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Preface to “Challenge and Research Trends of Solar
Concentrators”

Challenge and research trends of primary and secondary solar concentrators are key issues for
advanced solar energy research. The main purpose of the book is therefore to present some of the
most recent developments related to solar concentrators. This book is designed to provide the readers
a better understanding of solar concentrators and their impacts on solar-pumped lasers. The chapter
order follows a logical flow of ideas from novel primary solar concentrators to novel secondary

concentrators, concluding finally with the design details of novel solar-pumped lasers.
1. Novel primary solar concentrators for high solar flux applications

A novel three-dimensional elliptical-shaped Fresnel lens (ESFL) analytical model was presented

to evaluate and maximize the solar energy concentration of Fresnel-lens-based solar concentrators.
2. Novel compound primary solar concentrator for pumping a solar laser

Significant numerical improvement in end-side-pumped solar laser collection efficiency and

beam brightness was presented by combining a Fresnel lens and a modified parabolic mirror.
3. Novel fixed solar concentrator for illumination

A fixed fiber light guide system using concave outlet concentrators as its receiving unit was

proposed. The absence of a tracking structure highlights this research.
4. Novel luminescent concentrator

The authors show that by shaping the Luminescent Solar Concentrators (LSCs) in the form of an

elliptic array, its emission losses can be drastically reduced.
5. Conical secondary concentrator for thermal applications

In this study, thermal performance of a conical solar collector was assessed with a new design of

concentric tube absorber and the results were compared to the existing circular tube absorber.
6. New progress in solar-pumped lasers by NOVA University of Lisbon

6.1. This study focuses on the influence of two secondary concentrators: an aspherical lens and a
rectangular light guide. A Ce:Nd:YAG solar laser pumped through the rectangular fused silica light
guide was experimentally investigated, attaining 40 W solar laser output power.

6.2. Most efficient solar laser emission from a single Ce:Nd:YAG rod
The utilization of a small diameter Ce:Nd:YAG rod was essential to significantly enhance solar

laser efficiency, attaining 4.5% record solar-to-laser power conversion efficiency.

6.3. Novel solar concentrator design for the production of doughnut-shaped and top-hat solar
laser beams. The first numerical simulations of doughnut-shaped and top-hat solar laser beam
profiles were accomplished through both ZEMAX® and LASCAD® analysis.



6.4. Novel solar concentrator design for the emission of 5 kW-class TEMyy mode solar laser
beams from one megawatt solar furnace
A novel multi-rod solar laser pumping concept was proposed to significantly improve the TEMy

mode solar laser power level and its beam brightness by novel zigzag beam merging technique.

In summary, this book may empower the readers with up-to-date approaches for designing and
implementing the next generation solar concentrators, as well as solar-pumped lasers.
The book would not be possible without the valuable contributions of all authors. Sustained

helps from MDPI editorial teams are highly appreciated.

Dawei Liang and Changming Zhao
Editors
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Abstract: A novel three-dimensional elliptical-shaped Fresnel lens (ESFL) analytical model is pre-
sented to evaluate and maximize the solar energy concentration of Fresnel-lens-based solar concentra-
tors. AutoCAD, Zemax and Ansys software were used for the ESFL design, performance evaluation
and temperature calculation, respectively. Contrary to the previous modeling 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 function of the number/size of the grooves is also analyzed. Compared to the
typical 1-16 grooves per millimeter 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 concentrated 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 temperature. 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.

Keywords: Fresnel lens; Gaussian source; groove number; solar flux; optical efficiency; full width at
half maximum

1. Introduction

Optical concentration provides strong cost leverage for photovoltaic cells [1]. High
concentrated photovoltaic technology uses relatively inexpensive optics, such as mirrors
and lenses, to concentrate sunlight from a broad area into a much smaller area of active
semiconductor cell and converts sunlight directly to electricity [2,3]. The Fresnel lens has
been widely used in the concentrated photovoltaic field, with the advantages of simple
structure, light weight, low cost, easy processing, etc. [4]. However, it has a limited
concentration ratio due to its strong chromatic aberration.

To overcome this issue, non-flat Fresnel lenses have been widely studied by many re-
searchers, proposing new modeling methods and configurations with the aim of increasing
the solar energy concentration. The shaped Fresnel lens conception was initiated in 1977 by
Cosby [5]. One year later, a patent was filed by O’Neill [6], while Kritchman published his
finding [7]. Since then, many other researchers throughout the world have been proposing
their own non-flat Fresnel lens models and modeling processes [8-13]. Currently, the most
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notable work in this field is a published book by Leutz et al. [14], who presented an in-depth
study of the non-flat shaped Fresnel lens.

The modeling process of the shaped Fresnel lens follows Snell’s law (or law of re-
fraction). 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 dictates 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 [15-17]. It stands valid from a theoretical and math-
ematical perspective, being considered by many researchers in the field of solar energy
concentration [7-12,14-23]. 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 thermosphere, 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 depend-
ing 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 [7-12,14-24]. This oversimplification in the acceptance half-angle calculation paired
with the edge-ray principle has set and cemented the number and size of grooves in the
production of Fresnel lenses in the market [25].

There are two categories of simulation methods for evaluation of the concentration
systems: one by ray tracing and the other by analytical approach [26,27]. 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 [28-30], LightTools [19,31-33] and Soltrace [34].
These 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 describes the flux density distribution through self-written
complex computational codes and programs. This undoubtedly decreases significantly
the computing time and has been widely adopted [8-10,12,21,22]. However, each research
group has its own source code, which could be vastly different from that of another. In
addition, there are no guarantees that the written code has been implemented correctly
or that all the essential parameters and functions have been included. Due to all these
uncertainties, the results could also be significantly different from each other.

The detailed description and analysis of the focusing image is the backbone of solar
concentration research. The maximum attainable concentration and the flux distribution
at the focal zone are some of the few characteristics that should be thoroughly explored
and meticulously presented. To ensure the validity of the numerical or analytical results, it
should be experimentally verified or compared to an existing experiment.

In this work, a parametric modeling procedure of a three-dimensional elliptical-shaped
Fresnel lens (ESFL) is presented, using Snell’s law. The ESFL is designed in AutoCAD, and
then imported into Zemax nonsequential ray-tracing software for numerical evaluation
of the ESFL output performance. In this evaluation, a Gaussian distribution based on
measured data from the literature [35] 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
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Fresnel lens with published experimental data [36], whose results were in accordance with
those 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 millimeter 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 enhance 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 analyzed 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 maximizing the solar flux. The temperature analysis of
both concentrators is also performed by Ansys. The maximum temperatures of 2360 K and
1360 K are 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.

2. Modeling of an Elliptical-Shaped Fresnel Lens

The ESFL model has an elliptical-shaped arch with a smooth surface facing the Sun
and grooves on the opposite side, as shown in Figure 1. This guarantees the easier cleaning
of the lens in case of dirt, without damaging the grooves.

Incoming
(b) solar ray

Figure 1. (a) Cross-sectional representation of an elliptical-shaped Fresnel lens (ESFL). 20a represents
the subtended angle of the Sun to the Earth and 26 the solar—terrestrial angle after the passage of the
solar rays through the atmosphere. (b) 3D representation of the ESFL.

2.1. Analytical Method
The design of the ESFL followed a generic ellipse Equation (1), represented in Figure 2.

2y
aj + b7 = 1, (1)
As shown in Figure 2, the conception of the elliptical arch depends on the radius or
aperture of the concentrator (r), its focal height () and the height of the arch (7). The
angle w is the aperture angle or rim angle of the concentrator, with /ir and r defining its size.

o

The ellipse’s major axis “a” and minor axis “b” can be both calculated with those variables
through Equation (2). The minor axis “b” is the combination of /ir and /; and, once it is

"

found, the major axis “a” can be acquired.
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a= bxr
Vi ¢
b= hf —+ hl

The ESFL can be considered as a set of well-defined and positioned prisms, as shown
in Figure 3.

Figure 2. Segment of an ellipse used as an outline for ESFL. “a” and “b” are the major and minor axis
of the ellipse. “b” is the sum of the height of the arch (1) and the focal length () and w is the rim
angle of the Fresnel lens.

! .
Incoming solar rays

Figure 3. (a) Representation of a half-segment of an ESFL. The region defined by point A to B
represents the first segment of the ellipse and the input facet of the first prism. The size of the prism
is defined by angle éw. The point O represents the origin point and focal zone. AO and BO are the
distances between the focal zone with the vertexes A and B of the prism, respectively. (b) Detailed
visualization of a single prism. The incoming solar rays are refracted by the prism, outputting an
angle w in relation to the normal of its output facet, thus guaranteeing the concentration of light to
the focal zone. AB segment is the input facet. Both AC and AD segments represent the output facet,
whereas both BC and BD represent the back facet. The pitch angle (6)) defines the unused part of
the prism.
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The prisms were modeled through Equation (3), based on Snell’s law, starting with
the outmost one, as indicated in Figure 3a. Each prism is defined by three facets: the input,
output and back facets, represented in Figure 3b. The input facet is defined by the segment
between point A and point B. a represents the angle between the vertical line (solar ray
path), with the normal line of the input facet AB. The solar ray is refracted as it hits AB.
Depending on the refractive index of the medium (1,), the ray is deviated by an angle -.
It is then shifted further as its leaves the output facet of the prism, making an angle of w
in relation to the vertical axis. The output facet is either defined by the segment AC or
AD depending on the pitch angle. In this paper, the refractive index n, of poly (methyl
methacrylate) (PMMA) material (17, = 1.492) was considered.

{ sin(a) = nysin(a — 7) ®)
nysin(B+v) =sin(f+w) ’

The number of prisms/grooves (N) was calculated through Equation (4), where dw
is the groove division angle, which represents a small angular segment of the elliptical
Fresnel lens.

N=5> @
dw’

Equations (5) and (6) give the distances of point A and B to the focal point (O, as the
origin point), respectively, as shown in Figure 3a. The size of the input facet AB depends
on dw. A larger dw means a larger input facet, thus a larger prism. n is the current

groove number.

A0, = axb , 5)

\/uz cos(w — (1 — 1)6w)? + B2 sin(w — (n — 1)6w)?

axb
BO, = (6)

\/az cos(w — (n)éw)* + b2 sin(w — (n)dw)?

Knowing the distances AO, and BO,, and the angle w, then all coordinates can be
found with basic trigonometry. The Cartesian coordinates of points A and B are then
obtained through Equations (7) and (8), respectively.

X4, n = AOysin(w — (n — 1) dw) @
Ya,n = A0, cos(w — (n—1) dw) ’
xg, n = BOy sin(w — (n) dw) ®)
YBn = BOy cos(w — (n) dw) ’

The length of the facet AB at any given prism number is calculated by Equation (9):

ABy = \/ (x50~ 240 + (V51— Y ®

The input angle « at any given prism number is given by Equation (10):

ay = tan~ 1 (YA " YBn ) (10)
XAn — XBn

The angle « is obtained by isolating it from the remaining parameters of Snell’s
Equation (3), as shown in Equation (11):

Tn = &n — sin™! (M), (11)

ny
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The calculation of angle B, is acquired by directly applying Snell’s law into
Equation (10), resulting in Equation (12):

ﬁn — tan71 ( ny Sln(|’)/n|) — Sin(w”) )/ (12)

cos(wy) — 1y cos(|yn|)

The exiting angle w,, on the nth prism can be calculated through Equation (13):
wy=w— (n—1)éw, (13)

The inclusion of the pitch angle (6,) changes the length of the output facet from AC to
AD. Equation (14) represents the calculation of the coordinates of point D considering an
isolated prism, where point A is defined as the origin. This facilitates the calculation of the
real coordinates of point D. The output facet length (AD) is then found by Equation (15).

x/ — tan(90°79p7 ‘“nH‘"Yn ) ABy
D tan(fay[+]Bn])+tan(90° —0p —[an [+ yn])

, (14)

y/D,n = tan(‘“”' + ‘ﬁ”l) x/D,n

AD, = \/ xb,nz + ]/b,nzr (15)

The coordinates of the reduced output facet AD due to the pitch angle is represented
in Equation (16).
{ XDn = XAn — ADy Cos(ﬁn) (16)
YD = Yan — ADysin(By)

Finally, a single prism can be drafted with Equations (7), (8) and (16), forming a
triangle of points ABD. The grooves of the ESFL’s output surface were the first components
to be modeled by drawing all the facets from coordinates A, and D,;, starting from the
outmost prism (1 = 1) to the innermost prism N. This chaining process followed a sequence
of A1D1A;D; ... ANDy. The input surface of the ESFL was then drawn from the last prism
(Nth prism) to the first one, i.e., N to n = 1, with the Y coordinate offset by an increment of
dy, the thickness of the concentrator from point Ay. Hence, the coordinates of point Ay take
the form of (xa n, yan + dt). The output drawing is shown in Figure 4, and the procedural
chaining process is summarized in a flowchart, as presented in Figure 5.

S~ W | incoming olar rays
|

w - 30w

/
/P:

>

1

|

|

|

|
/ -
Figure 4. Chaining process of the first three prisms of the ESFL. The thickness of the concentrator is
attributed by offsetting the input facet by d; from its original coordinate position.
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Facets facing toward the

ESFL input parameters =N Sun:

«  Aperture size, r (mm) Point A (x4, yA,n+dp)
. Focal lenght, ¢ (mm)
. Lens height, i; (mm)
« Segment of division, dw (°)
. Refraction index, 1}

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

l

N= wlr, hp ! dw

!

Facets facing toward the Output
focus: Cartesian coordinates of all
Point A (x4, YA, points
Point D (xp ,, yp,») l
l | Export coordinates to a CAD I

Figure 5. Flowchart of ESFL modeling process.

2.2. Numerical Simulation Method

Figure 6 shows the sequence of the numerical simulation process. 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.

.................. RSN oy SRS -y M .

ESFL
-All variables

Solar distribition

-Collimated Source -~ ~
or -Position/orientation
-Gaussian -Size »{  Concentrated solar flux

-Wavelenghts

AN J
Lemmmmmee -1 ESFL modelling f----=-----. . ' H
g A4 S N
| | Mathematica ESFL.iges Zemax —— ‘ Optical efficiency l
| H AN J
T i 18 i
: AutoCAD [ SN FWHM :
' Detector H ' H
1 : VL J

Figure 6. Sequence diagram of a single numerical simulation.

2.2.1. ESFL Modeling

Each individual coordinate of the ESFL was calculated with the Mathematica program-
ming 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 Zemax shared the same coordinates, as shown in Figure 7.
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3D view

Solar rays -

Inset cross
sectional view

J‘ Ligth distribution
at the focus

Figure 7. 3D view of the ESFL in AutoCAD.

2.2.2. Solar Source Modeling

An “ellipse source” with the same size of the concentrator was used to simulate
the solar rays. The total power attributed is given by the product of the concentrator’s
collection area and the irradiance, i.e., a 1 m diameter concentrator would have a source
power of about 785 W at 1000 W/m? irradiance. Figure 8 shows both the global and the
direct reference spectra ASTM (American Society for Testing and Materials) G173 at Air
Mass 1.5 (AM1.5) [37]. In Zemax, 21 wavelengths were selected as the solar spectrum data,
each normalized as a function of its weight. The weight determines the intensity /power of
each solar ray, which is dependent on the power attributed to the emitting source.
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~ 15} V i i 380 0.34675
[ f "i( \ 450 0.89776
-] ' bt I 485 09379
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= 10} f b ] 625 0.88284
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-] i . 700 0.81098
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Figure 8. Global and direct solar spectra ASTMG173 at AM1.5, with the selected wavelength used for
ray tracing in Zemax and its respective weight value.
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The Gaussian distribution of the solar source was defined by Zemax through the Gy
and Gy, parameters, i.e., the Gaussian distribution parameters in X and Y axes, respectively.
These parameters are based on the solar irradiance measured by Vittitoe and Biggs [35].

The root-mean-square width (dras) adopted by Vittitoe and Biggs, as shown in Equation (17),
describes the Sun shape as a function of the irradiance (I).

Srs X 10° ~ 3.7648 — 0.0038413(1 — 1000) + 1.5923 x 1075(I — 1000)2, (17

Equation (18) represents the Gaussian distribution of the solar rays from the object
“elliptical source” in Zemax. At 1000 W/ m? solar irradiance, the Gaussian source would
have a value of 35,276.6 at both Gy and G, axes.

1

Gr=Gy=——,
¥ v 2X 0%,

(18)

Alternatively, the Gaussian distribution of Gy and Gy can be manually adjusted in
Zemax based on experimental measurements. For example, in a numerical study of a three-
dimensional ring-array concentrator [28], where its output performance was compared to
that of the medium sized solar furnace (MSSF) concentrator of PROMES-CNRS (Procédés
Matériaux et Energie Solaire—Centre National de la Recherche Scientifique) [38], Gx = G, =
36,000 was considered [28]. In this case, the solar distribution at the focal zone of the MSSF
concentrator had the same characteristics as those described by [38—40].

The terrestrial solar half-angle (0) can be calculated by determining the effective size
of the solar—terrestrial image (dg) at a distance (L), as represented in Equation (19).

0p = tan ! (0'5LdE>, (19)

0 can also be found in Zemax by using a detector at a certain distance from a small
solar light source, as shown in Figure 9a. The length L is set as 10 m from the source of
0.002 mm diameter, and the size of the detector (d) as 150 x 150 mm? with a precision
of 1001 x 1001 pixels. The calculation of 6 is independent of the distance L since df is
adjusted by the inverse-square law.

() (b) G, &G, =35276;65=0.52°

1 =
Incoming solar rays from Detecton Pf"ag‘
/ a small light source i

I< :I / \

d (mm)

Figure 9. (a) Light propagation from a small light source towards a detector of size d at distance L.
(b) Solar—terrestrial image with solar half-angle (6g) of 0.52°.

Figure 9b shows the solar distribution of the solar source obtained from both
Equations (17) and (18), considering an irradiance of 1000 W/m? with G, = Gy = 35,276.
For an accurate calculation of the terrestrial solar angle, 95% of the total dg distribution
was considered and 0 = 0.52° was calculated. It is important to note that the acceptance
half-angle (6;) of 0.27° can be found at the effective size (d;) by considering 56% of the focal
Gaussian distribution.
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2.2.3. Output Solar Distribution at the Focal Zone of the ESFL

To analyze 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 10 shows the comparison of the three-dimensional focal distributions from a
Gaussian source with Gy = G, = 35,276 and a collimated source with G, = G, = 0 (or infinite).
In this case, an arbitrary ESFL model with 1 m diameter (D), hf =400 mm, h; = 400 mm,
dy =3 mm, and dw = 0.20° (256 grooves), with 0p = 12°, was used. The focal shape formed
by the Gaussian source (Figure 9a) has a wide normal distribution with 10.8 mm FWHM
and a concentrated solar flux of 5.0 W/mm?2, while the collimated source (Figure 9b) has a
needle-shaped distribution with 0.3 mm FWHM, resulting 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
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Figure 10. The focal image formed by ESFL modeled at 1000 W/mm? irradiance with the (a) Gaussian
source and (b) collimated source.

2.2.4. Comparative Study of the ESFL Output Performance with the Measured Output
Performance of a Fresnel Lens

Figure 11 shows the simulated layout and the focal output of the ESFL and a flat
Fresnel lens [36] 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 [36]. The measurement was conducted in PROMES-CNRS, where the irradiance
can reach 1000 W/m? [36,38,41]. 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 [35], the simulated focal output of the flat Fresnel lens in Zemax matched well
with the measured data [36]. An ESFL with same collection size and focal length, and
hy = 300 mm, dw = 0.0017° (1807 grooves), d; = 3 mm and 6, = 12°, was numerically
simulated and compared. Figure 11a,b present 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 11c,d show the contribution of each source on the
concentrated solar flux of the ESFL and Ferriere Fresnel lens, respectively, as well as the
combined concentrated solar fluxes distribution. As shown in Figure 11b, 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 (Figure 11d). The curved shaped of the
ESFL overcomes this problem, allowing the solar rays from the external annulus area to be

10
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more efficiently focused, as demonstrated in Figure 11a,c. Since the external annulus areas
collect a majority of the incoming solar power, the advantage of the ESFL concentrator
in attaining higher solar flux becomes evident. Chromatic aberration is also significantly
reduced, leading finally to a higher concentrated solar flux of 4.5 W/mm? (Figure 11c)
compared to that of the flat Fresnel lens with 2.6 W/ mm? (Figure 11d) [36]. 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. The influence of these factors on the ESFL output performance is addressed in
Section 3.

(b)

Ferriere
Fresnel Lens

ESFL o
. (c) 1 & + + + = Total
;z 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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Figure 11. (a) The ESFL and (b) the Ferriere Fresnel lens irradiated by five concentric solar sources
with identical area and power. (¢,d) Respective concentrated solar fluxes for the ESFL and the Ferriere
lens, respectively; the combined solar fluxes are also given.

2.2.5. Comparative Study of the ESFL Output Performance with Other Concentrators

Table 1 shows a summary of some predominant and documented analytical and mea-
sured data of other types of concentrators. It is important to note that the experimental data
from the existing concentrators should be used as reference in the design and simulation of
other concentrators, in order to obtain an accurate and fair evaluation of their performances.

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 [39]. 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 similar to that presented in Figure 10b [12,18,32,42], which is not possible
with the incoherent solar light. The focal distribution measurements of linear-shaped
Fresnel lenses by O’'Neill and McDanal [6] and Leutz et al. [43] had both resulted in much
lower concentration solar fluxes of 0.065 W/mm? and 0.045 W/mm?, respectively, with
the corresponding 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 irradiance of 1000 W/m? [36]. The present
ESFL, at the same conditions of the flat Fresnel lens from [36], had a better focal solar flux
of 4.5 W/mm?.

11
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Table 1. Focal concentration and size from various concentrator types found in some publications.

Focal Width

Lens Width

Focal Length

Publications Concentrator Type Concentration (mm) (mm) (mm) Grooves Per mm Method
Nif;;’;‘[iai" Fresnel lens 4.3-5.0 (ratio) ~30 137 140 ~0.1 Analytical
Cosby, 1977 [5] s‘};ﬁ’fﬁf\ rceasgel ~70 (ratio) ~20 ~914 ~509 ~1.0 Analytical
Kritcf;‘;‘;i}]et al, Shapec(il 111:1 “:;Sel lens 172 (ratio) N/A vary vary lnﬁ;irt;(l))‘//:;nall Analytical
0'11\19e91131 [86‘]31" Shap"‘(ilil; r:;r‘;el lens 0.065 (W/mm?) ~30 850 726 N/A Experimental
Flaf};;;t;;]al" Parabolic mirror 16.0 (W/mm?) ~10 (1;\1/\67,HM) 2000 850 N/A Experimental
L;S‘éf) E’j;ll Shapeﬁ; f:r‘;d lens 0045 (W/mm?) e (F%,?,HM) ~300 ~150 N/A Experimental
Fe;ggﬁ;é]al” Flat Fresnel lens 2,644 (W/mm?) 83 (;%,SHM) 900 757 20 Experimental
Yeh, 2009, [24] Shape‘aiir::gel lens 0.060 (W/mm2) ~5-6 (FWHM) 300 446 1.0 Analytical
I;S‘;‘f[t;‘zl]" Fresnel lens 1'&%’2&?90 <025 189 189 N/A Analytical
Ak;%alvzve[l leot] al, Shaped Fresnel lens 0.506 (W/mm?) <1 45 60 4.0 Analytical
Czlz)elr;% eﬁ ;‘]] Fresnel lens N/A <0.1 88 50 022 Analytical
La;‘(;él‘?’[f;fl" Shaped Fresnel lens 8500 (ratio) <1 N/A N/A N/A Analytical
Yeh, 2016 [21] Shapc‘(ilii f:asr‘;d lens 0'&10](]"3"5/ ?n?)lz) » (F”VZ\,(;{M) 300 23 20 Analytical
;%?:E;lel Shaped Fresnel lens ~5.0 (W/mm?) 4 (;V%’(;—IM) 460 280 43 Analytical
22%"’1‘; 9[2211 Shape‘(ili]; f:r“)e‘ lens 40.6 (ratio) 16 650 950 N/A Experimental
Gggcli;‘ [eztg‘;l" RAC! 16.0 (W/mm?) 10 (;‘Z,SHW 2000 500 N/A Analytical
L;%‘;% ﬁz“]l AFSCFL 2 467 (W/mm?) < 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. > Annular Fresnel solar concentrator coupled with a circular Fresnel lens.

3. Output Performance of the ESFL Regarding the Concentrated Solar Flux, the Optical
Efficiency and the FWHM

3.1. 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 12 shows some of the possible configurations of the ESFL with a
combined hyand #; of 700 mm total height.

The ESFL has a similar configuration of a flat Fresnel lens at /iy = 700 mm, /;; = 0 mm.
As hj 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 /1 and D (diameter of the lens):

hy
AR =5, (20)

Figure 13 shows the variation of the concentrated solar flux as a function of the aspect
ratio of ESFL and h;, with 700 mm total height. All the ESFL configurations had D =1 m,
dp =0.28°, 0, = 12° and d; = 3 mm. The concentrated solar flux starts with 3.9 W/ m? at
hy = 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 #; of 500 mm to 700 mm, i.e., with aspect ratio from

0.603 to 0.702.

12
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Figure 12. ESFL configuration with a combination of /iy and I for a total height of 700 mm.
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Figure 13. Concentrated solar flux of the ESFL with a combined hy + 1 of 700 mm as a function of
and aspect ratio.

3.2. Concentrated Solar Flux, Optical Efficiency and FWHM as a Function of the Aspect Ratio and
Several Combinations of hy + hy

Figure 14 shows the concentrated solar flux, optical efficiency and FWHM at various
combinations of hf and h; with ESFLs of D =1 m, §,, = 0.28°, 6, = 12° and d; = 3 mm. hf
ranges from 200 mm to 600 mm and /; ranges from 50 mm to at least 500 mm.

Each hf has its own peak concentrated solar flux at different /; (Figure 14a). For
example, in the ESFL configuration with /iy = 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 /i = 200 mm at
By =500 mm (aspect ratio of 0.603). The increase in hi resulted in a lower concentrated solar
flux, whose peak value shifted to a lower /1, decreasing the aspect ratio of the concentrator.
For example, the ESFL with hf = 600 mm has an aspect ratio of 0.500 with /; = 350 mm and

a concentrated solar flux of 4.4 W/mm?2.
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Figure 14. (a) Concentrated solar flux, (b) optical efficiency and (c) FWHM of the ESFL configurations
with D =1 m at various /iy and ; combinations.

The optical efficiency tends to stagnate at larger /1, as shown in Figure 14b. The
highest optical efficiency of about 60% was attained at the higher /i; of 600 mm. The FWHM
enlarges in a near linear fashion with the increase in /1, and it also expands with the increase
in hf, as shown in Figure 14c.

3.3. Influence of Size/Number of Grooves on the ESFL Output Performance

The influence of different sizes of w on the ESFL output performance was analyzed
for the most favorable combinations of i and h; that achieved the highest concentrated
solar fluxes (Figure 14a). The variation of dw changes the size of each groove/prism within
the ESFL concentrator, mainly changing the size of the input (A,B,,) and the output (A,D;)
facets, as calculated in Equations (9) and (15). A range of dw, from 0.05° to 1°, was used
for the conception of the ESFL model. Figure 15a shows the number of grooves per dw at
different iz The number of grooves drops exponentially independently of the hy with the
increase in dw. A gap in the number of grooves between Iy is observed at a smaller dw,
while it converges closer into the same number of grooves at a larger dw.

Figure 15b shows the concentrated solar flux as a function of dw. Regardless of /, the
maximum concentrated solar flux was found at dw = 0.3°, which is equivalent to 210 to
132 grooves for /iy 200 mm to 600 mm, respectively. As shown in Figure 15c, the increase
in dw lowers the optical efficiency from 66% to 56% and 53% to 50% at /iy of 600 mm and
200 mm, respectively. The FWHM shows a minimum within a certain dw range, as shown
in Figure 15d. For example, at hf = 600 mm, more than 10.7 mm FWHM was found at
dw = 0.35°, while at hf = 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°.



Energies 2022, 15, 668

() (b)
1400 h 55 227 grooves (dw = 0.30°)
2 i Pt ’
v 5 __—» 196 ves (dw = 0.30°
g 1200 — 200 mm ..—=_’ S = > grooves (dw }
3 » 171 grooves (dw = 0.30°)
= — 300 mm -
¢ 1000 L.; = 150 grooves (dw = 0.30°)
= &
E 800 400 mm _; &
b ~—— 500 mm S E 45
S 600 s>
= — 600 mm .‘.‘; E \
E]
z g a0 132
200 g grooves
= o (5w = 0.30°)
0 3.
0.0 02 04 06 0.8 1.0 0.0 02 04 06 08 1.0
dw dw
(c) (d)
70 13
5 12
> 65 E /
S
5 E n /
o
&-5 60 E (1| —
= E
i B 9 \’_//
g, 55 A—/—
o —,_\ 8
50 7
0.0 02 04 0.6 08 10 0.0 02 04 06 08 1.0
dw dw

Figure 15. Characteristics of the Gaussian distribution source at the focal zone: (a) number of grooves
per éw, (b) concentrated solar flux, (c) optical efficiency and (d) FWHM.

The number of grooves has a direct influence on the focal characteristics of the con-
centrator, as demonstrated in Figure 16. 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 16b. On the other hand, the reduction
in the number of grooves (higher éw) leads to an increment in the size of the prism, hence
broadening the final output focal shape, as shown in Figure 16d. Therefore, the concen-
tration solar flux also diminishes with the decrease in the number of grooves (Figure 16b).
Maximum concentrated solar flux was numerically found at dw = 0.30° for all the ESFLs,
regardless the /i, as demonstrated in both Figures 15b and 16b. However, the optimum
number of grooves varies with hf. Consequently, for dw = 0.30°, the optimum number
of grooves varied from 227 grooves with hi; = 200 mm to 132 grooves with iy = 600 mm,
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 1), such as
the shaped Fresnel lens with 4.3 groove/mm at D = 460 mm [22], flat Fresnel lens with
2 grooves/mm at D = 900 mm [36], 2 grooves/mm at D = 889 mm [45], 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 [25]. The higher performance of the ESFL with larger prisms and,
consequently, lower number of grooves is attributed to the fact that the design process
was not under the influence of the common modeling processes based on the edge-ray
principle, but based on the solar Gaussian distribution. The reduction in the number of
grooves and subsequent increase in the prism size could be favorable for the manufacturer
in neglecting the limit losses due to manufacturing inaccuracies, such as blunt tips and
deformed grooves forming.
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Figure 16. Characteristic of the Gaussian distribution source at the focal zone: (a) éw, (b) concentrated
solar flux, (c) optical efficiency and (d) FWHM as a function of the number of grooves.

4. Comparison between ESFL and a Flat Fresnel Lens
4.1. Optimal Focal Position Analysis of Both the ESFL and a Flat Fresnel Lens

Figures 17 and 18 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=1m,d, =0.28° (171 grooves), 0, = 12°, d; = 3 mm, hf =300 mm, and /; = 450 mm. The
flat Fresnel lens with the highest concentration flux configuration was chosen, with D =1m,
hs =400 mm, 0.3 grooves per mm (150 grooves) and 6, = 12°. The focal cones, as shown in
Figures 17a and 18a, were represented by a detector volume with 100 x 100 x 100 voxels
in vacuum, where each voxel accumulates and stores the energy data from each ray that
passes through it, with the associated wavelength and power. Figure 17b 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?2, while Figure 17c shows the focal distribu-
tion at Z = —5 mm in relation to the origin, with a maximum concentrated solar flux of
5.48 W/mm?. Figure 18b shows the focal distribution of the flat Fresnel lens at Z = 0 mm,
with a concentrated solar flux of 0.75 W/mm?2. At Z = +30 mm in relation to the origin,
the maximum concentrated solar flux of only 1.86 W/ mm? was reached, as shown in
Figure 18c.

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 max-
imum, as shown in Figures 17a and 18a. 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 [28].
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Figure 17. (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 18. (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).

4.2. Temperature Analysis of Both the ESFL and the Flat Fresnel Lens

Zemax non-sequential ray-tracing 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 Section 4.1. 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 [46—48].
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In Zemax, a square absorbing black body (emissivity ¢ = 1[49]) detector of 20 x 20 mm?
and 150 x 150 pixels was used to calculate the concentrated solar flux at the optimal focal
positions of the ESFL and the flat Fresnel lens. The matrixial data were then exported to the
Ansys workbench through 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 thickness 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 ] /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. It
contained approximately 1600 elements, which were enough for FEA 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?2 /K. The radiation exchange between surfaces was restricted
by a gray-diffused surface and the emissivity for the graphite disk surface was confined to
e =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 19.
Both temperatures were generated from the focal distributions of Figures 17c and 18b,
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.

(a) ESFL (b) Fresnel lens

1217.5 Min

0 0.015 0.03 (m) 0 0.015 0.03 (m)
] = ]
0.0075 0.022 0.0075 0.022

Figure 19. Focal temperature of ESFL (a) and flat Fresnel lens (b).

5. Conclusions

To overcome the aberration chromatic issue of Fresnel lens concentrators, a novel
parametric model of a three-dimensional elliptical-shaped Fresnel lens was provided and
analyzed. The modeling process took into account the solar Gaussian distribution based
on the measured parameters by Vittitoe and Biggs [35], instead of the classical edge-ray
principle method and the solar acceptance half-angle of 0.27°. The design was performed
by CAD software and then imported into Zemax for numerical calculations. The accuracy
of this model was confirmed by the numerical analysis of the output performance of
a flat Fresnel, whose results matched well with the experimental data [36]. The ESFL
output performance was compared to these results, under the same focusing conditions,
revealing the advantage of the ESFL in focusing more efficiently the solar rays from the
external annulus area, at the external annulus collection area, where a significant part of
the incoming solar power is collected, resulting in a significant increase in the 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 /1 = 500 mm, resulting in a large aspect ratio of 0.603. As ly increased, the
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solar concentration decreased, but maximum solar fluxes were attained with a smaller /;,
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.

In addition, the present work also provided a comprehensive study of the influence of
the number of grooves and size on the ESFL performance. It was found that the optimal
number of groves per millimeter could be substantially reduced in relation to that reported
by the previous literature and market. This could greatly facilitate the manufacturing
process of Fresnel lens concentrators while increasing its solar concentration capacity,
revealing the promising potential of ESFL in many solar energy research and applications.

Author Contributions: Conceptualization, D.G.; methodology, D.G.; software, D.G., D.L., C.R.V,,
H.C. and M.C,; validation, D.G. and D.L.; formal analysis, D.G., D.L., C.R.V. and J.A.; investigation,
D.G.; resources, D.L. and J.A.; data curation, D.G. and D.L.; writing—original draft preparation,
D.G.; writing—review and editing, D.G., D.L., CR.V,, M.C,, BD.T., H.C. and J.A ; visualization, D.G.;
supervision, D.L.; project administration, D.L.; funding acquisition, D.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Fundacao para a Ciéncia e a Tecnologia—Ministério da
Ciéncia, Tecnologia e Ensino Superior, grant number UIDB /00068 /2020.

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

Acknowledgments: The contract CEECIND/03081/2017 and the fellowship grants SFRH/BD/145322
/2019, PD/BD/142827/2018, PD/BD/128267/2016 and SFRH/BPD/125116/2016 of Joana Almeida,
Miguel Catela, Dario Garcia, Bruno D. Tiburcio, and Claudia R. Vistas, respectively, are acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Price, ].S.; Sheng, X.; Meulblok, B.M.; Rogers, J.A.; Giebink, N.C. Wide-angle planar microtracking for quasi-static microcell
concentrating photovoltaics. Nat. Commun. 2015, 6, 6223. [CrossRef] [PubMed]

2. Coughenour, B.M,; Stalcup, T.; Wheelwright, B.; Geary, A.; Hammer, K.; Angel, R. Dish-based high concentration PV system with
Kohler optics. Opt. Express 2014, 22, A211-A224. [CrossRef] [PubMed]

3. El Majid, B.; Motahhir, S.; El Ghzizal, A. Parabolic bifacial solar panel with the cooling system: Concept and challenges. SN Appl.
Sci. 2019, 1, 1176. [CrossRef]

4. Xie, W.T.; Dai, Y.J.;, Wang, R.Z.; Sumathy, K. Concentrated solar energy applications using Fresnel lenses: A review. Renew. Sustain.
Energy Rev. 2011, 15, 2588-2606. [CrossRef]

5. Cosby, R.M. Solar Concentration by Curved-Base Fresnel Lenses; Ball State University: Muncie, IN, USA, 1977.

6.  Neill, M.J.O.; McDanal, A.]. Manufacturing Technology Improvements for a Line-Focus Concentrator Module. In Proceedings of
the Twenty Third IEEE Photovoltaic Specialists Conference—1993, Conference Record (Cat. No.93CH3283-9). Louisville, KY,
USA, 10-14 May 1993; pp. 1082-1089.

7. Kritchman, EM.; Friesem, A.A.; Yekutieli, G. Highly Concentrating Fresnel Lenses. Appl. Opt. 1979, 18, 2688-2695. [CrossRef]

8. Leutz, R.; Suzuki, A.; Akisawa, A.; Kashiwagi, T. Design of a nonimaging Fresnel lens for solar concentrators. Sol. Energy 1999, 65,
379-387. [CrossRef]

9. Yeh, N. Analysis of spectrum distribution and optical losses under Fresnel lenses. Renew. Sustain. Energy Rev. 2010, 14, 2926-2935.
[CrossRef]

10. Akisawa, A.; Hiramatsu, M.; Ozaki, K. Design of dome-shaped non-imaging Fresnel lenses taking chromatic aberration into
account. Sol. Energy 2012, 86, 877-885. [CrossRef]

11.  Romero, M.; Steinfeld, A. Concentrating solar thermal power and thermochemical fuels. Energy Environ. Sci. 2012, 5, 9234-9245.

[CrossRef]

19



Energies 2022, 15, 668

12.
13.
14.
15.
16.
17.
18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

Languy, F.; Habraken, S. Nonimaging achromatic shaped Fresnel lenses for ultrahigh solar concentration. Opt. Lett. 2013, 38,
1730-1732. [CrossRef]

Ma, X.; Zheng, H.; Tian, M. Optimize the shape of curved-Fresnel lens to maximize its transmittance. Sol. Energy 2016, 127,
285-293. [CrossRef]

Leutz, R.; Suzuki, A. Nonimaging Fresnel Lenses: Design and Performance of Solar Concentrators; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2001.

Kalogirou, S. Solar Energy Engineering Processes and Systems; Academic Press: Cambridge, MA, USA, 2013.

Rabl, A. Active Solar Collectors and Their Applications; Oxford University Press on Demand: Oxford, UK, 1985.

