar
irradiances and opening of the shutter blades (in terms of percentage) of 160 W/m? at 56%, 212 W/m? at 36%,
150 W/m? at 41%, respectively. The slope efficiency calculated based on the receiving focal power was
7.71%.
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Figure 7.15 — Solar laser output power versus the solar power at the focus, and the respective slope efficiency, at an effec-
tive collection area of 0.652 m? during the cloudy period. The measured solar irradiance (black) and the shutter opening per-
centage (green) at each measured solar laser power (purple) instances are also displayed.

7.2.3 Discussion

The summary of the solar-pumped laser output performance with Ce:Nd:YAG active medium at differ-
ent collector sizes are shown in Table 7-2.
Table 7-2 — Summary of the Ce:Nd:YAG end-pumped solar laser performance at different collection areas and periods of the

day.

Day Status Clear Clear Clear Cloudy
Measurement period 10:30-11:10 11:30-12:40 14:00-15:00 16:20-17:40
Collection diameter 0.600 m 0.540 m 0.485m 1.1m

Effective collection area 0.152 m? 0.110 m? 0.075 m? 0.652 m?
Maximum solar power at
83 W 62.7W 43.2W 2216 W
the focus
o (922 W/m?) (960 W/m?) (971 W/m?) (550 W/m?)
(Solar irradiance)
Maximum solar laser output
192w 124 W 042 W 14 W
power
Threshold solar power at
402W 36.1W 324W 29.2W

the focus
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Slope efficiency based on

4.75% 4.88% 4.03% 7.71%
focal power
Solar-to-laser conversion
. 2.32% 1.98% 0.97% 6.32%
efficiency at the focus
Solar laser collection effi-
12.62 W/m? 11.27 W/m? 5.6 W/m? 21.47 W/m?

ciency

During the clear sky measurement period, the threshold solar power tends to be lower at a smaller col-
lection area; the lowest threshold solar power at the focus was 32.4 W, achieved with the 0.075 m?
collection area, while 40.2 W was found with 0.152 m?. Both values were lower than the previous min-
imum threshold power at the focus of 66 W [53]. The slope efficiency at the focus changes with the
collection area from 4.75% at 0.152 m? to 4.88% at 0.110 m?, and then to 4.03% at 0.075 m2. The solar-
to-laser conversion efficiency and the solar laser collection efficiency decreased with the reduction of
the concentrator’s collection area.

The Ce:Nd:YAG solar-pumped laser performance measured under the cloudy sky revealed a substantial
improvement in relation to the minimum threshold achieved with the clear sky. The slope efficiency
from the focus of 7.71%, obtained with a large collection area of 0.625 m?, is nearly twice the value of
4.03% under the clear sky with a small collection area of 0.075 m2. The minimum threshold power at
the focus was also reduced from 32.4 W with a clear sky to 29.2 W under the cloudy sky. The solar-to-
laser conversion efficiency had also shown a notable improvement, from 2.32% with a clear sky to
6.32% with a cloudy sky, representing a threefold increase; while the solar laser collection efficiency
had nearly doubled, from 12.62 W/m? to 21.47 W/m?2,

According to Bartlett et al. [168], the cloud interaction with the Sun increases light scattering. This helps
in spreading the concentrated solar radiation along the active medium and pump cavity, changing the
thermal lensing and, consequently, the laser output power. Moreover, the study of Andrews et al. [169]
and Bird et al. [170] showed the influence of cloud thickness on solar spectral intensity. The solar in-
tensity suffers a small loss in the UV to the middle of the visible light, in the range of 0.1 pm to 0.5 pm,
but it reduces by half from 0.5 um to 1.4 um, while the IR waveband tends to be completely removed
with a passage of a cloud. The removal of the IR waveband is a beneficial factor for the reduction of the
amount of heat load in the laser head, lessening the thermal lensing effect in the active medium and,
consequently, improving the laser output performance.

