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Abstract: A multirod solar laser approach is here proposed to attain uniform and stable multibeam
emission under non-continuous solar tracking. A Fresnel lens was used as the primary concentrator.
The laser head was composed of a second-stage aspherical lens with a light-guide homogenizer and a
third-stage conical pump cavity with six Nd:YAG rods. The solar laser system was optimized through
numerical analysis in both Zemax® and LASCAD™ software to obtain six 1064 nm laser beams of
similar multimode power. To investigate the effect of the homogenizer on the laser performance,
the laser head was compared with a similar one that only used the aspherical lens in the second
stage. The approach with the light guide attained a slightly lower efficiency than the one without
the light guide; however, the tracking error width at 10% laser power loss was higher and, most
importantly, only a 2.17% coefficient of variation of the laser power emitted by the six rods at the
tracking error angle of +0.5° was obtained. This is 4.2 times better than the 52.31% obtained with the
laser head without the homogenizer and 76 times better than that of the previous numerical work.
The light guide is thus essential to ensure uniform and stable solar laser power extraction from all
rods even under non-continuous solar tracking, making this prototype the ideal for multibeam laser
applications where uniformity and stability of the laser power are indispensable. This renewable
multibeam solar laser may replace the classical lamp- and diode-pumped lasers, therefore ensuring a
sustainable laser power production pattern for both space and terrestrial applications.

Keywords: Fresnel lens; solar laser; energy harvesting; stable emission; uniformity; tracking error;
sustainable laser beam

1. Introduction

Renewable energy has a growing interest due to the current global energy crisis.
Solar energy is one of the most explorable and vast energy sources used in different
applications from photovoltaics (PV) to laser pumping, producing narrowband, collimated,
and renewable laser radiation [1,2].

Renewable solar lasers rely on a nearly eternal and sustainable source, suppressing
the need for expensive electrical pumping sources and their conditioning equipment. Their
simplicity and reliability bring new opportunities to various laser-based applications, such
as renewable energy cycles and materials processing, in off-grid locations [3], providing an
important economic advantage for countries with high solar availability and for the future
development of sustainable industrialization. The solar laser also offers ground-breaking
solutions to space applications, such as free-space optical communications, space-to-Earth
wireless power transmission, and photovoltaic energy conversion [4-6]. Although well-
known materials such as Si and GaAs have achieved record efficiencies for single-junction
PV cells under full spectrum illumination, it is important to consider that other materials
may be more suitable for achieving high efficiency under monochromatic illumination [7].
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The direct conversion of free broadband sunlight into laser light radically simplifies the
complex electrically powered diode laser pumping solutions in space. The potential break-
throughs of solar lasers for space applications may be characterized by: (a) an improved
reliability and lifetime, (b) increased overall efficiency, (c) reduced laser system complex-
ity, (d) retrenchment on a system level (power supply, heat removal, redundancy), and
(e) enabling novel space laser applications. In terms of the cost and maintenance, the solar
laser has clear advantages over PV cell + diode-pumped or lamp-pumped laser approaches
in space. Since the pump source is the Sun, shining nearly eternally in space, solar laser
systems require little to no maintenance in terms of the pump source, making them an
attractive option for long-lifetime space missions [8].

Primary concentrators are usually part of the first stage to concentrate the solar power
to excite the laser medium. Among the main factors that influence the choice of concentrator
are the efficiency, accessibility, cost, and ease of manufacturing. Parabolic mirrors benefit
from the high solar flux attained. However, they are expensive, heavy, and not easily
available. On the contrary, Fresnel lenses are low cost, lightweight, and easy to produce.
Their drawback is their chromatic aberration, which decreases their efficiency. Nevertheless,
unlike the parabolic mirrors, the laser head is positioned behind the Fresnel lenses and
thus no shadows are created. Both primary concentrators have been used for solar laser
research [3,9-15]. Using a parabolic mirror, the record solar laser collection efficiency
and solar-to-laser conversion efficiency with a single laser rod are 38.2 W/m? and 4.5%,
respectively [14].