Winston, R. Principles of Solar Concentrators of a Novel Design. Sol. Energy 1974, 16, 89-95. [CrossRef]

Cheng, Y.; Zhang, X.D.; Zhang, G.X. Design and machining of Fresnel solar concentrator surfaces. Int. J. Precis. Technol. 2013, 3,
354-369. [CrossRef]

Zheng, H.; Feng, C.; Su, Y.; Dai, J.; Ma, X. Design and experimental analysis of a cylindrical compound Fresnel solar concentrator.
Sol. Energy 2014, 107, 26-37. [CrossRef]

Viera-Gonzalez, PM.; Sanchez-Guerrero, G.E.; Martinez-Guerra, E.; Ceballos-Herrera, D.E. Mathematical Analysis of Nonimaging
Fresnel Lenses Using Refractive and Total Internal Reflection Prisms for Sunlight Concentration. Math. Probl. Eng. 2018, 2018,
4654795, [CrossRef]

Yeh, N. Illumination uniformity issue explored via two-stage solar concentrator system based on Fresnel lens and compound flat
concentrator. Energy 2016, 95, 542-549. [CrossRef]

Yeh, N.; Yeh, P. Analysis of point-focused, non-imaging Fresnel lenses’ concentration profile and manufacture parameters. Renew.
Energy 2016, 85, 514-523. [CrossRef]

Ma, X,; Jin, R; Liang, S.; Zheng, H. Ideal shape of Fresnel lens for visible solar light concentration. Opt. Express 2020, 28,
18141-18149. [CrossRef]

Yeh, N. Optical geometry approach for elliptical Fresnel lens design and chromatic aberration. Sol. Energy Mater. Sol. Cells 2009,
93, 1309-1317. [CrossRef]

Fresneltech Brochure. Available online: https://www.fresneltech.com/fresnel-lenses (accessed on 17 June 2021).
Garcia-Segura, A.; Fernandez-Garcia, A.; Ariza, M.].; Sutter, F; Valenzuela, L. Durability studies of solar reflectors: A review.
Renew. Sustain. Energy Rev. 2016, 62, 453-467. [CrossRef]

He, C;; Duan, X;; Zhao, Y.; Feng, J. An analytical flux density distribution model with a closed-form expression for a flat heliostat.
Appl. Energy 2019, 251, 113310. [CrossRef]

Garcia, D.; Liang, D.; Tiburcio, B.D.; Almeida, J.; Vistas, C.R. A three-dimensional ring-array concentrator solar furnace. Sol.
Energy 2019, 193, 915-928. [CrossRef]

Lv, H,; Huang, X,; Li, J.; Huang, W.; Li, Y.; Su, Y. Non-uniform sizing of PV cells in the dense-array module to match the
non-uniform illumination in dish-type CPV systems. Int. ]. Low-Carbon Technol. 2020, 15, 565-573. [CrossRef]

Garcia, D.; Liang, D.; Almeida, J.; Tiburcio, B.D.; Costa, H.; Catela, M.; Vistas, C.R. Analytical and numerical analysis of a
ring-array concentrator. Int. J. Energy Res. 2021, 45, 15110-15123. [CrossRef]

Yeh, P.; Yeh, N. Design and analysis of solar-tracking 2D Fresnel lens-based two staged, spectrum-splitting solar concentrators.
Renew. Energy 2018, 120, 1-13. [CrossRef]

Pan, J.-W.; Huang, J.-Y.; Wang, C.-M.; Hong, H.-F,; Liang, Y.-P. High concentration and homogenized Fresnel lens without
secondary optics element. Opt. Commun. 2011, 284, 4283-4288. [CrossRef]

Zhao, Y.; Zheng, H.; Sun, B.; Li, C.; Wu, Y. Development and performance studies of a novel portable solar cooker using a curved
Fresnel lens concentrator. Sol. Energy 2018, 174, 263-272. [CrossRef]

Shen, E; Huang, W. Study on the Optical Properties of the Point-Focus Fresnel System. Sustainability 2021, 13, 10367. [CrossRef]
Vittitoe, C.N.; Biggs, F. Six-gaussian representation of the angular-brightness distribution for solar radiation. Sol. Energy 1981, 27,
469-490. [CrossRef]

Ferriere, A.; Rogriguez, G.; Sobrino, J. Flux Distribution Delivered by a Fresnel Lens Used for Concentrating Solar Energy. J. Sol.
Energy Eng. 2004, 126, 654-660. [CrossRef]

ASTM International Standard Tables for Reference Solar Spectral Irradiance at Air Mass 1.5: Direct Normal and Hemispherical
for a 37 Degree Tilted Surface. Available online: https:/ /www.nrel.gov/grid/solar-resource/spectra-am1.5.html (accessed on 21
December 2021).

MEESU Procédés. MSSF horizontal—PROMES. Available online: https:/ /www.promes.cnrs.fr/index.php?page=mssf-horizontal
(accessed on 7 March 2019).

Flamant, G.; Ferriere, A.; Laplaze, D.; Monty, C. Solar Processing of Materials: Opportunities and New Frontiers. Sol. Energy 1999,
66, 117-132. [CrossRef]

Ferriere, A.; Sanchez Bautista, C.; Rodriguez, G.P.; Vazquez, A.J. Corrosion resistance of stainless steel coatings elaborated by
solar cladding process. Sol. Energy 2006, 80, 1338-1343. [CrossRef]

Gineste, ].M.; Flamant, G.; Olalde, G. Incident solar radiation data at Odeillo solar furnaces. J. Phys. IV 1999, 9, Pr3-623-Pr3-628.
[CrossRef]

Liang, K.; Zhang, H.; Chen, H.; Gao, D.; Liu, Y. Design and test of an annular fresnel solar concentrator to obtain a high-
concentration solar energy flux. Energy 2021, 214, 118947. [CrossRef]

20



Energies 2022, 15, 668

43.

44,
45.

46.

47.

48.

49.

Leutz, R.; Suzuki, A.; Akisawa, A.; Kashiwagi, T. Shaped nonimaging Fresnel lenses. ]. Opt. A Pure Appl. Opt. 2000, 2, 112-116.
[CrossRef]

Nelson, D.T.; Evans, D.L.; Bansal, R K. Linear Fresnel Lens Concentrators. Sol. Energy 1975, 17, 285-289. [CrossRef]

Sierra, C.; Vazquez, A. NiAl coatings on carbon steel by self-propagating high-temperature synthesis assisted with concentrated
solar energy: Mass influence on adherence and porosity. Sol. Energy Mater. Sol. Cells 2005, 86, 33—42. [CrossRef]

An, W,; Ruan, L.M.; Qi, H.; Liu, L.H. Finite element method for radiative heat transfer in absorbing and anisotropic scattering
media. J. Quant. Spectrosc. Radiat. Transf. 2005, 96, 409-422. [CrossRef]

Li, B.; Oliveira, FA.C.; Rodriguez, J.; Fernandes, ].C.; Rosa, L.G. Numerical and experimental study on improving temperature
uniformity of solar furnaces for materials processing. Sol. Energy 2015, 115, 95-108. [CrossRef]

Rinker, G.; Solomon, L.; Qiu, S.G. Optimal placement of radiation shields in the displacer of a Stirling engine. Appl. Therm. Eng.
2018, 144, 65-70. [CrossRef]

Radiant Zemax. Zemax Manual; Radiant Zemax: Sacramento, CA, USA, 2014; Volume 13.

21






energies

Article

Highly Efficient Solar Laser Pumping Using a Solar
Concentrator Combining a Fresnel Lens and Modified
Parabolic Mirror

Zitao Cai, Changming Zhao *, Ziyin Zhao, Xingyu Yao, Haiyang Zhang and Zilong Zhang

Citation: Cai, Z.; Zhao, C.; Zhao, Z.;
Yao, X.; Zhang, H.; Zhang, Z. Highly
Efficient Solar Laser Pumping Using
a Solar Concentrator Combining a
Fresnel Lens and Modified Parabolic
Mirror. Energies 2022, 15, 1792.
https://doi.org/10.3390/en15051792

Academic Editor: Tapas Mallick

Received: 5 February 2022
Accepted: 25 February 2022
Published: 28 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Optics and Photonics, Beijing Institute of Technology, No. 5, South Street, Zhongguancun,

Beijing 100081, China; 3120185330@bit.edu.cn (Z.C.); 3220200493@bit.edu.cn (Z.Z.); 3220190441@bit.edu.cn (X.Y.);
ocean@bit.edu.cn (H.Z.); zlzhang@bit.edu.cn (Z.2.)

* Correspondence: zhaochangming@bit.edu.cn

Abstract: Solar-pumped lasers (SPLs) allow direct solar-to-laser power conversion, and hence, pro-
vide an opportunity to harness a renewable energy source. Herein, we report significant improve-
ments in end-side-pumped solar laser collection efficiency and beam brightness using a novel
1.5-m-diameter compound solar concentrator combining a Fresnel lens and modified parabolic mirror.
A key component of this scheme is the off-axis-focused parabolic mirror. An original dual-parabolic
pump cavity is another feature. To determine the dependence of the SPL performance on the distance
between the focus and central axis of the modified parabolic mirror, several systems with different
distances were optimized using TracePro and ASLD software. It was numerically calculated that
end-side pumping a 5-mm-diameter, 22-mm-long Nd:YAG crystal rod would generate 74.6 W of
continuous-wave solar laser power at a collection efficiency of 42.2 W/m?, i.e., 1.1 times greater than
the previous record value. Considering the laser beam quality, a brightness figure of 0.063 W was ob-
tained, which is higher than that of other multimode SPL designs with end-side pumping. Thus, our
SPL concentrator offers the possibility of achieving a beam quality as high as that obtainable via side
pumping, alongside highly efficient energy conversion, which is characteristic to end-side pumping.

Keywords: solar pumping; laser; parabolic mirror; Fresnel lens; solar concentrator; Nd:YAG

1. Introduction

Solar energy, as a desirable renewable energy source, has become increasingly im-
portant because of the need to reduce fossil fuel consumption and the deterioration of
the global environment. Solar-pumped lasers (SPLs) can directly convert light from the
sun into laser energy without the requirement for electrically driven artificial pump light
sources. The use of these lasers facilitates greater solar energy utilization and has attracted
the attention of researchers in the fields of renewable energy and laser technology. Many
potential opportunities for SPL use in solar hydrogen generation [1-3] and space laser [4-6]
applications have been predicted.

Because of their applicability, numerous researchers have conducted studies on SPLs.
Young reported the first continuous-wave Nd:YAG SPL emission with a power of 1 W in
1966 [7]. To obtain appreciable laser output power, parabolic mirrors with large collection
areas, for example, 78.5 m? [8], 50.2m? [9], 38.5m? [10], and 6.75m? [11], were used to
concentrate solar radiation on laser media in early studies. These primary concentrators
with parabolic mirrors were very large and expensive, and the mechanical supporting
structures of the laser cavities inside the parabolic mirrors produced shadows that reduced
the effective solar energy collection area. In the last decade, the adoption of Fresnel lens
designs has accelerated the development of low-cost solar lasers with reduced weight. As a
consequence, many studies focusing on obtaining higher laser collection efficiency, which is
defined as the laser output power per unit area of the solar collector, have been conducted
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in recent years. In 2007, Yabe et al. obtained an 18.7 W/m? laser collection efficiency by end
pumping a 9-mm-diameter, 100-mm-long Cr:Nd:YAG ceramic rod using a 1.3-m? Fresnel
lens [12]. In 2011, a laser collection efficiency of 19.3 W/m? was achieved by Liang and
Almeida using a 0.64-m? Fresnel lens to end-side pump a 4-mm-diameter, 25-mm-long
Nd:YAG crystal rod [13]. In 2012, Dinh et al. reported a 30-W/ m? laser collection efficiency
when end-side pumping a 6-mm-diameter, 100-mm-long Nd:YAG crystal using a 4-m?
Fresnel lens [14]. More recently, in 2018, Guan et al. achieved a 32.1-W/ m? laser collection
efficiency with the use of a 1.03-m? Fresnel lens for end-side pumping a 6-mm-diameter,
95-mm-long Nd:YAG-YAG-bonded crystal rod [15]. However, because of the defects of
Fresnel lenses such as dispersion, which limits the geometric concentration ratio, Fresnel
lenses have not completely replaced parabolic mirrors in SPL designs. For example, in
2018, Liang et al. reported a laser collection efficiency of 32.5 W/m? when end pumping a
4.5-mm-diameter, 35-mm-long Cr:Nd:YAG ceramic rod using a heliostat-parabolic mirror
with a 1.0-m? effective collection area, which represents the record for highest solar laser
collection efficiency [16]. In addition, sunlight is more focused when concentrated by
parabolic mirrors rather than Fresnel lenses, because of the absence of dispersion. Thus,
compared with SPLs with Fresnel lenses, SPLs with parabolic mirrors typically have a better
brightness figure of merit [17,18], which is defined as the ratio between laser power and
the product of the My? and My factors [11]. The use of a parabolic mirror in an SPL design
also makes it compatible with side pumping to produce a TEMy)-mode output [19,20].

Either a Fresnel lens or a parabolic mirror is used as the primary concentrator in almost
all SPLs. However, as mentioned above, a drawback of the former is dispersion, whereas
when the latter is used, the laser cavity shadows the incoming solar light. Hence, neither
option is the perfect choice for the primary concentrator of a SPL. Therefore, it is very
important to develop new solar-energy collection and concentration systems. In recent
years, many novel solar concentrators have been proposed, and numerically calculated
laser performances for their use in SPLs have been reported [21-25]. Among these, a
modified ring-array concentrator (RAC) allowed some remarkable laser performances to
be achieved. When a small Fresnel lens was added to the center of the RAC, laser collection
efficiencies of 38.4 and 29.18 W/m? were obtained via end-side pumping and side pumping
a Nd:YAG crystal, respectively [22,25].

A novel 1.5-m-diameter solar concentrator composed of a modified parabolic mirror
and Fresnel lens mounted coaxially is proposed in this paper. To avoid shadowing in the
laser cavity, a section of the parabolic mirror behind the focal point is removed. Thus,
the total solar collection area, including the remaining annular parabolic mirror section
and the Fresnel lens, spans 1.766 m2. As a compound structure, this solar concentrator
combines the advantages of Fresnel lenses and parabolic mirrors. When compared with
a parabolic mirror concentrator, the replaced part with a Fresnel lens produces a solar
concentrator that is less heavy and shadowing does not occur. When compared with a
typical Fresnel lens concentrator, the reduced diameter of the Fresnel lens in this compound
system means that the influence of dispersion is reduced. Further, because the Fresnel lens
and parabolic mirror pump the laser medium from the end and side, respectively, flexible
adjustment of the solar power distribution in the laser medium is possible. It should also
be mentioned that because the focus of the modified parabolic mirror is off-axis, serious
heat accumulation in the laser medium is prevented.

A series of optimizations performed using the TracePro and ASLD simulation software
packages ensured that, when combined with a novel dual-parabolic pump cavity, the solar
radiation collected by this solar concentrator was uniformly and efficiently absorbed by
a 5-mm-diameter, 22-mm-long Nd:YAG single-crystal laser rod. The continuous-wave
solar laser output power was 74.6 W, and laser beam quality factors of My? = 34.0 and
M,? = 35.1 were obtained numerically; the corresponding laser collection efficiency was
422 W/m?, and the beam brightness figure of merit was 0.063 W, i.e., 1.1 and 2.6 times
greater than the previous records, respectively, for an end-side pumped SPL [22]. The struc-
ture model, design principles, and optimization of the detailed parameters are explained in
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Section 2. The laser performance, numerically calculated by ASLD software, is explained in
Section 3. A discussion of the results is presented in Section 4.

2. Method

The solar laser output power (Poyt) can be analytically calculated in terms of absorbed
solar power (P,p) and other quantities by Equation (1) [26],

1—R I ZUQWSVIBPab
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which is considered as the overall theoretical design method. Here, R is the output coupler
reflectivity, A is the cross-sectional area of the laser rod, Is is the saturation intensity, and
19, 11s, and 77 are the quantum efficiency, Stokes” factor, and beam overlap efficiency,
respectively. The factor 2al accounts for the two-way absorption and scattering loss of the
laser medium inside the laser resonator, that is, « is the scattering and absorption coefficient
of the laser material, and Ly represents other losses in the resonator. It is evident that the
solar laser output power (Poyt) has a positive correlation with the absorbed solar power
(Pgp), and a negative correlation with the length (/) of the laser medium. In addition, the
thermal effects caused by inhomogeneous solar absorption distributions also affect the solar
laser output power. Hence, this approach is aimed to achieve a homogeneous distribution
and efficient solar radiation absorption in the laser rod with a shorter length.

The model of the SPL proposed in this paper (Figure 1) is composed of two major
parts, the solar energy collection and concentration system and the solar laser head. The
structure of these two parts and their optical principles are explained in Sections 2.1 and 2.2,
respectively. On this basis, more detailed parameters in this approach are optimized in
TracePro to obtain an efficient solar radiation absorption, and this process is presented step
by step in Section 2.3.

Solar energy collection and concentration system

Fresnel lens

Solar laser head

Modified parabolic mirror

Figure 1. Model of the solar-pumped laser consisting of the solar energy collection and concentration
system and the solar laser head.

2.1. Solar Energy Collection and Concentrator System

The structure of the primary concentrator proposed in this paper (Figure 2) consists of
a Fresnel lens and a modified parabolic mirror with an aperture of 1.5 m. The Fresnel lens
was placed at the top of the concentrator system to concentrate the sunlight at the front end
of the laser head; the diameter and focal length were both 1 m. The parabolic mirror was
mounted coaxially below the Fresnel lens to concentrate sunlight onto the sides of the laser
head; its parabolic surface was silver-coated (reflectivity R = 95% for sunlight). The inner
and outer diameters of the modified parabolic mirror were 1.5 and 1 m, respectively, and
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the other parameters were numerically optimized using TracePro optical simulations based
on geometric optics analysis.

Fresnel lens

(NGNS AT

Modified
parabolic mirror

L b Focus of the modified
] parabolic mirror

Solar laser head [

Off-axis distance

Figure 2. Schematic of the primary concentrator consisting of a Fresnel lens and modified
parabolic mirror.

The schematic diagrams in Figure 3 show a conventional parabolic mirror (Figure 3a)
for comparison alongside the proposed modified parabolic mirror, for which the focus is
off-axis (Figure 3b,c). In general, the reflective surface of a parabolic mirror takes the form
of a parabola with the equation x> = 2py in the XOY plane that is rotated around the Y
axis (Figure 3a), and this structure concentrates light at the focal point (p/2,0). However,
when the collection area of the parabolic mirror is large and most of the optical power is
highly concentrated at the focal position, serious heat accumulation in the laser medium
can occur. Therefore, we moved the parabola horizontally outward and inward, varying
the distance b between the focus and central axis (Figure 3b,c). This design means that
along the central axis, the light is slightly unfocused, being longitudinally stretched; thus,
the average solar power in the concentrated area is reduced, rendering it suitable for side
pumping the laser medium.

Figure 3. Parabolic mirror schematics: (a) Principle of conventional parabolic mirror; (b) Parabolic
mirror with inwardly deviated focus; (c¢) Parabolic mirror with outwardly deviated focus.

Laser media end pumped by sunlight from primary concentrators in SPLs always
have inhomogeneous solar absorption distributions, with strong absorption at the top that
is gradually reduced along the axial direction of the laser media [15,16,18]. The Fresnel
lens in the primary concentrator is expected to produce this type of distribution in the laser
medium. When sunlight is incident parallel to the central axis on the parabolic mirror, the
mirror surface near the upper edge reflects the sunlight at a smaller convergence angle.
Therefore, when the parabola is moved inward (Figure 3b), an absorber on the central axis
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sits in front of the focus, and its solar absorption distribution weakens gradually from top
to bottom along the axial direction (Figure 4a). Conversely, when the parabola is moved
outward (Figure 3c¢), the focus is in front of the absorber, and the opposite distribution
occurs (Figure 4b); in this case, a laser medium on the central axis absorbs little power at
the top, but this gradually increases along the axial direction toward the bottom. Thus,
the parabolic mirror should be moved outward to concentrate sunlight on the side of the
laser medium and produce a solar absorption distribution opposite to that of the Fresnel
lens. Owing to the complementarity of the Fresnel lens and modified parabolic mirror, the
compound primary concentrator can generate a uniform solar absorption distribution in
the laser medium, and the reduction in heat accumulation in the laser medium means that
a laser output with better beam quality factors can be expected.

(a)jl - (b) T Power density

Figure 4. Solar absorption distributions of absorbers along the axial direction: (a) A absorber in front
of the focus; (b) A absorber behind the focus.

The focal length p/2 and distance between the focus and central axis b, which affects the
incident angle and position of the solar light concentrated on the laser head, were optimized
using TracePro. After outward deviation from the central axis, the curve equation of the
parabolic mirror is (x — b)? = 2py and the focus occurs at (b, p/2), on the right side of
the XOY plane (Figure 3c). To avoid shadowing, p/2 should take an appropriate value
such that the laser cavity can be placed behind the focal point. At the lower boundary of
the parabolic mirror, the focal length should satisfy the condition (500 — b)?/2p > p/2,
i, p <500 — b. When the value of p is close to the maximum value, the longitudinal
length of the parabolic mirror is small; thus, the weight of the system is reduced. Moreover,
in this case, the incident angles of the sunlight concentrated by the parabolic mirror on the
laser medium will be smaller, which will reduce the transmission loss of pump light on the
surface of the laser medium.

2.2. Solar Laser Head

The solar laser head of this system was composed of a dual-parabolic-surface pump
cavity and a liquid light guide lens (LLGL) (Figure 5), within which was mounted a 5-mm-
diameter Nd:YAG single-crystal laser rod with a high-reflection (HR) coating optimized
for 1064 nm on the front face and an antireflection (AR) coating for the same wavelength
on the back face. The output coupler behind the laser rod was coated for partial reflection
(PR) at 1064 nm, and the laser resonator was bounded by a PR output coupler and HR-
coated mirror.
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Quartz tube

Solar rays concentrated
by Fresnel lens

Solar rays
concentrated by !
parabolic mirror —_—

‘Water out

PR 1064nm Output coupler

Laser emission

Figure 5. Liquid light-guide lens (LLGL) and dual-parabolic pump cavity containing 5-mm-diameter
Nd:YAG rod. The incident solar light, 1064-nm laser resonator, water cooling scheme, and locations
of the two parabolic surfaces in the solar cavity are illustrated.

The inner wall of the pump cavity was silver-coated to achieve 95% sunlight reflectivity.
Homogeneous distribution and efficient solar radiation absorption in the laser rod were
generated owing to the fact that the inner wall of the pump cavity consisted of two parabolic
surfaces S1 and S2 (Figure 5). Sunlight that had been concentrated by the parabolic
mirror but transmitted through the laser medium without being fully absorbed was mostly
incident on the side surface of the pump cavity. The parabolic surface S1 had the form
of a left-opening parabola with the curve equation in the XOY plane (y — p/2)? = —2m(x
— (m/2 — b)) that is rotated around the Y axis (Figure 6). Because S1 was focused at the
same point as the parabolic mirror of the primary concentrator, from the opposite direction,
sunlight beams concentrated by the parabolic mirror (red lines in Figure 6) passing through
the laser rod, were reflected in parallel by the paraboloid mn (yellow lines in Figure 6),
and then passed through the laser rod for a second time; these beams were finally reflected
by the paraboloid m'n’ on the other side of the central axis (green lines in Figure 6), and
were incident on the laser rod for a third time. This parabolic cavity provides an isosceles
triangle pathway for sunlight, which allows a short length of laser rod to fully absorb the
incident sunlight. Solar light that had been concentrated by the Fresnel lens and passed
through the laser medium without being fully absorbed was mostly incident on the end
surface of the pump cavity, which took the form of an upward-opening parabolic surface
(S2). All the parameters of S1 and S2 were optimized using TracePro.

P1

n

Figure 6. Schematic of the parabolic surface S1 showing the isosceles-triangle pathway for sunlight
using different colors. Red, yellow, and green lines represent the solar rays before reflection in the
cavity, after the first reflection, and after the second reflection, respectively.
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The LLGL consisted of a quartz tube filled with water for cooling. When filled with
water, the head and side of the LLGL act as spherical and cylindrical lenses, respectively,
enlarging the effective absorption areas of the end and side surfaces of the laser media. The
water was pumped by an external water pump to cool the laser medium. The inner wall of
the quartz tube had a diameter of 10 mm, and the space around the laser rod was deemed
sufficient for efficient water cooling of both the laser medium and the LLGL. The bottom
opening of the quartz tube was blocked by an internal hollow metal stopper, which was
connected to the end of the laser rod by a 5-mm-diameter hollow cylinder. The diameter of
the inner hole was approximately 5 mm, and hence the laser resonator was hardly affected.
The metal structure was partially silver-coated inside the quartz tube (R = 95% for sunlight),
which allowed the laser rod length to be reduced such that the rod was shorter than the
quartz tube and filled the void of the pump cavity, reflecting some of the sunlight back into
the pump cavity.

2.3. Optimization of the Optical Design Parameters Using TracePro

To achieve the maximum absorbed solar pump power with the shortest laser rod
length, the design parameters of the primary concentrator and laser head were optimized
using the optical simulation software TracePro. For this system, several parameters were
preset in TracePro, according to the actual experimental conditions. The Fresnel lens
material was polymethyl methacrylate (PMMA), its diameter and focal length were both
1 m, the ring distance was 0.33 mm, and its thickness was 3 mm. The inner and outer
diameters of the parabolic mirror section were 1.5 and 1 m, respectively, and the surface
reflectivity was assumed to be 95%. The material of the quartz tube of the LLGL was
fused silica, and the inner and outer diameters were set to 10 and 12 mm, respectively.
A 5-mm-diameter Nd:YAG single-crystal laser rod was mounted coaxially in the quartz
tube 8-mm away from the top of the spherical surface, and its initial length was set to
40 mm. A total of 50,000 rays distributed over a half-angle of £0.27° were set within the
1.5-m aperture range to simulate incident sunlight, and the standard solar spectrum (air
mass, AM1.5) was used in the calculations to distribute 980 W/ m? of solar irradiance
over the wavelengths of the solar spectrum (ASTM G173-03 International standard) in
TracePro [27]. The absorption and dispersion spectra of all the materials were also defined,
and the absorption spectrum of the Nd: YAG crystal was set assuming a Nd*>* doping
concentration of 1%. Subsequently, the absorbed solar power was obtained by calculating
the absorption and loss in the laser rod. Four steps for optimization of the modified
parabolic mirror, parabolic surface S1 in the pump cavity, laser rod length, and parabolic
surface S2 in the pump cavity were sequentially considered. According to the absorbed
solar energy from the flux table generated by TracePro, these steps are outlined as follows.

2.3.1. Step 1: Optimization of the Modified Parabolic Mirror

When the offset distance b between the focus and the central axis is large, a large
length of laser rod is needed to absorb a sufficient amount of sunlight, and when b is small,
the sunlight is too concentrated and may damage the laser rod. Through a comparative
analysis, it was determined that the optimal value of b was in the range of 20-50 mm.
Therefore, four typical values for the offset distances, 20, 30, 40, and 50 mm, were used in the
subsequent analysis; for comparison, a conventional parabolic mirror was also simulated.
To distinguish the concentrator systems, they were labeled systems 1-5 according to the
value of b.

Based on the analysis in Section 2.1, when the value of b is in the range of 20-50 mm,
the focal length p/2 of the paraboloid has a maximum value of 225 mm for ideal parallel
light incidence. However, because of the solar divergence angle of 0.27°, the focal length
should be smaller, and after gradually reducing the value of p/2 in TracePro, it was found
that a value of 200 mm was appropriate. The parameters of these parabolic mirrors and the
solar power absorbed by the laser rods for the different systems (1-5) are shown in Table 1.
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Table 1. Parameters of the modified parabolic mirror and absorbed solar power concentrated by the
different primary concentrator systems and LLGL without considering the pump cavity.

System No. 1 2 3 4 5
Focal length p/2 (mm) 200 200 200 200 200
Deviation distance b (mm) 0 20 30 40 50
Distance above the laser head (mm) 109.5 89 78 68 58
Absorbed solar power (W) 177.2 157.1 157.2 157.2 157.2

2.3.2. Step 2: Optimization of Parabolic Surface S1 in the Pump Cavity

Ray tracing and visual analysis using TracePro allowed the positions and diameters of the
input windows of the pump cavities to be rapidly determined. The surface equations of S1 can
also be calculated using the expression defined in Section 2.2, (y — p/2)? = —2m(x — (m/2 — b)).
As shown in Figure 7, there are clear boundaries defining the ranges over which the parabolic
surface S1 receives sunlight, and this data can be used as the basis for determining the depth of
S1 in the pump cavity. The position and diameter of the input windows of the pump cavities,
the parameters of the parabolic surfaces S1, and the absorbed solar power in the laser rods
when this structure is used with each of the different concentrators are listed in Table 2.

0'00 2 46 8101214161820 0.0 0.0 -
a b) 0 5 10 15 20 25 30 35 40 (¢) 0 5 10 1520 25 30 35 40 45 50
Position from the input window (mm) Position from the input window (mm) Position from the input window (mm)
1.0

0.0 0.0
0 5 101520 25 30 35 40 45 50 0 5 10 1520 25 30 35 40 45 50
(d) position from the input window (mm) (€) Position from the input window (mm)

Figure 7. Distributions of incident solar light intensity on the surface of the pump cavity S1 for
different systems: (a) System 1; (b) System 2; (c) System 3; (d) System 4; (e) System 5.

Table 2. Parameters of the parabolic surface S1 and absorbed solar power for each system investigated.

System No. 1 2 3 4 5
Distance behind the laser head (mm) 4.5 5 6 7 10
Diameter of input window (mm) 21.8 355 394 51.2 56.6
Focal length of the S1 parabola m/2 (mm) 11 38 50 66 79
Depth (mm) 7 15 18 26 30
Absorbed solar power (W) 241.2 229.8 226.0 222.2 219.7

2.3.3. Step 3: Optimization of the Laser Rod Length

As shown in Figure 8, when the length of the laser rod is 40 mm, parts of the rod
absorb little solar power. Table 3 shows the laser rod length optimization results. Although
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the absorbed solar power in the laser rods decreased slightly as the laser rod length was
increased, the absorption and scattering losses in the resonator were greatly reduced, which
would result in increased solar-to-laser power conversion efficiencies.

I =18 mm / =22 mm 1 =24 mm S8

! =27 mm

Figure 8. Incident solar power distributions along the axial direction of laser rods for the different
systems (red area indicates the higher incident light intensity and the purple areas indicate lower
incident light intensity.): (a) System 1; (b) System 2; (c) System 3; (d) System 4; (e) System 5. The
optimized length of rod I is shown in each panel.

Table 3. Lengths and reductions in the absorbed solar power and resonator losses (compared with a
40-mm-long Nd:YAG rod) for the laser rods of the different systems investigated.

System No. 1 2 3 4 5
Laser rod length (mm) 9 18 22 24 27
Absorbed solar power (W) 187.2 202.5 202.5 200.9 199.0
Reduction in resonator losses (%) 77.5 55 45 40 325
Reduction in absorbed solar power (%) 224 119 10.4 9.6 9.4

2.3.4. Step 4: Optimization of Parabolic Surface S2 in the Pump Cavity

The upper edge of parabolic surface S2 was bonded with the lower edge of parabolic
surface S1, and the output diameter of the pump cavity was the same as that of the diameter
of the quartz tube. The surface equation for S2 was completely determined by the value
of the focal length 11/2. As the focal length must be selected to ensure that the focus of S2
is within the laser rod, all the possible values of n were used to determine the maximum
absorbed solar power in the laser rod; the results are summarized in Table 4.

Table 4. Parameters of the parabolic surface S2 and absorbed solar power for the different systems

investigated.
System No. 1 2 3 4 5
Focal length of S2 parabola 1/2 (mm) 6 16 22 32 42
Absorbed solar power (W) 210.6 228.7 232.3 230.7 233.3

The influences of the different parameter optimization steps on the absorbed solar
power per unit length of laser rod are summarized in Figure 9. It is apparent that design
optimization using TracePro means that these systems are able to efficiently concentrate
high-power solar radiation into short lengths of the Nd: YAG laser rod. Thermal effects
in the resonator laser and output parameters were further analyzed using the ASLD laser
simulation software package, as outlined in Section 3.
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Figure 9. Influence of the optimization processes on the absorbed solar power per unit length
laser of rod.

3. Result

To perform laser output power and beam quality analyses, simulated laser resonators
were set up in ASLD [28]. In the ASLD simulation, the laser resonator was bounded by a
concave mirror with a PR coating and a face with an HR coating (R > 99.9%) at the right and
left ends of the laser rod, respectively; the other end face of the laser rod was AR-coated
(R < 0.1%) to reduce cavity losses. The length of the laser resonator was 200 mm, and the
other losses in the resonator, which occurred mainly at the end faces of the laser rod, were
assumed to total to 0.003 cm~!. The “pumping description” in ASLD was imported from the
“absorbed-lost flux data matrix” file of the TracePro simulation, which migrated all the solar
ray absorption and loss information from the optimized laser medium in TracePro to laser
resonators in ASLD. The parameters of the laser medium in ASLD were also consistent with
those of TracePro. Moreover, “temperature boundary conditions” of the laser medium were
set as cooling with water. In the ASLD analysis, a doping density of 1.39 x 10! ions/mm?,
fluorescence lifetime of 2.3 x 10~ s, stimulated emission cross-section of 2.8 x 10~1% cm?,
quantum efficiency of 0.95 [26], and laser medium scattering and absorption coefficient
of 3 x 1073 em™! for the Nd:YAG medium containing 1.0 at.% Nd3* were used as inputs.
A wavelength of 660 nm was used as the mean intensity-weighted absorbed solar pump
wavelength [9]. By dividing the laser medium into 169,377 discretization grids and running
a finite element analysis (FEA), both thermal conditions and the laser performance could
be calculated in ASLD.

Owing to the narrow range of the solar spectrum that can be utilized by the SPL [29],
solar power usually contributes to severe heating of the laser medium in SPLs. Therefore,
the thermal conditions of the laser rods were analyzed. Figure 10 shows the temperature
and thermally induced stress distributions in the laser rods pumped by these concentrator
systems, which were evaluated by FEA in ASLD. As the distance between the focus of
the parabolic mirror and the central axis b increased, the thermal stress in the laser rod
was significantly suppressed, and the maximum temperatures in the rods decreased, from
439.6 K (b = 0) to 389.2 K (b = 20 mm), 366.7 K (b = 30 mm), 354.9 K (b = 40 mm), and 353.8 K
(b =50 mm). Regarding stress, the maximum values of 118, 86.45, 70.56, and 68.37 N/ mm?,
obtained for the systems with b in the range of 20-50 mm, were far below the stress fracture
limit for the Nd:YAG medium of 200 N/mm? [26], whereas the value for the b = 0 system
was 189.4 N/mm?, i.e., close to the fracture limit.

The output beam-quality performance of the laser rods is summarized in Table 5.
Using the dual-parabolic-surface pump cavity, solar radiation was coupled into the short
laser rods efficiently and uniformly, and high-efficiency conversion from solar power to
laser power was realized. The optimized SPL based on the concentrator system with a
parabolic mirror having a focal length of 200 mm and offset distance of 30 mm was shown
to have the best laser output performance, with an output laser power of 74.6 W and beam
quality factors of M,2 =34.0 and My2 = 35.1. From this result, a laser collection efficiency of
42.2 W/m? and a beam brightness figure of merit of 0.063 W were calculated.
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Figure 10. Numerically calculated temperature and stress distributions in Nd:YAG rods in the
different optimized solar-pumped laser systems: (a) System 1; (b) System 2; (c) System 3; (d) System
4; (e) System 5.

Table 5. Output laser performance parameters for different optimized SPL systems.

System No. 1 2 3 4 5
Output mirror reflectivity 0.95 0.94 0.93 0.93 0.93
Laser output power (W) 70.2 73.5 74.6 68.4 715
Laser collection efficiency (W/m?) 39.8 41.6 422 38.7 40.5
M2 51.8 35.7 34.0 37.1 36.3
M, 2 533 369 35.1 39.2 37.1
Conversion efficiency (%) 4.06 4.25 4.31 3.95 4.13

4. Discussion

In this study, a novel compound solar concentrator was proposed and applied to
the design of a solar-pumped laser. Significant improvements in not only the solar laser
collection efficiency but also the laser beam quality was numerically calculated using
this structure combined with a novel dual-parabolic-surface pump cavity. Five systems
distinguished by different distances between the focus and central axis of the modified
parabolic mirror were modeled in TracePro, and the solar concentrator and pump cavity
designs for each of these systems were optimized using TracePro and ASLD numerical
analyses. Consequently, it was numerically predicted that by end-side pumping a 5-mm-
diameter, 22-mm-long Nd:YAG crystal rod, 74.6 W of continuous-wave laser power with
beam quality factors of My = 34.0 and My2 = 35.1 could be obtained, corresponding to a
collection efficiency of 42.2 W/m? and a beam brightness figure of merit of 0.063 W, which
were 1.1 times and 2.6 times greater, respectively, than the current record values.

A comparison between the results obtained in this study and the previous records,
for both end-side-pumping [22] and side-pumping [25] schemes, is presented in Table 6.
Although the laser rod was end-side pumped in this work, the beam quality was nearly
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as high as that previously obtained via side-pumping, and the highly efficient energy
conversion characteristic of end-side pumping was retained.

Table 6. Comparisons between results obtained in this work and previous record results for end-side
pumping [22] and side pumping [25].

Parameters

Fold Change with Respect to

Ref. [22] Ref. [25] Present Work Ref. [22] Ref. [25]

Collection area (m?)
Pumping configuration

Laser output (W)

Collection efficiency (W/m?)
Conversion efficiency (%)

Average M? factor
ME+ MG
2

Figure of merit (W)

end-side-pumping side-pumping end-side-pumping
67.8 49.89 74.6

1.76 1.71 1.76 - -

38.4 29.18 422 11 145
4.0 3.07 4.31 1.08 1.40

55.0 33.0 34.6 - -

0.024 0.046 0.063 2.625 1.370
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In this study, the most popular solid-state laser medium, Nd:YAG, was used. However,
the optical structures developed are applicable for pumping other rod-shaped solar laser
media. In particular, it would be interesting to investigate the use of the compound
solar collector and dual-parabolic pump cavity with other laser media that absorb more
strongly in the solar emission spectrum but suffer from more serious thermal effects,
such as Cr:Nd:YAG ceramics, Nd:Ce:YAG, or alexandrite single crystals. The observed
characteristics of the developed optical setup, i.e., homogenized pump-light absorption
and the suppression of thermal effects, suggest that an SPL design incorporating these
more absorbing media with the new optical elements might achieve better performance,
i.e., higher laser collection efficiency or better beam quality.