Although cloudy days are usually a disadvantage in the performance of solar systems, such as in photo-
voltaics technology, this work showed how beneficial the presence of clouds can be, to a certain extent,
in the Ce:Nd:YAG solar-pumped laser performance. Indeed, the use of cloud forecasting technology in
sky imagery [171-181], satellite imagery [174, 182, 183], and through machine learning [184], could
help maintain a constant solar laser output by anticipating the potential reduction of solar irradiance with
a passing cloud. From that, the solar input power could be compensated accordingly through the autom-
atization of the shutter.

Table 7-3 compares the progress of the current solar-pumped laser performance with minimum thresh-
old solar power with that of the previous Ce:Nd:YAG single-rod solar laser, regarding the threshold at
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the focus, the slope efficiency, the solar-to-laser power conversion and the solar laser collection effi-

ciencies.
Table 7-3 — Comparison of progress in Ce:Nd:YAG solar laser efficiency.
Garcia et al. 2022 .
Parameters This work
[53]

Improve- Improve-

Sky status Clear Clear ment Cloudy ment
(times) (times)

Dat June 2022 September 2022 September 2022
ate
(Summer) (Summer) (Summer)

Primary concentrator

Parabolic mirror

Parabolic mirror

Parabolic mirror

(NOVA) (PROMES-CNRS) (PROMES-CNRS)
Total reflectivity of the
. 75% 59% 59%
collection system
Effective collection area 0.293 m? 0.075 m? 0.652 m?
Tracking method Via heliostat Via heliostat Via heliostat
Active medium Ce:Nd:YAG Ce:Nd:YAG Ce:Nd:YAG

Pumping method

End-side-pump

End-side-pump

End-side-pump

Laser rod dimensions

@2.5 mmx25 mm

@2.5 mmx25 mm

@2.5 mm x 25 mm

Solar irradiance ~850 W/m? 916-927 W/m? Varied

Maximum solar power 2216 W

186.3 W 432 W
at the focus (at 550 W/m?)

Maximum laser power 112W 0.42W 14 W (at 550 W/m?)
Threshold power at the focus 66 W 324W 2.03 292 W 2.26
Slope efficiency from the fo-

9.06% 4.03% 0.44 7.71% 0.86
cus
Solar-to-laser conversion
. 3.37% 0.97% 0.10 6.32% 0.68
efficiency at the focus
Solar collection efficiency 38.22 W/m? 5.57 W/m? 0.15 21.47 W/m? 0.56

The lasing conditions varied between the NOVA and PROMES-CNRS solar facilities. At the NOVA
facility, the parabolic mirror had an effective collection area of 0.293 m2, a focal length of 660 mm, a
total reflectivity of 75%, and a focal size of approximately 8 mm full width at half maximum. These
measurements were taken in June 2022, under clear skies with a solar irradiance of 850 W/m2. In con-
trast, the PROMES-CNRS MSSF parabolic mirror had a focal length of 850 mm, lower reflectivity of
59%, and a focal size of 16 mm in diameter [37].

The laser head used in this study did not operate at its full potential due to the enlarged focal spot
which changes the distribution of the solar energy throughout conical cavity and consequently the active
medium. Despite these challenges, the threshold power achieved with the PROMES-CNRS facility,
which had an effective collection area of 0.075 m?, was half of that achieved at the NOVA facility with
a larger collection area of 0.293 m? [53]. In cloudy weather conditions, the threshold solar power was
further reduced to 29.2 W while using a larger collection area of 0.652 m? compared to that of the NOVA
facility. The slope efficiency from the focus was nearly halved from 9.06% at the NOVA facility to
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4.75% at the PROMES-CNRS facility during clear weather. However, it increased to 7.71% with the
removal of IR wavebands during cloudy weather.