All the above-mentioned achievements were based on the single-laser/single-beam
concept. However, the utilization of multiple laser beams has been rapidly growing in
laser research [16,17]. The implementation of a multibeam system within a compact laser
head has been shown to be a highly effective method to reduce the processing time, quickly
performing tasks where a single beam would need days or even weeks [18]. In solar laser
technology, multiple beams can be extracted from a single laser head that has several
laser rods [19]. In this way, the pump rays that are not completely absorbed by one
rod can be further absorbed by others, ensuring an efficient absorption of solar pump
energy. Moreover, the application of multiple thin rods in a single pump cavity leads to a
distribution of the highly concentrated solar radiation among the rods, which alleviates
the thermal stress, thermal lensing, and thermal fracture issues, enabling a better laser
power scalability. The limitation to the maximum number of laser rods is based on the
idea of avoiding superfluous system complexity and cost. In 2020, successful simultaneous
emission of three 1064-nm solar laser beams was reported for the first time [19]. Liang et al.
generated solar laser emissions through the end-side-pumping of three 3.0 mm diameter,
25 mm length Nd:YAG rods within a single conical pump cavity with a heliostat-parabolic
system. The total multimode solar laser power of 18.3 W was measured from an effective
collection area of 1.0 m?, resulting in an 18.3 W/m? collection efficiency and 2.2% solar-
to-laser conversion efficiency. Liang et al. also measured 16.5 W for the total multimode
laser power by end-side-pumping three 2.5 mm diameter, 25 mm length Ce:Nd:YAG rods
through a parabolic mirror with a 0.4 m? collection area, leading to the state-of-the-art
multirod solar laser collection and solar-to-laser conversion efficiencies of 41.3 W/m? and
4.6%, respectively [20].

The multirod approach has the great advantage of solar tracking error compensation
capacity [21]. Solar tracking systems (STS) are essential for maintaining the solar concen-
trator performance during the day and thus preserving the solar collection efficiency [22].
An accurate STS is important for orienting the solar collector and/or concentrator towards
the sun in both altitude and azimuthal directions [23]. The tracking motion and angle of
rotation change throughout the day. Depending on the location and date of the observation,
an STS can have more frequent adjustments on the azimuthal direction around the solar
noon than in the morning and afternoon, being more stable on the altitude angle [24].
Continuous tracking of the Sun can consume excessive energy and reduce the system effi-
ciency and lifespan. A single-axis STS can attain a direct tracking error smaller than 4-0.40°,
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whereas a more complex STS, that makes use of a dual-axis mechanism, can directly track
the Sun with an error of +0.15° [25,26]. Still, an STS with an error below 0.2° can cost about
10 times more than a similar system with double the solar tracking error [22]. The design of
solar laser system needs to take this factor into account. It is economically advantageous to
develop solar laser systems that can maintain their performance while using an STS with a
relatively large tracking error. A dual-rod side-pumped solar laser has been experimentally
investigated to tolerate a high tracking error and emit relatively stable laser beams, despite
the limited collection and solar-to-laser conversion efficiencies of 14.1 W/m? and 1.8%,
respectively. Solar tracking error widths at a 10% laser power loss (TEW1g9,) of 1.40°
and 0.60° in the altitude and azimuthal directions, respectively, were attained [21]. Com-
pared to side-pumping, end-side-pumping configurations achieve high efficiencies [12-15].
However, the solar energy is concentrated and focused onto the end face of the laser rod,
which restricts the solar tracking error compensation capacity, especially in single-rod
systems, because any slight tracking error in either the azimuthal or altitude axis causes
a significant reduction in or even the extinction of the solar laser output [21]. Therefore,
end-side-pumping a set of multiple closely coupled rods within a single pump cavity have
been numerically analyzed with the aim of obtaining high efficiency while maintaining a
high tracking error tolerance [27,28]. Catela et al. numerically studied a four-rod solar laser
concept to obtain a high collection efficiency of 24.7 W/m? and solar-to-laser conversion
efficiency of 2.6%, while attaining a 0.76° TEW1ge, [27]. Further numerical improvement
was achieved by Costa et al., using a seven-rod solar laser approach that allowed for a 0.99°
TEW e, and achieved a 23.3 W/m? collection efficiency and 2.5% solar-to-laser conversion
efficiency [28]. Despite the high tracking error compensation capacity and efficiency by
both solar laser systems, the laser power was not uniformly extracted from all the pumped
laser rods, with some rods contributing more to the total laser power than others under
the solar tracking error condition [27,28]. Uniform and stable emission from all rods is
important for laser applications that make use of multiple laser beams, such as welding,
brazing, surface texturing, laser ablation, drilling, and cutting [16-18].