In addition, the structure proposed in this paper was not complex, with only three
parts coaxially mounted and, as far as we know, all the specific mechanisms and optical
surfaces could be processed. Therefore, the proposed approach could be used for SPLs,
which we shall investigate in future.
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Abstract: Because a traditional optical fiber light guiding system includes a tracking device, it also
inevitably has a complex structure, high construction and maintenance costs, short life span and
low reliability. Although several types have been developed for decades, there are no successful
products on the market. The biggest cause of the problem is that all traditional optical fiber light
guiding systems must have a tracking device. This paper studies a solar fiber optic guide system
without a tracking device, hoping to solve this problem. A fixed fiber light guide system using
concave outlet concentrators as its receiving unit is proposed. The structure and working principle of
the concave outlet concentrator, the receiving unit and the light guide system are introduced. With
optical simulation software and the actual sunlight experimental method, this paper first discusses the
conceptual design of the concentrator, then studies the transmission efficiency curve of the receiving
unit with different angles of incident light, and finally tests the output illuminance of the whole
system in actual sunlight. Field test results show that when the average sunshine intensity is about
800 W/m?, the system has an output of nearly 300 lux at 0.4 m in front of the outlet end of the fiber
bundle with only 3.11 x 10~2 m? receiving area. This illumination has been able to meet people’s
daily lighting requirements. The results of computer simulation and actual sunlight experiments
show that this fixed optical fiber light guide system with non-tracing structure is feasible. The absence
of a tracking structure means that all moving parts of the system are completely discarded. This
greatly improves the working reliability and operation life of the light guide system, and greatly
reduces the maintenance and operating costs.

Keywords: concentrator; light guide; optical fiber solar system; solar daylighting

1. Introduction

With the introduction of low-carbon and green lighting concepts in modern society,
the lighting mode of deep interior spaces such as basement through solar lighting has
attracted extensive attention [1]. At present, there are two main transmission modes on the
market to guide sunlight indoors, namely the light tube scheme and the optical fiber light
guide scheme. Since the first set of light tube system products was put into application,
light tube technology has been relatively mature after decades of development. Recently,
researchers have explored more detailed research on the application of light tubes [2-5].
Another scheme, the optical fiber light guide [6], has advantages such as high illumination
intensity, flexible light transmission, small space occupancy and so on. As far as this scheme
is concerned, there are multiple alternatives; for example, Takashi Nakamura designed an
optical waveguide system for solar power applications in space [7,8]. However, there are
still no technologically mature products on the market, and the relevant technology is still
evolving [9].

At present, the solar concentrators in optical fiber daylighting system are mainly
divided into reflective, transmissive and hybrid concentrators. The lighting system using a
butterfly solar concentrator [10,11] or trough concentrator [12-14] as its reflective concentra-
tor is a research hotspot. A transmission concentrator mainly includes ordinary convergent
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lenses and Fresnel lenses. Recently, Lei Li et al. proposed a large Fresnel lens optical fiber
daylighting system, and its optical efficiency can reach 11-13% [15]. Vu, N.H. et al proposed
an optimized Fresnel lens fiber daylighting system (m-ofds). The system simulation results
show that its maximum optical efficiency is 71%. The simulation results also show that
the distance that sunlight can be transmitted to the lighting destination is 30 m [16]. For
a system with hybrid concentrators, Obianuju et al. used a new two-stage reflective non
imaging dish concentrator for collection [17]. Dawei et al. reported on a flexible light guide,
which consists of 19 optical fibers and compound parabolic concentrators, and its efficiency
can be over 60% [18,19]. In addition, many hybrid optical fiber daylighting and photo-
voltaic solar lighting systems were also proposed recently [20-22]. However, all these light
guiding systems mentioned above require tracking systems with mechanical moving parts
and an external power supply. That is a big problem for all traditional optical fiber light
guiding systems. The inclusion of tracking devices inevitably results in a complex structure,
high construction and maintenance costs, a short life span and low reliability, which is not
conducive to market promotion. Efficiency and cost are two important issues in energy
application technologies. In general, in solar energy applications, systems with tracking
devices are more efficient, while systems without tracking devices are less efficient; the
same is true terms of cost. From the history of technology development, the application of
tracking devices in large and medium-sized solar systems is commercially reasonable and
successful, but the application of tracking devices in small systems, especially small civilian
systems, is commercially unsuccessful. Given the endless supply of solar energy, home
users are more concerned about maintenance and operating costs, operating reliability and
service life. It is easy to understand this issue when you consider the most successful solar
product, the solar water heater. Solar water heaters for home use have no tracking device,
low cost, long life and are almost maintenance-free. Based on this consideration, in the
field of solar light guiding, we also hope to develop a solar light guiding system without a
tracking device.

In 2007, a specially designed composite parabolic concentrator was introduced [23].
Subsequently, more in-depth studies were carried out [24,25]. In 2019, based on this concen-
trator, a fixed optical fiber daylighting system was proposed [26]. For a traditional optical
fiber guide system, its shortcomings of high cost, complex structure, low reliability and
short life are largely due to the tracking device. However, this fixed system described above
completely abandons the tracking device, which would greatly improve the shortcomings
of the traditional optical fiber guide system. In this paper, a new structure will be designed
to make the fixed fiber light guide system simpler, more reliable and more efficient in higher
light energy coupling.

2. The Structure and Working Principle

In the literature published in 2019 [26], a non-tracking light guide system based on
the principle of total internal reflection was proposed. The receiving unit of that system
that undertakes the solar receiving task is shown in Figure 1a. One of the very important
components in this figure is a concentrator with a convex outlet. After further research
and analysis on this structure, it was found that this structure still has room for change.
Therefore, we propose a new type of receiving unit, as shown in Figure 1b. It can be seen
that at least two different designs have been done. Firstly, the optical coupler has been
omitted. The benefits are reducing specular reflection and becoming a simpler structure.
Secondly, under the same conditions as other geometric parameters of the concentrator,
smaller optical fibers can be used to reduce the cost.

The concave outlet concentrator is made of solid block transparent material, as shown
in the physical photo in Figure 2a. It realizes light propagation based on the principle of
total internal reflection rather than specular reflection. The concave design of the outlet
of the concentrator is based on the following reasons. Taking a look at the ray tracing
simulation when the bottom end of the outlet is simply made into a plane, as shown
in Figure 3a, it can be seen that after the converged exit beam is emitted from the solid
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concentrator into the air, its convergence angle is large, which is obviously not conducive
to the coupling with the optical fiber.

1—convex outlet ]—concave outlet
concentrator concentrator

2—coupler
3—optical fiber 2—optical fiber

=

) (b)

Figure 1. (a) Receiving unit with a convex outlet concentrator. (b) Receiving unit with a concave
outlet concentrator.
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Figure 2. (a) Physical photo of the concave outlet concentrator. (b) A computer model of the concave
outlet concentrator.

Therefore, we changed the flat bottom into a concave spherical structure, which is an
arc seen from the outer contour of the shaft section. The outlet end of the concentrator is
actually a concave lens. Ray tracing simulation on it is shown in Figure 3b. This shows that
the convergence angle of exit beam is smaller than that in Figure 3a, which is good for light
transmitting to fiber.

The preliminary design of the concentrator is discussed below. According to the
discussion in the literature [24], the geometric structure of the full-size concentrator can
be determined as long as the outlet width I and the characteristic parameter k are given
(k is defined in the Appendix A). Let I = 0.014 m (AB in the Figure 4) according to
the available experimental conditions. In order to obtain the optimal k value, we do
the following processing: According to the reasonable range of k value discussed in the
literature [24], 11 different values of k are determined, and 11 corresponding computer
models of the concentrator with slightly different sizes are established. Then, 11 models
with the same [ value and the same inlet width are respectively imported into the optical
software (LightTools) for ray tracing simulation, and their light transmission efficiency was
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measured. The wavelength of incident light is set to 550 nm, the number of rays to 15,000,
and the transmittance of the material to 100%. The results are shown in Figure 4.

’

\

N

(b)

Figure 3. (a) Ray tracing simulation for a flat outlet concentrator. (b) Ray tracing simulation for a

concave outlet concentrator.
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Figure 4. Variation curve of light transmission efficiency with characteristic parameters.

The results correspond to the condition of normal incidence of light and connect with
the optical fiber. The light transmission efficiency here is defined according to the following

formula [26].
_ number of the ef fective emergent rays

" number of the ef fective incident rays

()

The effective emergent rays refer to the light rays emitted from the fiber terminal,
which is measured by a detection board (a round red board) very close to the end of the
optical fiber, as shown in Figure 5. Effective incident rays refer to the light rays entering into
the inlet end (receiving surface, or DC in the Figure 6) of the concentrator. It is measured
with the help of a detector board at the entrance (a square red board at the entrance of the
concentrator in Figure 5). The length and width of this board are larger than the entrance
of the concentrator and larger than the cross section of the incident beam. A hole in the
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middle of the square board has the same area as the entryway of the concentrator. Under
the isoplanar condition, the board just covers the entryway of the concentrator. A square
column is selected for the incident beam. As long as the light rays do not overflow the
square detector board, the effective incident ray number is equal to the ray number of
the incident beam minus the ray number on the detection board. Figure 4 shows that
there is a maximum value when the k value is between 0.65-0.68. After comprehensive
consideration of various factors, the value of k is finally determined to be 0.667. Thus, the
values of the two parameters, k and [, that determine the concentrator shape are 0.667 and
0.014 m, respectively, which are the geometric parameters of the concentrators used in
the experiment.

incident ray

concentrator

optical fiber

front detection board
Figure 5. Schematic diagram of ray number detection.
Y
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Figure 6. Axial section structure drawing of concentrator.

The detailed axial section geometry of the concentrator is shown in Figure 6. The

parabolic CB equation is:
1

Y7182

where [ is the length of the line AB. It is the outlet width of the concentrator. The lengths of

the lines DC, AB and dM are 66.34 mm, 14 mm and 2 mm, respectively (the experimental

model is not a full-scale model. Its height has been truncated by 20%). The segment ef is

a quarter arc with a radius of 5 mm. When the curve composed of the six segments EC,

CB, BM, Md, df and fe rotates the Y axis, the concentrator would be obtained, as shown in

(x+1)? @)
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Figure 2b. The Y axis is its symmetry axis. The calculations of geometric parameters of the
front part that is above the focal point of the concentrator are in Appendix A.

3. Results and Discussion

This section is divided by subheadings. It will provide a concise and precise descrip-
tion of the experimental results, their interpretation, as well as the experimental conclusions
that can be drawn. It will briefly and accurately describe the experimental process, methods
and results, and analyze the results.

3.1. Research on the Transmission Efficiency of the Receiving Unit

To better explore the receiving performance of the concentrator, it was necessary to
measure the change of its transmission efficiency under the irradiation of sunlight with
different incident deflection angles. The measurement includes computer ray simulation
and experiments under actual sunlight conditions. One point to make here is that the
concave outlet concentrator is coupled with the transmission optical fiber to form a so-
called receiving unit, as shown in Figure 5. The measurement results are shown in Figure 7.
Here, we focused on the attenuation characteristic, that is, the shape of the curve, not
the specific value of the transmission efficiency. Therefore, the experimental curve was
normalized. The transmission efficiency was set to 1 when the incident angle was 0 degrees.
The red line in the figure is the results from the computer ray tracing simulation, which
uses ray number as an energy unit. The conditions of the simulation are as follows: The
transmittance of the concentrator is 100% without considering the absorption loss of the
material, and the incident light is monochromatic light with a wavelength of 550 nm. The
black line is the result from the actual solar experiment, which uses solar irradiance as the
energy unit. In the figure, the angle @ is the deviation angle from normal incidence.

It can be seen from Figure 7 that the shape of the two curves is similar, and that with
the increase in the incidence angle the transmission efficiency gradually decreases. When
the incident parallel light rays gradually deviate from the normal, making the propagation
process of the light more complex, more light rays cannot be fully reflected into effective
output light rays; they go out of the side, as shown in Figure 8. Therefore, the output will
decay gradually as the declivity angle of the incident light rays increases. Of course, loss
also includes material absorption, which has to do with the wavelength of light, but this
loss is hardly reflected in the attenuation curve, because it hardly has much to do with the
deflection angle. In other words, different wavelengths will get different efficiencies, but
do not affect the shape of the efficiency curve in Figure 7.
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Figure 7. Variation curve of transmission efficiency of a receiving unit with a deflection angle.
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Figure 8. Ray tracing simulation with a small deflection angle.

Another point that needs to be noted is that when the deflection angle become large
(more than 8° in figure), the simulation curve still attenuates relatively rapidly, but the
experimental curve attenuates relatively slowly. The reason is that sunlight contains both
direct light and scattered light. As the deviation angle increases, the loss of direct light
gradually increases, and it counts for less and less proportion. However, the scattered
light almost stays the same, just taking up more and more proportion. Therefore, the field
experimental curve decays slowly at a large angle deflection. However, the incident light
corresponding to the computer simulation curve includes only direct light, no scattered
light. Therefore, it is still decaying at a relatively fast rate.

However, we should note that the decay is not sudden, but gradual. It can be seen from
Figure 7 that when the deflection angle is 4°, the transmission efficiency of the receiving
unit is still close to 0.5. That is half of the max transmission efficiency. The value of 4° here
is called the full width at half maximum (short for FWHM) of this receiving unit.

Theoretically, if the defects of the device manufacturing and system assembly are
not considered, the influence of the deviation of sunlight on the transmission efficiency is
axisymmetric in spatial orientation. Therefore, for a fixed receiving unit, the complete light
transmission efficiency curve should be as shown in Figure 9. For any receiving unit, the
corresponding light transmission efficiency curve has a full width at half maximum, that is,
@y, in the figure. Specifically, for the model we have established, the FWHM is &y, = 4°.
This transfer efficiency curve is a very important curve that we rely on to build a fixed
optical fiber guide system.

AT]

0 o

Figure 9. The complete ray transfer efficiency curve of the receiving unit.
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3.2. Fixed Fiber Light Guide System

As we can see from the discussion in the previous section, only when the sun moves
to the normal incidence position of the receiving unit can the maximum receiving effect be
obtained by simply relying on a fixed receiving unit to receive sunlight. Once it deviates
from the normal incidence position, receiving efficiency will decrease. The greater the
deviation angle, the less the efficiency. However, the feature of the transmission efficiency
curve of the receiving unit gives us an inspiration. If we stagger multiple receiving units at
certain angles intervals (for example, 2®y,) on an arc corresponding to the motion of the
sun, a fixed light guide system will be gained, as shown in Figure 10.

> receiving unit
\

Figure 10. The layout of the receiving unit.

By this arrangement, the resulting fixed light guide system will have a light transmis-
sion efficiency curve, which is the staggering superposition of the transmission efficiency
curves of nine receiving units, as the red line shows in Figure 11. Within a certain receiving
angle range (determined by the number of receiving units), the efficiency curve will be an
approximate horizontal line, which is not different from the light guide system with a solar
tracking device. It can be seen from Figure 11 that the shape of the curve in Figure 9 is very
important. The curve with a large ®y, is what we want to get. With a larger ®y,, the design
goal can be achieved with fewer receiving units at the same receiving angle. According
to the available experimental conditions, we can get a system including nine receiving
units, as seen in Figure 12. The angular interval between two receiving units is equal to
2d,, = 8°. Of the range between —32° to 32°, the light transmission efficiency decreases
rapidly. Based on the same idea, similar problems coming from the seasonal change can be
solved by a multi-row arrangement in the direction of the sun’s altitude angle, as shown in
Figures 10 and 12.

322828 20716 -12° - -0 0] 4 8 12° 16" 20°24° 28° 32 (D

Figure 11. Light transmission efficiency curve of a fixed light guide system.
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Figure 12. Fixed light guide system.

3.3. Test on the Fixed Fiber Light Guide System

The test device is shown in Figure 12. The fiber is a plastic optical fiber with a length
of 3 m and a diameter of 0.005 m. The ends of nine optical fibers are bundled into a
square column shape, as shown in Figure 13, and then are inserted into a small darkroom
(1.2 x 1.2 x 1.8 m?), that is located inside a room (not in the field of view in Figure 12). The
measurement point of illuminance is located 0.4 m in front of the end of the fiber bundle.

@ ()
Figure 13. Photo of the end of the fiber bundle (a) with auxiliary light; (b) without auxiliary light.

The latitude of the experimental site is 23°. When testing, the center line of the light
guide system directs to the solar noon position of the sun. Because the sun moves 1° every
4 min, the range of effective output illuminance received by the fixed light guide system is
64°, which is more than 4 h of sunshine, that is, 2 h before noon and 2 h after noon. The
measured data are shown in Figures 14 and 15. The red curve is the irradiance of incident
sunlight and the purple curve is the output illuminance.
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Figure 14. A diagram of the system’s output illuminance compared to solar radiation intensity
(medium intensity).
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Figure 15. A diagram of the system’s output illuminance compared to solar radiation intensity
(high intensity).

We can clearly see that the whole output illuminance is almost consistent with the
change trend of sunlight irradiance. Without regard to receiving efficiency, the receiving
characteristics of this system in receiving sunlight for illumination are the same as the
optical guide system with a tracking device. It should be noted that because solar irradiance
and illuminance at the end of optical fibers are measured using different instruments that do
not have a common time scale system (that is, the two data records are not strictly the same
point on the time axis), the change trend of the two curves could not be absolute consistent.
The entrance area (solar receiving area) of the nine receiving units is 3.11 x 102 m2. In the
figure, we can also see that when the average intensity of sunlight is about 600 W/m?, the
output illuminance of the whole system can reach about 200 lux, and when the average
intensity of sunlight is about 800 W/m?, the output illuminance of the whole system can
reach about 300 lux. This illuminance intensity can meet the lighting needs of daily rooms.
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From a system architecture perspective, we can improve efficiency and output in the
following ways. One way is to shorten the angular interval between the two receiving units.
Thus, from Figure 11, we can see that the efficiency curve (red line) will rise. However, it
should be noted that if the interval between receiving units remains unchanged, simply
increasing the number of receiving units in the same line will not make the efficiency curve
rise, but only increase the lighting time. The second way is to increase the number of rows
of the receiving unit. The third way is to increase the width / of the concentrator outlet
(AB in Figure 6), which also increases the width of its entrance (CD in Figure 6). Therefore,
more receiving area will be obtained at the entryway of the concentrator. This method
can increase the output. Of course, further optimization of the structure and selection of
materials with low absorption loss are also good ways to improve the output.

4. Conclusions

A concave exit concentrator and a related fixed light guide system were proposed,
and the performance of the concentrator and the whole system were studied and discussed.
Due to the ingenious design, the receiving unit composed of this concentrator with a
concave exit structure makes the light more favorable for coupling with the fiber. Thus,
the receiving unit can dispense with the couplers and can tolerate smaller diameter optical
fibers, greatly simplifying the structure of the receiving unit. The fixed light guide system is
composed of multiple rows and columns of receiving units, which is similar to a sunflower.
Computer ray tracing simulation and field sunlight experiments show the output of the
system at different times (within the range of the available receiving time) of each day of
the year without a tracking device. The results of the field experimental test show that
the system composed of only one row receiving unit with only 3.11 x 1072 m? receiving
area had nearly 300 lux output at 0.4 m in front of the outlet end of the fiber bundle under
solar irradiance of about 800 W/m?2, and 200 lux at 600 W/m?2. Such illumination can meet
the lighting requirements of general rooms, indicating that the design scheme is feasible.
This fixed light guiding system that we developed does not have any moving parts. The
inevitable benefits are long life and high reliability. Another advantage is that the structure
is very simple. Its main composition is the repeated stacking of the simple components
shown in Figure 1b. The main material is glass (not counting optical fiber, because optical
fiber is also needed for traditional optical guide systems), and the cost is no higher than that
of systems with tracking devices. This new system would provide a new feasible scheme
for the commercialization of civilian optical fiber guide products.
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Abbreviations

n transmission efficiency

k eigen parameter of the concentrator
P deviation angle

FWHM  full width at half maximum
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Appendix A
Appendix A.1. The Formation of Concentrator and the Calculation Formula of Geometric
Parameters above the Focal Point

As shown in Figure A1, the two paraboloids with upward openings, F1 and Fy, are
respectively their focal points. Their symmetry axes are parallel to each other, and their
equations are, respectively:

_ 1 2
y—g(x+l),(p>0) (A1)
_ e
y= E(x D%, (p>0) (A2)
Coordinates of focus: .
Xp = —Xp =5 (A3)
Y =Yp = § (A4)

where p is the focal parameter of the parabola and / is the horizontal distance between the
focal point F; (F7) and the y-axis, which is also the width of the concentrator outlet AB.
Figure A2 is the 3D and 2D structure diagram of concentrator. Line Ab is parallel to the
X-axis. Segment AB must satisfy both conditions: (i) It must be positioned above the focus
Fy or F and (ii) its length is exactly the half of the distance.

Between the focal points of the two paraboloids, that is:

FF
|AB| — |1T2‘ = 1 (or |[EO| = 0G| = 3)

(A5)

Lines AE and BG are perpendicular to the axis, respectively. Take the parabolic
segment AD and BC, as well as the straight segment AE and BG, rotating around the axis
of symmetry; then a 3D concentrator is obtained, as shown in Figure A2a. If it is translated
vertically to the plane xoy, a trough shaped combined paraboloid concentrator is obtained,
as shown in Figure A2b. The working principle of this concentrator, namely the operating
principle of optical path, is shown in Figure A3. Incident light is parallel to the symmetry
axis (that is, the y-axis). The light rays reflected from the parabolic segment CB should
converge at F, but actually converge at point F due to the action of the reflecting mirror
AE. The above condition (i) is to ensure that point F is located below the lower opening AB
of the parabolic part of the concentrator. Point F is the image of the point F; with respect
to the plane mirror AE, which happens to be on the symmetry axis of the concentrator.
Similarly, the light rays reflected by the parabolic segment AD, then by the reflection of BG,
will also converge to the point F. Therefore, point F is the focus of the concentrator.

It can be seen from Figure A3 that ray 2 is already the outermost edge of the ray. The
rays to the right of ray 2 will go to DA, instead of propagating down after being reflected
by CB. Therefore, the concentrator has an effective minimal width of inlet DC. Tracing ray 2
down, we can see that AE (or BG) also has an effective minimal length.
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Figure A3. Diagram of light transmission in concentrator.
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Appendix A.2. Determination of Main Geometric Parameters of Concentrator
According to the above two conditions that line segment AB must satisfy, and

Equations (A1)—(A4), the following equations will be obtained [24]:

The Minimum Length of the Mirror AN

32 p
h=ys—yn=-——°=2 A
YATINZ 3y 73 (A6)
The Effective Diameter of Entrance Aperture
T - BB P L
<I>_DC_2xC—Zl<412+ (1717)+T2 (A7)
Diameter Ratio of Inlet to Outlet
_® 2x¢c (5 PP 9 p?r o p
P=1 _2x3_2(4 VG R e (48)

2
2
p (9 P 9 P 9
vl (4* G2+t 1 (A9)

2 2.2 2
(i—’{ﬁ G-%) +’,’z>
(A10)

“H- 2
2 2 2
<Z—”+ (- %) +’Z> -1

2 !

The Half Cone Angle of the Outgoing Beam.
tang:NE—FO:(yA—AN)—FO:%,LZZ (A11)
I

)

The Characteristic Parameter k of the Concentrator.
It can be seen from the above results that the ratio ? is the only parameter that affects

« B 6. It is an important parameter that affects the geometric parameters of concentrator

and outgoing beam. It is denoted by k, that is:

k= ? (A12)
where k is called a characteristic parameter.
According to the above condition (i), we can get:
p.3
0< i < > (A13)
and 3
0<k< 5 (A14)
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Then, Equations (A8), (A10) and (A11) become as follows. Their corresponding curves
are shown in the Figures A4 and A5:

2
=2 -k + 9—k2) +K2 (A15)

4 (1

(A16)

(A17)
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k

Figure A4. The curves of « and B with respect to k.
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Figure A5. The curves of 6 with respect to k.
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Abstract: The full utilization of broadband solar irradiance is becoming increasingly useful for
applications such as long-term space missions, wherein power generation from external sources
and regenerative life support systems are essential. Luminescent solar concentrators (LSCs) can
be designed to separate sunlight into photosynthetically active radiation (PAR) and non-PAR to
simultaneously provide for algae cultivation and electric power generation. However, the efficiency
of LSCs suffers from high emission losses. In this work, we show that by shaping the LSC in the
form of an elliptic array, rather than the conventional planar configuration, emission losses can be
drastically reduced to the point that they are almost eliminated. Numerical results, considering the
combined effects of emission, transmission and surface scattering losses show the optical efficiency
of the elliptic array LSC is 63%, whereas, in comparison, the optical efficiency for conventional planar
LSCs is 47.2%. Further, results from numerical simulations show that elliptic array luminescent solar
concentrators can convert non-PAR and green-PAR to electric power with a conversion efficiency of
~17% for AM1.5 and 17.6% for AMO, while transmitting PAR to an underlying photobioreactor to
support algae cultivation.

Keywords: luminescent solar concentrator; solar spectrum splitter; power generation in space;
microalgae

1. Introduction

The progression of human space exploration endeavors depends on extending the
duration of crew missions [1-3]. These ambitious missions will require regenerative
environmental control and life support systems (ECLSS). Further, it will not always be
possible to bring an energy source that can supply the power required for the duration of the
mission and onboard energy conversion systems that utilize the energy sources available
in space will be needed. Regarding ECLSS for long-term space missions, microalgae
cultivation has been investigated as a promising solution owing to its potential to regenerate
O, from CO;,, high growth-rates and ability to close the carbon loop by providing a
source of food [4-6]. Indeed, in the Photobioreactor at the Life Support Rack (PBR@LSR)
experiment, an advanced microalgae photobioreactor (PBR) utilizes concentrated CO; from
a life support rack onboard the International Space Station [7]. Onboard power generation
for spacecrafts operating in the inner solar system is often achieved using photovoltaic
(PV) solar panels to convert sunlight into electricity. In this work we are interested in
the potential use of luminescent solar concentrators (LSCs) that focus sunlight onto PV
cells located at their sidewalls for space applications. We are particularly interested in
LSCs because, in addition to concentrating sunlight, they can also function as a solar
spectrum splitter that separates photosynthetically active radiation (PAR) from non-PAR.
Our objective is to design an LSC that splits the solar radiation to simultaneously provide
for electric power generation using non-PAR and green-PAR, and microalgae cultivation
using PAR, respectively. The ability to provide multiple functions is highly valuable for
mass and volume conservation on spacecrafts. Further, using LSCs for PV operation in

Energies 2021, 14, 5229. https:/ /doi.org/10.3390/en14175229 53

https:/ /www.mdpi.com/journal/energies



Energies 2021, 14, 5229

space can offer additional benefits. For example, small PV cells are located at the edges of
the LSC where they can be shielded from harmful radiation [8], and it has been predicted
that specific power values greater than 1 kW /kg can be achieved by using LSCs in space [9].
However, the efficiency of LSCs suffers from emission losses, whereby a large fraction
of light emitted from the dye within the LSC panel exits the structure rather than being
directed toward the edges of the LSC via total internal reflection (TIR). LSCs have a planar
configuration, although in this work we investigate the ability of using other structures
to achieve TIR over a broad range of angles to minimize emission losses. We show that
emission losses can be drastically reduced by structuring the LSC in the form of an elliptic
array rather than a planar configuration. In this paper, we design and numerically evaluate
the performance of elliptic-array LSCs that can operate in tandem with a PBR and use solar
energy to simultaneously generate electric power and provide for microalgae cultivation.

2. Background

Significant research efforts have been undertaken to explore innovative spectral pho-
ton management strategies that optimize algae growth conditions and biofuel cultivation
systems [10-15]. For example, Sun et al. [16] enhanced microalgae production by embed-
ding hollow light guides in a flat-plate PBR made of PMMA. The hollow light guides also
induced turbulent flow, promoting microalgae suspension mixing, and the photosynthetic
efficiency of microalgae growth in the PBR was increased by 12.52%. Ooms et al. [17]
demonstrated wavelength specific scattering from plasmonic nano-patterned surfaces as a
means of addressing the challenge of photon management in PBRs. Modular PBRs were
constructed with different reflective substrates including arrays of plasmonic nanodisks,
broadband reflectors and untreated glass, and a power efficiency enhancement of 52% was
achieved with the plasmonic nanodisk arrays as compared to the case wherein a broadband
reflector was used. Furthermore, a 6.5% cyanobacterium growth rate increase was achieved
by using a plasmonic substrate in comparison to using a photobioreactor equipped with
untreated glass.

As another spectral photon management strategy for optimizing algae-based biofuel
cultivation systems, LSCs are one of the most economical and practical options to harvest
solar energy because they have the dual-advantage of (1) concentrating light onto a smaller
area (resulting in greater geometrical gain) and (2) splitting the solar irradiance into
different spectral regions such that it can be used to simultaneously provide power for
multiple applications. An LSC is typically comprised of a transparent panel that hosts
luminophore molecules. These luminophores, such as quantum dots or organic dyes,
absorb incident solar radiation and use this energy to isotropically emit radiation with a
longer wavelength. If the photons are emitted within the critical angle, they will be directed,
via TIR, toward PV cells located at the edges of the transparent panel. The incident solar
radiation outside the spectral region absorbed by the fluorophores may pass through the
panel. This technology can be used in a vast range of applications including greenhouse
panels, semi-transparent windows that generate electricity or heat [18] and skylights
because the transparency, shape, size and color of the panel are easily controlled [19].

The luminophore embedded within the LSCs can be designed to split the solar spec-
trum into its PAR and non-PAR components and concentrate the non-PAR onto PV cells
located at the LSC sidewalls. Over the course of millions of years, photosynthetic organ-
isms have adopted photo-protection mechanisms to naturally regulate energy flow and
minimize energy fluctuations within their photocells [20]. Most photosynthetic organisms
are highly reflective toward green light, which has the maximum photon flux in the so-
lar radiation spectrum, to avoid overheating. Instead, light harvesting antennas within
photosynthetic organisms are often highly absorbing in the spectral vicinity of blue and
red light [21]. However, due to several deficiencies and considerable loss mechanisms,
the power conversion efficiency of LSCs is still less than 10%. The main operating mecha-
nisms and loss phenomena in LSC devices are described subsequently with reference to
Figure 1 [22].
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Figure 1. (a) Mechanism of an LSC as a solar spectrum splitter and solar concentrator and, (b) Operation and loss
mechanisms in an LSC: (1) Fresnel reflection loss, (2 and 3) Light guiding of photons emitted outside the escape cone via
TIR to PV cells at the sidewalls of the planar waveguide, (4) Emission losses of photons emitted within the escape cone,
(5) Internal absorption losses, (6) Surface scattering losses at the waveguide/air boundary.

A main reason for low efficiencies in LSCs is transmission losses because a large
amount of incident sunlight passes through the panel. Transmission losses occur because
luminophore dyes absorb over a small spectral region compared to the spectrally broad
solar irradiance. However, this feature makes it possible to use LSCs as semitransparent
windows for numerous applications including greenhouses and building facades. Other
loss mechanisms include surface reflection loss (which is ~4% for light incident from
the normal direction), emission losses due to light being emitted at angles less than the
critical angle for which TIR occurs, and emission losses due to surface roughness, which
increases photon scattering out of the LSC, and internal absorption losses, which includes
the absorption of light by the host matrix waveguide material and the re-absorption of
emitted photons by other dye molecules. Many efforts have been applied to reduce the
aforementioned losses in LSCs. The methods of reducing surface losses include fabricating
selective mirrors, Bragg reflectors, or plasmonic structures at the LSC surfaces, and aligning
the luminophores within the LSC to control the path of the emitted light.

Efforts to reduce internal losses caused by re-absorption include studies on novel
organic fluorescent dyes, quantum dots and inorganic phosphors [23]. Correia et al. [24]
provided a comprehensive overview about the potentials of lanthanide-based organic-
inorganic luminescent dyes in order to increase the performance of LSCs. Meinardi et al. [25]
designed and fabricated CdSe/CdS quantum dots that utilize a large Stokes shift to elimi-
nate re-absorption losses in large-area LSCs and optical efficiencies exceeding 10% with a
concentration factor of 4.4 were achieved. Buffa et al. [26] developed dye-doped polysilox-
ane rubber waveguides for LSC systems and evaluated the potential of enhancing fluo-
rophore fluorescence efficiency in the presence of different concentrations of Au nanopar-
ticles. Unlike the more common waveguide hosts (e.g., PMMA), polysiloxane rubber is
flexible, which enables applications in tents, fabrics, sleeping bags or other such devices
that can be rolled up, folded or otherwise deformed. The first transparent near-infrared
(NIR)-absorbing LSC with high transparency was demonstrated by Zhao et al. [27]. In this
study, they developed luminophore blends of cyanine and cyanine salts and synthesized
cyanine salt-host blends with quantum efficiencies greater than 20% accompanied with
spectrally selective NIR harvesting. Debije et al. [28] increased the energy output of LSC
waveguides by adding white scattering layers to the bottom side of LSCs separated from
the waveguide by an air gap. Cambié et al. [29] developed a Monte Carlo ray tracing algo-
rithm to simulate photon paths within LSC-based photomicroreactors and experimentally
validated their results. Chou et al. [30] fabricated a flexible waveguiding LSC that exhibits
high optical efficiencies and great mechanical flexibility. In this research, a certified power
conversion efficiency (PCE) of 5.57%, with a projected PCE as high as approximately 18%
was reported. A significant amount of research has also been performed to investigate
the performance of LSCs for agrivoltaics, algae cultivation, basil growth and greenhouse
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applications [11,31-36]. For example, Detweiler et al. [11] fabricated a wavelength se-
lective LSC panel that harnesses the green light portion of the solar irradiance, most of
which is not used for algae growth. The LSC panel contains Lumogen Red 305 dye that
absorbs and emits green (~580 nm peak) and red light (~620 nm peak), respectively. The
fluorescently emitted red light was either used to enhance algal growth, or waveguided
and captured by PV cells to be converted into electricity. The results revealed that the
microalgae growth rates under the LSC panels were equivalent to the growth rates under
the full solar radiation spectrum.

Based on Snell’s law, all the photons emitted from luminescent dyes within an LSC
that impinge on the surface of the LSC panel at an angle smaller than the critical angle
will be emitted to the surrounding medium (loss four in Figure 1b), which is one of the
main loss mechanisms in LSCs. The measurements reveal that the accumulated emission
losses, considering secondary absorption and emission events and scattering due to surface
roughness can reach 50-70% [37]. In this context, all the strategies for reducing surface
losses are based on the following two main processes: integrating selective mirrors and
aligning the luminophores to directionally control the emission of light [38,39]. However,
topology-based strategies wherein the shape of the host medium is altered and optimized to
reduce emission losses have yet to be explored. This work evaluates the benefits of shaping
the medium hosting the dye in an elliptic-based, rather than planar-based, configuration
to minimize the absorption and surface (including scattering and cone zone) losses for
LSCs. The performance of these novel elliptic-based LSCs is investigated and compared to
conventional LSCs for the dual application of simultaneously providing power for algae
and PV electricity production systems.

3. Description of the Elliptic Array Solar Spectrum Splitter and Simulation Methods

In this study, we present a novel spectral-splitting solar concentrator (SSS) that has an
elliptical configuration that partitions the solar irradiance into photosynthetically inactive
radiation (non-PAR) and green PAR, which is typically not strongly absorbed by microalgae,
to power PV cells and blue and red PAR to be utilized in microalgae cultivators.

An ellipse has two focal points, and any ray emitted from one of its focal points that is
specularly reflected from its surface will be directed toward its second focal point (Figure S1
in the Supplementary Material, Section A). In the proposed SSS, we make use of this ability
of an ellipse to transfer light rays emitted from one of its focal points to its second focal
point to design an LSC panel with minimal optical losses. The shared focal point in the
proposed SSS is occupied with the concentrated luminescent dye that absorbs green PAR
or non-PAR and re-emits radiation at an equal intensity in all directions. The light radiated
from the luminescent dye is directed toward the focal points of the adjacent unit cells.

This phenomenon, whereby the light emitted from one focal point is refocused at the
focal points of the adjacent unit cells, is achieved by designing the curvature of the ellipses
such that the radiation emitted at their shared focal point undergoes TIR at their curved
sidewalls. If the medium internal to the SSS has an index of refraction equal to 77 and the
medium external to the structure is air (11,4, = 1) then, according to Snell’s law, the radiation
emitted from the focal point of the overlapped ellipses will undergo TIR at the surface
when the following Equation (1) is satisfied:

% > tan(sin71 (%)) (1)

The minimum value of ¢/a for which the radiation emitted from the focal point of the
ellipse will undergo TIR at the ellipse surface is plotted as a function of 1; (the medium inter-
nal to the ellipse) in Figure 2b for the case in which the external medium is air. For example,
if the ellipse was made from glass (rgsss = 1.49), polymer (1 yigh refractive index polymers = 1.7)
or titanium dioxide (1 1j02 = 2.5), the minimum values of ¢/a that would satisfy the TIR
condition defined by Equation (1) would be 0.905, 0.727 or 0.436, respectively. Based on
the definition of an ellipse c/a < 1, which implies that the refractive index of the medium
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internal to the ellipse must be 1.41 or greater, as indicated by the red line in Figure 2, to
satisfy the TIR condition if the medium external to the ellipse is air. The inset at the top
right in Figure 2b shows five different shapes of ellipses over the range of 0.905 < ¢/a < 1.
The TIR condition defined by Equation (1) for the case in which the internal medium is
glass is illustrated in Figure 2¢, which shows that the radiation emitted from the shared
focal point of two overlapping ellipses escapes the SSS structure for values of c¢/a < 0.905;
conversely, all the rays emitted from the focal point undergo TIR at the surfaces of the
glass-based ellipse for the case in which c¢/a > 0.905.

b 25 - T - ,
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R 4'; P "o':’&:":‘{“ %
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Figure 2. (a) A unit cell that hosts concentrated luminescent dye at the shared focal point of two ellipses. The width of the
unit cell is 2C. (b) The minimum value of ¢/a for which TIR will occur for radiation emitted from the focal point plotted as a
function of the refractive index of the medium internal to the ellipse (assuming the medium external to the ellipse is air) and

(c) propagation behavior of radiation emitted from a point source located at the shared focal point of overlapping ellipses
for the cases in which the index of refraction of the internal medium is 7 = 1.49 and the ellipse parameters are c¢/a = 0.6,

¢/a=0.75and

c/a=0.95.