7.3 High-quality laser beam with lower-order modes with
Ce:Nd:YAG pumped by a small collection area

A simple TEMg mode solar system with a Ce:Nd:YAG rod pumped through a heliostat-parabolic mirror
system at PROMES-CNRS during 08 of September of 2022. A solar laser head was composed of a
aspheric fused silica lens and a conical pump cavity, which coupled and redistributed the concentrated
solar radiation from the focal zone of a parabolic mirror into the Ce:Nd:YAG laser rod (Figure 7.11 and
Figure 7.12).

7.3.1 Materials
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Figure 7.16 — The direct normal irradiance measured at the PROMES-CNRS on 08 September 2022 from 5:00 to 19:00
UTC time, and the experimental duration period for each parabolic mirror diameter size. Collector sizes 0.30 m? and 0.28 m?
were used for the experiment. The measurement around 14:30 to 15:00 (red segment) were during a cloudy period.

The same material as in section 7.2.1 was used, and the laser head was pumped by the heliostat-parabolic
concentrator. The experiment examined effective collection areas of 0.30 m? and 0.28 m?. The optical
materials used for TEMoo laser generation followed the design parameters optimized by Zemax® and
LASCAD™ numerical methods, with a maximum solar irradiance of 1000 W/m?Z.

Based on the numerically optimization of the solar laser system, the solar laser prototype was built and
tested in the PROMES-CNRS heliostat—parabolic mirror system. The 2.5 mm diameter, 25 mm length
Ce:Nd:YAG laser rod was HR1064 nm coated (R>99.8%@ 1064 nm) on the input end face
and AR1064 nm coated (R<0.2% @ 1064 nm) on the output end face. The resonator was designed to
allow the displacement of the output mirror (from 25 mm to 1000 mm). By varying the rotation angle
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of the shutter, different input solar power was measured with a Molectron PowerMax 500D. Output
laser power was measured by a Thorlabs PM1100D power meter. Direct solar irradiance was measured
simultaneously during lasing with a Kipp Zonen pyroheliometer. A CINOGY UV-NIR beam profiler
CinCam CMQOS, placed 40 mm away from the output coupler, was used for monitoring the laser beam
profile during the experiments. The laser beam quality M? factors were measured according to
ISO 11146-1 standard, by using the beam profiler. The output coupler of R=95% with RoC=—1 m,
mounted L= 490 mm away from the AR1064 nm output face of the laser rod. A suitable resonator design
for efficient energy conversion to the fundamental mode must maximize the overlap integral of the res-
onator fundamental mode and the pump profile while simultaneously utilizing the rod to apodized
higher-order spatial modes [122]. This has been accomplished by the adoption of a long cavity length
with concave end mirrors of large RoC [13]. Resonant cavity length (L) is a key parameter for achieving
the optimum mode overlap. High-order mode laser output power levels can be achieved with relatively
short L, where the fundamental mode volume poorly matches the pumped region. However, this comes
at the expense of high M? factor beam quality values. By increasing the resonator length, high-order
modes are suppressed, increasing the probability of low mode oscillation. Consequently, the beam
brightness figure of merit increases, and high-quality laser beam can be achieved. Therefore, to obtain
efficient extraction of low mode power, the laser should operate close to the edge of the optically stable
region, where the fundamental mode size is more sensitive to thermal focus fluctuations.

7.3.2 Results

The study investigated the efficiency of the TEMoo solar laser by altering the solar power received at the
focus, particularly during a cloudy period from 14:30 to 15:00. At the same time, the solar laser power
and beam profiling were measured, and the solar power at the focus was calculated using the solar
irradiance data with the shutter always fully open (in contrast to section 7.2.2.2, where the shutter was
adjusted in sync with solar irradiance).