A six-rod end-side-pumping approach for achieving uniform and stable emission
from all rods in a solar laser system under non-continuous solar tracking is here proposed.
Due to its significantly reduced weight and cost that make it a better choice for solar laser
pumping in space as compared to other parabolic-type concentrators, a Fresnel lens was
used to collect and concentrate solar rays towards a single solar laser head, where six
Nd:YAG rods were simultaneously end-side-pumped. The laser head was composed of an
aspherical lens, a light-guide homogenizer, and a conical pump cavity, and was compared
to a similar laser head without the light guide. Numerical analysis was conducted to
demonstrate that the solar laser head using the homogenizer could emit six 1064 nm laser
beams with similar multimode powers under non-continuous tracking, hence achieving a
uniform and stable emission from all rods.

2. Six-Rod Solar Laser System
2.1. Fresnel Lens

A Fresnel lens with a 1.5 m diameter (1.77 m? collection area), 0.93 m radius of
curvature, and focal length of around 2.1 m was used as the primary concentrator (Figure 1).
A Fresnel lens is typically made of polymethyl methacrylate, which has a high transmission
efficiency for both visible and near-infrared wavelengths between 350 nm and 900 nm. A
transmission efficiency of 78% was numerically calculated, considering the whole solar
spectrum. Assuming a typical direct solar irradiance of 950 W/m? that is common in many
Sun-rich countries around the world, 1312 W of solar power could be focused by the Fresnel
lens. The proposed Fresnel lens can be installed onto a dual-axis STS.
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Figure 1. Design of the six-rod laser pumping system by a Fresnel lens.

2.2. Six-Rod Solar Laser Head

The solar laser head was composed of an aspherical lens, which coupled the concen-
trated solar radiation from the focal zone of the Fresnel lens into a hexagonal light guide,
which transmitted and homogenized the radiation into a conical pump cavity within which
the six Nd:YAG rods were evenly arranged (Figure 2).

Hexagonal
light guide

pump cavity Conical

pump cavity

Figure 2. Design of the (a) six-rod laser head and (b) conical pump cavity with the six Nd:YAG
rods (1-6).

The fused silica aspherical lens had a 140 mm diameter, 100 mm height, and —70 mm
rear radius. The fused silica hexagonal light guide had a 34 mm input face width, 28 mm
output face width, and 130 mm height. The hollow conical pump cavity with a 95% inner
surface reflectivity had a 34 mm input aperture diameter, 14 mm output aperture diameter,
and 31 mm height. Water was used as the cooling fluid, as shown in Figure 2.

3. Numerical Analysis of the Six-Rod Solar Laser System

Similar to previous solar laser studies [27,28], all the aforementioned design param-
eters of the six-rod solar laser system were first optimized by nonsequential ray-tracing
Zemax® software to attain the maximum absorbed pump power and ensure power stability
in each rod for typical azimuthal and altitude solar tracking errors up to +0.5°. For the
1.0 at.% Nd:YAG laser medium, 22 peak absorption wavelengths from the standard solar
spectrum for one-and-a-half air mass were defined in the Zemax® numerical data [29].
The direct solar irradiance of 950 W /m? was assumed. The effective pump power of the
light source considered the 16% overlap between the Nd:YAG absorption spectrum and
the solar spectrum [30]. Spectral variation such as transmission through the Fresnel lens
and the reflectance of the conical pump cavity were introduced. The absorption spectra
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of fused silica and water were included in the glass catalogue data of Zemax® [14]. In
the ray-tracing analysis, a detector volume divided into 24,000 voxels was used for each
rod, and the path length of the rays through each voxel was found. With these values
and the effective absorption coefficient of 1.0 at.% Nd:YAG material, the total absorbed
pump power was numerically calculated by summing up the absorbed pump radiation of
all voxels.