Herein, we use the ellipse-based unit cell shown in Figure 2 in the design of a spectral-
splitting solar concentrating panel that transmits blue and red PAR, such that it can be
used for algae cultivation while absorbing green PAR and non-PAR incident from the
solar irradiance to generate electric power. A cross-section of this panel, in the “X-Y”
plane, is shown in Figure 3a, and the shape of this panel is realized in three-dimensions by
translating this cross-section in the “Z” direction, as shown in Figure 3b. For conciseness,
we refer to this panel as an elliptic array solar spectrum splitter (EASSS). Additionally,
shown in Figure 3b is an array of Petzval lenses that focuses the incident solar irradiance
onto the focal lines within the EASSS. The concentrated light beams coming from the
Petzval lens array are incident onto an array of linear receivers (negative lenses) residing on
the upper surface of the EASSS, which facilitate the coupling of the incident light onto the
focal lines. The incident green PAR and non-PAR is absorbed by luminophores concentrated
along the focal lines within the EASSS, while the blue and red PAR is transmitted and
leaves the EASSS through a linear exit port located beneath the focal line. The radiation
from the luminophores, emitted with equal intensity in all directions, is confined within
the EASSS via TIR and is directed toward the PV cells embedded at the side walls of the
EASSS. In this case, luminescent dye absorbs the spectral region from ~500-600 nm and
from ~740-1100 nm and re-emits photons at wavelengths matched to the single junction
PVs at the EASSS side walls. For example, Lumogen Red 305, one of the most commonly
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used dyes in LSCs, which has an absorption peak of ~580 nm and an emission peak of
~620 nm, and CY (a cyanine derivative), with absorption spectra peaks at 742 nm and
NIR emission peaks at 772 nm, can be utilized. InGaP (Epandgap = 1.82 V), single junction
Si (Epandgap = 1.1 €V) and GaSb (Epandgap = 0-67 €V) solar cells can be used as PV cells at
the panel sidewalls to harvest different ranges of the non-PAR spectrum. The part of the
incoming beam that is not absorbed by the luminescent dye can be used to cultivate algae
in a photobioreactor located beneath the EASSS [40-47].
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Figure 3. (a) The proposed configuration of Elliptic Array Solar Spectrum Splitter (EASSS) in 2D; (b) extension of the EASSS
into 3D and; (c) The concept of receiver to couple the incoming concentrated light from Petzvel lens to the luminescent dye

area and send out through the exit port.

In conventional flat-panel LSCs, the light emitted within a broad cone does not
undergo TIR at the panel surface and emission losses are ~25%. In the EASSS, TIR occurs
for all the light emitted from the focal line with the exception of the light that is emitted
onto the receiver or the exit port. As discussed subsequently with reference to Figure 3,
the expected emission losses from the EASSS are just a few percent. The surface scattering
losses can be estimated using the equation (1 — D)N, where D is the surface scattering
coefficient and N is the number of ray collisions with the surface of the EASSS. Moreover,
the internal absorption losses can be determined using the expression e L where a is
the absorption coefficient of the internal medium the EASSS is comprised of, and L is the
trajectory path length of the rays through this internal medium.

In the literature, Monte Carlo ray-tracing methods have been used to model LSCs [46—48].
Herein, we numerically model the path length, emission losses and optical efficiency
for the light emitted from the focal line inside the EASSS using COMSOL Multiphysics
software (version 5.4) ray optics and heat transfer modules supplemented with MATLAB
for analytical analysis. The number of rays emitted from each point source was a minimum
of 10°, and the mesh sizes are normalized to the focal distance. The non-dimensional mesh
size does not exceed 0.01, and the maximum relative tolerance for convergence is 1073,

The analysis is performed as follows: Firstly, an EASSS structure without entrance
ports (receivers) or exit ports is considered. Specifically, surface scattering losses, in terms
of the number of surface scattering events, N, within the EASSS is modeled and analyzed
in 2D and compared with that of the conventional flat-panel LSC. Then, the absorption
losses, in terms of the mean light-ray path length, are determined for the EASSS and

58



Energies 2021, 14, 5229

flat-panel LSC. Subsequently, the effect of structure thickness on the absorption and surface
scattering losses are investigated. Afterward, the receivers and exit ports are introduced on
the upper and lower sides of the EASSS, respectively. The effect of altering the structure of
the receiver on the performance of the EASSS is considered and discussed thereafter. In
practice, all the luminescent dye required to absorb the incident non-PAR spectra would
occupy a finite volume and could not lie precisely on the focal lines within the EASSS. In
this regard, the effects of the finite volume occupied by the dye and the sensitivity of the
performance of the EASSS with respect to the displacement of the dye from the focal line
are investigated. Furthermore, considering the highly concentrated solar irradiation on
the narrow receivers, thermal analysis of the EASSS is carried out. Finally, the optical and
power conversion efficiency for a sample case of an EASSS working in conjunction with a
photo-bioreactor is analyzed and discussed.

4. Results
4.1. Surface Scattering Losses in the EASSS

The number of scattering events per meter width in the x-direction is plotted as a
function of the height (2b = 1) and c/a ratio of the EASSS in Figure 4. For a constant height of
the EASSS structure, as c/a increases the number of unit cells (focal lines) per meter within
the EASSS panel decreases and, therefore, the number of surface collisions decreases, which
lowers the surface scattering losses. In general, as ¢/a and & increase, surface scattering

losses decrease.
45
Surface scattering events (1/m) i 40

h (cm)

91 0.93 0.95 0.97 0.99
c/a

Figure 4. Number of surface scattering events per meter, within an EASSS panel plotted as a function
of h and c/a.

The number of surface scattering events per meter in the x-direction is plotted as a
function of LSC height for an EASSS with ¢/z = 0.91 and a conventional flat-panel LSC
in Figure 5a. Figure 5b shows comparisons of the trajectory of the light emitted from a
point source located at the center of the EASSS to the trajectory of the light emitted from
the center of a conventional LSC panel. When the panel height is 2 cm, the number of
surface scattering events in the EASSS and conventional LSC panels are N = 22/m and
N =55/m, respectively. When the panel height is increased to 10 cm, the number of surface
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scattering events in the EASSS and conventional LSC panelsis N =4m ™! and N=11m™!,
respectively. Thus, the number of surface scattering events in the EASSS is typically less
than half that in the convectional LSC, which helps to minimize surface scattering losses.
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Figure 5. (a) A comparison of surface scattering loss events on a per-meter basis for light propagating
along the planar direction (the x-direction) of an EASSS and a conventional flat-panel LSC for a
constant value of c/a = 0.91; and (b) The trajectory of light emitted from the center of a conventional
LSC panel and EASSS for two cases wherein the height of the panelsis i =2 and & = 10 cm.

4.2. Absorption Losses in the EASSS

It can be noted that absorption losses are independent of structure height, i1, because,
for a constant value of ¢/a, as I increases the optical path length remains invariable. On
the other hand, as c¢/a increases, the curvature of the EASSS surfaces increase and the light
emitted from the focal lines is more strongly directed toward the EASSS sidewalls, resulting
in a decrease in the optical path length.

The optical path length of radiation emitted from the center of a panel to its sidewalls
is shown in Figure 6a for the EASSS and the conventional LSC panels for a height of
h =2 cm and a width of 2 m. For a point source located in the middle of a conventional LSC,
the emission at the critical angle (C.A) (~42° when the index of refraction of the LSC is 1.49)
and C.A/2 results in optical path lengths of 150 and 110 cm, respectively. For the EASSS,
however, the optical path length is independent of the emission angle. Furthermore, the
optical path length ranges from 110 cm (for ¢/a = 0.905) to 100 cm (for c/a = 0.999). As can
be seen in Figure 6b, the number of unit cells (focal lines) in the EASSS increases as c/a
decreases, resulting in a longer optical path length for an EASSS with a fixed height and
width of 2 cm and 2 m, respectively.

The optical path length and number of surface scattering events are plotted as a func-
tion of the height of the EASSS panel, 1, in Figure 7. As h decreases, the number of surface
scattering events increases, thereby increasing the expected surface losses (c/a = 0.91).
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Figure 6. (a) Optical path lengths of radiation emitted from the center of the EASSS and conventional
LSC panels for a structure with a width of 2 m. For the conventional LSC, the path lengths for
emission at the critical angle for which TIR occurs (6 = C.A.) and for emission at half the critical angle
are considered; and (b) Geometrical illustration of the ray propagation in conventional LSC and
EASSS with ¢/a = 0.91 and 0.995 for h = 2 cm.

110 [ 20
! Height — 4 (cm)| | | 5

E 108 16

A

~ I 14

< 106} 12

20 I

2 10

< 104 +

g » 8

< 6

é 102 |

2 _ 4

)
100 '

0 5 10 15 20 25 30 35 40 45 50
Surface scattering events- N (1/m)

Figure 7. The relationship between the EASSS thickness (1) and the optical path length and the
number of surface scattering events for light emitted from the focal lines within the EASSS.

4.3. Transmission Losses in the EASSS

Figure 8 shows the fraction of radiation emitted from luminophores at the centers
of the EASSS and conventional LSC panels that are incident onto PV cells located at the
panel sidewalls as a function of time. In this figure, two EASSSs with c¢/a = 0.995 and
c¢/a =091, and a conventional LSC, are considered, each having a height of 1 = 2 cm.
The distance between the luminophore at the center of the panels and the PV cells at the
panel sidewalls is assumed to be one meter. As can be seen in Figure 8, for the EASSS, the
emitted photons from luminescent dyes reach the solar cells sooner, because they have a
shorter distance to travel, in comparison to the conventional LSC. The shorter distance
and duration for photons propagating in the EASSS, as compared to the conventional LSC,
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translates to a reduction in transmission (i gansmission), Self-absorption (17sirqps), surface
roughness (1 Roughness) and emission (1 gyission) losses, which will be discussed subsequently.
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Figure 8. Radiation emitted from the center of the EASSS and conventional LSC panels incident onto
the PV cells at the panel sidewalls plotted as a function of ray travelling time for 1 = 2 cm.

4.4. Optical Receiver Design

As mentioned previously, a linear array of Petzval lenses is used to collimate the solar
irradiation into the EASSS along the focal lines where the luminescent dyes are concentrated.
The Petzval lens configuration is composed of two positive lens groups separated by an air
gap. To enable the incoming concentrated blue and red PAR to efficiently exit the underside
of the EASSS, a negative lens element is placed on top of the entrance port on the upper
side of the EASSS, as shown in Figure 3c. The entrance port introduces emission losses,
which are discussed subsequently.

4.4.1. Emission Losses as a Function of the Optical Receiver Design

It is clear that increasing the width of the optical receiver port (O), as shown in
Figure 9c¢, results in higher emission losses. For constant values of O and /, as c/a increases,
p = b?/a decreases and emission losses increase. From the perspective of structure thickness
(h), for constant values of O and ¢/a, as h increases, p increases and emission losses decrease.
The emission losses are shown as a function of O and c¢/a for three different values of h = 2,
5 and 10 cm in Figure 9a—c, respectively.

4.4.2. Emission Losses as a Function of the Volume Occupied by the Luminescent Dye in
the Vicinity of the EASSS Focal Line

The results presented in all the previous sections were calculated in 2D under the
assumption that the luminescent dye is located precisely along the focal line of the over-
lapped ellipses. In practice, the dye molecules will occupy a limited volume, the size
of which depends on the amount of dye required to absorb the incident green PAR and
non-PAR solar photon flux. Figure 10a,b show the percentage of radiation emitted from the
focal line that is lost through the upper and bottom entrance and exit ports as a function
of the in-plane (X-Z plane shown in Figure 2b) and out-of-plane (Y-Z plane shown in
Figure 3b) displacement of the luminescent dye from the focal line for two sample EASSS
configurations with c =5 cm and /1 = 2 and /1 = 4 cm, respectively.
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Figure 9. Emission losses as a function of ¢/a and the width of the optical receiver port (O) for
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As an example, based on the assumptions and analysis regarding dye concentration
and absorption that we reported in a previous work [49], it was concluded that the required
volume of Lumogen R305 dye in the EASSS with parameter values of ¢/a = 0.91, c = 1.25 cm
and O = 0.1 cm and an area of 10 x 10 cm? to absorb all the incident light over the spectral
range of 575~620 nm, requires ~1.57 x 103 mm? for each unit cell. This required volume
creates negligible focal line-offset losses (less than ~1%).

4.5. Performance Comparison: EASSS vs. Conventional LSC Panels

In this section we compare a conventional LSC and an EASSS panel with parameter
values of ¢/a = 0.91, ¢ = 1.25 cm and O = 0.1 cm. The area of both panels is assumed to be
10 cm x 10 cm, and the height (i = 2b) of both panels is assumed to be identical.

The fraction of radiation emitted from a point source located at the center of the panel
that is incident onto PV cells located at the panel sidewalls is plotted as a function of time
in Figure 11 for the conventional LSC and EASSS panels. Two sidewalls have PV cells and
the other two sidewalls are coated by a specular reflector (mirror). The use of sidewall
mirrors is discussed in more details in Ref. [50]. At a steady state, the emission losses for
the EASSS and conventional LSC panels are 7.4 and 25.8%, respectively, resulting in a 24.8%
improvement in emission efficiency. The mean traveling time for photons to propagate from
the center of the EASSS and conventional LSC panels to the sidewalls is T};;; = 0.66 ns and
T2 = 1.45 ns, respectively. The difference between the mean propagation time for the two
panels is related to the differences in transmission efficiency, # fausmission (here, transmission
efficiency refers to losses that occur for light propagating within the host of the LSC toward
its sidewalls). For example, assuming the same intensity of incident light on the EASSS
and conventional LSC panels, and that the host material has an index of refraction and
mean absorption coefficient of 7 = 1.49 and &ean = 3 % 103 em1, respectively [48], the
Optical Density (OD) can be determined for a light emitted from the center of the EASSS or
a planar LSC using the following equation:

OD = logy, (170> (@)

where I = the intensity of light at the center of the LSC and I = the intensity after the light
has propagated to the sidewalls of the LSC. The ratio of the optical density for the EASSS
and planar LSCs is ODgasss/ODpsc = 0.45, which implies that the transmission losses
through the EASSS panel are significantly less than that for the conventional LSC panel.

The total efficiency of the EASSS can be calculated using the concentration factor, C,
which is the intensity of the radiation incident onto the rectangular PV cells embedded on
two sidewalls, ®,, divided by the intensity of the radiation incident onto the Petzvel lens
concentrator, @1: C = @,/ Pq. In other words, the concentration factor can be re-written
as C = G.1green /non-PAR-opt» Where G is the geometrical gain factor and #7green /non-pAR-opt 18 the
optical efficiency of the EASSS for the green PAR and non-PAR spectrum, which is given as
follows:

M green/non-PAR-opt = M Fresnel 1] green/non-PAR-Abs M PLQY " Stokes 1] Emission "1 Roughness 1] Transmission "M self-abs (3)

where 1501 depicts the Fresnel law-based efficiency with which incident light is coupled
into the EASSS, instead of being reflected from the boundary surfaces. Taking into con-
sideration the two negative Petzvel lenses, incident light will pass through five surfaces
prior to entering the EASSS. If the EASSS and two negative Petzvel lenses are made from
PMMA (n = 1.49), and for normal incidence, then 1 pes,e1 = 0.96° =2 82%. Tgreen /non-PAR-Abs
is the efficiency with which the luminophores absorbs the green PAR and non-PAR. Here,
we assume that a sufficient amount of luminescent material such as Lumogen Red 305
is embedded in the EASSS (~33 ppm) such that 100% of the green PAR in the spectral
region from ~500 to ~600 nm is absorbed [51]. 77p;gy represents the photoluminescence
quantum yield (PLQY) efficiency described as the ratio between the number of photons
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emitted and absorbed by the luminescent dye in the green PAR and non-PAR range. It is
assumed that 17p; gy = 0.95 for LR 305 luminescent dye [52]. #s4ores shows the energy lost
through molecular vibrations and heat generation during the absorption (~580 nm peak)
and emission (~620 nm peak) event, which is assumed to be #gjykes = 95% for Lumogen
Red 305 [52]. However, in this study, we set #7504, = 1 because we are investigating the
fraction of incident green PAR photons in the spectral region in the vicinity of 500-600 nm
that are absorbed by Lumogen Red 305 and, eventually, directed toward the rectangular
PV cells located at the two sidewalls of the EASSS. That is, all the photons incident onto
the ¢-Si PV cell with energy greater than its bandgap, which is ~1.1 eV (Ap, ~1.1 pm),
independent of the Stokes shift, contribute to the output current. #g,,ission is the efficiency
with which the LSC panels “trap” the light, thus preventing the photons emitted from
the luminophores from escaping the panel. As discussed previously with reference to
Figure 11, the emission losses for an EASSS with parameters c/a=0.91,c=125and O =0.1,
are 7.4%, and, in this case, 7 yission = 92.6%. In comparison, the 17jssion for a planar LSC
with an index of refraction of 1.49 is ~74%, which is only valid for a perfectly smooth
interface. Surface roughness creates parasitic surface losses and reduces the efficiency
of total internal reflection and, therefore, an additional factor, 77Royghness, is introduced in
Equation (3). These surface scattering losses increase with increasing surface roughness. In
practice, surface scattering losses are highly dependent on the quality of fabrication and in
an LSC panel can be described using the expression (1 — D)V, where D is the probability
that a photon is scattered out of the LSC due to surface roughness each time it is incident
onto the LSC surface and N is the number of collisions with the LSC surface [53]. In this
study, for the specific case wherein ¢/a = 0.91, ¢ = 1.25 cm and O = 0.1 cm of the EASSS, it is
further assumed that D = 0.03, which results in #royghness = 93%. 1 Transmission i the efficiency
with which photons generated from the luminescent dye are transported through the
LSC without being absorbed by the host material due to the concentrations of attenuating
species in the material sample. The transmission efficiency is governed by the following
Lambert—Beer law: |
out —al

Lin ‘ (4)
where a is the absorption coefficient of the material the panel is comprised of (PMMA in this
study). The absorption coefficient is assumed to be « =5 X 1073 em ™! for A = 620 nm [48]
and, therefore, the transmission efficiency is 1 1apsmission = 93.6%. Hself-abs 1S the efficiency
with which the re-emitted light can be transported through the EASSS panel without being
absorbed by other luminophores. Self-absorption is a consequence of the spectral overlap
between the emission and absorption spectra of the luminescent dye [54,55]

It should be noted that, self-absorption losses decrease significantly as the Stokes shift
increases. However, the total probability of the self-absorption for a photon emitted from a
dye is a function of L, the total transport optical path length through the whole medium
occupied with luminescent dyes. Py(L) is the overall probability that an emitted photon
will reach the edge of the waveguide without undergoing self-absorption. Py(L) can be
used to calculate the self-absorption losses [55,56] as follows:

Py(L)

5
1-— (1 - Po(L))ﬂPLQY'UEmissinn ©

Mself —abs =

where 77p gy is the photoluminescent quantum yield and #7gission is the transmission
(trapping) efficiency. 17pr gy = 0.95% and 1 yission = 93% in this study. Therefore, we neglect
self-absorption for the proposed LSC in this work.

Considering all the loss mechanisms and efficiencies as described by Equation (5), the
green PAR optical efficiency and concentration factor for the EASSS panel considered in
this section are #green /non-PAR-opt = 61.5% and C = 2.77, respectively.
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Figure 11. Fraction of photons emitted within the EASSS and conventional LSC panels incident onto
PV cells located at the panel sidewalls as a function of time.

It should be mentioned that the self-absorption losses can be the dominant loss
mechanism in most cases when luminescent dyes have a lower quantum yield and/or a
smaller Stokes shift. For every re-absorption event, the photon energy can be dissipated
again through one of the above-mentioned loss channels. Consequently, for an irradiance
input energy flux of @;,, the output flux @, decreases after an average re-absorption
number of N — 1 per photon to [54] the following;:

N
(Daut = (Din'77Fresnel‘ﬂgreen/naanARfAbs'(WPLQY’UStokes'ﬂEmissiun‘ﬂRaughness’WTmnsmissiun) (6)

This equation shows that losses increase exponentially as the number of re-absorption
events increases. As an example, Figure 12 Shows #green /non-pAR-opt for both a conventional
LSC and the EASSS panel with ¢/a=0.91, c =1.25 cm and O = 0.1 cm, and their efficiency
ratio (7passs/Hrsc), as a function of self-absorption events, N. As can be seen, as the
number of self-absorption events increases, optical efficiencies exponentially decrease and
these decreases occur to a much greater extent for the conventional LSC panel as compared
to the EASSS panel.

The mean travelling time, distance and surface scattering events for the photons emit-
ted from the luminophores within the conventional LSC and EASSS panels are provided in
Table 1, along with the various efficiency factors and the concentration factor for the two
LSC panels.

Table 1. Performance parameters for the EASSS and conventional planar LSC panels.

Mean Average Scatterin
Solar Photon Traveling Quanti & %) 1 issi HRough Ugreenlnon-PAR-opt COncentration
Concentrator Traveling Distance . ty HEmission {70 (%) (%) (%) Factor
. (Times/Photon)
Time (ns) (cm)
EASSS 0.66 13.29 2.38 92.6 93.6 93 63 2.77
LsC 1.45 29.11 6.92 74 86.45 81 47.2 2.07
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Figure 12. Optical efficiencies for both a conventional LSC and the EASSS panel with ¢/a = 0.91,
c=1.25cm and O = 0.1 cm, and their efficiency ratio (17passs/#Lsc) as a function of self-absorption
events (N).

4.6. Thermal Analysis

It is well-known that the quantum efficiency of luminescent dyes degrades as the
operating temperature increases [57]. In this study, COMSOL Multiphysics software
was utilized to evaluate any potential deleterious thermal effects on the performance of
the luminescent dyes throughout the EASSS under the same illumination conditions, as
mentioned in the previous sections. In this thermal analysis, the attenuation coefficient
and heat transfer coefficient are assumed to be tyean =3 x 1073 cm ™! and 1 = 10 W/m?2 K,
respectively.

The EASSS considered in the previous section, with ¢/a = 0.91, ¢ = 1.25 cm and
O =0.1 cm, is comprised of a Petzval lens array concentrating solar radiation from a planar
area of 100 cm? onto four receiver ports that have a width of O = 1 mm. The results
(explained in the Supplementary Materials, Section B) reveal that the temperature increases
by less than 2 degrees throughout the EASSS and the effects of increased temperature on
the performance of the EASSS during operation are assumed to be negligible.

4.7. Tandem Elliptic Array LSC-PBR for Combined Power and Algae Production

The inset in Figure 13 illustrates the concept of an EASSS operating in tandem with a
PBR. In this example, sunlight is incident onto the topside of a Petzval lens array that directs
light to the focal lines of the EASSS. The dye located along these focal lines can absorb the
green PAR and non-PAR in the spectral regions from 500~600 nm (AW; = 152 W/m?) and
740~1100 nm (AW, =282 W/m?), respectively, as shown as the shaded regions in Figure 13.
The light emitted from the dye undergoes TIR and is directed toward the crystalline silicon
PV cells located at the sidewalls of the EASSS.
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Figure 13. Green PAR and non-PAR from sunlight (AW; = 500~600 nm and AW, = 740~1100 nm) can be absorbed in an
EASSS in a tandem configuration with a PBR (inset). Blue and red PAR is transmitted through the EASSS and used to
support algae cultivation in the PBR.

In this example, it is considered that the green PAR and non-PAR spectral regions from
500~600 nm (AW; = 152 W/m?) and 740~1100 nm (AW, = 282 W/m?), respectively, can be
absorbed in an EASSS and converted to electricity in the c-Si based PV cells at the edges of
the EASSS. The Petzval lens array and upper surface area of the PBR shown in Figure 13 are
assumed to have an area of A =10 x 10 cm?. It is also assumed that the optical efficiency
of the EASSS is #green /non-paR-opt = 61.5% for both the AW; and AW, spectral regions, and
the photon flux incident onto the ¢-Si PV cell at the top side of the EASSS for these spectral
regions are @y = 4.163 x 101° cm 257! and ®pp = 1.263 x 1017 cm =257, respectively,
which is consistent with receiving solar radiation at an intensity of 1000 W/m? (e.g.,
one sun).

Itis assumed the PV cells have an External Quantum Efficiency (EQE) of EQE Aw = 100%
and EQE "z = 85%, for light that was absorbed by the dye in spectral regions AW, and
AW;, and reemitted in spectral regions AW'; and AW, respectively [58-60]. Under
these assumptions, the short circuit current (Isc), open circuit voltage (Voc) and the max-
imum output power (Py;.x) generated by the PV cell are calculated using the following
Equations (7)—(9), respectively [61]:

Isc = A-q*green/non—PAR—opt- </AW1 Daw1(A)-EQExpy+1 (A)-dA + /sz q’sz(A)'EQE*Aw*z(A)'d)\) ™)
Vae = Ty (B 11 ®)

q Iy
Prax = Isc*Voc FF (9)
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where 11 =1 is the ideality factor, k is Boltzmann’s constant, T = 300 K is the cell temperature,
Iy = 10719 A is the dark saturation current, q is the charge of an electron and FF is the fill
factor that can be expressed as a function of open-circuit voltage (Vo) as follows [61]:

Voc — In (Ve +0.72)

FF =
Voc + 1

(10)
where q
Voo = VOCkB—T (11)

is a normalized voltage. Equation (10) is assumed as an appropriate approximation of
the FF when v, > 10. Based on Equation (9), out of a total of 4.34 W of green PAR and
non-PAR incident in the AW; and AW, solar spectral regions, 0.735 W can be converted to
electric power for the surface area of 10 cm x 10 cm, representing a total green/non-PAR
to an electric power conversion efficiency of 16.94% (where Isc = 1.466 A, V, = 0.605 V and
FF =0.8285).

Notably, this analysis was performed for the AM1.5 spectrum, whereas in space
applications, sunlight has an AMO spectrum. For the solar irradiance of AMO, which is
assumed to have an intensity of 1356 W/m?, by considering the same green/non-PAR
optical efficiency of #green /non-pAR-opt = 61.5%, the conversion efficiency becomes 17.6%
(Isc =2.066 A, Ve = 0.61 'V, FF = 0.8295). It means the EASSS can generate 1.45 W out of
the total 5.94 W available in AW; and AW, for the surface area of 10 cm x 10 cm. On the
other hand, the amount of electric power generated (and amount of PAR available for algae
cultivation) strongly depends on the distance from the sun. For example, the maximum
solar irradiance on Mars is ~590 W/m?2, compared to a maximum of ~1050 W/ m? on
Earth’s surface, and thus, it is expected that the total power (and light available for algae
cultivation) that could be generated in the vicinity of Mars would be about half of that
generated on Earth.

It should also be noted that the lenses within the Petzval lens array must track the sun,
which will require a tracking system. Furthermore, the fabrication methods and stability
of the materials used in the EASSS would have to be tested for duration, temperature,
vacuum conditions and radiation exposure. In this context, the Petzval lens array could
provide shielding for the EASSS. Additionally, with regard to comparing the weights of the
EASSS and standard LSC, for a case sample of ¢ =5 cm and b = 2 cm, the EASSS is 13.2%
lighter. The density of the host material (PMMA) is p = 1190 Kg/m3. Detailed analysis
about this weight comparison is provided in the Supplementary Materials, Section C.

5. Conclusions

In this work, a new LSC in the form of an elliptic array solar spectrum splitter (EASSS)
is presented. Numerical simulations were carried out to compare the performance of the
elliptic array LSC to that of a conventional planar LSC. A distinct advantage of the elliptic
array LSC is that it can be designed to achieve TIR over a broad range of emission angles,
which drastically reduces emission losses. Furthermore, in comparison to a planar LSC,
the number of surface scattering events for photons propagating within the EASSS LSC is
significantly less than that of a planar LSC, thereby reducing scattering losses. Additionally,
the path length traversed by the light travelling from the center to the edge of an EASSS
is substantially less than the path length for light moving from the center of a planar
LSC to its edge. The shorter path length for light in the EASSS reduces absorption losses,
wherein a portion of light emitted from the dye is absorbed in the LSC host material as
it travels toward the PV cells located at the edges. Moreover, considering the combined
effects of emission, transmission and surface scattering losses, numerical results show
the optical efficiency of the elliptic array LSC is 63%, whereas, in comparison, the optical
efficiency for conventional planar LSC of the same size is 47.2%. It should be noted that an
array of Petzval lenses that track the sun to focus light onto focal lines within the EASSS
is required, which increases system cost and complexity. Nevertheless, the EASSS can
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provide the dual function of partitioning solar irradiance into blue and red PAR and green
PAR and non-PAR components to simultaneously provide for algae growth and power
generation. The ability to optimally use the broadband solar irradiance for these purposes
has potential applications for extended duration space missions wherein power generation
and regenerative environmental control and life support systems that include algae growth
are of high value. In this context, the results from numerical simulations show that elliptic
array luminescent solar concentrators can convert green PAR and non-PAR to electric
power with a conversion efficiency of ~17% when the solar irradiance is AM1.5 and 17.6%
for AMO (solar irradiance just outside the atmosphere) while transmitting the remainder of
the PAR and non-PAR to an underlying photobioreactor to support algae cultivation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/en14175229 /51, Figure S1: (a) Cross-section of an ellipsoid as a closed loop curve and; (b) the
geometrical parameters for an ellipse. A light ray is emitted from f; at t = 0 ns. The trajectory of this
emitted ray changes color in accordance with the colored vertical bar on the right, and after 25 ns
the light ray has reached f,, Figure S2: Temperature distribution within an EASSS unit cell for an
incoming solar irradiance of 1000 W/m? (i = 2 cm and ¢ = 5 cm), Figure S3: Temperature profile for
the case study (% = 2 cm and ¢ = 5 cm) of the EASSS along the (a) Top surface of the EASSS shown in
the inset with blue line, and (b) Horizontal middle line shown in the inset with red line. Table S1:
Mechanical and optical properties of the EASSS for thermal analysis.
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Abstract: Fossil fuels are being depleted, resulting in increasing environmental pollution due to
greenhouse gases and, consequently, emerging detrimental environmental problems. Therefore,
renewable energy is becoming more important; hence, significant research is in progress to increase
efficient uses of solar energy. In this paper, the thermal performance of a conical concentrating system
with different heat transfer fluids at varied flow rates was studied. The conical-shaped concentrator
reflects the incoming solar radiation onto the absorber surface, which is located at the focal axis,
where the collected heat is transported through heating mediums or heat transfer fluids. Distilled
water and nanofluids (Al,O3, CuO) were used in this study as the heat transfer fluids and were
circulated through the absorber and the heat storage tank in a closed loop by a pump to absorb
the solar radiation. The efficiency of the conical concentrating system was measured during solar
noon hours under a clear sky. The collector efficiency was analyzed at different flow rates of 2, 4,
and 6 L/min. The thermal efficiency, calculated using different heat transfer fluids, were 72.5% for
Al,O3, 65% for CuO, and 62.8% for distilled water. Comparing the thermal efficiency at different flow
rates, AlO3 at 6 L/min, CuO at 6 L/min, and distilled water at 4 L/min showed high efficiencies;
these results indicate that the AlO3 nanofluid is the better choice for use as a heating medium for
practical applications.

Keywords: nanofluid; conical concentrator system; performance comparison; thermal efficiency

1. Introduction

Recent progressive development of modern technology continues to increase human
energy demand. Referring to the energy consumption for domestic use, the proportion
of fossil fuels used, such as oil (44%), coal (29%), natural gas (14%), and nuclear power
(11%), being very high, and the contribution of new and renewable energies at only 2% [1].
Accordingly, serious environmental pollution problems are emerging; thus, the need for
research and development of new and renewable energy is increasing, leading to increasing
investment in this sector worldwide. Moreover, the Korean government has established
facilitators for renewable energy and clean technologies, such as the Renewable Energy
3020 Plan [2], the power generation gap support system (Feed-in Tariff—FIT), and the
renewable energy portfolio standard (RPS); these are indeed strengthening supports for
development and distribution projects.

Among the new and renewable energies, solar energy is considered as a useful energy
source in our daily life as it has no environmental pollution and is available in abundance [3].
Available solar energy utilization technologies convert sunlight to direct electricity and
heat. In particular, solar heat can be used in various fields and has excellent economic
benefits [4,5]. However, due to low energy density, it is difficult to use solar energy
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continuously depending on the outdoor environment. It is evident that the role of a
concentrator is very important in solar thermal systems. Therefore, for the efficient usage of
solar energy, various types of solar concentrating systems have been developed, including
parabolic trough concentrator (PTC)-type, compound parabolic concentrator (CPC)-type,
dish-type, and conical-type systems [6-8]. Among these types, the conical concentrator is
easier to manufacture and has lower maintenance costs than the other solar concentrating
systems. In addition, conical solar concentrator has the advantage of having a smaller
absorbing area compared with the flat plate collectors. Furthermore, compared with flat
plate collectors, the conical solar collector has excellent heat collection efficiency, which
ranges from 60 to 81% [9]. Therefore, in recent years, an immense amount of research
in the development of state-of-the-art solar energy collectors has been carried out in the
context of improving heat collection efficiency [10]. For solar concentrating systems, the
heat collection performance can also be improved by increasing the light collection rate
through applying solar tracking technology.

However, research to improve efficiency through structural improvements in solar
thermal systems has recently become minimal and has reached its breaking point. In
addition, heat transfer fluids used in solar collectors have been limited to water and
air. However, recent developments in nanotechnology have led to the development of
nanofluids. Nanofluids refer to fluids (as a base fluid) containing nanoparticles with a
size of 100 nm or less. Nanofluids have excellent thermal conductivity [11] and have been
applied to various fields, such as air-conditioning systems [12], the cooling of electronic
devices, and as the heat medium of heat exchangers [13]. The selection of nanofluids is
based purely on their economic viability and excellent thermo—physical properties [14].
Based on reported articles in the literature, it has been concluded that Al;O3 and CuO are
the most widely used heat transfer fluids in solar heat collecting systems.

Many studies are being conducted to maximize solar energy utilization in concentrat-
ing solar collecting systems, but research on the heat medium is limited. Therefore, in the
proposed study, the outdoor thermal performance of a conical concentrating system using
different nanofluids and conventional fluids was discussed. In this paper, distilled water
and nanofluids (Al,O3; and CuO) were used as the heating mediums. Due to their excel-
lent thermal stability under high temperature range, nanofluids are considered promising
alternative to conventional fluids; moreover, due to high solar flux, concentrating solar col-
lectors are capable of producing high temperatures. A combination of the aforementioned
solar collectors and the proposed heating mediums into a single unit could be viewed as a
viable solution in the context of maximizing the utilization of solar energy. Therefore, the
thermal efficiency of a conical solar concentrator using different nanofluids is analyzed and
compared with the most commonly used conventional fluids.

2. Materials and Methods
2.1. Conical Concentrating System Configuration and Method

The proposed conical concentrating system consists of conical concentrator that reflects
the sun’s light, linearly, onto the absorber, a heat storage tank that stores the solar heat, and
a centrifugal pump, which is used for the circulation of the heat transfer fluids or heating
mediums. The absorber installed at the focal axis of a conical collector is made of copper.
Digital flow meters were used to control the flow rate of the working fluid. The extracted
solar heat from the conical concentrating system was stored in the thermal storage tank
with the help of the heating medium. A schematic of the conical concentrating system is
shown in Figure 1.

The conical concentrating system was mounted on a dual-axis tracking platform,
which helps to maximize the available solar energy utilization. The experimental facility
was located 37° latitude and 127° longitude.

Distilled water and nanofluids (Al;O3, CuO) were used as the heat mediums for the
conical concentrating system. During operation, the heating medium, stored in the heat
storage tank, passes the flow meter by the circulation pump to absorb heat through the
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absorber surface. The temperature was measured by installing resistance thermometers
(Conax Technologies, New York, NY, USA) in the storage tank and at the inlet and the outlet
of the conical concentrating system. The measured temperatures were recorded via data
loggers (GL820, GRAPHTEC, Irvine, CA, USA). Insolation and meteorological data were
measured using a pyrheliometer (Hukseflux, Delft, The Netherlands) and a weathervane
(Wireless Vantage). The flow rate of the heat transfer fluid was controlled by the flow meter
(PA-60, KOMETER, Incheon, Korea), and the temperature data was recorded in a unit of
1 min and averaged over 10 min.

Data Logger

sun tracker

conical concentrator System Flow meter  Circulation Pump Water Storage Tank

Figure 1. Schematic diagram of the conical concentrator system.

2.2. Nanofluid Manufacturing

In this study, the nanofluid was prepared by a two-step method. Nanofluids were
made by dispersing Al,O3 and CuO particles, with a size of <50 nm, in distilled water as the
base fluid. The nanoparticles used in this study were made by the company AVENTION
Co., Ltd. (Incheon, Korea). The thermal conductivity of the nanofluids was analyzed by
using different concentrations of surfactant, as suggested by Lee et al. [15]. They used
surfactant Cetyltrimethylammonium bromide (CTAB) and Arabic gum (AG) to increase
dispersion stability. CTAB was added at 1/10 times, 1 time, and 10 times the critical
micelle concentration (CMC), and AG was added at 1/4 times, 1/2 times, and 1 time, based
on nanoparticles, because at this point, no CMC concentration was found [15]. Thermal
conductivity (W/m °C) was measured by kd2 device. As shown in Table 1, Al,O3 and CuO
nanofluids had the highest thermal conductivity when 1/10 times of CTAB and 1/2 times
of AG, respectively, were added. The nanofluid was prepared by 2 L each; stirring for
30 min using a magnetic stirrer, the prepared mixture is then sonicated for 2 h with an
ultrasonic disperser. Besides, stability test for the nanofluids used was conducted at the
operating temperature for every 40-day period, and satisfactory stability was found inside
the solution with insignificant settling rate. The thermal conductivity of the nanofluids can
be calculated by the following correlation [16]:

[(Feup + 2k +29+ (kup — ki )|
[(Fup + 2k5) = ¢ (Fup — Ki) |

knf = 1)
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where, ¢ is nanoparticles concentration and k,, is the thermal conductivity of the nanofluid.
kyp and ky ¢ are the thermal conductivities of the nanoparticles and the base fluid, respectively.

Table 1. Thermal conductivity.

Al,O3 (0.25%) Thermal Conductivity (W/m °C)
CTAB 1/10 times 0.851
CTAB 1 time 0.798
CTAB 10 times 0.783
AG 1/4 times 0.805
AG 1/2 times 0.822
AG 1 time 0.826
CuO (0.25%) Thermal conductivity (W/m °C)
CTAB 1/10 times 0.792
CTAB 1 time 0.784
CTAB 10 times 0.771
AG 1/4 times 0.861
AG 1/2 times 0.949
AG 1 time 0.793

2.3. Efficiency Calculation

In this study, the heat collection efficiency of three identical solar concentrating systems
was tested at the similar flow rate and operating conditions across the day, where CuO
nanofluid, Al,O3 nanofluid, and distilled water were used, separately, for each system. The
energy performance of the aforementioned solar collectors was carried out at three flow
rates—2 L/min, 4 L/min, 6 L/min.

The amount of heat collected (Q) by the absorber is calculated as follows [17]:

Q= mcp(To — Tl) (2)

where Q and C, are the flow rate and specific heat, respectively, of the heat transfer fluid.
T; and T, are the fluid inlet and outlet temperatures, respectively.

The average temperature T, of the heating medium was calculated using the following
Equation (3):

T, +T;
T, =2 ©)

In order to analyze the efficiency of the conical solar concentrator system, the heat
collection efficiency (1) was calculated as presented in Equation (4), as follows:

_Q

where 77 and [ are the thermal efficiency and beam radiation, respectively, and A is the
collector area.

3. Results and Discussion
3.1. Efficiency Analysis according to Flow Rate Heat Medium of Conical Concentrating System
3.1.1. Al,O3, CuO, and Distilled Water Efficiency Analysis for Flow Rate of 2 L/min

A series of experiments using Al,O3, CuO, and distilled water as the working fluids
were performed (on 1 November 2018) at a flow rate of 2 L/min under a clear and cloudless
sky. To eliminate the error associated with the mass flow rates and the heating medium,
three similar systems were tested and compared under the same operating conditions. The
outdoor environmental conditions for the experiment are shown in Table 2.
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Table 2. The experimental conditions when the flow rate is 2 L/min.