Figure 7.17 illustrates the laser output power at various solar power levels at the focus. The inset
image depicts the formation process of TEMqo with increasing solar power. At 120.7 W solar power, the
beam profile exhibited a combination of TEMao, and at 140.3 W, the merging process became more
apparent. Despite the constant beam size, the laser beam profile at 152.1 W pumping power displayed
a form similar to the TEMg mode. At the highest focal solar power of 169.0 W, a reduced size TEMgo
laser beam of 1.3 W was observed. The slope efficiency achieved in this experiment was approximately
16.4%, the highest ever recorded for any solar pumped laser, with a threshold solar power at the focus
of 113 W. The efficiency of the solar laser was considerably enhanced by filtering the solar wavelength.
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Figure 7.17 — Solar laser output power trend at various focal solar power and the associated laser beam profile during the
cloudy sky period at 14:30 to 15:00 by using a 0.30 m? collection area.

In Figure 7.18, the solar laser beam profile is depicted at various levels of focal solar power under
cloudless skies between 15:00 and 16:00. When the focal solar power was 157.0 W, a donut-shaped
solar laser beam with a laser power of 1.07 W was produced. As the concentrated solar power increased,
the laser power at the ring filled up and spread to the center, forming a TEMgo-shaped beam, as shown
in the inset image of Figure 7.18 for focal solar powers of 159.4 W, 166.1 W, and 170.4 W. As the solar
power at the focus increased further, the laser beam waist became smaller, particularly between 170.4 W
and 180.1 W, and then 184 W. At a solar focal power of 184 W, the TEMqo laser mode was achieved
with a solar laser power of 0.97 W.
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Figure 7.18 — Solar laser output power trend at various focal solar power and the associated laser beam profile during the
cleared sky period at 15:00 to 16:00 by using a 0.30 m? collection area.

7.3.3 Discussion

To achieve high-efficiency and high-quality solar laser beams at a low order mode, the laser must oper-
ate near the edge of the optically stable region. This necessitates a long resonant cavity length, as it
provides significant spatial overlap between the volume of lower-order modes and the pump mode
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volume. Figure 7.18 demonstrates that only a few modes oscillated at a long cavity length. At an input
focal solar power of 157 W, a doughnut-shaped solar laser beam with 1.07 W laser power was recorded,
which corresponds to a collection efficiency of 3.8 W/m? and 16% of the maximum intensity at the
center. The beam diameters and dark spot sizes [185] were also indicated in Figure 7.18 to characterize
the radial intensity distribution of the doughnut-shaped beams. It is important to note that the angular
adjustments of the output mirror did not change to achieve a 16% maximum intensity at the center, as
was done in [157] to attain an 18% maximum intensity at the center. Low order modes have small beam
diameter and divergence, resulting in a high-quality laser beam. The TEMo:-doughnut-shaped mode is
the second lowest order mode, having approximately 1.5 times smaller in diameter compared to the
fundamental TEMq mode, as confirmed the experimental measurements in Figure 7.19. The TEMoo-
mode solar laser oscillation was obtained by increasing the input solar focal power, at the limit of ther-
mally stable zone. Maximum TEMoo-mode solar laser power of 0.97 W was measured at solar focal
power of 184.0 W.

100% ; - 100%

\Q@\‘“ \elegle Solar focal power: 157 W Solar focal power: 184 W 0% 100%
Solar laser power:1.07W Solar laser power:0.97W

Figure 7.19 — Solar laser beam profile at two different solar focal power of 157 W (doughtnut shaped beam) and 184 W
(TEMoo mode).

7.4 Uniform and non-uniform pumping effect on Ce:Nd:YAG
side-pumped solar laser output performance

This study focuses on the influence of two secondary concentrators: a fused silica aspherical lens and a
rectangular fused silica light guide; and consequent pump light distribution on the output performance
of a Ce:Nd:YAG side-pumped solar laser. The solar laser head with the aspherical lens concentrated the
incident pump light on the central region of the rod, producing the highest continuous-wave 1064 nm
solar laser power of 19.6 W from the Ce:Nd:YAG medium. However, the non-uniformity of the ab-
sorbed pump profile produced by the aspherical lens led to the rod fracture because of the high thermal
load, limiting the maximum laser power. Nevertheless, the solar laser head with the light guide uni-
formly spread the pump light along the laser rod, minimizing the thermal load issues and producing a
maximum laser power of 17.4 W. Despite the slight decrease in laser power, the use of the light guide
avoided the laser rod fracture, demonstrating its potential to scale to higher laser power. Therefore, the
pumping distribution on the rod may play a fundamental role for Ce:Nd:YAG solar laser systems design.
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7.4.1 Material and method