The absorbed power data from the Zemax™ analysis were then imported into the
LASCAD™ software to calculate the multimode solar laser power, optimizing the laser
resonator parameters. A fluorescence lifetime of 230 ps, a stimulated emission cross section
of 2.8 x 1071 cm? [31], an averaged solar pump wavelength of 660 nm [10], and a typical
absorption and scattering loss of 0.002 cm ! [20] for the 1.0 at.% Nd:YAG medium were
adopted in the LASCAD™ analysis.

Each of the six optical resonators in the LASCAD™ software was comprised of two
opposing parallel mirrors: the high reflection (HR 1064 nm, 99.98%) coating on the upper
end face of the Nd:YAG rod, and the partial reflection (PR 1064 nm) coated output mirror,
with reflectivity varying between 90% and 99%. L represents the separation length between
the antireflection (AR 1064 nm) coating on the lower end face of each rod and the respective
PR1064 nm output mirror (Figure 3). A plane-concave optical resonator with a small
L was employed, ensuring that the energy of higher-order modes was not wasted by
diffraction losses.

®

Concentrated
solar rays

N\ Aspherical
RS lens

Conical
cavity

— mirrors

Figure 3. Schematic representation of the solar laser head with the laser resonant cavity. L represents
the separation length between the lower end face of the Nd:YAG rod and the partial reflection (PR)
output mirror.

4. Six-Rod Solar Laser Performance

The performance of the six-rod solar laser head was optimized and analyzed by both
Zemax® and LASCAD™ software. Besides the laser head with the aspherical lens and
hexagonal light guide, another laser head with only the aspherical lens as part of the
second stage was also studied to compare the performance of the laser with and without
the light-guide homogenizer. In Figure 4, the absorbed pump flux distributions along the
longitudinal and five transversal cross sections of one of the six 1.0 at.% Nd:YAG laser rods
from both laser heads is shown. Only one rod is presented because all rods in each laser
head had similar absorbed pump flux distributions. The rod from the laser head with the
light guide demonstrated a more symmetric and uniform absorbed pump profile than that
from the laser head with no light guide (Figure 4), proving that the homogenizer helps to
evenly distribute the pump power among the laser rods.
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Figure 4. Absorbed pump flux distributions along the longitudinal and five transversal cross sections
of a 3.8 mm diameter, 15 mm length Nd:YAG rod in the laser head with: (a) the aspherical lens and
hexagonal light guide, and (b) only the aspherical lens.

The Nd:YAG rod diameter was optimized for the laser head with the aspherical lens
and light guide. In Figure 5, the total multimode laser power from the six rods as a
function of the solar tracking error in the azimuthal direction, for different rod diameters, is
represented. The laser head with 3.8 mm diameter, 15 mm length Nd:YAG rods presented
not only the maximum total laser power of 34.0 W, but also the best TEW1e, of 0.72°.
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Figure 5. Total multimode solar laser power as a function of the azimuthal solar tracking error for
different laser rod diameters (), using the laser head with the aspherical lens and light guide. The
tracking error width at 10% loss total multimode solar laser power (TEW1g9,) is also indicated.

The best rod dimension, 3.8 mm diameter with 15 mm length, was then used for the
laser head without the light guide. The total multimode laser power from both laser heads
was compared by studying it as a function of the solar tracking error in the azimuthal
(Ao and altitude (Ah) directions, as shown in Figure 6. Each solar laser head evidenced a
symmetric tracking error compensation capacity for the azimuthal and altitude directions,
having a similar total laser power and TEWq, in both directions. The laser head without
the light guide had a higher maximum total laser power of 39.6 W, but a lower TEW1qq,
of 0.69°, than the one with the light guide (Figure 6). Therefore, both laser heads could
operate with a more simple and less expensive STS [22].
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Figure 6. Total multimode solar laser power, from the six rods with 3.8 mm diameter and 15 mm
length, as a function of the solar tracking error in the azimuthal (Ac) and altitude (Ah) directions, for
the laser head with the aspherical lens and light guide, and the laser head with only the aspherical lens.
The tracking error width at 10% loss total multimode solar laser power (TEW1qe,) is also indicated.