Flow Rate 2 L/min
Solar Radiation (W/m?2) 636.2-860
Wind Speed (m/s) 0.2-1.9
Ambient Temperature (°C) 8.94-17.51
Al,O3 16.55-66.93
Inlet Temperature (°C) CuO 16.08-60.95
distilled water 15.96-54.97

Figure 2 shows the variations of solar radiation and heat collection efficiency over the
daily sunshine hours. It was found that the collection efficiency of Al,O3 was the highest.
More specifically, the average, highest, and minimum efficiencies using the Al,O3 nanofluid
were 67.8%, 73%, and 54%, respectively; whereas, the average, highest, and minimum
efficiencies using the CuO nanofluid were found to be 61.4%, 64%, and 53%, respectively.
Furthermore, using distilled water, the average, highest, and minimum efficiencies were
58.7%, 62%, and 50%, respectively. The heat collection efficiency decreased with time, and
it was judged that convective heat loss increased as the inlet temperature increased. It
is observed that the Al,O3 and CuO nanofluids showed better results as heat mediums
compared with distilled water due to comparatively higher thermal conductivities.
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Figure 2. Collected efficiency using (a) Al,O3, (b) CuO, and (c) distilled water at 2 L/min.

3.1.2. Al,O3, CuO, and Distilled Water Efficiency Analysis for Flow Rate 4 L/min

A series of experiments was also conducted using Al,O3, CuO, and distilled water on
2 November 2018, at a flow rate of 4 L/min. The outdoor environmental conditions for the
experiment are shown in Table 3.
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Table 3. The experimental conditions when the flow rate is 4 L/min.

Flow Rate 4 L/min
Solar Radiation (W/m?2) 740.4-860.2
Wind Speed (m/s) 0-1.9
Ambient Temperature (°C) 10.8-20.7
Al,O3 22.98-74.67
Inlet Temperature (°C) CuO 22.7-66.68
distilled water 22.85-60.9

Figure 3 shows the variations of solar radiation and heat collection efficiency over the
daily sunshine hours. The average, highest, and minimum efficiencies using the Al,O3
nanofluid were 65.6%, 70%, and 61%, respectively; whereas, the average, highest, and
minimum efficiencies using the CuO nanofluid were found to be 63.8%, 68%, and 52%,
respectively. Furthermore, using distilled water, the average, highest, and minimum
efficiencies were lower, at 62.8%, 71%, and 55%, respectively. Here, we can note that the
Al O3 and CuO nanofluids showed better results as heat mediums compared with distilled
water due to comparatively higher thermal conductivity.
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Figure 3. Collected efficiency using (a) Al,O3, (b) CuO, and (c) distilled water at 4 L/min.
3.1.3. Al,O3, CuO, and Distilled Water Efficiency Analysis for Flow Rate 6 L/min

Following a similar experimental procedure, further experiments were conducted
on 4 November 2018, using a different flow rate of 6 L/min. The outdoor environmental
conditions for the experiment are depicted in Table 4.
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Table 4. The experimental conditions and when the flow rate is 6 L/min.

Flow Rate 6 L/min
Solar Radiation (W/m?2) 696.7-869.3
Wind Speed (m/s) 0-2.1
Ambient Temperature (°C) 10.48-22.28
Al,O3 21.72-79.66
Inlet Temperature (°C) CuO 21.31-68.8
Distilled Water 21.62-50.86

Figure 4 shows the variations of solar radiation and heat collection efficiency over the
daily sunshine hours. It was found that the collection efficiency of the Al,O3 nanofluid was
the highest. More specifically, the average, highest, and minimum efficiencies using the
Al,O3 nanofluid were 72.5%, 87%, and 57%, respectively; whereas the average, highest,
and minimum efficiencies using the CuO nanofluid were found to be 65%%, 77%, and
42%, respectively. Furthermore, using distilled water, the average, highest, and minimum
efficiencies were lower, at 52.2%, 57%, and 46%, respectively.
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Figure 4. Collected efficiency using (a) Al,Os, (b) CuO, and (c) distilled water at 6 L/min.

The heat collection efficiency decreased with time, and it was judged that convective
heat loss increased as the inlet temperature increased. The heat collection efficiency using
the Al,O3 nanofluid was the highest. It was observed that the Al,O3 nanofluid absorbs a
greater amount of heat than water and CuO under similar ambient conditions; therefore,
it is concluded that the relatively high thermal conductivity characteristics of the Al,O3
nanofluid facilitate heat transfer more successfully, resulting in higher efficiency than water
and CuO.
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3.1.4. Heat Collection Efficiency according to Change of (T; — Ty)/I

Figure 5 shows the results of analyzing the heat collection efficiency according to
the change of (T; — T;)/I. As the temperature difference between the working fluid and
the outside air temperature increases, the collection efficiency decreases. The decrease in
efficiency is caused by convection heat losses between the absorber surface and the ambient
air temperature. It is concluded that the present system had a higher efficiency in compar-
ison with previously published results; nanofluids have shown better results as heating
mediums compared with distilled water. In addition, the Al;O3 nanofluid was found to be
more efficient than CuO nanofluids due to comparatively higher thermal conductivity.
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Figure 5. Reduced zero temperature efficiency at (a) 2 L/min, (b) 4 L/min, and (c) 6 L/min.
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4. Conclusions

In this study, we analyzed the thermal efficiency of a conical solar collector using
nanofluids and conventional fluids. Considering different heat transfer fluids at vari-
able flow rates, the heat collection efficiency for the Al,O3 nanofluid at flow rates of 2, 4,
and 6 L/min were found to be 65.6%, 67.8%, and 72.5%, respectively; whereas, the CuO
nanofluid and the distilled water showed lower efficiencies under similar applied conditions.

Compared with the distilled water, the higher efficiency in the cases of the Al,O3 and
CuO nanofluids can be explained by their superior thermo-physical properties, which help
to extract the extra heat accumulated at the absorber surface. Furthermore, distilled water
showed marginal changes in efficiency at all the flow rates from 4 to 6 L/min; therefore,
it is clear that the distilled water had the lowest thermal conductivity compared with the
nanofluids. Moreover, it was deduced that all the heat accumulated in the absorber was
not well recovered by the distilled water, even at high flow rate.

This study was focused on the utilization of nanofluids, especially Al,O3 and CuO,
as heat mediums for efficient utilization of solar energy in conical solar collector systems.
Nanofluids have shown better results as heat mediums as compared with distilled water.
In addition, the Al,O3 nanofluid was found to be more efficient than CuO due to compara-
tively higher thermal conductivity. On the basis of the obtained results, the study proposes
the practical viability of the nanofluids (especially Al,O3) as efficient heat mediums to
make maximum use of solar energy as a renewable energy source.

Through this study, it was found that the heat collection efficiency of the conical solar
collector was improved using nanofluids as potential heat mediums. However, as the
nanofluids circulate continuously through the solar collector, the initial state of dispersion
stability is not maintained, and aggregation occurs over time; this may adversely affect
the solar collector’s performance. Therefore, it is considered necessary to study dispersion
stability while circulating nanofluids in the conical concentrating system.

Although nanofluids have higher thermal conductivity than distilled water and their
efficiency is high, their heat loss is also high, and it is necessary to study heat loss prevention
to improve efficiency.

To increase the absorption rate of available sunlight, painting with Vantablack is
recommended, because Vantablack paint is capable of absorbing up to 99.965% of light
and might be considered a potential solution. In addition, the addition of a copper coil
inside the absorber tube could also help to enlarge the surface area of the absorber, hence
maximizing the utilization of the solar energy.
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Nomenclature

Q concentrated heat (W)

m mass flow rate (kg/s)

Cp  specific heat (J/kg °C)

T, outlet temperature of thermal fluid (°C)
T;  inlet temperature of thermal fluid (°C)
T, ambient temperature (°C)

Ui thermal efficiency

I beam radiation (W/m?2)

A collector area (m?)

¢ nanoparticles concentration

ks the thermal conductivity of the nanofluid (W/m-K)
knp  thermal conductivities of the nanoparticles (W/m-K)
kys  thermal conductivities of base fluid (W/m-K)
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Abstract: Pollution and the increase in greenhouse gas (GHG) emissions have long been linked to
the world’s increasing need for fossil fuels to generate energy. Every day, the energy consumption
is increasing; therefore, it is important to improve technologies that use renewable energy sources.
With the abundant availability of sustainable energy, solar power is becoming a necessity. However,
solar energy has a low energy density and therefore requires a large installation area, which requires
heat collection and heat storage technology. Much research is now being done on the conical solar
systems to improve efficiency including calculating an optimal cone angle, finding the best flow
ratio and the best absorber design, etc. Therefore, in this study, thermal performance of a conical
solar collector (CSC) was assessed with a new design of concentric tube absorber (addition of a coil)
and compared to the existing circular tube absorber. It was found that 6 L/min flow rate of heating
medium (distilled water and CuO nanofluid) gave lower payback period and higher solar fraction of
the system in both cases of absorber tube, i.e., without coil and with coil. However, comparatively,
thermal efficiency of CSC with coil-based absorber was almost 10-12% higher than conventional
system (without coil) regardless of type of heating medium used.

Keywords: collecting efficiency; conical solar concentrator; performance analysis; solar energy

1. Introduction

The need for renewable energy is increasing due to increasing industrialization and
the over use of fossil fuels, both of which have negative consequences for global climate
change. Solar energy is one of the cleanest, most plentiful, and environmentally friendly
renewable energy sources. Solar water heaters of various configurations and designs
have been utilized for diverse purposes to extract the thermal energy from incoming solar
radiation [1]. Recent progressive development of modern technology continues to increase
human energy needs. Energy consumption and demand has been increasing worldwide,
and researchers are involved in meeting future energy needs [2,3]. The current and expected
energy sources are not sustainable such as nuclear power (5%), natural gas (22%), coal/peat
(27%), and oil (32%) [1].

The consumption of oil, natural gas, coal and nuclear energy is very high compared to
renewable energy, which ultimately leads to pollution problems such as acid rains, ozone
layer depletion, and global climate change [4,5].

Renewable energy is a source of sustainable power generation and can potentially
minimize pollution problems. The use of renewable energy has increased in recent years,
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but it is still not widespread. Solar energy is gaining popularity as an option to provide
sustainable energy [6]. The most commonly used technologies to harness solar energy
are photovoltaic (PV) technology to convert solar energy into electricity and solar thermal
collectors to convert sunlight into heat. Solar heat can be used in various fields and has
excellent economic advantages [7]. However, due to the low energy density, it is difficult
to continuously use solar energy depending on the outdoor environment. The role of a
concentrator or reflector is very important in solar concentrating systems. Concentrating
solar collectors, which have higher concentration ratios than flat-plate collectors, are of
particular interest to researchers. Most cylindrical and circular concentrators have been
classified as either reflecting or refractive [6,7]. Various types of concentrators have been
developed to date, such as: compound parabolic concentrators (CPC), parabolic trough
concentrators (PTC), dish type, and conical solar concentrators [8-12]. Among the above
concentration technologies, the conical solar concentrators are easier to manufacture and
also possess the advantage of having a small heat loss area compared to other concentrating
technologies. In addition, compared to a generally flat plate collector, the conical heat
collection unit produces a significantly higher thermal efficiency [13].

Various researchers have investigated the performance of solar thermal collectors [14,15].
Zhai et al. [9], for example, conducted an experimental evaluation of a concentrating solar
collector with a linear Fresnel lens, attempting to increase the collector’s thermal efficiency
over a normal evacuated tube collector system. Kostic and Pavlovic [14] discovered that
using solar radiation reflectors at a suitable angle improves the thermal efficiency of a
thermal collector. Tao et al. [16] developed the computational and physical models to
evaluate the coupled heat transfer performance of a solar dish collector system. To validate
the test and model constraints, they examined five different types of solar thermal collector
models under steady-state and quasi-dynamic situations [17].

A conical concentrator in a solar concentrating system that reflects the incident radiant
flux onto an absorber positioned at the focal axis. Smith’s innovative conical surface
collector [18] can achieve a high concentration ratio. Countless studies have reported solar
concentrating systems for water heating, but only a handful have employed a conical
concentrator with a dual-axis tracking system. Some researchers [19] discuss the usage
of conical concentrators with one-dimensional tracking systems for air heating. Imtiaz
Hussain et al. [20] tested the optical performance of a conical solar collector using stainless
steel and aluminum mirror reflectors at different reflector view angles of 35°, 40°, and
45°. Results showed that the maximum thermal of solar collector was achieved at optimal
reflector view angle of 45°. In another study [21], they discussed the challenges associated
with non-uniformity of the solar flux distribution and its impacts on the temperature
distribution in the axial and radial directions on the absorber surface of a conical solar
collecting system. However, in the literature there is no example of the use of a conical
solar concentrating system with an increase in the absorber area for water heating.

This study focuses on improving the thermal efficiency of the conical solar concentrat-
ing system by increasing the absorber surface area. Therefore, a copper coil was placed in
the absorber. The proposed conical solar concentrating unit consists of a conical concentra-
tor that collects solar radiation, a heat accumulator (absorber) that converts solar radiation
into thermal energy, and a heat storage tank.

The overall aim of this research is to evaluate the efficiency improvement of the
conical solar system by inserting a coil inside the concentric tube absorber and also the
CuO nanofluid as a heating medium. To achieve these goals, the thermal efficiency of the
conical solar collector with the existing absorber (without coil) was compared with the new
coil-based absorber under similar operating conditions.

2. Materials and Methods
2.1. Conical Condensing System Configuration and Method

The conical concentrating system consists of a dual-axis tracking system equipped
with a sun sensor and a drive shaft to track the sun as shown in Figure 1. During operation,
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the reflected solar radiations is intercepted via the conical concentrator by the coil-based
absorber located at the focal axis of the reflector.

Figure 1. Experimental setup of the conical solar collector system.

Mainly, the design parameters of the conical solar concentrating were adopted from
the published study, as reported by Na et al. [12]. The reflector is made of stainless-steel
having surface area of 0.785 m?. The concentration ratio of proposed reflector is 10. High-
density energy is converted into heat by double tube absorbers and then transferred to
the heating medium. A circulation pump is used to forcibly circulate the heating medium
through the coil-based absorber to be heated, and finally, the heated fluid is stored in the
heat storage tank. To measure the temperature of the heating medium, two temperature
sensors (PT 100 Q) were installed each at the inlet and outlet of the absorber tube. The
amount of direct solar radiation and the outside air temperature were measured using
preheliometer and thermocouples, respectively. All devices were connected to a computer
via a data acquisition unit. To compare the collection efficiency, two conical condensing
systems were built and tested.

2.2. Double Absorption Tube

In this study, a coil-based absorber was built and compared to the reference absorber
(without coil). The difference between them occurs in the tubes where the copper coil
has been added to increase the heat transfer efficiency by increasing the heat transfer
surface area.

2.2.1. Existing Absorber Tube

The reference absorber contains two concentric tubes made of corrosion-resistant
copper with high thermal conductivity. The two copper tubes are designed as double tubes
for the circulation of the heating medium.

The concentric-tube absorber is attached centrally to the focal axis of the conical
concentrator. To increase the absorption rate, the outer surface of the absorber was painted
matt black. In addition, rubber insulation is provided at the bottom end to minimize heat
loss transferred from the absorber tube. Figure 2 shows the details of the dimension, fluid
flow direction, and image of the existing double tube absorber.
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Figure 2. Detail of existing absorber tube with and without coil. (a) Absorber tube without coil;
(b) Absorber tube with coil.

2.2.2. Coil Based Absorber

For the comparison purpose, the dimension details were taken similar to the existing
absorber tube. However, the changes occur inside the absorber tube by adding the copper
coil between the inner and outer tubes. According to the convection heat transfer as
presented in Equation (1), the rate of heat transfer (Q) will get high by enlarging the
absorber surface area (A) that is in contact with the working fluid [22,23]. Due to its
resistance to corrosion and high thermal conductivity, the coil was made from copper.
Details of coil-based absorber are shown in Figure 2.

Q = hAAT 1)

2.3. Nanofluid Manufacturing

In this study, the CuO nanofluid was prepared by using the two-step process. The
specific heat was calculated from the measured values. Maintaining the dispersion stability
in the nanofluids is very important to achieve the desired results. The nanofluid manufac-
turing process is generally divided into a two-stage process and a one-stage process. In
the two-stage process, the production of nanoparticles and their dispersion in an available
liquid take place separately [24]. This is a method of dispersing the prepared nanoparticles
by adding ultrasonic energy to an available base fluid. The advantage of using this method
is that it can be mass-produced. In this study, the two-step method was chosen, after adding
0.25 by weight of copper nanoparticles and surfactant with concentration to 400 mL of
distilled water as the base liquid, the mixture was stirred for 30 min using a magnetic stirrer
(KMC-130SH, VISION, Seoul, Korea). Furthermore, the colloidal solution was sonicated for
1 h and 30 min using an ultrasonic sonicator (KFS-1200N).

The thermal conductivity of the nanofluid was measured using a KD2 Pro Thermal
Properties Analyzer (KD2, DRAGON, USA). As shown in Table 1, thermal conductivity of
the nanofluids was analyzed by using different concentrations of surfactant as suggested
by Abdalha Mahmood et al. [24]. Surfactants CTAB (Cetyltrimethylammonium bromide)
and AG (Arabic Gum) were added to improve the stability of the resultant nanofluids.
Since the nanofluid temperature rises after ultrasonic dispersion, therefore, for a while the
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mixture was placed indoors considering the measurement error. Thermal conductivity of
the nanofluids was calculated by the following correlation [24]:

o [(up + 265 +29 + (kup — ki )|
" [ (up + 2617) = 9 (kup — ki )|

where ¢ represents the nanoparticles concentration and kyf, ky¢ and k), represent the
thermal conductivity of the nanofluid, the base fluid, and of the nanoparticles, respectively.

@

Table 1. Thermal conductivity of used nanofluid using different concentrations of surfactant.

CuO (0.25%) Thermal Conductivity (W/m °C)
CTAB 1/10 0.789
CTAB 1 0.781
CTAB 10 0.763
AG1/2 0.931
AG1/4 0.864
AG1 0.788

2.4. Efficiency Calculation

In this work, the thermal efficiencies of the identical conical solar concentrating systems
using with and without coil-based absorber were compared. For comparative efficiency
analysis, the flow rate is kept constant at 6 L/min, and experiments were carried out
during the solar noon hours. Distilled water and CuO nanofluid were used as the heating
mediums.

The amount of heat collected (Q) by the absorber tube is calculated as follows:

Q=mCy(To = T)) @)

where, m is mass flow rate of working fluid. C, and Q are specific heat and the flow rate,
respectively, of the heat transfer fluid. T; and T, are the fluid inlet and outlet temperatures,
respectively.

To analyze the efficiency of the conical solar concentrator system, the heat collection
efficiency (1) was calculated as displayed in Equation (4).

Q

'7:75 4

where, S and 7 are the input flux radiation and thermal efficiency, respectively, and A is the
collector area.

2.5. Economic Analysis

During performance evaluation, the heating cost estimation with both the cases of
solar concentrator, i.e., absorber without coil and with coil was done under the same
environmental conditions. A cost analysis was performed for both the cases of absorber
tube of the solar collector with and without the addition of coil and compared with the cost
of heating done using electricity solely. Based on the values of total capital cost, electricity
consumption for heating of a room (8 m x 4 m x 3.5 m), discounted payback periods
were calculated. Thermal output in both cases was calculated under similar operating and
environmental conditions. Table 2 summarized the capital cost and parameters used for
cost analysis, i.e., expected useful life of different system components, inflation and interest
rates and maintenance cost. The capitals costs were based on the local market.
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Table 2. Parameters for cost analysis and capital cost of existing absorber and coil-based absorber

using nanofluid as heating medium.

Parameters for Cost Analysis

Parameters Comments Value Range
Collector 30 years
Useful life Absorber 30 years
Pump 5 years
Mechanical life Solar tracking system 25-30 years
Inflation rate 2-3%
Interest rate 0.5-2%
Energy cost (electricity) 0.56 USD/kWh

Maintenance cost

1%

Capital cost

Components

existing absorber (USD)

coil-based absorber (USD)

Solar tracking system

540

540

Heat storage tank 72 72
Absorber copper tube 21 21
Coil - 15
Pump 108 108
Supporting structure 36 36
Insulation material 17 13
Total cost 794 805

3. Results and Discussion

The thermal efficiency of the conical concentrating system was compared with and
without coil-based absorbers under similar weather conditions. For the reference case,
the solar collector performance was investigated with an existing absorber (without coil)
and distilled water was used as a heating medium at flow rate 6 L/min. Under clear
sky conditions, the time-based data of solar radiation, wind speed, and temperature were
collected between 12:06 p.m. and 3:54 p.m. on 5 June 2020. The average values of solar
radiation and ambient air temperature were found to be 853.69 W/ m? and 30.71 °C,
respectively, and the wind speed varied in the range of 1.2-1.8 m/s. The solar radiation,
water, and air temperatures were measured every minute and averaged over 10 min’
intervals. For the existing absorber tube, the inlet and outlet temperatures of working fluids
were varied in the range of 32.09-59.06 °C and 33.32-59.94 °C, respectively. While for the
coil-based absorber, the inlet and outlet temperatures of working fluids were varied in the
range of 31.97-60.91 °C and 33.13-62.09 °C, respectively, as shown in Figure 3.

Similarly, in the case of nanofluid (CuO) as a heating medium, the thermal efficiency
of the conical concentrating system was compared with and without coil-based absorbers
under similar weather conditions. For the reference case, the solar collector performance
was investigated with an existing absorber (without coil) and CuO nanofluid was used as
a heating medium at flow rate 6 L/min. Under clear sky conditions, the time-based data
of solar radiation, wind speed, and temperature were collected between 10:44 a.m. and
2:32 p.m. on 22 June 2020. the average values of solar radiation and ambient air temperature
were found to be 832.6 W/m? and 35.76 °C, respectively, and the wind speed varied in the
range of 1.3-2 m/s. The solar radiation, water, and air temperatures were measured every
minute and averaged over 10 min” interval. For the existing absorber tube, the inlet and
outlet temperatures of working fluids were increased from 33.7-68.09 °C and 34.65-69.1 °C,
respectively. In the case of a coil-based absorber, the inlet and outlet temperatures of
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working fluids were increased from 32.9-70.8 °C and 33.4-71.95 °C, respectively, as shown

in Figure 4.
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Figure 3. Measured temperature variations and solar radiation in existing absorber tube (a) and
coil-based absorber (b) using distilled water as heating medium (5 June 2020).
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Figure 4. Measured temperature variations and solar radiation in existing absorber tube (a) and
coil-based absorber (b) using CuO-nanofluid as heating medium (22 June 2020).

Based on performance analysis, the maximum, average, and minimum thermal effi-
ciencies of the conical solar collector with an existing absorber (without coil) were found
to be 78.4%, 65.1%, and 53%, respectively. In the case of the coil-based absorber, the maxi-
mum, average, and minimum thermal efficiencies were found to be 81%, 72.2%, and 58.9%,
respectively, as shown in Figure 5 and Table 3.
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Figure 5. Thermal efficiency analyses of absorber tube without coil and with coil using distilled water
and CuO nanofluid as heating medium flowing at rate of 6 L/min.

It can be observed that there is a good correlation between instantaneous efficiency
and (T; — T,)/I parameter at fixed flow rates of 6 L/min both in cases of existing absorber
tube and coil-based absorber. In the case of the existing absorber tube, the average efficiency
of the collector increased by 60.1~72.2% with distilled water. The reason for this increase
in efficiency at fixed flow rate is due to the elongation of interaction time between the
inner absorber surface and the fluid, which is important to an increase in circulating fluid
temperature. The high-water temperature leads to more heat loss from the absorber surface
than ambient temperature. While using CuO nanofluid in the existing absorber tube, it was
found that minimum, average and maximum values of efficiencies were found to be 59.7%,
68.4%, and 80.45%, respectively. Therefore, on an average, using nanofluid, the efficiency of
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existing absorber tube was found to be 12% more than in the case of using distilled water.
On the other side, using the coil-based absorber, the average heat collection efficiency was
found to be 68.4% and 79.1% in the case of using distilled water and nanofluid, respectively.
Similar to the existing absorber tube case, use of nanofluid gave better efficiency than that
of distilled water. Comparing the existing and coil-based absorber, it can be observed that
the coil-based absorber showed a 10.7% higher thermal efficiency than that of conventional
absorber. It can be explained by the fact that the addition of coil inside the absorber has
not only increased the retention time for the exchange of heat between the circulating
fluid and the absorber surface, but also enhanced the overall heat transfer area, which
ultimately resulted in an enormous thermal gain. This shows that a coil-based absorber
using nanofluid as heating medium is good option for better thermal efficiency. It is
important to note that the data for each case was taken from different days; therefore, the
climatic conditions are different on each day. The inflection at 0.022 °C.m? /W point may
be the result of abnormal variations of solar radiation in that span of time.

Table 3. Efficiency of absorber tube without coil and with coil using distilled water and CuO nanofluid
as working medium.

Working Absorber Tube Average Maximum Minimum
Medium Efficiency (n) Efficiency (n) Efficiency (n)
Avtff}f:jtrctzﬁe 65.1% 78.4% 53%
Distilled Water
Coil based 72.2% 81% 58.9%
absorber
Absorber tube 68.4% 80.45% 59.7%
without coil
CuO nanofluid -
Coil based 79.1% 83.1% 75.1%
absorber

4. Cost Analysis

Figure 6 shows six months heating cost using electricity and these two cases of solar
concentrator. For the months of October and March, the ambient temperature is normally
higher than December and January (colder), so cost of electricity is lower and solar concen-
trator also perform well due to better availability of solar radiations. However, the heating
cost due to electricity increased in colder months dye to drop in ambient temperature and
existence of more cloudy days. The contribution of the solar absorber with both of its
cases (with and without coil) in reducing heating cost is evident. Therefore, economically,
it would be the suitable option for space heating, especially in remote areas where the
grid supply is limited or nonexistent due to high price of transmission and distribution
infrastructure.

For both the cases of absorber tube of the solar collector, payback periods and solar
fractions are calculated as a function of flow rate of heating medium as tabulated in Table 4.
It can be noted that with the increase of flow rate, the payback periods decreased and solar
fractions increased for both the cases and found optimum at flow rate of 6 L per minute.
Increasing the flow rate lead to higher heat transfer rate but exceeding the critical limit,
i.e., 6 L/min, it started to decrease due to less retention time for the maximum of heat
exchange between absorber heat and working medium. For the absorber tube without coil
and with coil cases, the minimum payback periods were 14.5 and 11 years, respectively,
and the maximum solar fractions were 0.4 and 0.52, respectively, at flow rate of 6 L/min.
It can also be noted that for all the cases of flow rates, higher payback periods and lower
solar fractions of the absorber tube without coil were calculated than that of respective
parameters obtained with the addition of coil. The reasons for the lower payback period
with higher solar fraction in the case of absorber with coil was due to the possibility of
higher heat transfer rate. With the addition of coil, the heat transfer surface area increased,
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which facilitated better energy output. Such kinds of collectors can easily be used in other
parts of the regions, but the heating efficiency and payback duration would definitely vary
depending upon the existing solar radiation and climatic conditions.

35

Il Heating with only electricity
I Sol.concentrator (absorber without coil)

30 4 [ Sol.concentrator (absorber with coil

Heating cost (USD)

Months

Figure 6. Monthly heating cost using electricity and solar concentrating unit having absorber without
coil and with coil.

Table 4. Comparative cost analysis of solar concentrating system having absorber tube with and
without a coil under different flow rates of heating medium.

Heating Medium Flow Electricity Savage (USD)
Rate (L/min) in Total Capital Cost (USD) Six Months per Payback Period (Years) Solar Fraction
Absorber Tube Year Basis
Without — yyign con  Without  yigcon Without  ymcon  Without v ot Without  yui coil
Coil Coil Coil Coil Coil
4 43 59 18.5 14 0.30 0.42
5 45 65 16 12.5 0.35 0.46
6 794 805 56 74 14.5 11 0.40 0.52
7 51 68 16 12 0.36 0.48

5. Summary and Conclusions

The efficiency of the conical solar collector was analyzed, comparing the results:
(1) between a new coil-based absorber and the existing standard absorber; (2) between CuO
nanofluid and distilled water as working fluid. Independently of the heat medium, the new
coil-based absorber is more efficient than the existing straight absorber tubes. The CuO
nanofluid resulted in a higher efficiency for the whole thermal process because CuO collects
heat better than water. The main results are: (1) Using distilled water the heat collection
efficiency of the solar collector with coil-based absorber was 12.1% higher than that of the
existing straight absorber while for the CuO nanofluid this increase was reduced to 10.7%.
The coil-based absorber is clearly more efficient than the existing absorber (without coil).
(2) A conical concentrating system with CuO nanofluid showed the highest heat collection
efficiency. We believe using the CuO nanofluid as a working fluid is a valuable option
when the high-temperature heat is concerned. (3) Since the CuO nanofluid has a higher
heat transfer rate than distilled water, the efficiency is high, but heat loss is also massive, so
further research on heat loss prevention is necessary to improve efficiency. (4) While the
nanofluid circulates through the conical concentrating system, the dispersion stability is
not maintained at the initial state, and as time passes, aggregation occurs, so there will be a
decrease in efficiency. (5) Changing flow rate of heating medium was found to be a good
way to obtain optimum solar fraction and payback period. The absorber tube with coil had
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a lower payback period and higher solar fraction than the absorber tube without coil at
optimum flow rate of 6 L per minute. The contribution of solar absorber to reduce heating
expenses in both of its cases (with and without coil) is obvious. Therefore, economically, it
is good to use for space heating especially in areas, having poor grid connectivity.
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Nomenclature

¢ nanoparticles concentration

kyfs  the thermal conductivity of the nanofluid (W/m-K)
knp  thermal conductivities of the nanoparticles (W/m-K)
kyr  thermal conductivities of base fluid (W/mK)

Q useful energy (W)

m mass flow rate (kg/s)

Cp  specific heat (J/kg°C)

T,  the outlet temperature of the thermal fluid (°C)

T; the inlet temperature of the thermal fluid (°C)

Ta ambient temperature (°C)

7 thermal efficiency

I Beam radiation (W/m?)

A collector area (m?)

h convective heat transfer coefficient (W/(m2K))

T Temperature difference between the absorber and ambient air (°C)
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Abstract: The Ce:Nd:YAG is a recent active medium in solar-pumped lasers with great potential.
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 absorbed 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 uniformly 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.

Keywords: Ce:Nd:YAG; aspherical lens; light guide; solar laser; side-pumped; uniformity

1. Introduction

The direct conversion of sunlight into laser radiation by solar-pumped lasers is of
interest for several laser-based applications such as free-space optical communications,
laser propulsion, space-to-Earth wireless power transmission, asteroid deflection, and
photovoltaic energy conversion [1-3]. Since early research of solar-pumped laser in the
1960s [4,5], the research of Arashi et al. in 1984 [6], Weskler et al. in 1988 [7], Lando et al.
in 2003 [8], Dinh et al. in 2012 [9] and Liang et al. in 2018 [10] have revealed considerable
progresses on optical pumping approaches in order to obtain a better solar laser output
efficiency. The optical pumping design relies on primary, secondary and tertiary concentra-
tors to achieve enough pumping intensity for the lasing threshold. Primary concentrators,
namely parabolic mirrors and Fresnel lenses, collect and concentrate the solar radiation to
a focal zone, where a solar laser head is introduced. Secondary concentrators, such as as-
pheric lenses and light guides, concentrate and distribute the solar light rays from the focal
zone of the primary concentrator to the laser-active medium. Tertiary concentrators, such
as 2D compound parabolic concentrators (CPCs), 3D CPCs, and V-shaped pump cavities,
are also indispensable for high-flux pumping of the laser medium since they can either com-
press or wrap the concentrated solar radiation from their input aperture to the laser-active
medium. Two most widely used methods of solar pumping are end-side-pumping [9-17]
and side-pumping [8,18-23]. Although the end-side-pumping approach allows greater
laser efficiency, the distribution of pump light is non-uniform, which may lead to serious
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thermal loading problems [12]. This issue is countered by using the side-pumping method
as it allows a more uniform light distribution along the rod axis, spreading the absorbed
power within the medium.

The most popular laser gain medium is the Nd:YAG because of its excellent spec-
troscopic, mechanical, and thermal properties. However, the prominent drawback of the
Nd:YAG medium is the poor overlap of its narrow absorption bands with the solar spectrum.

Sensitizers of the Nd®* ion emission, such as Ce3* and Cr®* ions, can be added as co-
dopants in the doped YAG host to increase the efficiency of solid-state lasers by absorbing
more light from broadband radiation, transferring the excitation energy to the Nd** ions
(discussed below).

The Cr:Nd:YAG active medium has been used in solar-pumped lasers; however, the gain
has not been significantly greater than what would be theoretically expected [10,14,24]. The record
collection efficiency is 32.5 W/m? for an end-side-pumped solar laser using a Cr:Nd:YAG ceramic
rod [10]. Nevertheless, this value is only 1.03 and 1.01 times higher than that of a Nd:YAG
single-crystal rod [14] and a bonding Nd:YAG/YAG crystal rod [16], respectively.

Just recently, the Ce:Nd:YAG medium was tested in solar lasers by using end-side-
pumping [25] and side-pumping [26] configurations. The former produced a lower output
power compared with that of the Nd:YAG solar laser under the same solar pump power [25].
This can result from the larger scattering loss within the crystal attributed to the Ce co-
dopant, but also from the thermal load on the Ce:Nd:YAG rod by using an end-side-
pumping configuration, causing the final fracture of the rod [25]. Therefore, in the most
recent study, a side-pumping configuration was used to allow a uniform pump light
absorption and homogeneous laser rod heating [26]. This led to a significant increase in
the solar laser efficiency, obtaining the record 23.6 W/m? collection efficiency for a side-
pumping configuration, which was 1.57 times higher than the one obtained with a Nd:YAG
solar laser under the same pumping conditions [26].

It is interesting to note that the thermal loading issues are not manifested in the
same manner in the Nd:YAG and Ce:Nd:YAG active media. The fracture of a Nd:YAG
laser rod already occurred in an end-side-pumped solar laser configuration. However, its
incoming solar power was at a much higher level of 2585 W [12] compared with the only
964 W incoming power for the Ce:Nd:YAG rod also in an end-side-pumped solar laser
configuration [25]. The main reason behind this difference may rely on the Stokes shift. The
Stokes shift (ns) is the spectral difference between the emission (Agmission) and the pump
(Apump) peak wavelengths. The Nd:YAG pumped by sunlight has a Stokes efficiency of
0.62 (Ns = Apump / AEmission = 660 nm /1064 nm = 0.62 [7]); thereby, 38% of the pump photon
energy is dissipated as heat to the crystal. The Ce:Nd:YAG has a lower Stokes efficiency
of about 0.43 (Ns = Apump/ALaser = 460 nm /1064 nm = 0.43 [27]); thus, about 57% of the
energy of every pump photon transferred from Ce3* to Nd3* ions is lost. This lower Stokes
efficiency results in a higher thermal load on the active medium. Therefore, the thermal
effects were more pronounced under solar pumping, leading the Ce:Nd:YAG rod to fracture
more easily [25] compared with the Nd:YAG rod [12,14].

Since the thermal loading issues play a vital role in the design of Ce:Nd:YAG solar
laser systems, it is important to consider the solar pumping distribution along the laser
rod on the optimization process of solar laser power scaling. Although the side-pumping
configuration may allow a more uniform light distribution along the rod compared with the
end-side-pumping configuration it is the secondary concentrator that plays a fundamental
role in the distribution and uniformization of the light rays. The two most used secondary
concentrators in side-pumped solar lasers are the fused silica aspherical lens [13,14,18,23]
and fused silica light guide [19,21,22]. Even though these concentrators have been fre-
quently applied in solar laser prototypes, a comparative study between them to evaluate
their performance on solar lasers is still lacking. Since Ce:Nd:YAG is a new and potential
active medium in solar-pumped lasers, it is important to study the effect of the pump
light distribution on its performance. Therefore, this study is focused on the influence
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of these secondary concentrators and consequent pump light distribution on the output
performance of the Ce:Nd:YAG side-pumped solar laser.

2. Optical Spectra and Energy Transfer from Ce3* to Nd®* Ions in Ce:Nd:YAG Medium

The Ce:Nd:YAG active medium has already demonstrated the potential to increase the
efficiency of broadband-pumped lasers, compared with the Nd:YAG crystal [28-32] because
of its strong absorption in ultraviolet (UV) and visible spectral regions at broadband light
pumping and efficient energy transfer from Ce%* to Nd3*. The solar irradiance spectrum,
the Nd:YAG and Ce:Nd:YAG absorption spectra, and the Ce:YAG fluorescence spectrum
are represented in Figure 1. The Ce:Nd:YAG absorption spectrum has two broad absorption
bands centered at 339 nm and 460 nm, which are characteristic of the Ce®* ion in YAG
lattice and other bands that are characteristic of the Nd>* ions. The Ce:YAG fluorescence
spectrum has a strong and broad green luminescence centered around 531 nm that overlaps
well with two absorption peaks of the Nd** ion around 530 nm and 589 nm.

1.0 1.5
Solar radiation ’g
0.8 - [~ 12 £
-~ ¥AG E

= sopption

3 06 09 £
> 5
= g
§ 0.4 1 - 0.6 '1;?
= =
5=
02 - L 03 =
| 2

0.0 - - 0.0

300

Wavelength (nm)

Figure 1. Standard solar emission spectrum (orange line) [33], Ce:YAG fluorescence spectrum (green
line) (adapted from [34]), Nd:YAG (blue line) (adapted from [35]), and Ce:Nd:YAG (black line)
(adapted from [36]) absorption spectra.

The energy transfer mechanisms in Ce:Nd:YAG material have been investigated in
several studies [28-30,36-38]. Radiative energy transfer between Ce3* and Nd>* ions has
been previously proved by the superposition of the emission and absorption bands between
the two ions [28-30,36-38]. Tai et al. demonstrated another possibility of energy transfer
mechanism by near-infrared (NIR) quantum cutting involving the down-conversion of
an absorbed visible photon to the emission of two NIR photons [36]. In Figure 2 the
energy transfer mechanisms between Ce3* and Nd3* ions are depicted in an energy level
diagram. When pump photons at wavelengths around 339 nm and 460 nm are absorbed,
the Ce®* ions are excited from the 2F5,, ground state to the broad pump bands 5d; and
5d;, respectively. The electrons in the 5d, (ZBlg) pump band can relax non-radiatively to
the lower 5d; (?A; g) pump band and then decay radiatively to the 2F5, ground state. The
radiative transfer mechanism occurs between the transition 5d (2A1g) — 2F; /2 of Ce®* ion
and the transition Iy, — 2Gy,, of Nd>* ion, because of the strong overlap between the
Ce®* emission band and the Nd>* absorption line, as shown in Figures 1 and 2, indicated by
pathway (1) [28-30,36-38] through the cross-relaxation process. The other energy transfer
mechanism based on the cooperative down-conversion is possible because the energy
of the transition 5d; (2A1g) — 2F5,, of Ce®* ion is approximately twice as high as the
energy difference between the *F3/, and *I11 /; levels of the Nd>* ion (Figure 2, as shown
by pathway (2)) [36,39,40].
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Figure 2. Energy-level diagram illustrating the energy transfer mechanisms between Ce>* and Nd>*
ions in the Ce:Nd:YAG active medium (adapted from [36]). (1) Radiative energy transfer pathway.
(2) Quantum cutting down-conversion pathway.