The MSSF of PROMES-CNRS was used for the solar laser experiments. The external annular area of
the parabolic mirror was masked to avoid overheating the gain medium so that only 1.38 m in diameter
of its central circular area was used. An effective solar collection area of 1.09 m? was calculated after
discounting the shading effects of a shutter, X-Y-Z axis positioner, solar laser cavity and 0.3 m diameter
central opening of the parabolic mirror. The shutter was used to control the input power. All the mirrors
of the MSSF solar facility are back-surface silver-coated, and because of the iron impurities within the
glass substrates and imperfections, only 59% of incoming solar radiation was focused to the focal zone.
Direct solar irradiances between 1036 W/m? and 1061 W/m? were measured during the experiments in
Odeillo (France), in February 2022.

Two solar laser heads were investigated using as secondary concentrator: (1) a fused silica aspherical
lens, and (2) a fused silica light guide with rectangular cross-section, as shown in Figure 7.20.
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Figure 7.20 — Photographs of the front view (a,c) and side view (b,d) of the Ce:Nd:YAG solar laser heads using the fused
silica aspherical lens (a,b) and the fused silica light guide (c,d). PR: partial reflection; HR: high reflection.

7.4.2 Result

The solar laser head with the fused silica aspherical lens produced a non-uniform absorbed pump profile
within the rod, which is more concentrated on its central region, while the solar laser head with the
rectangular fused silica light guide formed a uniform absorbed pump profile along the rod. The laser
collection efficiency, solar-to-laser power conversion efficiency, and threshold pump power with the
aspherical lens were 18 W/m?, 1.7%, and 480 W, respectively, which were better than that with the light
guide that had 16 W/m?, 1.5%, and 577 W, respectively. However, the non-uniformity of the absorbed
pump profile created by the aspherical lens increased the thermal load of the rod, creating hot pump
spots. This led to the Ce:Nd:YAG rod fracture, limiting the maximum laser output power. At the expense
of slightly lower solar laser power and efficiency, the use of light guide overcame this problem through
the uniformity of the incident solar light on the rod. Therefore, the pumping distribution plays an
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important role in the design of Ce:Nd:YAG solar laser systems, and the light guide technology may
ensure successful solar laser power scaling.

7.5 Most efficient simultaneous solar laser emissions from three
Ce:Nd:YAG rods within a single pump cavity

We report here, to the best of our knowledge, the most efficient simultaneous emissions of three contin-
uous-wave 1064 nm solar laser beams. A fused silica aspheric lens was used to couple the concentrated
solar radiation from the focal zone of a 0.4 m? effective collection area primary parabolic mirror into
three 2.5 mm diameter, 25 mm length 0.1 at.% Ce:1.1 at.% Nd:YAG laser rods within a single conical
pump cavity. For 356 W incoming solar power, 16.5 W continuous-wave total multimode solar laser
power was measured, corresponding to 4.64% solar-to-laser conversion efficiency, 41.25 W/m? collec-
tion efficiency, and 7.64% slope efficiency, which are 1.24, 1.27, and 1.11 times, respectively, higher
than previous records by pumping a single 4.5 mm diameter, 35 mm length 0.1 at.% Cr:1.0 at.%
Nd:YAG ceramic laser rod. The three-rod Ce:Nd:YAG solar laser also provided 2.13, 2.25 and 1.50
times enhancements in solar-to-laser conversion efficiency, collection efficiency, and slope efficiency,
respectively, as compared to previous records by pumping three 3.0 mm diameter, 25 mm length 1.0
at.% Nd:YAG rods within the same single conical pump cavity.