Even though the light guide in the laser head led to a slightly improved solar tracking
error compensation capacity, the most pronounced effects relied on the uniform absorbed
pump power and laser emission by the six rods. The absorbed pump flux distributions and
the individual laser power from the six rods of each of the two laser heads were analyzed
as a function of the azimuthal and altitude solar tracking errors to explore their uniformity
performance, as shown in Figures 7 and 8. The absorbed pump profiles of the six rods in
the laser head with the light guide were more uniform along the solar tracking error angles
in both the azimuthal and altitude directions than that in the laser head without the light
guide. The laser power was also more uniform with much less variation between the rods
for the laser head with light guide. For example, under the extreme tracking error condition
of Ax = Ah = 0.5°, the laser power from the six rods only varied from 1.70 W to 2.22 W
using the light guide, in contrast to the large variation from 0.80 W to 4.50 W without it.
The light guide demonstrated the ability to homogenize the pump power absorbed by all
rods under solar tracking error variation, being essential in the production of uniform laser
power emission by all rods of the multirod scheme.

The laser emission uniformity performance is also demonstrated in Figure 9. The laser
head with the light guide produced six solar laser emissions with almost the same laser
power, even under the most extreme solar tracking error condition of +0.5° (Figure 9a).
On the contrary, the laser head without the light guide produced six laser emissions with
significantly different laser powers under solar tracking error variation (Figure 9b).

To better analyze the variation in the laser power among the six rods, the coefficient of
variation (CV) was studied as a function of the azimuthal solar tracking error, for both laser
heads (Figures 10 and 11). The CV of the laser power extracted from the six rods in the
laser head with the light guide was investigated for the several rod diameters (Figure 10).
All diameters revealed low CVs under the solar tracking error condition. However, the 3.8
mm and the 4.0 mm rod diameters presented the best performances. Using the 3.8 mm
diameter Nd:YAG rods, the CV slowly increased to only 2.17% at a £0.5° tracking error
angle. The CV of the 4.0 mm diameter, 15 mm length Nd:YAG rods also had a similar
behavior, reaching only 1.78% at the tracking error angle of £0.5° (Figure 10).
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Figure 7. Absorbed pump flux distributions along the top cross section of the six rods with 3.8 mm
diameter, 15 mm length, in the laser head with the aspherical lens and light guide, as a function of
the solar tracking error in the azimuthal (Ax) and altitude (Ah) directions. The multimode solar laser
power emitted by each rod is also indicated.

In Figure 11, the CVs of the 3.8 mm diameter, 15 mm length rods in both laser heads
with and without the light guide are shown, as well as the CV results from the previous
work with seven 4.0 mm diameter, 13 mm length Nd:YAG rods in a laser head with an
aspherical lens and a conical pump cavity [28]. The CV of the laser head with the light
guide was much lower under the solar tracking error condition than that of the other
laser heads without light guide (Figure 11). For the laser head with no light guide, a
maximum CV of 52.31% was achieved at the tracking error angle of £0.5°. A maximum
CV of 165.63% was obtained from the laser head of the previous work at the same tracking
error angle (Figure 11) [28]. The homogenizer was thus essential to reduce the CV and
maintain the uniformity of the laser power emission among the rods under the solar
tracking error condition.