The good overlap between the Ce>* absorption bands and the solar spectrum (Figure 1)
in addition to the efficient energy transfer between Ce3* and Nd3* ions (Figure 2) make the
Ce:Nd:YAG active medium of particular interest to solar-pumped laser researchers.

3. Solar-Pumped Ce:Nd:YAG Laser Systems
3.1. PROMES-CNRS Heliostat-Parabolic Mirror Solar Energy Collection and
Concentration System

The medium size solar furnace (MSSF) of Procédés, Matériaux et Energie Solaire—
Centre National de la Recherche Scientifique (PROMES-CNRS) was used for the solar
laser experiments. The incoming solar radiation was redirected by a large plane mirror
(3.0 m x 3.0 m) with 36 small flat segments (0.5 m x 0.5 m each) mounted on a two-axis
heliostat towards the stationary parabolic mirror with 2 m diameter, 60° rim angle, and
850 mm focal length (Figure 3). 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. A Kipp and Zonen CH1 pyrheliometer, on a Kipp and Zonen 2AP solar
tracker, from Kipp and Zonen, Delft, The Netherlands, was used for the measurements.
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Figure 3. Schematics of the PROMES-CNRS solar energy collection and concentration system.

3.2. Side-Pumped Ce:Nd:YAG Solar Laser Heads

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 Figures 4 and 5.
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Figure 4. 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.
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Figure 5. Schematics of the side-view of the solar laser heads with aspherical lens (a) and with light
guide (b).

The aspherical lens of the first laser head was fabricated of fused silica material,
which has a low coefficient of thermal expansion, being resistant to thermal shock, and
a wide transparency range, which can extend from the UV into the NIR. It had 80 mm
diameter, 60 mm radius of curvature, and 35 mm thickness. This laser head had also a
tertiary concentrator constituted by a 2D pumping cavity, which had a trapezoidal-shaped
reflector Vi with a 25° opening angle, and two upper planar reflectors V, perpendicular to
the bottom face of the pumping cavity (Figure 5a), enabling an effective coupling of the
concentrated light rays with different incident angles into the rod [26]. This pumping cavity,
covered with a 94%-reflectivity silver-coated aluminum foil, had an entrance aperture of
12.2 mm x 22.0 mm, a depth of 13.3 mm and an 11.0 mm separation between the plane
output face of the aspherical lens and the laser rod optical axis.

The second laser head used a rectangular light guide also fabricated of fused silica
material with 73.5 mm length, 14 mm x 18.4 mm input end, and an output section with
the shape of a 2D CPC with 5.5 mm length and 12 mm x 22 mm output end. As tertiary
concentrator, this laser head had a 2D V-shaped pump cavity with 16 mm x 22 mm entrance
aperture and 10 mm depth, positioned at the exit of 2D CPC shaped reflectors with 12 mm
x 22 mm output end (Figure 5b). All these provided an efficient coupling of the light to the
laser rod. The inner walls of both the V-shaped and upper part of the pump cavity were
bonded with a protected silver-coated aluminum foil with 94% reflectivity.

The active medium investigated was a Ce(0.1%):Nd(1.1%):YAG rod of 40 mm diame-
ter and 35 mm length with both end faces polished and anti-reflection coated for the laser
emission wavelength (reflectivity (R) < 0.2% @ 1064 nm), supplied by Chengdu Dongjun
Laser Co., Ltd. (Chengdu, China). This rod had a refractive index = 1.8197 @ 1064 nm;
perpendicularity < 3, parallelism < 10”, flatness < 1/10A; surface quality = 20/10; and dam-
age threshold > 5]/cm? @ 1064 nm, 10 ns 10 Hz. The laser rod was mounted inside the pump
cavity of each laser head. Both the cavity and the laser rod were actively cooled by water with 6
L/min flow rate.

Each solar laser head was fixed on the X-Y-Z axis positioner, ensuring a precise optical
alignment in the focal zone. A high reflection (HR) coated flat mirror at 1064 nm (99.96%
@ 1064 nm) and a partial reflection (PR) coated flat output coupler at 1064 nm (R > 95%
@ 1064 nm) constituted the optical resonator of short length. The laser output power was
measured with a Thorlabs PM1100D power meter.

The laser beam quality M? factors were determined by measuring the beam diameter
at 1/e? at a near-field position (75 mm from the output coupler) and a far-field position
(1.0 m away from the output coupler). The laser beam divergence 6 was found using
Equation (1):

tanf = (¢2 — ¢1)/ 2L 1)
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where ¢1 and ¢, are the measured laser beam diameters at 1/e? width, 75 mm, and 1.0 m
away from the output mirror, respectively, and L is the distance between these two points.
The M? factor was then calculated by Equation (2):

M2 =0/6, (2

where 6y = A/ twy is the divergence of diffraction-limited Gaussian beam for A = 1.064 pm
and wy is the beam waist radius, as calculated by LASCAD analysis for the 4 mm diameter
rod within the symmetric laser resonator. This value can be confirmed by measuring the
laser beam diameter at 1/e? width ¢; at near-field position.

4. Ce:Nd:YAG Side-Pumped Solar Laser Experiments with Either the Aspherical Lens
or the Light Guide

Two side-pumped solar laser heads were investigated to study the influence of the
secondary concentrators, aspherical lens and rectangular light guide, on the Ce:Nd:YAG
output performance.

Aspherical lenses have a non-spherical surface, in which the radius of curvature grad-
ually changes from the center of the lens to the edge, having a shape slightly divergent from
spherical. The function of this asphere surface is to reduce or eliminate spherical aberration,
an optical effect that causes incident light rays to focus on different points. Therefore,
aspherical lenses can focus all the incident light on the exact same point, providing true
diffraction-limited spot sizes and the lowest wavefront error. With aspherical lenses, the
concentrated solar radiation can be collected and compressed efficiently from the focal zone
of the parabolic mirror into the laser rod.

Rectangular light guides transmit the incident light through internal refractive and
total internal reflection principles to a particular area. In solar-pumped lasers, they are
used to distribute and uniform the concentrated solar radiation from the focal zone along
the laser rod.

The main difference between these two secondary concentrators relies on the pump
light distribution on the laser rod, as shown in Table 1. The absorbed pump light profile
within the rod produced by the aspherical lens is more concentrated on its central region
because this concentrator preserves the near-Gaussian profile of the pump source. The
rectangular light guide enables a uniform absorbed pump light profile within the laser
rod as it converts the near-Gaussian profile of the concentrated light source into a uniform
rectangular light distribution on the output end. The uniformity of the light absorption on
the rod helps to minimize the issues associated to the thermal load.

The Ce:Nd:YAG output performance from two solar laser heads was investigated
in PROMES-CNRS, using the MSSF, during February 2022. For both, a short symmetric
optical resonator with flat mirrors was used to extract the maximum laser power by the
laser rod.

In Table 1 is summarized the output performance of both types of Ce:Nd:YAG side-
pumped solar laser heads, and in Figure 6 is shown the laser power as a function of the
incoming solar power. The solar laser with the aspherical lens produced 19.6 W laser power
at 1064 nm with 1125 W of incoming solar power, corresponding to 18.0 W/m? collection
efficiency. The solar laser with the light guide produced less laser power, 17.4 W; with
slightly more incoming solar power, 1153 W; less solar-to-laser power conversion efficiency;
and a higher threshold pump power than the one with the aspherical lens.
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Table 1. Summary of the performance of the Ce:Nd:YAG side-pumped solar lasers with the aspherical
lens and the rectangular light guide secondary concentrators.

Improvement of the

Aspherical Lens Light Guide Aspherical Lens over the
Secondary Concentrator Secondary Concentrator Light Guide Concentrator
(Times)

Scheme

Absorbed pump profile

Laser power (@1064 nm)
Threshold pump power
Collection efficiency
Slope efficiency
Solar-to-laser power
conversion efficiency
M? factor

(100% pump power)

M2 factor

(60% pump power)

19.6 W 174 W 1.13
480 W 577 W 1.20
18.0 W/m? 16.0 W/m? 1.13
3.0% 3.0% 1.00
1.7% 1.5% 1.15
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Figure 6. Solar laser power as a function of the incoming solar power of the Ce:Nd:YAG side-pumped
solar lasers with the aspherical lens and the light guide secondary concentrators. Error bars, when
not hidden by symbols, are for standard deviation.

The laser beam quality M2 factors were calculated using Equations (1) and (2). Myx?2 ~ My?
factors of 38 and 35 were determined for the laser beam produced by the solar laser head
with the light guide for 100% pump power and 60% of the total pump power, respectively.
The M2 factors measurement of the laser head with the aspherical lens was not possible,
because the Ce:Nd:YAG rod fractured before laser beam quality measurements. Thus, they
were calculated through numerical analysis by ZEMAX and LASCAD [20], resulting in
My? a2 My? factors of 30 and 20 for 100% pump power and 60% of the total pump power,
respectively. The higher M? factors from the laser head with the light guide, compared
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with that with the aspherical lens was mainly due to the shorter resonator cavity length
of 60 mm, in contrast to the 120 mm of cavity length used with the aspherical lens. The
cavity lengths could not be equal in the two cases because of mechanical constraints in the
laser head with the aspherical lens. Moreover, the beam quality M? factors deteriorated at
higher pump power levels, as indicated in Table 1.

The greater laser efficiency produced by the solar laser head with the aspherical lens
secondary concentrator can be mainly due to the higher concentration of the incident light
in the central region of the laser rod provided by the aspherical lens. However, in an attempt
to produce more laser power, by adding more input power, the Ce:Nd:YAG rod fractured
on its central zone in the exact region where the solar light was mainly concentrated, as
shown in Figure 7a. This event also occurred in a previous study where the Ce:Nd:YAG
laser rod was used in an end-side-pumping configuration, in which the solar light was
mostly focused on the top region of the rod [25]. This inhomogeneous pumping increased
the thermal load of the rod in the region of more pumping intensity, which caused its final
fracture when using higher solar powers, limiting the maximum laser output power.

Fused silica

aspherical lens 4 Fused silica

P~

light guide

Fractured Non-fractured
Ce:Nd:YAG rod Ce:Nd:YAG rod

-

Figure 7. Photograph of the Ce:Nd:YAG laser rods on the laser heads with the fused liquid fused
liquid aspheric lens (a) and rectangular light guide (b) after the solar laser experiments. The fracture
on the Ce:Nd:YAG laser rod using the aspheric lens is visible on its central region.

The side-pumping configuration helps to minimize the thermal stress issues in the
Ce:Nd:YAG active medium because it spreads the concentrated solar energy along the laser
rod axis, which allows a greater increase in the output performance as already demon-
strated [26]. Using an aspherical lens as a secondary concentrator enabled the increase in
the output laser power; however, since the concentrated solar radiation was not evenly dis-
tributed along the laser rod, the absorbed pump distribution was still not uniform (Table 1),
which led to Ce:Nd:YAG medium fracture (Figure 7a). The rectangular light guide was
able to overcome this problem through the uniformity of the incident solar light on the
rod. Although the laser output power was slightly inferior to that of the aspherical lens,
the capacity to uniformly distribute the light led to a uniform absorbed pump distribution
along the rod (Table 1). The thermal load on the rod was thus considerably reduced, which
prevented the Ce:Nd:YAG medium fracture at higher input solar power levels (Figure 7b).
Moreover, it also allowed a more stable laser emission during the two-week testing period
in PROMES-CNRS without damaging the rod. Therefore, the fused silica light guide with
rectangular cross-section is a promising secondary concentrator to enable the laser power
scalability of the Ce:Nd:YAG solar laser.

The previous study, based on a Ce:Nd:YAG side-pumped solar laser with a semi-
spherical lens as secondary concentrator, was accomplished by using the NOVA heliostat-
parabolic mirror system with 75% reflectivity and 66 cm focal length [26], which is more
efficient than the MSSF PROMES-CNRS facility with 59% reflectivity and 85 cm focal length.
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Nevertheless, the Ce:Nd:YAG rod side-pumped through the NOVA solar facility produced
only 16.5 W maximum continuous-wave power at 600 W incoming solar power [26]. In
an attempt to boost the laser power by adding more solar power, the Ce:Nd:YAG rod
was fractured. In the present study, by using the PROMES-CNRS facility, the Ce:Nd:YAG
rod produced 19.6 W maximum continuous-wave laser power, which is 1.19 times more
than that from the NOVA facility [26]. More importantly, the Ce:Nd:YAG rod was only
fractured at 1125 W incoming solar power level, which is 1.88 times more than that of the
previous side-pumped Ce:Nd:YAG laser rod could withstand at the NOVA solar facility. In
conclusion, with the PROMES-CNRS solar facility, the solar laser head with aspherical lens
offered a much more thermal resistance and a higher solar laser power compared with that
obtained with the NOVA facility [26].

It is important to note that the Ce:Nd:YAG active medium is more susceptible to ther-
mal fracture than the Nd:YAG medium when pumped by sunlight. The main reason relies
on the Stokes efficiency, which is lower for the Ce:Nd:YAG rod, 0.43 [27] compared with
the 0.62 of the Nd:YAG rod [7]. Such low Stokes efficiency results in loss of pump photon
energy normally in the form of heat, increasing the thermal load in the rod. Therefore, it
is important to design solar laser systems that take this factor into account. The pumping
distribution on the active medium plays an important role in the optimization process of
scaling solar-pumped lasers to high power.

5. Conclusions

Two solar laser heads with two different secondary concentrators were investigated
to study the influence of their pumping distribution on the Ce:Nd:YAG side-pumped
solar laser output performance. 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?2, 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 important role
in the design of Ce:Nd:YAG solar laser systems, and the light guide technology may ensure
successful solar laser power scaling.
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Abstract: 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 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 appropriate pumping configuration, the Ce:Nd:YAG medium is very promising
for scaling solar laser output power to a higher level.

Keywords: Ce:Nd:YAG; solar laser; light-guide; homogenizer; side-pumped; parabolic mirror

1. Introduction

Solar-powered laser systems directly convert broadband and incoherent solar radiation
into narrowband and coherent laser radiation through an active medium. Since this tech-
nology can be operated using only renewable energy, it may bring an important economic
advantage for countries with high solar availability [1] and for the future development of
sustainable industrialization [2], either on Earth [3,4] or in Space [5,6].

The first laser emission achieved by pumping an active medium with solar energy
was reported by Kiss et al. in 1963, based on a calcium fluoride crystal doped with
a divalent dysprosium (Dy?*:CaF,) medium, reaching the continuous wave (cw) laser
action at 2.36 um [7]. Thenceforth, optical pumping designs and active media have been
investigated for solar-pumped lasers. Between the late 1970s and early 2000s, gas [6,8,9],
liquid [10], and solid [11-13] active media have all been evaluated as potential candidates
for solar-pumped lasers. Still, this research has essentially converged in the use of bulk
solid-state optical gain media, namely the yttrium aluminum garnet (Y3Al50;7) doped with
the rare earth ion neodymium (Nd3*) [14-27]. The favorable spectroscopic characteristics
of the Nd* active ion and optomechanical properties of the YAG host material [28], in
conjunction with the advances in the optical pumping designs, have contributed to the
progress of solar-pumped lasers performances [14-24]. Nevertheless, Nd** is not an ideal
dopant for solar-pumped lasers due to the low spectral overlap of the Nd>* absorption
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spectrum with the blackbody-like solar emission spectrum, imposing limits to the efficiency
of solar-powered lasers.

Co-doping the Nd:YAG medium with chromium (Cr3*) or cerium (Ce®*) ions may
improve the solar laser efficiency by supplying a broader absorption band to overlap
with the solar emission spectrum, when compared to simple Nd:YAG lasers [29-32]. The
attempts to meliorate the solar laser efficiency using Cr:Nd:YAG have been carried out
since 2007 [22-24]. The record in solar laser slope efficiency, obtained by measuring the
laser output power variation with the incoming solar power, is 6.7%, reached in 2018
by end-side-pumping a Cr(0.1 at.%):Nd(1.0 at.%):YAG rod through a primary parabolic
concentrator [24]. This result is 1.28 times more than the highest slope efficiency obtained
by Nd:YAG laser rod end-side-pumped through a similar solar facility [16].

The mechanisms of energy transfer between Ce>* and Nd** ions have also been stud-
ied for some time using dye lasers [33], lamps [34-36], LEDs [37], and laser diodes [38]
as pumping sources. Still, the experimental evaluation of the Ce:Nd:YAG performance
under broadband solar pumping is in its early stages [25-27]. The first solar laser experi-
ment using a Ce:Nd:YAG laser medium was performed in 2020, by end-side-pumping a
Ce(0.05 at.%):Nd(1.0 at.%):YAG rod of 5 mm in diameter and 30 mm in length at the
medium size solar furnace (MSSF) of PROMES-CNRS [25]. The Ce:Nd:YAG rod emitted a
6.0 W cw laser power at an incoming solar power of 964 W. However, at higher solar power
levels, the Ce:Nd:YAG laser power dropped abruptly, followed by a fracture of the laser rod
in its upper-end region, where most of the solar rays were focused [25]. To try to minimize
this problem, side-pumping configurations were adopted in the most recent Ce:Nd:YAG
solar lasers [26,27]. Side-pumping is suitable for laser power scaling since it spreads the
concentrated solar energy along the laser rod axis, minimizing the thermal load problems.
For 1125 W of incoming solar power at the MSSF of PROMES-CNRS, the maximum cw solar
laser power of 19.6 W was emitted by a side-pumped 4 mm diameter and 35 mm length
Ce(0.1 at.%):Nd(1.1 at.%):YAG laser rod [27], corresponding to an increase of 3.27 times in
relation to that of the previous end-side-pumped Ce:Nd:YAG solar laser through the same
solar facility [25]. For efficient side-pumping of the Ce:Nd:YAG laser rod, a fused silica
aspherical lens was used as a secondary concentrator [27]. However, this resulted in an
uneven light distribution along the laser rod, which led to its fracture when adding more
incoming solar power.

To scale the Ce:Nd:YAG solar laser to higher power levels, a uniformly pumped laser
rod is extremely important. The use of side-pumping configurations employing fused
silica light guides with a rectangular cross-section has allowed a substantial reduction of
the thermal load and stress problems in either Nd:YAG or Cr:Nd:YAG laser rods [20-22].
Based on the principles of total internal reflection, the rectangular light guides shaped
the near-Gaussian distribution of the concentrated sunlight spot incident on its input
aperture into a homogeneous light distribution at its output aperture [20-22]. Consequently,
the solar radiation was uniformly spread along the laser rod, significantly reducing the
accumulated heat within the laser medium compared to previous solar lasers with no light
guide [16,24-27]. The highest laser output power attained by side-pumping a laser rod
with a light guide was 33.6 W, from a Cr:Nd:YAG laser rod of 7 mm in diameter and 30 mm
in length, pumped through the 2 m diameter MSSF parabolic mirror [22].

Due to the abovementioned reasons, we decided to test the laser power scalability
of a 4 mm diameter, 35 mm length Ce(0.1 at.%):Nd(1.1 at.%):YAG laser rod side-pumped
by a rectangular fused silica light guide. The experiments were realized at the MSSF of
PROMES-CNRS. The side-pumping configuration with the fused silica light guide allowed
the Ce:Nd:YAG laser rod to withstand an elevated incoming solar power level of 2.6 kW,
producing a 40 W cw solar laser power with the full collection area of the MSSF parabolic
mirror. This, as far as we are aware, was the highest reported cw solar laser power emitted
from a Ce:Nd:YAG solar laser medium. It was also the highest cw solar laser power
achieved with side-pumping configuration using a light homogenizer.
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2. Energy Transfer Mechanism of Ce3* to Nd3* in Ce:Nd:YAG Medium

Although reports on solar laser using Ce:Nd:YAG as a gain medium have appeared
only recently [25-27], the effect of co-doping the Nd:YAG medium with Ce?* ions has
stimulated already decades of research [33-38]. The strong and broad absorption bands of
Ce:Nd:YAG make this active material a suitable candidate for broadband pumped lasers.
As observed in Figure 1, the absorption spectrum of Ce:Nd:YAG presents two broad bands
characteristic of the Ce3* ion in a YAG lattice, which are centered at 339 nm and 460 nm
(Figure 1b) and overlap well with the solar spectrum region of greater intensity (Figure 1a).
It has also other bands in the red and near infrared (NIR) regions that are characteristic of
the Nd3* ions (Figure 1c).
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Figure 1. (a) AM1.5 direct solar spectrum at 300-900 nm wavelength range, adapted from [39];
UV, ultraviolet; VIS, visible; NIR, near infrared; (b) Ce:Nd:YAG absorption spectrum and Ce:YAG
fluorescence spectrum, adapted from [35,40], respectively; (c) Nd:YAG absorption spectrum,
adapted from [41].

Figure 2 illustrates the energy level diagram of Ce:Nd:YAG and the transfer mechanism
between the Ce®* and Nd** ions. When pumping Ce:Nd:YAG with broadband radiation,
with wavelengths centered around 339 nm and 460 nm, the Ce3* ions are excited from the
2Fs5, ground state level to the pump bands of 5d, (zBlg) and 5d; (zAlg), respectively. The
excited electrons in the 5d, (2Blg) pump band then relax non-radiatively (dashed black
line) to the lower 5d; pump band and further decay radiatively to the 2Fs,, ground state
(solid green line). Since the absorption spectrum of Ce:Nd:YAG is quite broad, a strong and
broad emission luminescence centered at 531 nm occurs (Figure 1b), which overlaps with
the strong peak absorptions of Nd3* in the green and yellow spectral region (Figure 1c).
Therefore, a radiative transfer mechanism takes place between the 5d; (2A1g) — 2F;5 s2 and
419/2 — %Gy, transitions of Ce®* and Nd** ions, respectively, through a cross-relaxation
process [33-35,38], as indicated by the pathway (1) of Figure 2.
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Figure 2. Energy-level diagram representing the energy transfer between Ce®* and Nd>* ions in
the Ce:Nd:YAG material, adapted from [35]. (1) Radiative energy transfer pathway through cross-
relaxation; (2) Quantum cutting down conversion pathway.

Another energy transfer mechanism may also occur, based on a quantum cutting
down-conversion process [35,42], as represented by pathway (2). This process implies
that two NIR photons could emit from one absorbed visible (VIS) photon. Its occurrence
is possible in Ce:Nd:YAG due to the excitation of Ce®* to the higher 5d; (zAlg) energy
level, whose transition to the %Fs,, ground-state level has approximately twice the energy
difference between the *F3 , and *I; /5 levels of the Nd>*.

3. Description of the Ce:Nd:YAG Solar Laser System
3.1. Medium Size Solar Furnace of the PROMES-CNRS

The solar facility is constituted by a heliostat and a stationary parabolic concentrator
with horizontal axis. The heliostat has 36 flat mirror segments, each with 0.5m x 0.5 m
dimensions, which tracks and redirects the solar rays to the parabolic mirror with a 2.0 m
diameter, a 0.85 m focal distance, and a 60" rim angle [16,20-22,25], as illustrated in
Figure 3a. Both heliostat and parabolic mirrors are back-silvered, each with less than
80% reflectivity due to iron contents in the glass substrate and degradation owing to many
years of usage. Hence, about 59% of the incoming solar rays are focused [16,21,22,25],
reaching a maximum of 2 kW of power at the focus [43].

For the solar laser experiments, the Ce:Nd:YAG solar laser head, along with the
resonant cavity, was fixed on a mechanical support with automatic X-Y-Z axis calibration
at the focal zone of the MSSE, as shown in Figure 3b. 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.
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Figure 3. (a) Design of the PROMES-CNRS solar facility. (b) Photograph of the Medium Size Solar
Furnace (MSSF) and the solar laser head mounting.

3.2. Side-Pumped Solar Laser Head with the Fused Silica Homogenizer

A schematic design of the laser head is given in Figure 4. 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.

(a) (b)
CPC - shaped
Absorbed pump distribution reflector

CPC output = Water OUT

section of the
light guide . S :
) _— = V - shaped

CeNdYAG
rod

(@ = WaterIN

Figure 4. Schematic designs of (a) the Ce:Nd:YAG solar laser head with rectangular light guide and
(b) the V-shaped pump cavity with the passage of pump rays within the laser rod. The insets of
(a) represent the solar rays’ distribution at both the light guide input aperture (left) and along the
laser rod (right).

Fused silica material is suitable for solar-powered lasers since it has a wide trans-
parency range over the Ce:Nd:YAG absorption spectrum. Furthermore, it is very resistant
to high temperature and thermal shock [44]. The light guide with a 14 mm x 18.4 mm input
aperture collected the MSSF-concentrated solar radiation with a near-Gaussian profile of
11 mm full width at half maximum [16,21,25]. The solar rays were then internally reflected
along a 68 mm length of the light guide, to its 2D compound parabolic concentrator (CPC)
output section with 12 mm x 22 mm output aperture and 5.5 mm length. As demonstrated
in Figure 4a, the fused silica light guide behaves like a beam homogenizer, enabling a
homogeneous absorbed pump light distribution along the Ce:Nd:YAG laser rod. This helps
not only to reduce the thermal effects in the laser rod, but also to compensate the helio-
stat tracking error-dependent losses [20-22], leading to higher solar laser beam stability
compared to solar lasers with no light homogenizer [45].

To produce the light guide, a fused silica slab of 99.995% optical purity with
14 mm X 22 mm X 75 mm dimensions (supplied by Beijing Aomolin Ltd., Bejing, China),
was ground and polished to the final dimensions abovementioned. The side surfaces of
the light guide were slightly inclined to ensure its easy mechanical attachment to the laser

111



Energies 2022, 15, 3998

head. The 2D-CPC sidewalls of the light guide provided effective coupling of the solar rays
to the laser rod. It is also worth noting that the direct cooling of the laser rod with water is
of utmost importance to prevent the laser rod from UV and IR heating. A water flow rate
of about 6 L/min was adopted in the present work, which was essential to dissipate the
heat within the laser head.

The water-flooded V-shaped pump cavity had a 10 mm depth and a 16 mm x 22 mm
entrance aperture, positioned at the exit of the 2D CPC-shaped upper reflectors with a
12 mm x 22 mm output aperture. This arrangement provided the zigzag path of the solar
rays within the Ce:Nd:YAG laser rod. As demonstrated in Figure 4b, ray one (orange color)
hits directly the laser medium and is redirected back to the rod by the V-shaped cavity
so that double-pass pumping is accomplished. The solar rays from the light guide that
do not directly reach the laser rod, represented by rays two (green color) and three (blue
color), can be redirected again to the laser rod by the V-shaped reflector. The upper 2D
CPC-shaped reflectors also help to redirect the rays that exit the 2D CPC surface of the
light-guide to the laser rod, as demonstrated by the optical path of ray four (red color),
which may pass through the rod twice with the help of the V-shaped cavity. The inner walls
of the V-shaped section, as well as the upper part section of the pump cavity, were covered
with silver-coated aluminum foils of 94% reflectivity.

A high reflection (HR) coated mirror (99.9% @ 1064 nm), the Ce:Nd:YAG laser rod, and a
partial reflection (PR) coated mirror (R > 95 + 2% @ 1064 nm) formed the optical resonator, as
shown in Figure 5. The 4 mm diameter and 35 mm length Ce(0.1 at.%):Nd(1.1 at.%):YAG rod
was manufactured by Chengdu Dongjun Laser Co., Ltd. The end faces of the laser rod were
covered with anti-reflective coating for 1064 nm (reflectivity (R) < 0.2% @ 1064 nm). Both HR
and PR laser mirrors were supplied by ESKMA Optics.

"HR 1064 nm
mirror holder

Light gpi?e holders

HR 1064 nm

Figure 5. 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.

The present scheme was designed and produced in Lisbon. It was then tested at the
2 m diameter MSSF of the PROMES-CNRS, during the winter period of February 2022.
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4. Solar-Pumped Ce:Nd:YAG Laser Experiments with the Rectangular Fused Silica
Light Guide

To examine the Ce:Nd:YAG medium resistance under extreme solar pumping and,
hence, its aptitude to scale to higher power levels, the performance of the Ce:Nd:YAG solar
laser was evaluated as a function of the MSSF diameter D, starting from relatively small
(D =1.38 m) to the maximum diameter of the MSSF (D = 2.0 m). For maximum laser power
extraction from the active medium in each case, the HR and PR laser mirrors were optically
aligned as close as possible to the laser rod, as shown in Figure 5, forming a short and
symmetric laser resonator with a 60 mm total length. Therefore, the Ce:Nd:YAG solar laser
operated in a multimode regime. Flat laser mirrors were used to provide less laser beam
divergence in relation to that with concave laser mirrors.

The influence of the incoming solar power on the Ce:Nd:YAG solar laser output power
with four different Ds (1.38 m; 1.60 m; 1.78 m; 2.0 m) is given in Figure 6. During the
experiments, the solar irradiances varied from 1000 to 1060 W/ m?2, measured with a Kipp
& Zonen CH1 pyrheliometer on a Kipp & Zonen 2AP solar tracker. Laser output power
measurements were registered with a PM1100D power meter from Thorlabs.

40
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Figure 6. Variation of the Ce:Nd:YAG solar laser power with the incoming solar power and parabolic
mirror diameter (D).

Table 1 summarizes the performance of the Ce:Nd:YAG solar laser output at each
case, in terms of threshold solar power, maximum laser power, and slope efficiency. The
M? beam quality factors for D = 1.38 m and D = 2.0 m are also given. Near-circular laser
beam profiles and high evaporation rates were observed on an opaque material, placed at a
distance of 1 m from the PR output mirror.

As observed in Figure 6, the variation of the solar concentrator diameter strongly
influenced the laser performance of the Ce:Nd:YAG medium. It performed better with a
lower D = 1.38 m, started to emit a laser at a minimum incoming solar power of 578 W, and
reached a laser output power of 17.4 W at an incoming solar power of 1154 W. The slope
efficiency of 3.01% was hence calculated in this case. M%, ~ M? ~ 38 laser beam quality
factors were also registered with D = 1.38 m. These results were slightly worse than that
of the most recent Ce:Nd:YAG laser rod with a fused silica aspherical lens as a secondary
concentrator, tested under similar pumping conditions, through which a 19.6 W cw laser

113



Energies 2022, 15, 3998

power and 3.03% slope efficiency were measured [27]. The use of the aspheric lens helped
to preserve the concentrated solar radiation profile, thus allowing to a certain extent a more
effective side-pumping of the laser rod. However, at incoming solar powers greater than
1125 W, the non-uniformity of the absorption profile of the Ce:Nd:YAG laser rod led to its
fracture [27], which means that the laser rod could not withstand more than 43% of the
total incoming solar power of the MSSF. On the contrary, with the use of the light guide
as a secondary concentrator, the Ce:Nd:YAG solar laser remained operational even with
the maximum collection area of the MSSF, as shown in both Figure 6 and Table 1. Despite
the decrease in slope efficiency to 2.44% and the deterioration of the laser beam quality to
M2, ~ 52, sz ~ 54 factors with an increasing collection area, a 40 W cw solar laser output
power was reached for D = 2 m, without damaging the Ce:Nd:YAG laser rod. This was the
highest laser power achieved with the Ce:Nd:YAG laser medium pumped by broadband
solar radiation, being twice that obtained by the previous side-pumped Ce:Nd:YAG solar
laser [27]. It was also 1.19 times more than the maximum solar laser power emitted from a
side-pumped Cr:Nd:YAG laser rod using light guide [22].

Table 1. Ce:Nd:YAG solar laser performance with light guide with different parabolic mirror
diameters (D).

Collection Diameter, D D=138m D=1.60m D=178m D=2.00m
Rim angle, o 44° 50° 55° 60°

Effective collection area 1.09 m? 1.53 m? 1.93 m? 2.48 m?
Maximum incoming solar power 1154 W 1559 W 2033 W 2600 W
Minimum threshold solar power 578 W 657 W 795 W 943 W

Maximum laser output power 1735 W 2513 W 31.80 W 40.01 W
Slope efficiency 3.01% 2.78% 2.59% 2.44%
M?2,, M2y factors 38,38 — — 52,54

5. Conclusions

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 incoming solar powers, compared to
the previous Ce:Nd:YAG solar lasers [25,27]. By using the 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
aspheric lens secondary concentrator at the MSSF [27]. It was also the highest side-pumped
solar laser power through light guide [20-22]. 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 light-
guides 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 thermal lensing effects in solar-powered lasers [19], 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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Abstract: 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 ray-tracing 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.

Keywords: solar-pumped laser; Ce:Nd:YAG; parabolic mirror; laser efficiency

1. Introduction

Solar-pumped lasers can directly convert the incoherent broadband radiation into
coherent narrowband radiation through an active medium, while the conventional lasers
utilize the electric-to-light conversion from diodes or lamps. The direct harnessing of
solar energy is a promising renewable technology that may bring important economic
advantages for countries with high solar availability [1], for the development of sustainable
industry [2], on earth [3,4] or in space [5].

In 1963, a calcium fluoride crystal doped with divalent dysprosium (Dy?*:CaF,) was
used to generate the first continuous-wave laser emission of 2.36 um, by Kiss et al. [6].
From then on, several attempts to increase the solar laser efficiency have been made using
different gain medium, such as gas [7,8], liquids [9], and solids [10,11]. However, only
solid active media was promising enough for solar laser emission, especially the yttrium
aluminum garnet (Y3Al5012, YAG) as hosting crystal structure and the rare earth ion of
neodymium (Nd3*) as an activator ion, contributing to the significant advances in solar laser
efficiency. About 18.7 W/m? solar laser collection efficiency, defined as laser output power
versus solar collector area, was reported in 2007 by pumping a large Cr:Nd:YAG ceramic
laser rod with a 1.4 m? Fresnel lens primary concentrator [12]. 19.3 W/m? laser collection
efficiency was later achieved in 2011 by exciting a 4 mm diameter, 25 mm length Nd:YAG
single-crystal rod through a 0.64 m? area Fresnel lens [13]. In 2012, the Nd:YAG solar laser
collection efficiency was boosted to 30.0 W/m? by pumping a 6 mm diameter, 100 mm
length Nd:YAG single-crystal rod through a 4.0 m? area Fresnel lens [14]. According to the
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study of Zhao et al. [15], the Nd3* ion absorption bands have about a 16% overlap with
the solar spectrum. The solar laser output can be enhanced by adding sensitizer elements,
such as chromium (Cr®*) or cerium (Ce®") ions, which have broader absorptions bands
in the visible region, increasing the energy conversion efficiency [16,17]. Although both
Cr3* and Ce®* ions have different emission bands than that of the Nd>* ion, they overlap
perfectly to some of the Nd** absorption bands. Solar-pumped lasers with a Cr:Nd:YAG
ceramic rod have been carried out since 2007, first by Yabe et al. [12] and later by Liang
et al. in 2013 [18] and 2018 [19], but the results were not very significant, being only
slightly higher than that with the Nd:YAG medium [20]. Initial stages of solar-pumping
the Ce:Nd:YAG medium were conducted in the early 2020s [20], with a 5 mm diameter,
30 mm length Ce (0.05 at%): Nd (1.0 at%): YAG rod. It was end-side pumped by 960 W
of incoming solar power, provided by a medium size solar furnace (MSSF) with 1.23 m?
effective collection area in PROMES-CNRS [21]. In these conditions, 6.0 W laser output
power was obtained. However, when increasing the incoming solar power, the rod got
fractured in the upper-end region. A side-pumping scheme, which helps to spread the
solar pumping radiation along the laser rod, was then adopted and tested at the NOVA
heliostat-parabolic mirror system [22]. A successful solar laser emission of 16.5 W was
achieved under an incoming solar power of 600 W with a Ce (0.1 at%):Nd (1.1 at%):YAG
laser rod. This laser had 23.6 W/m? collection efficiency and 2.8% solar-to-laser conversion
efficiency, with the latter being 1.57 times higher than that of a Nd (1.0 at%):YAG laser rod
under the same conditions [22].

In 2022, Vistas et al. further explored the influence of the solar pumping distribution
on a 4 mm diameter, 35 mm length Ce (0.1 at%):Nd (1.1 at%):YAG laser rod by testing two
different secondary concentrators [23]: a point-focusing fused silica aspheric lens and a
fused silica light guide that provided a homogenous light distribution at its output. With
collection area of 1.09 m? from the MSSF parabolic mirror, the solar pumping scheme with
the aspheric lens produced up to 19.6 W solar laser power before the fracture of the rod due
to high thermal load, while the light guide scheme maintained continuous lasing operation,
producing 17.4 W solar laser power at an incoming solar power of 1154 W. This resulted
in 18 W/m? solar laser collection efficiency and 1.7% solar-to-laser conversion efficiency.
The Ce:Nd:YAG solar laser initiated at an incoming solar power of 578 W, leading to 3.0%
slope efficiency [23]. In the same year, Almeida et al. [24] explored the laser power scaling
potential of side-pumped Ce:Nd:YAG with light guide using 2.48 m? effective collection
area of the MSSF parabolic mirror [24]. 40 W solar laser output was achieved without
fracturing the crystal. However, the collection, conversion, and slope efficiencies were
reduced to 16.13 W/m?, 1.54%, and 2.44% slope efficiencies, respectively, and the threshold
power increased to 943 W. This demonstrates that the efficiency of solar laser output tends
to be lower with larger collection area.

Due to the above mentioned reasons, the solar pumping of a thin Ce:Nd:YAG rod
through a primary concentrator with a small effective collection area was explored here.
A fused silica aspheric lens was used as a secondary concentrator for end-side-pumping
the 2.5 mm diameter, 25 mm length Ce (0.1 at%):Nd (1.1 at%):YAG rod through the NOVA
parabolic mirror with 0.293 m? effective collection area. During the experiments, 850 W/m?
solar irradiance was measured, leading to an incoming solar power of 249.05 W. This
constituted a substantial reduction from the 600 W incoming power of the most efficient
Ce:Nd:YAG solar laser [22] at the same solar facility. Moreover, solar laser emission was
possible, unlike the previous end-side-pumping [20] and side-pumping [23] Ce:Nd:YAG
solar lasers in which the rod was fractured due to high concentrated local heat load. This
resulted in 11.2 W solar laser power, corresponding to a solar laser collection efficiency
of 38.22 W/m? and slope efficiency of 6.8%, which are 1.18 and 1.02 times higher than
the previous state-of-the-art record [19]. More importantly, 4.50% solar-to-laser power
conversion efficiency was achieved, also representing an enhancement of 1.22 times [19].
Moreover, only 88 W incoming solar power was required for Ce (0.1 at%): Nd(1.1 at%):YAG
to start lasing, as compared to the minimum of 200 W for Nd:YAG [25]. Moreover, the
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substantial reduction of the collection area from 1.03 m? [25] to 0.293 m? may motivate
the research of small size solar laser models in direct solar tracking mode with promising
possibility of further solar laser efficiency enhancement.