7.5.1 Materials and method

NOVA heliostat-parabolic mirror solar laser system was used. The solar power at the focus was limited
by masking the external annular area of the 1.5 m diameter parabolic mirror, so that only 0.8 m diameter
central circular area was utilized. 0.4 m? effective solar collection area was hence calculated by dis-
counting the shadowing area of 0.1 m? caused by the laser head, its supporting mechanics, the X-Y-Z
positioner, and the non-reflecting space between the two flat segments of the heliostat mirrors. For a
typical solar irradiance of 890 W/m? in Lisbon and 0.4 m? collection area, about 265 W solar power was
focused into a concentrated pump light spot with near-Gaussian distribution of 8 mm full width at half
maximum.

Figure 7.21 a) presents the front image of the solar laser head composed of the large fused silica aspheric
lens and the three 2.5 mm diameter, 25 mm length Ce:Nd:YAG rods mounted within the single conical
pump cavity. Three small partial reflection (PR) 1064 nm output mirrors were accurately aligned with
their corresponding laser rods, as shown in Figure 7.21b. Simultaneous cw 1064 nm solar laser emis-
sions were produced. Accurate resonant cavity alignments were achieved by adjusting three output cou-
plers individually by their respective positioners. For an accurate alignment in the focal zone, the laser
head was mounted onto the X-Y-Z axes positioning system.
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Figure 7.21 — (a) Front image showing the three-Ce:Nd:YAG rod solar laser head cooled by water. (b) Back image of the
solar laser head with three small output couplers accurately aligned to their respective rods.

7.5.2 Results

The three-rod Ce: Nd:YAG solar laser was composed of the first-stage heliostat-parabolic mirror solar
energy collection and concentration system, the second-stage fused silica aspheric lens and the third-
stage conical-shaped pumping cavity, within which the three 2.5 mm diameter, 25 mm length
Ce:Nd:YAG rods were efficiently pumped. Solar energy absorption by Ce3*, Nd** ions and Ce®" to Nd**
energy transfer in Ce:Nd:YAG medium was analysed. Optimum optical pumping system design param-
eters were consequently found through Zemax® software. Optimum solar laser power and beam param-
eters were calculated through LASCAD™ numerical analysis. 16.5 W cw total solar laser power was
measured, corresponding to 7.64% system slope efficiency and 41.25 W/m? solar laser collection effi-
ciency. 4.64% solar-to-laser conversion efficiency was attained, which, to the best of our knowledge,
which are 1.24, 1.27, and 1.11 times, respectively, higher than previous records. With the 2.5 mm di-
ameter Ce:Nd:YAG rods, water cooling was more efficient, which avoided rod fracture issue that has
hindered the efficiency improvement of Ce:Nd:YAG solar lasers. Most efficient and simultaneous cw
solar laser emissions from the three 2.5 mm diameter Ce:Nd:YAG rods could, most hopefully, provide
new solutions for multi-beam solar-powered lasers applications.

7.6 40 W Continuous wave Ce:Nd:YAG solar laser through a fused
silica light guide

The solar laser power scaling potential of a side-pumped Ce:Nd:YAG solar laser through a rectangular
fused silica light guide was investigated by using a 2 m diameter parabolic concentrator. The laser head
was formed by the light guide and a V-shaped pump cavity to efficiently couple and redistribute the
concentrated solar radiation from the parabolic mirror to a 4 mm diameter, 35 mm length Ce(0.1
at.%):Nd(1.1 at.%):YAG laser rod. The rectangular light guide ensured a homogeneous distribution of
the solar radiation along the laser rod, allowing it to withstand highly concentrated solar energy. With
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the full collection area of the parabolic mirror, the maximum continuous wave (cw) solar laser power of
40 W was measured. This, to the best of our knowledge, corresponds to the highest cw laser power
obtained from a Ce:Nd:YAG medium pumped by solar radiation, representing an enhancement of two
times over that of the previous side-pumped Ce:Nd:YAG solar laser and 1.19 times over the highest
Cr:Nd:YAG solar laser power with a rectangular light-guide. This research proved that, with an appro-
priate pumping configuration, the Ce:Nd:YAG medium is very promising for scaling solar laser output
power to a higher level.