Overall, even though the six-rod laser approach without the homogenizer produced
a greater laser power of 39.6 W corresponding to a 22.4 W/m? collection efficiency and
2.4% solar-to-laser power conversion efficiency, the TEW g9, of 0.69° and the high CV of the
laser power among the rods of 52.31% at the tracking error angle of £0.5° were worse than
the ones obtained by the six-rod laser with the homogenizer. This approach with the light
guide produced a 34.0 W laser power, corresponding to a 19.2 W/m? collection efficiency
and 2.0% solar-to-laser power conversion efficiency, but achieved a TEW1gq, of 0.72° and
a remarkable CV of only 2.17% at the tracking error angle of +0.5° that was 4.2 times
better than that without the light guide. These results demonstrate the great utility of the
homogenizer to help in extracting a stable and similar laser power from all the laser rods
even under solar tracking error variation.
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Figure 8. Absorbed pump flux distributions along the top cross section of the six rods with 3.8 mm
diameter, 15 mm length, in the laser head with only the aspherical lens, as a function of the solar
tracking error in the azimuthal (Ax) and altitude (Ah) directions. The multimode solar laser power
numerically calculated for each rod is also indicated.

Comparing this work with the previous numerical work of Costa et al. who used
a seven-rod laser head without a homogenizer [28], the 23.3 W/ m? collection efficiency,
2.5% solar-to-laser conversion efficiency, and 0.99° TEW(9, were higher than the ones
obtained with the present solar laser head with homogenizer. However, the CV of the laser
power among the rods was very high, 165.63% at the tracking error angle of £0.5°, which
is 76 times more than the CV from the six-rod laser head using the light guide. This makes
the proposed solar laser approach with homogenizer ideal for multibeam laser applications
where stability and uniformity of the laser power are indispensable.

Recent advances in the concentrator design have shown promise in achieving higher
concentration ratios and more efficient light collection [32-34]. The future inclusion of these
novel solar concentrators may further help to boost solar laser efficiency. More importantly,
Ce:Nd:YAG solar laser systems have also shown higher absorption efficiency in previous
studies when compared to Nd:YAG, leading to higher efficiencies [20].
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Figure 9. Multimode solar laser power obtained from each of the six 3.8 mm diameter, 15 mm length
Nd:YAG rods as a function of the azimuthal solar tracking error, using (a) the laser head with the

aspherical lens and light guide, and (b) the laser head with only the aspherical lens, without the
light guide.
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different laser rod diameters (J).
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Figure 11. Coefficient of variation of the multimode solar laser power obtained from the Nd:YAG
rods as a function of the azimuthal solar tracking error for both six-rod laser heads, with and without
the light guide, using the 3.8 mm diameter (), 15 mm length rods, and the seven-rod scheme using
the 4.0 mm diameter, 13 mm length rods from Costa et al., 2022 [28].

5. Conclusions

A six-rod solar laser approach was proposed here to enable uniform and stable laser
power emitted by the rods under non-continuous solar tracking. A Fresnel lens was used
as the primary concentrator. The laser head was composed of a second-stage aspherical
lens/light-guide homogenizer and a third-stage conical pump cavity with six Nd:YAG
laser rods. Through numerical analysis, the laser scheme parameters were optimized to
obtain the uniform and stable emission of six laser beams with similar multimode powers
under solar tracking error variation. The laser performance from the solar head with only
the aspherical lens as the second stage was also studied to better assess the advantage of
the light guide on the laser performance. The efficiency of the laser head without the light
guide was higher: 22.4 W/m? for the collection efficiency and 2.4% for the solar-to-laser
power conversion efficiency; however, the TEW1g9, of 0.69° and the CV of the laser power
among the rods under non-continuous solar tracking, 52.31% at the tracking error angle of
£0.5°, were worse than the ones obtained by the six-rod laser head with the homogenizer.
Even though this scheme resulted in lower collection and solar-to-laser power conversion
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efficiencies of 19.2 W/m? and 2.0%, respectively, a higher TEW19, of 0.72° and a remarkable
CV of only 2.17% at the tracking error angle of +0.5° were obtained. The CV value was
also 76 times better than that of the previous numerical work. All this proves that the
homogenizer is necessary to ensure similar multimode solar laser power extraction from
all laser rods even under solar tracking error variation, which is essential for multibeam
laser applications where power stability and uniformity are important.
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