2. Materials and Method
2.1. Solar Energy Collection and Concentration: NOVA Heliostat-Parabolic System

The NOVA heliostat-parabolic mirror solar laser system, as shown in Figure 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 toward 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? effective 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-reflecting space
between the two flat segments of the heliostat.

Housing unit Solar

NOVA radiation
parabolic
mirror

Mask
oll up
shed
Laser door

head

15m

—B

X-Y-Z
uPositioner

Heliostat

Figure 1. Schematic of the NOVA heliostat-parabolic mirror solar energy collection and concentration
system.

2.2. Solar Laser Head

Figure 2 shows the image of the solar laser head and its optical components, as well
as the laser resonator components. The laser head was composed of a large 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 wavelength 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.

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 (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 f; = —0.004.

2
cxr >
z= + Bqr4, 1
1+ /11— (1+k)c?r? P M
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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 concen-
trated solar radiation and to guarantee an abundant cooling for effective heat dissipation.
The absorption efficiency was further enhanced by a silver-coated aluminum foil of 94%
reflectivity that covered the conical pump cavity. The reflective 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, respectively.

He’iostat

Water inlet
Aspheric
Ce:Nd:YAG lens

rod &
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X-Y-Z I’ogitioner
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head

Figure 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.

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.

3. Theory
Energy Transfer Mechanism between Ce3* and Nd** Ions in YAG

The study of Ce®* ion doped in Nd:YAG under broadband pumping has been a topic
of research for decades, starting in 1969 by Holloway et al. [26]. In 1987, Mares et al. studied
the energy transfer mechanism between Ce>* and Nd3* in YAG at low temperatures [27].
Later in 2015, Tai et al. explored the mechanism of energy transfer of Ce3* to Nd3* in
YAG with quantum cutting [28]. Its recent use in 2021 by Vistas et al., as a substitute of
Nd:YAG in solar-pumped lasers, has shown promising results, achieving about 1.6 times
more collection efficiency and solar-to-laser power conversion efficiency compared to that
with Nd:YAG crystal rod under the same conditions [22].

The direct solar spectrum, the Ce:Nd:YAG absorption spectrum, the Ce®* and Nd3*
ions” emission bands in YAG are presented in Figure 3. The broad absorption bands
of the Ce3* 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; (centered
at 339 nm) and 5d; (centered at 460 nm) [28]. While the Nd>* absorption bands are in
between 510 nm and 888 nm, with five prominent absorbing bands, *G; /5 + 2Gg 5 + 2Ky3/2
(centered at 530 nm), 2Gy /5 + “Gs,; (centered at 580 nm), 4S5, + *F7/, (centered at 770 nm),
2Hg, + *Fs,; (centered at 805 nm), and *F3; (centered at 878 nm) [29].
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Figure 3. AM1.5 direct solar spectrum (black), adapted from [30]. Ce (0.1 at%):Nd (1.1 at%):YAG
absorption spectrum (blue), Ce>* (green) and Nd>* (purple) emission spectra in YAG, adapted
from [31].

The strong UV and blue photons excite the Ce®* 4f level (the 2Fj /,2 ground state),
toward the 5d sublevels of 5d; and 5d;, as shown in Figure 4 [28,32]. The consequent
energy relaxation from 5d; to both ground states 2F;/, and 2Fs, forms a yellow /green
broad emission spectrum, overlapping with the excitation peaks of the Nd3* ion at the
4G7/2 + 269/2 + 2K13/2 energy levels between 510 nm and 540 nm and the 2G7/2 + 4G5/2
energies levels between 566 nm and 595 nm [28,33]. The radiative transfer mechanism by
the transition 5d—4f of the Ce3* ion and the transitions *Io /2 — 4Gy /o + 2Gg /2 + 2Ky3 /2
and 419/, — 2Gy /5 + G5, through cross-relaxation process are indicated by pathway (1)
in Figure 4 [28]. The pathway (2) represents the energy transfer from the Ce3* excited
state at 5d; to the two Nd>* ions at 4F; /2 level through quantum cutting down-conversion
process [28].
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Figure 4. Absorption and emission energy level of Ce®* and Nd>* ions. (1) The energy transfer by
cross relaxation of Ce>* to Nd®* ion, and (2) the quantum cutting down conversion of Ce>* ion from
5d1 energy level into two Nd>* ions at *F, energy level. Adapted from [28,29].
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The total absorbed solar power of an ion (P, o) of the active medium is calculated
through Equation (2).

A
Papsion = /A I(A) (1 ,e(*ﬂcm,(A)XLc)>d/\, )

I(A) is the solar spectral irradiance (W / m?2/ nm) of each wavelength A, L, is the effective
absorption length of the laser rod and «;,,(A) 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 Cedt
(Paps,ce) and Nd>* (Pyps ng) 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 absorbed by the Ce3t
(overlap,ce) and Nd3* (1overlap,Na) i0ms, is about 15.7% and 16.2%, respectively, as calculated
through Equation (3).

Noverlap,ion = M 3)
’ JI(A)d\’

The energy transfer efficiency of the non-radiative process (7nr.ce-ng) is about 70% [28,34],
whereas for the radiative process (17r.c..ng) is about 30% [28].

4. Calculation
4.1. Zemax® Simulation

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 com-
puting resources to achieve the same results as those by simulating with a few key solar
wavelengths related to the absorption bands responsible for lasing [35].

A total available solar power of 249.05 W can be obtained by the NOVA parabolic
mirror with an effective collection area (A) of 0.293 m?2, at 850 W/m? solar irradiance
(I). However, only 16.2% and 15.7% of the total power calculated from Equation (3) 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 5a.

Source 1 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 Ce®* quan-
tum cutting down conversion of non-radiative transfer to Nd3*, described by Pathway (1),
as shown in Figure 5b. The simulated power of source 1 (Psource1) follows the Equation (4)
and has a total power of 67.72 W.

Psource1 = A1 <qu€rlap,Nd3‘ + Noverlap,Ce3+ X WNR:C@—Nd)r “4)

Source 2 accounts for 30% of the absorbed energy by Ce3* that was transferred radia-
tively to Nd3*, as shown in Figure 4 by Pathway (2). This source emits green and orange
wavelengths useful for Nd®* absorption, as shown in Figure 5c. The simulated power of
source 2 (Psouree2) follows the Equation (5) and has a total power of 11.73 W.

Psource2 = Al Noverlap,Ce3+ X MR:Ce—Nd» (5)

The amount of energy retained within the Ce (0.1 at%):Nd (1.1 at%):YAG depends
on the transmission (T) data of the Nd3* active ion, water and silica materials, shown in
Equation (6).

T(A) = e *Wxle, 6)

122



Energies 2022, 15, 5292

a) Solar energy for s
e 1
Nd3* absorption ouree
i Overlap: solar to
Nd**absorption
Ce* non-
/ _ radiative transfer
RTITW to N+ (1)
Source 2
( . Ce? radiative
Unused LLT3W  transfer to Nd3*
solar energy’ % 2
b) Spectral emission of C) Spectral emission of
source 1 source 2
10
09
- 0s
= = 07
; '; 06
o Z 05
> g
= 2 04
_f: i}
O] =z 03
- = 02
01
00
517 592 666 704 $15 890 517 534 551 565 585 600
Wavelength (nm) Wavelength (nm)

Figure 5. (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.

Figure 6a shows the transmission data of water and fused silica materials from Zemax®
glass catalog, as well as the 22 transmission wavelengths of Ce (0.1 at%):Nd (1.1 at%):YAG,
at L. = 10 mm. Figure 6b shows the index of refraction of Ce (0.1 at%):Nd (1.1 at%):YAG,
water and fused silica as a function of the wavelength utilized in Zemax®.
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Figure 6. Materials in Zemax®: Ce (0.1 at%):Nd (0.1 at%):YAG, water and fused silica. (a) Trans-
mission of the materials at 10 mm depth. (b) Index of refraction of the materials at 20 °C and
1 atm.
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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 7
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 7 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, Ly, and hence the
amount of energy absorbed.
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Figure 7. 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 8 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 8. Wavelength-dependent absorption versus number of passes within the crystal. Each pass
covers an average absorption length traveled within the crystal rod.
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In Zemax®, the Ce (0.1 at%):Nd (1.1 at%):YAG rod was divided into 125,000 voxels.
The pump flux distribution along its longitudinal cross-section and five central transversal
cross-sections are shown in Figure 9. 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.
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Figure 9. 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.

4.2. LASCAD™ Simulation

The absorbed power in cubic matrix form was imported into the laser cavity analysis
and design (LASCAD™) software to analyze 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 2.8 x 10712 cm?, a fluorescence lifetime of 230 us 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 [11]. Figure 10 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.pr = 17 mm), represented by optical dielectric
interface 2. Different reflectivities 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
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efficiently solar-pumped Ce:Nd:YAG rod. A total round-trip loss of 1.6% was accounted in
the LASCAD™ calculation.
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Figure 10. Laser resonator configuration for multimode solar laser extraction from the Ce:Nd:YAG
rod. The L. is the laser rod length, and the Lag_pR is the length between AR1064 nm end face of the
rod and the PR1064 nm mirror.

Figure 11 shows the heat load, the temperature, and the stress intensity of the 2.5 mm
diameter, 25 mm length rod numerically calculated through LASCAD™ analysis, under
ambient temperature and cooling boundary condition of 300 K. The maximum heat load of
0.385 W/mm? was locally found. A maximum rod temperature of 313.8 K is attained at
the tip of the input surface of the crystal. A moderate maximum thermal stress of 24.23

N/mm? was found.
(N/mm?) 4 >
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Figure 11. Heat load, temperature, and stress intensity of the 2.5 mm diameter, 25 mm length
Ce:Nd:YAG rod, numerically acquired through LASCAD™ analysis.

During the solar laser experiments, the thin Ce:Nd:YAG rod was cooled by water with
a constant flow rate of 6 L/min at 300 K ambient temperature. This allowed the maximum
temperature within the crystal to rise no more than just 14 K with the concentrated solar
pumping, as shown in Figure 11. According to [36], this temperature variation leads to a
decrease in the stimulated emission cross section of only 0.05 x 1071 cm? approximately.
Hence, its effect on the Nd** ions absorption bands is minimal.

Considering all the mentioned physical characteristics of the stimulated active medium,
the highest multimode laser power of 11.3 W was numerically calculated with a PR1064 nm
of R =96%, RoC of 0.5 m, as shown in Figure 12. The experimental results are also given.
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Figure 12. Ce:Nd:YAG solar laser output power as a function of the incoming solar power, numerically
obtained using partial reflection (PR) mirror of 94%, 96%, and 98% and experimentally achieved with
PR 96%.

5. 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 facility in April of 2022. The solar irradiance of 850 W/m? was
measured during that period, which is equivalent 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 12, which matches well
with the numerical prediction. 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%.

Table 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 [25]. 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 4.50%, to the best of our knowledge, which
is 1.22 times more than the record of 3.69% [19]. Furthermore, 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 [19].

Table 1. Comparison of progress in solar efficiencies.

. . Improvements
Guan et al. Liang et al. Vistas et al. . .
Parameters 2018 [25] 2018 [19] 2021 [22] This Work 2022 Over Pre‘.nous
Record (Times)
Primary concentrator Fresnel lens Parabolic mirror ~ Parabolic mirror Parabolic mirror -
Overall eff1c1ency of the 459, 75% 75% 75% B
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? -
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Table 1. Cont.

. . Improvements
Guan et al. Liang et al. Vistas et al. . .
Parameters 2018 [25] 2018 [19] 2021 [22] This Work 2022 Over Pre‘.nous
Record (Times)
Active medium Nd:YAG/YAG Cr:Nd:YAG Ce:Nd:YAG Ce:Nd:YAG B
Pumping method End-side-pump  End-side-pump Side-pump End-side-pump
Laser power 31.1W 325 W 16.5W 112W -
Minimum incoming 200 W 400 W 220 W 88 W 0.44 [25]
threshold power
Solar-to-laser
. . 3.1% 3.7% 2.8% 4.5% 1.22 [19]
conversion efficiency
Solar laser 321 W/m? 32.5 W/m? 23.6 W/m? 38.22 W/m? 1.18 [19]
collection efficiency
Slope efficiency 5.4% 6.7% 4.4% 6.8% 1.02 [19]

The laser beam M? quality factors of the Ce:Nd:YAG were measured according to
ISO 11164-1 standards, with a CINOGY UV-NIR beam profiler using a CinCam CMOS.
Figure 13a shows the multimode laser beam profile. The measured solar laser beam
widths along the beam caustic and the associated extrapolated hyperbolic plot are shown
in Figure 13b. M,? = 32.16 + 2.62 and My? = 36.62 + 4.22 factors were experimentally
obtained.
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Figure 13. (a) Multimode beam profile. (b) Caustic fit measurements of the multimode solar laser
beam along the X-axis (red color) and Y-axis (blue color).

6. Conclusions

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 Nd3* and Ce3* ions as well as the energy transfer of Ce3* to Nd3*
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
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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.
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Nomenclature

A Collection area (m?)

c Radius of curvature (mm)

I Solar irradiance (W/m?)

k Parabolic constant

Paps ion Absorbed solar power by ion (W)
Le Length rod (mm)

LAR-PR Distance between AR and PR (mm)
r Radial aperture (mm)

R Reflectivity

z Sag (mm)

Greek symbol

Qion Absorption coefficient (cm ™)

B1 Aspheric coefficient (mm~—1)
overlapion Overlap efficiency

1INR:Ce-Nd Non-radiative conversion efficiency of Ce®* to Nd3*
A Wavelength (nm)

Abbreviation

AR Anti-reflection

HR High reflection

LASCAD™ Laser cavity analysis and design
MSSF Medium sized solar furnace

PR Partial reflection

RoC Radius of curvature

YAG Yttrium aluminum garnet
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Abstract: Aside from the industry-standard Gaussian intensity profile, top hat and non-conventional
laser beam shapes, such as doughnut-shaped profile, are ever more required. The top hat laser
beam profile is well-known for uniformly irradiating the target material, significantly reducing
the heat-affected zones, typical of Gaussian laser irradiation, whereas the doughnut-shaped laser
beam has attracted much interest for its use in trapping particles at the nanoscale and improving
mechanical performance during laser-based 3D metal printing. Solar-pumped lasers can be a cost-
effective and more sustainable alternative to accomplish these useful laser beam distributions. The
sunlight was collected and concentrated by six primary Fresnel lenses, six folding mirror collectors,
further compressed with six secondary fused silica concentrators, and symmetrically distributed by
six twisted light guides around a 5.5 mm diameter, 35 mm length Nd:YAG rod inside a cylindrical
cavity. A top hat laser beam profile (My? = 1.25, My2 =1.00) was computed through both ZEMAX®
and LASCAD® analysis, with 9.4 W/m? TEMy, mode laser power collection and 0.99% solar-to-
TEMyp mode power conversion efficiencies. By using a 5.8 mm laser rod diameter, a doughnut-shaped
solar laser beam profile (My? = 1.90, My2 =1.00) was observed. The 9.8 W/m? TEMy mode laser
power collection and 1.03% solar-to-TEMyy mode power conversion efficiencies were also attained,
corresponding to an increase of 2.2 and 1.9 times, respectively, compared to the state-of-the-art
experimental records. As far as we know, the first numerical simulation of doughnut-shaped and top
hat solar laser beam profiles is reported here, significantly contributing to the understanding of the
formation of such beam profiles.

Keywords: solar laser; solar pumping; twisted light guide; Nd:YAG; top hat; doughnut-shaped

1. Introduction

The direct conversion of sunlight into narrow-band coherent laser radiation repre-
sents a cost-effective innovation in laser technology via renewable energy. Compared to
indirect solar-to-laser conversion by using solar panels, direct solar-to-laser conversion
eliminates the intermediate conversion process from solar to electricity and thus may be
inherently more efficient, much simpler, and more reliable [1]. Since most of the electronics
are no longer required in direct solar-to-laser conversion, potentially limiting problems, for
example, related to high voltages [2], can be eliminated. Solar lasers can hence be intently
more cost-effective than classical electricity-powered lasers. The dismissal of electrical
pumping sources, such as arc lamps and laser diodes, along with their mandatory power
consumption and conditioning equipment, constitutes an added value. This makes solar
lasers potentially well suited for space-based applications, including deep-space optical
communications [3], solar power transmission [4], laser propulsion [5], and asteroid deflec-
tion [6]. Additionally, they can be a valuable asset for industries that depend on materials
processing at high temperatures [7-9].
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The efficient extraction of TEMy mode solar laser power is of utmost importance
for many laser-based applications. Its Gaussian laser beam profile can be focused into
a diffraction-limited spot with the highest energy density and the lowest beam diver-
gence [10]. Therefore, it is widely applied in the materials processing industry [11]. The
irradiance cross-section of Gaussian beams, however, gradually decreases from the center
to the periphery of the laser spot so that a portion of the laser beam profile may not have
enough irradiance for the given application. Moreover, this wasted energy can even dam-
age surrounding areas outside of the target, extending the heat-affected zones [12]. The
simplest way to address this issue is to convert the Gaussian energy distribution into a more
uniform profile, such as the top hat beam profile [13]. For this reason, several beam shaping
techniques are now on the market: reflective [14] and refractive [15-17] configurations,
diffractive interference-based models [18-20], that can be implemented through digital
micromirrors [21] or spatial light modulators [22], intra-cavity modulation [23,24], beam
integrators [25] by using Powell [26] or even freeform lenses [27], and via optical fibers
with a modified core [28].

Ideally, a top hat beam profile has zero energy at its edges and a constant energy
distribution through its cross-section. Experimentally, it is not possible to obtain such an
idyllic top hat beam since it would require an infinite spatial frequency spectrum [13],
but several approximations can be made, namely Fermi-Dirac, super-Lorentzian, super-
Gaussian, flattened Gaussian beams, and multi-Gaussian beams [29,30]. Compared to
Gaussian beams, a more flattened beam profile can generate cleaner cuts and sharper edges,
resulting in increased accuracy for high-demand applications [31], including laser micro-
machining [12], precise materials processing [32], direct laser interference patterning [33]
and precise laser surgery [34]. However, generating a top hat profile raises the system cost
and complexity while its output power is significantly reduced. Moreover, top hat beam
profiles do not preserve their flattened intensity during propagation through an optical
system, wilting into the well-known “Airy disk” distribution [13].

Aside from the typical Gaussian intensity profile and the highly accurate top hat
profile, non-conventional laser beam shapes are ever more required for specific applica-
tions [35]. Annular beams, in particular the doughnut-shaped profile (TEMy;" mode),
may broaden the laser technology applications, especially at nanoscale, extending laser
materials processing techniques, improving lithography accuracy, and creating novel
structures in materials [11,36]. Furthermore, their annular thermal profile is significantly
important when the temperature is the leading factor, specifically in laser heat treat-
ment and laser hardening. Here, solar-pumped lasers can be a cost-effective and more
sustainable alternative.

Still, the pump power necessary to initiate laser emission requires a collection and
concentration system. Parabolic mirrors have been used since the first solar-pumped
Nd:YAG laser developed by Young in 1966 [37], shortly after the laser invention itself [38].
The high flux achieved with parabolic mirror has guided other solar laser researchers to
explore it as a primary concentrator [39-43]. In 2017, 31.5 W/m? solar laser collection
efficiency, described as the solar laser output power per unit of primary concentrator
area [41], was attained by pumping an Nd:YAG laser rod with 4 mm in diameter and
35 mm in length through a parabolic mirror with an effective collection area of 1.18 m? [42].
Moreover, record fundamental mode solar laser collection efficiency of 7.9 W/ m? was
attained at the solar facility of the Procédés, Matériaux et Energie Solaire—Centre National
de la Recherche Scientifique [42].
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Even though parabolic mirrors can reach high solar fluxes, their heavy weight and
high cost stand as a barrier for experimental solar laser research and future applications.
Furthermore, their overall efficiency is significantly reduced because the receiver and
the corresponding mechanical fixation support have to be placed between the incoming
solar radiation and the solar concentrator, creating shadows. Contrarily, the Fresnel lenses
focusing method does not originate shadows. In addition, their low weight, affordable
cost, availability in large size, and adequacy for mass production make them a popular,
cost-effective primary concentrator for solar laser research [1,44-48]. The 2.93 W/ m? solar
laser collection efficiency in the TEMyy mode regime and 0.33% solar-to-TEMy mode
power conversion efficiency were attained in 2013 by pumping a 3 mm diameter, 30 mm
length Nd:YAG laser rod with a 0.785 m? Fresnel lens [46]. In 2018, the solar laser collec-
tion efficiency of 32.1 W/m? was experimentally achieved by pumping a 6 mm diameter,
95 mm length Nd:YAG/YAG composite rod through a Fresnel lens with a 1.03 m? collection
area [48]. More recently, a novel seven-rod/seven-beam pumping concept by a 4.0 m?
Fresnel lens was modeled, with 13.66 W/m2 TEMy, mode solar laser collection and 1.44%
solar-to-TEMy mode power conversion efficiencies being numerically obtained [49]. End-
side pumping configurations have reached records in solar laser efficiency [1,42-45,47-49].
Still, the side-pumping approach may lead to higher laser beam brightness, defined as
the ratio between the solar laser output power and the product of the beam quality fac-
tors My? and My2 [41], as the solar pump radiation can be uniformly absorbed along
the rod axis, originating a smoother temperature profile and preventing thermal induced
effects. Additionally, both rod ends can be more easily accessed, enabling the optimiza-
tion of more resonant cavity parameters and consequently leading to improvements in
the laser beam quality and a more efficient TEMyy mode laser beam extraction. With
the side-pumping configuration, the current records for multimode solar laser collection
and solar-to-multimode power conversion efficiencies are 17.0 W/m? and 2.43%, respec-
tively [50], whereas, for TEM(y mode laser power, experimental records of 3.1 W/ m?
collections and 0.40% conversion efficiencies were achieved [50]. The 3.2 W/m? TEM;"
mode solar-to-laser collection efficiency and 0.46% solar-to-TEM; - mode power conversion
efficiency were also obtained [50]. The production of this non-conventional laser beam
with direct solar conversion showed the remarkable versatility that solar laser systems
can offer. The doughnut-shaped solar laser beam was first achieved experimentally by
Almeida et al. in 2018. The 2.7 W/m? collection efficiency was reported by side-pumping
a grooved Nd:YAG rod with the NOVA heliostat-parabolic mirror system [51]. Vistas et al.
attained 4.5 W/m? record collection efficiency for doughnut-shaped solar laser beam by
end-pumping an Nd:YAG laser rod within a conical cavity [52]. The selective oscillation
of certain laser modes is influenced by the thermal lens effects on the active medium and
spatial mode-matching efficiency [51]. This is a simpler and cheaper approach with no
need for additional optical elements, such as apertures, intra-cavity phase components, or
spatial light modulators [53-55], that significantly deplete the output laser power. Table 1
presents a summary of the above-described solar-pumped laser beam achievements in
collection and conversion efficiencies, as well as in and laser beam quality factors.
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Table 1. Summary of solar-pumped laser beam achievements in collection and conversion efficiencies and beam quality factors.

Scheme Primary Laser Collection Conversion Beam Quality
Concentrator Mode Efficiency (W/m?)  Efficiency (%) Factors
C‘nnncl"ﬂr Kd.wllr| lﬂ‘illiﬂﬂ
Multimode 10.3 116 Not reported
Fused silica
aspheric lens.
Fresnel lens
wcrc
Vatneeden TEMgg 2.93 0.64 M2~ My? <11
Liang et al., 2013 [46]
(Experimental)
Multimode 315 24 M2~ My? =534
Parabolic mirror
TEMgg 7.9 0.60 M2 &~ My? <12
Liang et al., 2017 [42]
(Experimental)
waron
Fresnel lens Multimode 321 3.31 M2 ~ My2 =61.0
/ onical cavi
Guan et al., 2018 [48]
(Experimental)
cuatye
pump cavity Parabolic mirror TEMy; " 45 0.54 Not reported
Water out Water in
Vistas et al., 2018 [52]
(Experimental)
Multimode 17.0 243 M2~ M2 =168
Parabolic mirror TEMgo 3.1 0.40 Not reported
Liang et al., 2019 [50] TEM;" 3.2 0.46 Not reported
(Experimental)
T,
Multimode 23.3 2.82 Not reported
Fresnel lens
M2 =1.00
TEM 13.7 1.44 x
Liang et al., 2021 [49] 0 My2 = 1.04

(Numerical)
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In the present solar laser system, the solar energy was both collected and concentrated
by six Fresnel lenses, with a 4.0 m? total collection area, and redirected into the laser head
through six plane folding mirrors. Six secondary fused silica concentrators further com-
pressed the solar radiation onto the square input face of six twisted fused silica light guides.
These light guides were essential to transform the near-Gaussian energy distribution from
each aspheric concentrator into a narrow rectangular pump column. Hence, it was possible
to closely couple the solar radiation symmetrically around a 5.5 mm diameter, 35 mm
length Nd:YAG rod within a cylindrical cavity with water cooling. The laser resonator
was composed of a 1064 nm high reflection (HR)-coated end mirror and a 1064-nm partial
reflection (PR)-coated output coupler. Its asymmetrical configuration ensured the best
overlap between the solar pump radiation and the laser mode volumes. This novel solar
laser system was able to numerically simulate top hat and doughnut-shaped laser beams,
which are of major importance for applications that simultaneously require accuracy and
high-temperature processing while competing in efficiency with the most advanced solar
laser systems with side-pumping configuration [50]. As far as we know, no numerical
simulation of doughnut-shaped and top hat solar laser beams was previously reported.
Even though doughnut-shaped solar laser beams were experimentally obtained, their
production methods were not fully exploited. Hence, the first numerical simulation of
doughnut-shaped and top hat solar laser beam profiles reported here significantly con-
tributes to understanding how to generate such beams, particularly the top hat solar laser
beam that was not yet demonstrated in practical essays. In addition, we report an increase
of 2.2 and 1.9 times in collection and solar-to-laser conversion efficiencies, respectively,
compared to the state-of-the-art experimental records for doughnut-shaped solar laser
beams [52].

2. Methods
2.1. Solar Energy Collection and Concentration System with Six Fresnel Lenses

The proposed side-pumping solar laser approach (Figure 1) was composed of six cir-
cular Fresnel lenses (F1-Fg) for collection and concentration of the incoming solar radiation,
aligned with six plane folding mirrors (M;—Mgs), which redirected the concentrated solar
radiation from the Fresnel lenses onto the laser head. Each Fresnel lens was centered at
a distance d = 950 mm from their common optical center point C, which was placed at
a height h = 551 mm above the center of the laser head, as indicated in Figure 1. The plane
folding mirrors had an inclination angle of 45° in relation to their common optical axis and
were located below their respective Fresnel lenses. In ZEMAX® non-sequential analysis,
the radius parameter defines the radius of curvature of the Fresnel lens. For this system,
an optimum radius of curvature of 700 mm was used, corresponding to a focal length of
approximately 1.5 m. The Fresnel lenses were made of polymethyl methacrylate, which has
high transmission efficiency for both visible and near-infrared wavelengths between 350
and 900 nm. Each one of the 3 mm thick Fresnel lenses had a radius of 461 mm, summing
a total collection area of 4 m?. For the whole solar spectrum, an averaged transmission
efficiency of 84% was numerically attained for the Fresnel lenses. For 950 W/ m? terrestrial
solar irradiance and 95% reflectivity plane folding mirrors, a total of 3032 W solar power
was assumed to reach the laser head.

137



Energies 2021, 14, 7102

\ \
\ \
. \ XN Ry
Incoming solar rays \\ \

\ Fresnel lenses \_

e

1
1
I
[
1

| Laser head

Folding mirrors

Figure 1. Six Fresnel lens solar laser side-pumping concept with 4.0 m? total collection area. F1-Fg and M;-Ms indicate the
six Fresnel lenses and the six folding mirrors, respectively. Each Fresnel lens was symmetrically positioned at a distance
d =950 mm from their common optical center point C and at a height of h = 551 mm from the center of the laser head.

2.2. Solar Laser Head with Six Aspheric Lenses and Six Twisted Light Guides

For a high focusing of the solar radiation into the Nd:YAG laser rod, six fused silica
aspheric concentrators, and six twisted fused silica light guides were designed, as pre-
sented in Figure 2. Fused silica with high quality (99.999%) can be obtained through optical
machining and polishing [56]. Its transparency over the visible region of the solar emission
spectrum, low coefficient of thermal expansion, and high resistance to scratching and ther-
mal endurance are optimal characteristics for Nd:YAG laser rod pumping. The six aspheric
lenses were all equally designed to efficiently couple the concentrated solar radiation from
the focal zone of each Fresnel lens onto the input face of each twisted light guide. Each
optimized aspheric concentrator had 112 mm diameter, 53 mm height, —53 mm rear radius,
and —0.150 rear conic value, and all were symmetrically positioned 96.5 mm away from
the center of the laser head. An averaged transmission efficiency of 87% was numerically
determined for the fused silica aspheric lenses, each one focusing 440 W solar power.

The concentrated solar radiation was then transmitted through six twisted fused silica
light guides with 10.00 x 10.00 mm input face, 62.50 mm length, and 3.33 x 30.00 mm
output end, experiencing the principles of refraction and total internal reflection, as demon-
strated in Figures 3 and 4. The six twisted light guides were designed with AutoCAD soft-
ware and evenly redistributed at 4 mm from the center of the laser head in order to deliver
efficiently the concentrated solar radiation from each aspheric lens. Figure 3 shows that
each one of the twisted light guides was composed of five sections: the 3.33 x 10.00 mm
central section, two 3.33 x 6.67 mm sections, and two 3.33 x 3.33 mm sections. As il-
lustrated in Figure 3 inset, at the guide’s input face, the five sections were arranged in
a10.0 x 10.00 mm square cross-section, and at its output end, they became a single column
with 3.33 x 30.00 mm rectangular cross-section.
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Figure 2. Three-dimensional view of the six secondary aspheric lenses, the six twisted light guides,
the cylindrical pump cavity, and the Nd:YAG rod, and the high reflection (HR) end mirror and the
partial reflection (PR) output coupler, which compose the resonant cavity.

Twisted light guides

[ 333mmx3.33 mm section
10.00 mm x 10.00 mm input face

3.33 mm x 30.00 mm output face

3.33 mm x 6.67 mm section

| 3.33mmx10.00 mm section

Cylindrical /

pump cavity

Nd:YAG rod

Figure 3. Cross-sectional view of the six twisted light guides assembled for distributing the concen-
trated solar radiation from the aspheric lenses into the laser rod. Each one of the twisted light guides
was composed of five sections: the 3.33 x 10 mm central section, two 3.33 x 6.67 mm sections, and two
3.33 x 3.33 mm sections. The inset represents the top-view of the light guide input and output faces.
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Figure 4. Pump light transmission through the twisted light guides. Only one twisted light guide is entirely shown to
indicate how the solar rays were delivered into the laser rod inside the cylindrical pump cavity with cooling water. Pump
light distribution at several cross-sections along one twisted light guide is also presented for the case of (a) optimum
alignment between each aspheric lens and the input face of each light guide, and (b) shifting of the aspheric lens 4 mm
upwards, resulting in a reduced transmission efficiency (Tg). Notice that the figure is not at scale.

Figure 4 gives the pump light distribution at several cross-sections for one twisted light
guide. Maximum transmission is indicated with red color, whereas blue means almost none
or zero pump light transmission. In order to obtain the maximum energy transmission,
the optimum alignment between each aspheric lens and the input face of each light guide
in the z-axis (Az = 0) was determined. In this case, an averaged transmission efficiency of
90% was computed for the twisted light guides, each one delivering 396 W solar power
into the cylindrical cavity (396 W x 6 = 2376 W total solar power). The contribution of
the water layer was also included in the simulations, with the laser rod receiving at its
surface a total of 1995 W concentrated solar power. However, about 50% of the energy
was transmitted through the central section of each light guide, producing a non-uniform
output power distribution, as demonstrated in Figure 4a. By shifting each aspheric lens

140



Energies 2021, 14, 7102

by 4 mm upwards, it was possible to find a more uniform power distribution at the light
guide’s output end (Figure 4b), but the misalignment significantly reduced the light guide’s
averaged transmission efficiency to only 77%, and thus the shifting was not adopted.

As shown in Figures 3 and 4, a single 5.5 mm diameter, 35.0 mm length Nd:YAG
rod was placed at the center of a cylindrical pump cavity (95% reflectivity inner surface)
with a 9 mm internal diameter and 30.0 mm height. The Nd:YAG rod was cooled with
water flowing inside the pump cavity along 32.5 mm of its longitudinal surface and was
mechanically fixed on each side by two holders. A total of 1064 nm antireflection (AR)
coating was considered for both Nd:YAG rod end faces. The 1064 nm HR mirror and the
PR output coupler formed the laser resonator, as indicated in Figure 2.

Different laser active materials can be used in order to directly convert broad-band
sunlight into monochromatic radiation [57-59]. Despite the correlation between the solar
spectrum and the absorption spectrum of Nd:YAG being only 16%, its extraordinary
spectroscopical properties [60] and great thermomechanical characteristics [40] that provide
resilience and durability, combined with its easy availability and relatively low cost, have
attracted researchers to use this laser material in the extreme thermal and optical conditions
of solar pumping. Moreover, the Nd:YAG laser is a four-level laser system. This means that
the lower laser level is well above the ground state and is quickly depopulated by multiple
phonon transitions, avoiding reabsorption of the laser radiation, reducing the threshold
pump power, and consequently facilitating stimulated emission. As presented in Figure 5,
the laser photons are typically emitted at a wavelength of 1064 nm, corresponding to the
transition from the 4F3 5 to the *I;; /5 level [10].
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Figure 5. Simplified energy level diagram of Nd:YAG (Adapted from [10]).
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2.3. Solar Laser Head Design with ZEMAX® Non-Sequential Ray-Tracing Software

Similar to previous research [42,43,46], the earlier-described design parameters of
the side-pumping solar laser scheme were first optimized by the optical design software
ZEMAX® software to attain maximal absorption of the pump power by the laser rod
while trying to ensure a relatively smooth distribution of pump light. The 950 W /m?
solar irradiance at Earth’s surface, 16% overlap between Nd:YAG medium absorption and
the solar emission spectra [61], 84% transmission efficiency through the Fresnel lenses,
and 95% reflectance on the plane folding mirrors and the cylindrical pump cavity were
considered in ZEMAX®. Additionally, 22 peak absorption wavelengths [43] characteristic
of 1.0% Nd:YAG active material were programmed in ZEMAX® numerical data. The solar
spectral irradiance (W/ (m? nm)) at each wavelength was consulted from the standard
direct solar spectrum for one-and-a-half air mass [62]. Those 22 wavelengths, as well as
their absorption coefficients, along with the absorption spectrum and the refractive indices
of fused silica material for the aspheric concentrators and twisted light guides, and cooling
water, were programmed into the glass catalog of ZEMAX® software.

The side-pumping configuration enabled a symmetric light distribution around the
laser rod with zig-zag reflections within the cylindrical cavity. The twisted fused silica light
guides were fundamental in order to efficiently couple the concentrated solar radiation from
the six aspheric lenses into the small-diameter cylindrical pump cavity by transforming the
near-Gaussian light distribution from each aspheric concentrator into a narrow rectangular
column of light at the output face of each light guide, as shown in Figures 3 and 4a. This way,
efficient absorption of the pump light was achieved despite the chromatic aberration of the
Fresnel lenses. The pump power distribution within the active medium was analyzed by
ray-tracing ZEMAX® software. A rectangular detector volume, composed of 18,000 voxels,
was placed in order to entirely cover the active media. This number of voxels and a high
amount of analysis rays were used for the purpose of attaining more accurate results and
better image resolution. However, these two parameters had to be carefully programmed
since they can highly impact the overall simulation running time. The software computes
the path length of the analysis rays across each voxel regarding the absorption coefficient of
the 1.0 at% Nd:YAG medium at each peak wavelength. By summing up the contributions
of all voxels, a total of 317 W pump power was numerically attained with the 5.5 mm
diameter, 35 mm length Nd:YAG laser rod. Figure 6 presents the absorbed energy flux
distributions for its central transversal and longitudinal cross-sections. Near maximum
absorption is indicated in red color, whereas blue means little or zero absorption. The
Nd:YAG rod showed a rotational symmetric absorbed pump flux profile. The data were
then exported from ZEMAX® software and imported to LASCAD® software, as explained
in Section 2.4.

5.5 mm

0.98

W/mm?3

5.5 mm

0.00

Transversal absorbed pump flux distribution

Longitudinal absorbed pump flux distribution

Figure 6. Absorbed pump flux distribution along both (a) transversal and (b) longitudinal cross-
sections of the 5.5 mm diameter, 35 mm length Nd:YAG laser rod.
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2.4. Laser Resonator Design through LASCAD® Software

The resonant cavity for the Nd:YAG laser rod was composed of two parallel mirrors:
the HR end mirror, being 1064 nm HR-coated (99.98%), and the PR output coupler being
1064-nm PR-coated (between 80% and 99%, depending on the laser rod diameter for
continuous-wave operation). A 1064-nm AR coating covered each rod end face. The
intensity-weighted mean of the solar wavelengths over the laser absorption bands of
660 nm was adopted in LASCAD® analysis. For 1.0 at% Nd:YAG medium, the fluorescence
lifetime of 230 us, the stimulated emission cross-section of 2.8 x 107! ¢cm?, and the
conventional absorption and scattering loss of 0.003 cm ™! were also considered [40].

The adoption of an asymmetric resonator significantly enhances the pump and laser
mode matching, providing high-quality laser beams [63]. As shown in Figure 7, Ly rep-
resents the distance from the HR mirror to the left end face of the laser rod, and L, the
distance from the right end face of the laser rod to the PR output coupler, with both being
particularly important parameters in order to obtain optimum mode overlap. L, was fixed
at 10.0 mm, and L; was optimized by LASCAD® software in order to achieve the highest
pump and laser mode matching. The laser rod length is represented by Lg. The radius
of curvature of both the HR end mirror (RoC;) and a PR output coupler (RoC,) was also
optimized. For the 5.5 mm diameter, 35 mm length rod, as indicated in Figure 7a, optimum
laser design parameter was found at L; = 260.0 mm. At the output mirror, a top hat profile
with a maximum power density of 6.0 x 1076 W/um? was verified, as shown in Figure 7b.
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Lg=35mm 0 6.0x10°
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Figure 7. Laser cavity analysis with LASCAD® software: (a) Representation of the asymmetric laser
cavity for efficient laser power extraction from the 5.5 mm diameter rod and (b) the respective beam
profile. L; represents the distance from the HR mirror to the AR coating on the left rod end face, and
L, is the distance from the AR coating on the right rod end face to the PR output coupler. The laser
rod length is represented by Lg.