7.6.1 Materials and method

The MSSF of PROMES-CNRS was used for the solar laser experiments. The external annular area of
the parabolic mirror was masked to avoid overheating the gain medium so that only 2.0 m in diameter
of its central circular area was used. The incoming solar power was regulated by a shutter with motorized
blades. When the shutter was totally open, a 2.48 m? effective collection area was measured for the
maximum diameter of the parabolic mirror. All the shadow effects in the MSSF caused by the space
between the flat mirrors of the heliostat, the shutter blades, the laser head, and respective mechanical
supports, have been accounted for.

A schematic design of the laser head is given in Figure 7.22. It is composed of a rectangular fused silica
light guide and a two-dimensional (2D) V-shaped pump cavity, within which the Ce:Nd:YAG laser rod
was fixed, being actively cooled by water.

“HR 1064 nm
[/

mirror holder

Figure 7.22 — Photograph of (a) the Ce:Nd:YAG solar-pumped laser head with the laser resonator and (b,c) the detailed
view of the Ce:Nd:YAG laser medium in the experiments. HR, high reflection; PR, partial reflection.

7.6.2 Results

The potential of the Ce:Nd:YAG laser medium for solar laser power scaling was evaluated at the MSSF
of PROMES-CNRS. The adoption of the side-pumping configuration with a rectangular light guide
ensured a uniform pump light distribution along the laser rod. Thanks to this, the 4 mm diameter and
35 mm length Ce(0.1 at.%):Nd(1.1 at.%):YAG rod demonstrated a remarkable resistance to highly in-
coming solar powers, compared to the previous Ce:Nd:YAG solar lasers [145, 161, 163]. By using the
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total incoming solar power of the MSSF, a 40 W cw solar laser power was registered. As far as we are
aware, this was the highest laser power level reported from a solar powered Ce:Nd:YAG laser medium,
being two times more than that from the most recent Ce:Nd:YAG laser rod side-pumped with an as-
pheric lens secondary concentrator at the MSSF [163]. It was also the highest side-pumped solar laser
power through light guide [154, 186, 187]. Therefore, the side-pumping of the laser rod, with the help
of the fused silica light homogenizer, proved to be a good solution for scaling the solar laser power with
the Ce:Nd:YAG laser medium. In future work, either side-pumping or end-side-pumping configurations
with lightguides could be employed for the simultaneous pumping of several Ce:Nd:YAG laser rods of
smaller diameters within a common pumping cavity. The highly concentrated solar radiation could
hence be evenly shared by the several laser rods, ensuring not only a substantial alleviation of the ther-
mal lensing effects in solar-powered lasers [144], but also a significant rise in solar laser conversion
efficiency. This may pave the way of Ce:Nd:YAG solar laser research into a new phase of development
in terms of efficiency, laser beam quality, and stability at higher power levels.
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8

CONCLUSION AND FUTURE RESEARCH

8.1 Conclusion

This doctoral dissertation offers an extensive exploration of novel models for RAC and ESFL, starting
with their conceptual mathematical modelling and progressing through numerical simulations using Ze-
max® to ascertain their concentrated solar focal characteristics, as well as ANSYS™ for temperature
calculation. Both models exhibit focal characteristics comparable to those of many practical results, but
they also exhibit higher performance than what is currently available on the market. As a result, these
concentrators could serve as a competitive alternative to the existing solar concentrator market.

In addition, it includes an assessment of solar-pumped lasers using Ce:Nd:YAG as the primary
active medium, which was optimized through Zemax® and LASCADT™, The solar laser system under-
went testing at both NOVA university and PROMES-CNRS, resulting in successful solar emission un-
der cloudy conditions, the attainment of the lowest threshold power required for laser production, and
TEMoo mode solar laser emission under a small collection area.

The main achievement addressed in this PhD thesis are summarized as follow:

1. Advances of ring based solar concentrators:

e In 2019, a peer-reviewed article was published introducing the concept of ring-based par-
abolic mirrors [39]. These mirrors offer a promising alternative to traditional parabolic
concentrators by eliminating the shadow effect caused by the receiver. The 3D position-
ing of the ring-based parabolic mirrors was found to result in an extremely high temper-
ature of 3755 K.

e An additional study [70] delved deeper into the modeling of RAC and included more
parameters to explore its potential. Various configurations and shapes of RAC were ana-
lysed in this work to identify potential avenues for future research.

2. Advances of curved shape Fresnel lens:

e In 2022, a new methodology for the conceptual and mathematical modeling of shaped
Fresnel lenses was published [42]. This innovative approach does not rely on the ac-
ceptance half angle or the edge-ray principle, which are commonly utilized in the Fresnel
lens field. The analysis produced was rigorously compared to empirical research, reveal-
ing that the ESFL concentrates solar flux nearly twice as much as a flat Fresnel lens,
while also addressing the issue of achromatic aberration.

3. Advances in Ce:Nd:YAG solar pumped lasers

e In 2022, a solar laser system was developed using a Ce(0.1 at%):Nd(1.1 at%):YAG rod,
with dimensions of 2.5 mm diameter and 25 mm length, in a side-end pumped

170



configuration, achieving a new record-breaking solar threshold power of 88 W of incom-
ing solar power at the NOVA facility [53]. This achievement surpassed the previous rec-
ord of 200 W. The solar laser was able to utilize a 0.293 m? area of the NOVA parabolic
mirror, achieving a collection efficiency of 38.22 W/m?, which corresponds to a 4.5%
conversion efficiency from solar energy to laser output.

In September 2022, a research project supported by the SFERAIII European project
(Grant Agreement N° 823802), SURPF1904040028, was conducted at PROMES-CNRS
using the MSSF parabolic concentrator. The study measured a record solar threshold fo-
cal power of 32.4 W by limiting the parabolic mirror to 0.075 m2. It was further reduced
to 29.2 W when operated during a larger collection area of 0.293 m? under cloudy
weather.

Within this period, the solar-pumped Ce:Nd:YAG laser was measured to have attained
the doughnut beam with the largest hole cavity and the smallest Gaussian single-mode.

8.2 Future visions:

The future developments of the work carried out are presented below, which are considered be of
greater importance:

1.

To expand the RAC and ESFL models, additional building variables and constraints will
be incorporated, and all relevant numerical calculations related to these modifications
will be explored and the findings will be published.

Create a standalone software for modeling a RAC and ESFL which will be available for
free on Github.

Incorporate the RAC and ESFL concentrator as a built-in object in Zemax®, providing
seamless integration with other optical components.

Constructing RAC and ESFL concentrators and utilizing either or both for energy gener-
ation and/or as a pumping medium for a solar laser.

The adoption of a newer numerical calculation software is recommended. The latest ver-
sion of Zemax® has been acquired by ANSYS™, [t also includes a more advanced and
up-to-date laser cavity design and the newly added feature of photoluminescence simu-
lation. Learning to use this software will result in a much more accurate solar pumped
laser approximation and will eliminate the need for the outdated LASCAD® software.
Further investigation of the capabilities of Ce:Nd:YAG solar laser in a controlled envi-
ronment is needed. This includes measuring solar laser emission under different cooling
temperatures and selecting solar wavelengths using filters.

Achieve full automation of the solar laser generation process, which is crucial for bring-
ing this technology to an industrial scale. At present, all solar laser experiments require
at least two people to operate.
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