The beam waist was calculated by the beam propagation method (BPM) cavity iter-
ations function of LASCAD® software for the top hat profile extracted from the 5.5 mm
diameter laser rod within the laser cavity presented in Figure 7a. Figure 8 shows that the
1/€? width beam waist value stabilizes at w = 1233.0 um.

In order to evaluate the laser beam behavior during propagation, the laser beam
divergence half-angles through 10,000 mm vacuum were calculated at the X-Z and Y-Z
planes, being 0 = 0.011° and 0y = 0.010°, respectively. Figure 9 presents the LASCAD®
representation of the laser beam propagation. After 10,000 mm, the 1/e? width beam waist
value only increased from w =1233.0 um to w = 3013.0 um.
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Figure 8. Laser beam waist at output mirror calculation by BPM cavity iterations function of
LASCAD® software for the top hat profile extracted from the 5.5 mm diameter laser rod considering
L; =260 mm.
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Figure 9. LASCAD® representation of the laser beam propagation through 10,000 mm vacuum. 6y
and 0Oy represent the laser beam divergence half-angles at the X-Z and Y-Z planes, respectively.

3. Results

Based on the previously described parameters, multimode solar laser power, TEMgg
mode laser power, and M? beam quality factors at the x and y-axis were calculated with
the LASCAD® software. The numerical calculated TEMyy mode laser power corresponded
to the fundamental mode within the obtained beam profile. The above-described laser
resonant cavity was optimized for several laser rod diameters. Both the HR end mirror
and the PR output coupler remained plane (RoC; = RoC; = o), the L, resonant cavity
parameter was fixed at 10 mm, and L; was optimized in order to achieve the best overlap
between the pump and the laser mode volumes for each case. Figure 10 shows the strong
influence of the Nd:YAG laser rod diameter on the laser beam profile calculated through
LASCAD® analysis. The laser beam profile revealed a top hat shape for the 5.2, 5.3, 5.4,
5.5, and 5.6 mm laser rod diameters. As the rod diameter increased, the laser beam profile
showed lower energy in its center, and a doughnut-shaped laser beam profile emerged
from the 5.8 mm Nd:YAG laser rod diameter. The L; resonant cavity parameter, the 1/e?
width beam waist value w, the laser beam divergence half-angles at the X-Z and Y-Z planes
(0x and 0y, respectively), the multimode and TEMyy mode laser power, the laser beam
quality factors My? and My? and the 2D and 3D view of the laser beam profile are also
presented in Figure 10 as a function of the laser rod diameter.
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Figure 10. Summary of the laser beam profiles obtained as a function of the Nd:YAG laser rod diameter through LASCAD® analysis.
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5.5 mm diameter
laser rod

37.5 W TEM,
mode laser power

M2 = 1.25
M, = 1.00

Figure 11a presents the 3D view of the top hat laser beam profile obtained from the
5.5 mm diameter laser rod with beam quality factors of My? = 1.25, M,? = 1.00, and TEM
mode laser power of 37.5 W. For the doughnut-shaped laser beam profile obtained from
the 5.8 mm laser rod diameter, 39.0 W TEMy mode laser power was numerically attained,
with beam quality factors of M2 =1.90, My2 =1.00, as shown in Figure 11b.
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Power laser rod Power
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(@)

Figure 11. Numerically simulated 3D laser beam profile for (a) the 5.5 mm diameter and (b) the 5.8 mm diameter laser rods.

4. Discussion

The previously presented results demonstrate, to the best of our knowledge, the first
numerical simulation of doughnut-shaped and top hat solar laser beam profiles. The
light guides were essential to symmetrically side-pumped the laser rod with six narrow
rectangular pump columns, whereas the laser rod diameter was the key parameter to obtain
different laser beam profiles. Table 2 establishes the comparison between the present work
and the experimental /numerical records for collection and solar-to-TEMy/multimode
power conversion efficiencies for the top hat, doughnut-shaped, and multimode solar laser
beams. A top hat laser beam profile with 9.4 W/m? collection efficiency and 0.99% solar-to-
TEMy mode power conversion efficiency was obtained from the 5.5 mm diameter laser
rod. As far as we know, this kind of solar laser beam was never reported in experimental
essays. A doughnut-shaped laser beam was also numerically attained, from the 5.8 mm
diameter laser rod, with 9.8 W/m? TEMyy mode laser power collection and 1.03% solar-
to-TEMyp mode power conversion efficiencies, corresponding to an increase of 2.2 and
1.9 times, respectively, compared to the current experimental record for doughnut-shaped
solar laser power achieved by Vistas et al. [52]. As experimentally demonstrated by
Liang et al. [50], TEMp;  mode laser beam profiles, commonly known as doughnut-shaped,
showed only slightly higher laser power than TEMyy mode laser beam profiles, regarding
similar pumping conditions. Hence, the numerically calculated TEMyy mode laser power
can be a suitable approximation of the TEMp; " mode laser power. The 90.2 W multimode
solar laser power was obtained with the 5.8 mm laser rod diameter, corresponding to
22.6 W/m? collection and 2.37% solar-to-multimode power conversion efficiencies, similar
to the previous experimental results regarding solar laser side-pumping configurations [50].
Therefore, the novel solar laser configuration numerically demonstrated the ability to
produce doughnut-shaped and top hat laser beams, with major importance for the industry,
while competing in efficiency with the most advanced solar laser systems so far.
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Table 2. Comparison between the present work and the experimental or numerical records for collection and solar-to-
TEMy/multimode power conversion efficiencies for the top hat, doughnut-shaped (TEMp; " mode), and multimode solar

laser beams.
Scheme Laser Mode  Collection Efficiency (W/m?)  Conversion Efficiency (%)  Beam Quality Factors
Vistas et al., 2018 [52] .
(Experimental) TEMy 45 0.54 Not reported
Multimode 23.3 2.82 Not reported
Liang et al., 2021 [49] 3
(Numerical) M,* =1.00
TEMgo 13.7 1.44 My2 — 104
Multimode 22.6 2.37 Not reported
2 _
Present work TEM;" 9.8 1.03 1\1\:1[)(2 _ 1490
(Numerical) y" =100
Top hat M2 =125
beam o4 099 M2 =1.00

5. Conclusions

As far as we know, the novel solar laser system reported here successfully accom-
plished the first numerical analysis on the efficient generation of doughnut-shaped and
top hat solar laser beam profiles. The solar energy was firstly collected and concentrated
by six Fresnel lenses and then redirected toward six secondary concentrators through six
plane folding mirrors. The secondary fused silica concentrators further compressed the
solar radiation onto the six twisted fused silica light guides that transformed the incident
near-Gaussian energy distribution into a narrow rectangular pump column, allowing
a symmetrical side-pumping around the 5.5 mm diameter, 35 mm length Nd:YAG laser
rod inside a cylindrical cavity with water cooling. An asymmetric resonator ensured
an optimum mode overlap. A top hat laser beam profile (M,* = 1.25, My? = 1.00) was
computed through both ZEMAX® and LASCAD® analysis, with 9.4 W/m? TEMy mode
laser power collection and 0.99% solar-to-TEM(y mode power conversion efficiencies. By
using a 5.8 mm laser rod diameter, a doughnut-shaped solar laser beam profile (My? = 1.90,
M,? = 1.00) was also produced. The 90.2 W multimode solar laser power was attained
with the 5.8 mm laser rod diameter, corresponding to 22.6 W/m? collection and 2.37%
solar-to-multimode power conversion efficiencies, similar to the previous experimental
results regarding solar laser side-pumping configurations [50]. These results demonstrated
the laser rod diameter as a key parameter to accomplish top hat and doughnut-shaped
laser beams. Even though doughnut-shaped solar laser beams were already experimen-
tally obtained, the methods to produce them were not fully exploited. Hence, the first
numerical simulation of doughnut-shaped and top hat solar laser beam profiles reported
here significantly contributes to understanding how to generate such beams, particularly
the top hat solar laser beam that was not yet demonstrated in practical essays. Future
research aims to experimentally validate the results obtained here for both the top hat
and doughnut-shaped laser beam profiles. The major barrier to the application of this
technology is related to the availability of solar radiation at Earth’s surface. Although
solar energy can still be collected during cloudy days, the solar laser system’s efficiency
can significantly drop. However, in space, solar radiation is a more reliable resource, and,
as demonstrated here, the difference between these solar laser beams can be useful for
future communications systems. Upcoming advancements may expand solar-pumped
laser applications into new areas and provide an alternative cost-effective approach to
generate these laser beam profiles, essential for high accuracy laser materials processing,
particularly at nanoscale.
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Abstract: An alternative multirod solar laser end-side-pumping concept, based on the megawatt
solar furnace in France, is proposed to significantly improve the TEMy)-mode solar laser output
power level and its beam brightness through a novel zigzag beam merging technique. A solar flux
homogenizer was used to deliver nearly the same pump power to multiple core-doped Nd:YAG laser
rods within a water-cooled pump cavity through a fused silica window. Compared to the previous
multibeam solar laser station concepts for the same solar furnace, the present approach can allow the
production of high-power TEMyp-mode solar laser beams with high beam brightness. An average of
1.06 W TEMp-mode laser power was numerically extracted from each of 1657 rods, resulting in a
total of 1.8 kW. More importantly, by mounting 399 rods at a 30° angle of inclination and employing
the beam merging technique, a maximum of 5.2 kW total TEMp-mode laser power was numerically
extracted from 37 laser beams, averaging 141 W from each merged beam. The highest solar laser
beam brightness figure of merit achieved was 148 W, corresponding to an improvement of 23 times
in relation to the previous experimental record.

Keywords: beam merging; multirod; Nd:YAG; solar furnace; solar flux homogenizer; solar laser;
TEMgp-mode

1. Introduction

The production of coherent and narrowband laser radiation from broadband solar
radiation has gained an ever-increasing importance over the years, providing cost-effective
solutions to laser radiation in a more sustainable way. Powered by the largest and most
exploitable renewable energy resource, solar-pumped laser systems may offer design sim-
plicity and dismissal of artificial power generation and conditioning equipment. They are
especially suited for space-based applications wherein extended run times are required
and compactness, reliability, and efficiency are critical, including wireless power trans-
mission [1], deep-space optical communications [2], laser propulsion [3], and asteroid
deflection [4]. In addition, its use can be of value for terrestrial applications, in fields such
as thermochemistry and materials processing [5-7].

Although the first report of a solar-pumped maser occurred in the 1960s [8], it was
only in the 21st century that the most significant progress in solar laser research was made,
when aiming to boost the collection efficiency [9-16]—defined as solar laser output power
per unit of primary concentrator area [9]. The current record is 32.5 W/m?, reached through
end-side-pumping a single Cr:Nd:YAG ceramic rod with 4.5 mm diameter and 35 mm
length, in 2018 [15]. Brightness figure of merit—given by the quotient between the output
laser power and the product of the beam quality factors M% and M; [9]—is another key
parameter for evaluation of the laser performance. In 2017, using a single 4-mm diameter,
35-mm length Nd:YAG rod, the experimental record of 6.46 W brightness figure of merit
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was attained, as well as a 7.9 W/m?2 TEMg-mode collection efficiency [16]. However, the
exposure of a single rod to a large amount of pump power can induce excessive heat within
it and, consequently, substantial thermal stress effects [17]. These effects are conducive
to laser beam distortion, depolarization loss, and fracture of the laser rod, which occurs
when the stress originated from the temperature gradients in the laser material surpasses
its tensile length [18]. Moreover, overcoming this hindrance is of paramount importance
when scaling the laser power without hampering its beam quality [19]. The reduction of
the rod diameter makes it more thermally resistant and can improve considerably the beam
quality, even though the laser power production could then be severely limited.

Nd:YAG is the most commonly used laser material for highly intense solar pumping
in light of the appropriate spectroscopic properties of the dopant [20], and the excellent
thermomechanical properties of the host material, giving it great resilience and durabil-
ity [21]. Its availability and low cost compared to alternative laser materials are also factors
that are taken into consideration. The Nd:YAG laser is a four-level system, as depicted
by the simplified energy level diagram in Figure 1. The laser beams are typically emitted
at a wavelength of 1064 nm, originated from the transition from the *F3,, to the %31,
levels [18]. In a four-level laser medium, the lower laser level is well above the ground state,
being quickly depopulated by multiple phonon transitions. This means that reabsorption
of the laser radiation can be avoided, and a lower threshold pump power can be achieved,
making it easier to obtain stimulated emission with relatively low pump power.
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Figure 1. Simplified energy level diagram of Nd:YAG (based on [18]).

Core-doped ceramic media, which are laser active only in their core, possess a cladding
around it with the same properties as the host material. The cladding can be either undoped
or doped with a different material that efficiently absorbs light at the signal wavelength.
This technology arose with the purpose of enhancing the brightness of diode-pumped
solid-state lasers, compared to that with conventional single-crystal laser media [22,23], and
has shown to be promising for solar laser research [24-27]. Since the cross-section of the
laser rod is widened by the cladding, the laser active region has room for wider Gaussian
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intensity distributions without truncating its wings. The upper laser level becomes even
more populated than the lower level with the increase of the average intensity in the doped
part of the laser rod, and a more efficient built-up inversion can be obtained. Therefore,
the higher the population inversion, the more efficient the laser power production is. The
impact of diffraction losses on the laser beam quality may also be diminished [22,23].

As previously mentioned, lasers are indispensable materials-processing tools, as they
enable the productivity enhancement that manufacturers look for to extend their business
to new segments. In recent times, this search has resulted in the simultaneous emission of
several laser beams on a single workpiece, where each one could be optimized to perform
only a part of the overall process [28]. It has proven its effectiveness in applications such as
welding, brazing, surface texturing [28], microstructuring [29], laser ablation, drilling, and
cutting [30,31], achieving more positive outcomes compared to that with the conventional
single laser beam. In similar fashion, researchers have been proposing concepts based
on the distribution of concentrated radiation among multiple rods [32-39] to abate the
thermal stress effects. Through numerical work, multirod laser stations have shown great
potential to be used in megawatt solar furnaces (MWSF) [32,36,38]. For the MWSF of
Procédés, Matériaux et Energie Solaire—Centre National de la Recherche Scientifique
(PROMES-CNRS), total multimode solar laser power of 22.84 kW was numerically attained
from a side-pumping laser system with a solar flux homogenizer and 12 Nd:YAG rods
of 10 mm diameter and 516 mm length, resulting in 12.48 W/m? collection and 2.28%
solar-to-laser power conversion efficiencies [36]. This concept, however, displayed strong
thermal lensing in each rod, impairing the laser beam quality. In consideration of this, a
32-rod side-pumping scheme was proposed for that same facility [38]. With rods of 6 mm
diameter and eight different lengths, it showed a considerable alleviation of the thermal
lensing effects and improvement of the laser beam quality factors, possibly enabling the
generation of 9.44 kW total laser power from 32 laser beams with quasi-Gaussian profiles.
Nevertheless, in both these schemes, the thermal lensing was still very pronounced in
the large diameter rods, so operating with rods with smaller diameter was not possible.
The maximum extraction of TEMyp-mode solar laser is only conceivable by adopting laser
rods of small diameter and resonator configurations of large-mode volume, which leads
to a substantial improvement of the laser beam quality [16,40-44]. Gaussian TEMp-mode
laser beams are desired for many applications due to having the lowest divergence and,
consequently, the highest intensity and brightness, allowing greater energy concentration
for long distances [18]. This type of laser beam is typically used in materials processing as
a result of the preservation of its shape when passing through an optical system consisting
of multiple elements employed to guide the laser radiation to the workpiece [45]. These
features, coupled with the possibility to be focused to a diffraction-limited spot, make
TEMo-mode laser beams the best option for microfabrication applications [45], for example.
Moreover, by making use of a laser beam merging technique, TEMyp-mode laser beams of
higher power, enhanced beam quality and, thus, higher brightness can be obtained [46].

In that regard, an alternative multirod end-side-pumping concept is proposed to sig-
nificantly improve the TEMyp-mode solar laser output power level and its beam brightness
through a novel zigzag multirod laser beam merging technique. It comprised of the MWSF
of PROMES-CNRS for collection and concentration of solar light, a solar flux homogenizer
with hexagonal shaped faces, and multiple arrays of core-doped Nd-YAG rods placed
after a fused silica window at the homogenizer’s output face. Surrounding these rods is a
hexagonal shaped pump cavity, used to help in providing approximately the same amount
of solar power to pump each rod. All of the design parameters of the present approach
were numerically optimized on both Zemax® nonsequential ray-tracing and laser cavity
analysis and design (LASCAD™) software.
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2. Description of the Multibeam Solar Laser Station
2.1. Megawatt Solar Furnace of PROMES-CNRS

The MWSF of the PROMES-CNRS laboratory (Figure 2), in Odeillo, France, is com-
prised of a 63-heliostat field with a total surface area of 2835 m? and a 1830 m? facetted
truncated parabolic mirror with 18 m focal length, mounted on the north face of an eight-
story building [47]. The 63 heliostats are distributed among eight flat terraces at different
heights, placed in staggered rows (Figure 2c). Each heliostat tracks the Sun, collects the
solar rays and redirects them horizontally toward the parabolic mirror. It then focuses
1 MW of solar power into an 80 cm diameter Gaussian spot, reaching a peak flux value
beyond 10 W/mm? [48]. The light source in Zemax® was programmed accordingly for the
design and optimization of the multirod end-side-pumping concept, by manually adjusting
the Gx and Gy parameters, which represent the Gaussian distribution parameters in the x-
and y-axes. The desired light distribution at the focus was attained at Gx = Gy = 29,000.
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Figure 2. (a) Photograph and (b) simplified schematic of the MWSEF facility in Odeillo, France. (c) Top-view of the solar
energy collection and concentration system (based on [47]). The dimensions of a heliostat are presented in the inset of (c).

2.2. Solar Flux Homogenizer and Arrays of Core-Doped Nd:YAG Rods

The concentrated solar radiation from the parabolic mirror was received by a hollow
homogenizer, with hexagonal input and output faces, placed at the focal zone (Figure 3a).
Its role was to reshape the Gaussian solar pump light distribution at its input face into a
nearly uniform one at its output end. Both end faces of the homogenizer were designed to
present an apothem of 203 mm, while a 390 mm length was necessary to attain the desired
type of solar pump light distribution at the exit. An inner wall reflectivity of 98% and an
active back-face water cooling of the homogenizer were considered.

As depicted in Figure 3a, at the homogenizer’s input face, the concentrated solar
radiation presented a Gaussian distribution with a 10.21 W/mm? peak flux. The solar
rays underwent multiple reflections along its length, and a nearly uniform profile with an
average flux of 4.38 W/mm? was achieved at the output end, after which a thin hexagonal
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fused silica window was positioned. At the input/output face of the homogenizer, a solar
rays’ rim angle of nearly 80° was also found.

Concentrated solar rays

(a) (b)
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Figure 3. (a) 3D and (b) top view of the solar flux homogenizer, 1657 laser rods and the hexagonal reflector. The concentrated
light distribution at the input and output faces of the homogenizer is also presented in (a). (¢) Top view of a core-doped
Nd:YAG rod. (d) Cross-sectional view of the lower part of the system, showing the central row (row 0, represented in (b))
with 47 solar laser rods, and the extraction of a laser beam from each one. L represents the separation length between the
highly reflective (HR) at pumping wavelength coating on the lower end face of the rod and the partially reflective (PR) at
1064 nm output mirror.

Below the fused silica window, 1657 core-doped Nd:YAG laser rods were mounted
vertically (Figure 3b,d), totaling 47 rows with different number of rods. Each rod had a
45 mm length and was composed of a cylindrical Nd:YAG core with a 3.5 mm diameter,
and a hexagonal undoped YAG cladding with a 4.5 mm apothem (Figure 3c). With both
homogenizer and undoped YAG claddings being hexagonal shaped, the rods could be
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uniformly tiled on a flat plane with minimal gap losses. Surrounding the rods was a
hexagonal reflector with a 206 mm apothem, 39 mm length, and 98% reflectivity for its
inner walls. A single rod holder was used for mechanical fixation of the lower end of all
core-doped Nd:YAG rods. The rods, the lower face of the fused silica window and the
inner walls of the hexagonal reflector were water cooled, entering from the space between
the fused silica window and the reflector, and exiting from the one between the rod holder
and that same reflector. The cooling water helped in handling the temperature regulation
because of its high thermal conductivity, as well as specific heat and low viscosity.

For the extraction of a laser beam, a highly reflective (HR) at the laser emission
wavelength (1064 nm) coating was added to the top surface of each core-doped Nd:YAG
rod. This coating, the laser rod and a partially reflective (PR) at 1064 nm output mirror
constituted the laser resonator. The lower surface of each laser rod had a HR at pumping
wavelength coating to help maximize the pump power.

3. Numerical Modeling of the Multibeam Solar Laser Station
3.1. Modeling of the Optical Design Parameters through Zemax® Software

For the optimization of the design parameters in Zemax®, a 1000 W/m? solar irradi-
ance, typical during clear sunny days in Odeillo, France, was considered in the analysis.
22 peak absorption wavelengths for the 1.0 at. % Nd:YAG medium were programmed
and the spectral irradiance values at each one were used as reference data for the light
source, after consulting the standard solar spectrum for AM1.5 [49]. These spectral peaks
were positioned at 527 nm, 531 nm, 568 nm, 578 nm, 586 nm, 592 nm, 732 nm, 736 nm,
743 nm, 746 nm, 753 nm, 758 nm, 790 nm, 793 nm, 803 nm, 805 nm, 808 nm, 811 nm, 815 nm,
820 nm, 865 nm, and 880 nm. Each peak wavelength and the corresponding absorption
coefficient were also added to the glass catalog data of Zemax® for the Nd:YAG material.
The parameters of the light source were first adjusted until a Gaussian profile, identical
to that from the MWSF [48], was obtained at the focal spot (inset of Figure 3a). After that,
the 16% overlap between the absorption spectrum of the Nd:YAG medium and the solar
spectrum [50] was considered when estimating its effective pump power for the numerical
analysis of the absorbed pump flux power and distribution within the core-doped Nd:YAG
rods. Furthermore, the absorption spectra and wavelength-dependent refractive indices
of fused silica and water were added to the glass catalog data of Zemax® to account for
absorption losses in those media.

For the analysis of the numerical data within each rod, a detector volume, divided
into several voxels, was necessary. The absorbed pump power was obtained through the
sum of the power from each individual voxel. The number of analysis rays and voxels
were tuned to acquire more accurate results and better image resolution of the detector.
Figure 4 shows the absorbed pump flux distribution profiles in the longitudinal and four
transversal cross-sections of one of the core-doped Nd:YAG laser media. The red color
represents maximum pump flux of 0.25 W/mm?, while blue is attributed to the laser rod
regions where there is little or no absorption.

Due to the presence of the solar flux homogenizer, each core-doped rod exhibited
absorbed pump flux distribution profiles similar to the ones in Figure 4, with the highest
values being detected near the upper end face of the rod. Two regions of higher absorbed
pump flux are present here, with a significant decline occurring between them as a result
of the refraction of solar rays at the water/YAG and YAG/Nd:YAG interfaces. In addition,
an increase of the absorbed pump flux with the distance to the rod’s optical axis can be
observed in the transversal cross-section profiles.

The absorbed pump flux data obtained from Zemax™ were then processed in the
LASCAD™ software in order to optimize the solar laser output power associated with the
resonator beam parameters. The design parameters of the scheme were further optimized
in Zemax® based on these results.

®
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Figure 4. Absorbed pump flux distribution in the longitudinal and four transversal cross-sections of
one core-doped Nd:YAG rod.

3.2. Optimization of the TEMo-Mode Laser Extraction from Each Core-Doped Nd:YAG Medium
through LASCAD™ Software

For the LASCAD™ analysis, a 2.8 x 10~ em? stimulated emission cross-section, a
230 ps fluorescence lifetime [18], and a 0.003 cm ™! typical absorption and scattering loss
for the 1.0 at. % Nd:YAG medium were implemented. Moreover, the mean absorbed and
intensity-weighted solar pump wavelength of 660 nm was considered [21].

The thermal induced effects in the 3.5 mm diameter, 45 mm length Nd:YAG cores
were numerically analyzed in LASCAD™. Figure 5 shows an example of the thermal
performance of one of the Nd:YAG cores. Maximum heat load of 0.14 W/ mm?® was
attained, as well as a temperature of 306.2 K. A 8.87 N/ mm? maximum stress intensity was
also observed, which is significantly lower than the Nd:YAG material’s stress fracture limit
of about 200 N/mm? [51]. Therefore, the rods would perform relatively well under highly
intense solar pumping.
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Figure 5. LASCAD™ analysis of heat load, temperature, and stress intensity distribution in one of
the Nd:YAG cores.
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Each laser resonator was composed of two opposing mirrors, representing the HR
1064 nm coating and the PR 1064 nm output mirror, whose optical axes were aligned with
that of the laser rod. A PR mirror reflectivity of 97% provided the maximum TEMy)-mode
laser power.

When the pump power exerts strong influence on the laser rod’s thermal lens, the
resonator length plays a crucial role in maximizing the extraction of TEMgp-mode laser
beams with high brightness. In a resonator, the smallest size and divergence of a laser beam
is obtained by its fundamental transverse mode [18]. For short resonators, the TEMyp)-mode
poorly matches the active region and laser oscillates in several modes, which leads to high
M?2 factors. With the increase of the resonator length, the size of the TEMy-mode beam
within the rod also increases, as well as diffraction losses at the rod edges. Consequently,
higher order modes can be eliminated. A long resonator was then chosen, to the detriment
of laser power, so that only the fundamental mode could oscillate, improving the beam
quality and, thus, its brightness [18]. To facilitate the oscillation of TEMgy-mode, a laser rod
of small diameter had to be used since it behaves as an aperture. The separation length and
the radius of curvature (RoC) of the PR mirror were also optimized. Figure 6 depicts the
laser resonator design for one of the Nd:YAG cores to extract a TEMy-mode laser beam.

PR 1064 nm mirror
RoC=x TEMy,-mode

| Nd:YAG core } laser beam profile

—

S -

}
S mm

965 mm

Figure 6. Laser resonator design in LASCAD™ for the extraction of a TEMyp-mode laser beam from one 3.5 mm diameter,
45 mm length Nd: YAG core. The beam profile is also presented.

In this end-side-pumping scheme, the thermal lensing effects were much less notice-
able than in the previous 32-rod side-pumping concept with 6-mm diameter rods for the
same solar furnace [38]. This made the use of thinner rods possible, which were pivotal in
maximizing the TEMyp-mode laser power extraction with much longer resonant cavities.
From each 3.5 mm diameter, 45 mm length Nd:YAG core, an average of 1.06 W TEMg-
mode solar laser power was numerically extracted, resulting in a total of about 1.8 kW.
Each TEMgp-mode laser beam displayed good quality factors (M2 = 1.29, M; =1.02), albeit
attaining a brightness of only 0.81 W. Total laser power of 15.2 kW in multimode regime
was also numerically attained, with an average of 9.18 W from each individual rod, by
reducing the resonant cavity length to 50 mm.

4. Extraction of Multiple TEMy-Mode Laser Beams with Higher Brightness

By inclining each rod and positioning them at a certain distance from the fused silica
window, a zigzag beam merging technique can be implemented to enable the extraction
of brighter TEMyp-mode laser beams, despite having to reduce the number of rods. The
angle of inclination of the rods should not be too low to avoid high laser beam transmission
losses in the cooling water, since they would have to be positioned at a large distance from
the fused silica window.

At approximately 7.62 mm below the fused silica window, 399 core-doped Nd:YAG
laser rods were mounted at a 30° angle of inclination (Figure 7), which was the angle that
also provided the highest absorbed pump power for each rod. This totals 35 rows with
different number of rods, occupying almost the same space as the previous case of the laser
beam extraction from each single rod. A wider hexagonal reflector surrounding the rods
was adopted, with an apothem of 230 mm and length of 38.34 mm.

158



Energies 2021, 14, 5437

To extract a single laser beam from an array of core-doped rods, the resonant cavity
was composed of a HR 1064 nm mirror, a certain number of rods (N), the fused silica
window with a HR 1064 nm coating on its lower face, a set of horizontal HR 1064 nm
folding mirrors (the amount of which differ depending on N), and a PR 1064 nm output
mirror. The optical axes of the HR and PR 1064 nm mirrors were aligned with those of the
outmost laser rods, while each horizontal HR 1064 nm folding mirror was placed between
the lower end faces of two adjacent rods. Furthermore, in this case, the upper end face of
each rod presented an antireflective (AR) at 1064 nm coating to allow the transmission of
the laser beam toward the HR 1064 nm coating on the lower face of the fused silica window.
The latter and the horizontal HR 1064 nm mirrors were essential in folding the laser light
from one rod to the next one.

Considering the central row of the solar laser head as row 0, arrays with different N
from this row were tested in order to determine which N led to the highest TEMp-mode
laser power production. For 3.5 mm diameter, 45 mm length Nd:YAG cores, N = 12 was
the optimal number of rods, possibly generating 157.14 W of TEMp-mode laser power.
For this reason, N = 12 was used in every row that had at least this number of rods. For
rows —17 to —9 and 9 to 17, the maximum N possible was used, varying from N = 8 to
11 rods. From the 399 rods, only 23 remained, positioned in rows —6 to 6, so they were
split into two arrays of N = 10 and 13, employing a similar procedure for the extraction of
the merged laser to those illustrated in Figure 7.

For the numerical analysis of the merged laser beam performance, a new method
was adopted to acquire the text file with the absorbed pump flux/volume data to be
imported into LASCAD™, because this software only allows the analysis of a single file.
The following steps (Figure 8) were taken:

1. In Zemax®, a long detector volume was added for each of the N Nd:YAG cores of
the array. Its length (Lpgr) was N x Lrop, with Lrop being the rod length. The
number of pixels in the z-axis was N x Pz, with Pz being the number of pixels from
the previous case of laser beam extraction from each rod. Each Nd:YAG core occupied
a different portion of the corresponding detector.

2. After running the Zemax® simulation, N text files were exported, with the absorbed
pump flux/volume data from each detector volume.

3.  Tables with information about each z-plane and voxel are crucial for the LASCAD™
analysis. Therefore, the lines with z-plane and voxel data from the different N
text files were copied to replace the empty ones in the text file from one of the
detectors. In Figure 8, the data from the detectors of rods 2 to 11 were used to
replace the corresponding lines in the text file from rod 1 detector, since it already
contained the absorbed pump flux/volume data of the Nd:YAG core in the detector
volume’s first portion. This helped in maintaining the same structure of a typical file
directly exported from a detector volume in Zemax®. This single text file, with all the
information of the core-doped Nd:YAG rods, was then imported into LASCAD™.

This resulted in a more compact laser resonator in LASCAD™ composed of the HR
and PR 1064 nm mirrors, whose optical axes were aligned with that of the inclined laser
rods 1 and 11, respectively, and a single laser rod with length equal to the sum of the lengths
of each core-doped Nd:YAG rod of the array, as illustrated in Figure 9a for the merged laser
beam of the N = 11 array in row 9. The total absorbed solar pump power for this single rod
corresponded to the sum of the total pump power absorbed by each of the 11 rods. It is
worth noting that the numerical analysis of the merged laser beams took into consideration
the laser beam transmission losses (absorption, scattering, and diffraction) through both
the Nd:YAG cores and the cooling water, as well as imperfections in the AR coatings on the
end faces of the laser media and the HR coatings on the folding mirrors. For example, total
round-trip loss of 32.2% was calculated for the merged TEMy-mode laser beam from the
N = 11 array in row 9, as shown in Figure 9a, resulting in maximum solar laser power of
153.69 W in fundamental mode regime (Figure 9b). M2 = 1.12, Mﬁ =1.01 laser beam quality
factors were numerically found for this case. By using the beam propagation method in
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LASCAD™, a near-Gaussian profile (Figure 9b) with beam waist radius of about 70.5 um
(Figure 9c) was numerically obtained at the PR 1064 nm output mirror, after several laser
cavity iterations.
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Row 14, N=9

Row 1N =10
SESSinG I
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Section,

Row 0, N

TEMy-mode
HR 1064 nm Fused silica window laser beam profile
| End of the homogenizer
1 B AR 1064 Laser power = 99.28 W
z Il Ay M3 =135, M} =1.04
§ Brightness = 70.71 W
L,=9L1mm
L, =911 A _‘\
HR 1064 nmRmCIrfor mm HR !)nmpmg HR 1064 nm 1064 nm solar PR 1064 nm mirror
o= wavelength folding mirrors  laser cmission RoC =-10 mm
|
Ta Lascrzpuwer= 1426.‘)6 w
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Figure 7. Illustration of the zigzag laser beam merging technique and TEM)-mode laser performance for arrays of different
N rods. L; is the separation length between the outer HR 1064 nm mirror and the lower end face of the leftmost rod, while
L, represents the separation length between the lower or upper end face (determined by N) of the rightmost rod and the PR
1064 nm mirror. These separation lengths vary depending on N and the position of the array.
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Figure 8. Simplified diagram of the process of combination of text files exported from Zemax® for
LASCAD™ analysis of the extraction of a merged laser beam from an array with 11 rods. In this
configuration, the HR and PR 1064 nm mirrors are closer to rod 1 and 11, respectively. The data
presented in this diagram are for illustrative purposes only.

An analysis of the thermal induced effects on the N = 11 array of row 9 is presented in
Figure 10. It shows that the maximum heat load (0.16 W/ mm?) and temperature (313 K) did
not increase substantially in relation to the values observed with only a single Nd:YAG core.
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The stress intensity (20.35 N/mm?) rose over two times from the previously mentioned
value, albeit still being considerably below the stress fracture limit of the Nd:YAG material.
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Figure 9. (a) Laser resonator design in LASCAD™ for the extraction of a merged TEMyp-mode laser beam from the N = 11
array of row 9, with (b) the respective beam profile. (c) Laser beam waist radius obtained at the PR 1064 nm output mirror,
through the LASCAD™ beam propagation method.
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Figure 10. LASCAD™ analysis of heat load, temperature and stress intensity distribution in the N = 11 array of row 9.

The TEMp-mode laser performance for five arrays of different N is detailed in Figure 7.
With the laser beam merging technique, Gaussian laser beams of good quality with high
TEMgp-mode power, and consequently, high brightness were attained, since it provided
a better overlap between the pump and the fundamental mode volumes. Out of those
five arrays, the N = 8 array of row 16 contributed with the lowest TEMgp-mode power of
99.28 W, which is 11.71 times greater than the 8.48 W total power from eight individual
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TEMp-mode laser beams (8 x 1.06 W). With the N = 12 array of row 0, the highest value
of 157.14 W was obtained, corresponding to an increase of 12.35 times over the 12.72 W
total power from twelve individual TEMgp-mode laser beams. The greatest enhancement,
however, was achieved with the N = 9 array of row 14, which is 15.40 times higher than the
9.74 W total power from nine individual TEMpp-mode laser beams. The highest brightness
figure of merit of 147.74 W was attained with the N = 11 array of row 9, which corresponds
to a 182-fold increase over that from a single core-doped Nd:YAG rod. It is also 23 times
higher than the experimental record of 6.46 W [16].

The TEMyp-mode and multimode laser power numerically extracted from each of the
37 arrays are presented in Figure 11. Despite the nearly uniform profile at the output end
face of the homogenizer, a small difference in TEMyp-mode and multimode laser power
from arrays with equal N was observed as a consequence of the position of certain rods
that could not be placed in their entirety directly below the homogenizer’s output face.
Nevertheless, 5.2 kW total TEMy)-mode laser power may be extracted from 37 merged laser
beams, corresponding to an improvement of three times in relation to the 1.8 kW attained
before beam merging. Total multimode laser power of 8.6 kW was also determined.

Row 17, N = 8, TEM,, 93.94 W, MM 189.44 W
Row 16, N My 99.28 W, MM 194.04 W
Row 15, N = 9, TEM,, 139.25 W, MM 195.38 W/
Row 14, N = 9, TEM, 146.96 W, MM 199.08 W
Row 13, N = 10, TEM,, 127.25 W, MM 21317 W
Row 12, N = 10, TEM,, 139.59 W,[MM 218.19 W
EMy, 151.92 W, MM 22320 W
o192 WM 2233

Row 7,N=
Row 6, N = 12, TEMy, 151.92 W, MM 257.91 W
Row TEM,, 151.82 W, MM 259.36 W
Mg, 151.72 W, MM 260.80 W
Row 3,N M,, 155.56 W, MM 262.84 W
Row TEM,, 159.40 W, MM 264.88 W Upper Section
Row 1 2 158.27 W, MM 271.44 W N = 13, TEM,, 122.89 W
Row 0, N 149 157.14 W, MM 278.00 W MM 208.00 W
Row —1, N = 12, TEMy, 158.27 W, MM 271.44 W
Row ~2, N = 12, TEMj, 159.40 W, MM 264.88 W
1y 155.56 W, MM 262.84 W
, TEM,, 151.72 W, MM 260.80 W
=12, TEM,, 151.82 W, MM 2
Row —6, N = 12, TEM,, 151.92 W, M 91W
2, TEM, 153.01 W, MM 250.84 W

TM1151.92 W, MM 223.20
Row +12, N = 10, TEM,139.59 W, MM 218.19 W
Row 713, N = 10, TEM;; 127.25 W, MM 213.17 W
Row —14, N = 9, TEM,,, 146.96 W, MM 199.08 W
Row —15,N =9, TEM,, 1 W, MM 195.38 W
Row —16,N =8, 150 99.28 W, MM 194.04 W
Row —17, N = 8, TEM,, 93.94 W, MM 189.44 W

Figure 11. Summary of maximum TEMyp-mode (TEMy)) and multimode (MM) power attained from each laser beam
extracted from different arrays of solar laser rods through the zigzag laser beam merging technique.
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5. Conclusions

A multirod solar laser station concept was introduced to enable the production of high
TEMgp-mode solar laser output power and beam brightness in MWSE. It was composed of
a hexagonal shaped solar flux homogenizer with a fused silica window at its output end
face, and 1657 core-doped Nd:YAG rods surrounded by a hexagonal reflector. The presence
of the homogenizer facilitated the distribution of nearly the same amount of solar power to
pump each rod and the substantial mitigation of the thermal lensing effects on each one, to
the point that they were much less pronounced than in [38]. This facilitated the use of thin
rods and long resonator cavities that are necessary to efficiently extract TEMyp-mode solar
laser beams. With 3.5 mm diameter, 45 mm length Nd:YAG cores, a total laser power of
1.8 kW was numerically achieved.

The rod tilting and distance from the fused silica window may allow the possibility of
employing a novel zigzag laser beam merging technique to boost the total TEMyy-mode
solar laser output power and the beam brightness even further, despite having to reduce
the number of rods from 1657 to 399. Not only was the TEMy-mode power improved
by three times, to 5.2 kW, from 37 merged laser beams, but the highest solar laser beam
brightness figure of merit of about 148 W was also numerically determined, corresponding
to a radical improvement of 23 times in relation to the previous experimental record [16].
The extraction of several high-power Gaussian TEMyp-mode solar laser beams of good
quality and, thus, high brightness could greatly decrease the production costs with high-
power lasers, paving the way for the future application of this renewable energy system in
the industrial sector, as well as its expansion worldwide.
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