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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 (M2 =1.25, My2 =1.00) was computed through both ZEMAX®
and LASCAD® analysis, with 9.4 W/m? TEMyy mode laser power collection and 0.99% solar-to-
TEMgo mode power conversion efficiencies. By using a 5.8 mm laser rod diameter, a doughnut-shaped
solar laser beam profile (M2 =1.90, My2 = 1.00) was observed. The 9.8 W/m?2 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 TEM(y 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 TEMgyy mode regime and 0.33% solar-to-TEMyy 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?2 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/m? TEMg, mode solar laser collection and 1.44%
solar-to-TEMgy 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 M? and My? [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 TEMyy mode laser power, experimental records of 3.1 W/ m?2
collections and 0.40% conversion efficiencies were achieved [50]. The 3.2 W/m? TEMy;"
mode solar-to-laser collection efficiency and 0.46% solar-to-TEMy;  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
| Concentrated solar padiation
Multimode 10.3 1.16 Not reported
Fus;ds_ililca
Fresnel lens
Yishuoed covy TEMo 293 0.64 M2~ My? < 1.1
Liang et al., 2013 [46]
(Experimental)
Multimode 315 24 M,? ~ My? = 53.4
Parabolic mirror
TEMgo 7.9 0.60 M2 ~My? <1.2
Liang et al., 2017 [42]
(Experimental)
\\sf“h N Qe w,m;mm ‘Z:msﬂl pad
Fresnel lens Multimode 32.1 3.31 M,2 ~ My2 =61.0
;/ R Conical cavity
Guan et al., 2018 [48]
(Experimental)
pump caviy Parabolic mirror TEMq; " 45 0.54 Not reported
Water out Water in
Vistas et al., 2018 [52]
(Experimental)
Front view
Multimode 17.0 2.43 M2 ~ M,? =16.8
Parabolic mirror TEMyg 3.1 0.40 Not reported
Liang et al., 2019 [50 TEMy; " 3.2 0.46 Not reported
(Experimental)
/w‘..
":‘;:"}; Multimode 23.3 2.82 Not reported
G Fresnel lens
M,? =1.00
TEM 13.7 1.44 x
Liang et al., 2021 [49] 0 M2 = 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;-Mg), 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.
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Figure 1. Six Fresnel lens solar laser side-pumping concept with 4.0 m? total collection area. F1-F4 and M;-Mj 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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1064 nm
laser beam

Concentrated solar rays

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

N

. 3.33 mm x 3.33 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

- 3.33 mm x 10.00 mm section

Cylindrical /

pump cavity

Nd:YAG rod

Cooling
water

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
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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 4F; /2 to the 44 /2 level [10].

‘Gup
ANANANNANANNNNNNN
= 20000
g N
8 AN
23 18000 |
) )
S - Pumping bands
16000 F
14000 F
o 52 2
12000 F Non-rad;}t:l‘\'e decay 11507 cm-!
g 11423 cm™
10000 F
Solar Laser emission
3000 pumping 1064 nm o
Laser emission
1064 nm
6000 F 15/
000wy L132 . 2514 cm™!
2461 cm™
2000 } Ui sivessen.. 2146 cm™
AR LN ——— ~1
Non-radiative decay . %(l)ég gg—l
L 2 4 ey m— 3
0 Ground-level 9/2 ' 2002 cm t

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
0.00

Transversal absorbed pump flux distribution

5 mm

5

35 mm

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 ps, the stimulated emission cross-section of 2.8 x 1071° 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, L1 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 Lr. 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 10~® W/um? was verified, as shown in Figure 7b.

AR AR PR

iy

X-Z Plane

U1

Y-Z Plane

Power density (W/um?)

L,=10 mm
I I T L2
L =260 mm _ [ |
1 Lz =35mm 0 6.0x10°

(a) (b)

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 Ly.

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 0y = 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. 0y
and 0y 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, TEMy
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
(6x and 0y, respectively), the multimode and TEMyy mode laser power, the laser beam
quality factors My? and My2 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.



Energies 2021, 14, 7102

13 of 18

Rod L, resonant 1/¢? width Divergence Multimode TEMoo Beam quality Beam profile
diameter cavity beam waist | half-angle ©; | laser power | mode laser factors M’
(mm) parameter (mm) @ (um) and O, (°) (W) power (W) and M;? 2D 3D
i
Power density (/)
6.=0016° M2 =188 ° e
5.2 248 1150 83.6 36.1 "
6,=0.011° M,2=1.00 0l
o fl
mm) 16
'}
Power density (W/um?)
—
6, =0.019 M2=230 ’ e
5.3 252 1188 82.6 375
0,=0.012° M= 1.00 AU
e -
x(mm) L7
i Power density (W/um?)
1 —-_—
0 1.3x10°%
6,=0.018° M2=2.83 l
5.4 257 1245 86.1 372 8019
©,=0.010° M2 =1.00 E , .
mm) 19
[}
Power density (W/um?)
[} 6:( 10
0,=0.011° M2 =125
5.5 260 1233 87.2 375 ———
©,=0.010° M, =1.00 | §
|
Power density (W/um?)
L —
6,=0.011° M2 =1.00 7.0%10°
5.6 264 1215 85.8 36.5
6,=0.011° M, = 1.05
m
Power density (W/um?)
L —
.= 0.010° M2=1.00 ° o
5.7 269 1245 89.3 34.6 =
6,=0.016° M2=223 e
X (mm) 19"
™
Power density (W/um?)
-
0.=0012 M =1.90 ° roxe
5.8 274 1375 90.2 39.0
©,= 0.008 M2 =1.00

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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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 M,2 =1.25, My2 =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 TEM;, mode laser power was numerically attained,
with beam quality factors of My? = 1.90, My? = 1.00, as shown in Figure 11b.
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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-TEM,/ 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-
TEMyp 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? TEM; mode laser power collection and 1.03% solar-
to-TEMgy 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 TEM(y mode laser beam profiles, regarding
similar pumping conditions. Hence, the numerically calculated TEMyy; mode laser power
can be a suitable approximation of the TEMy;” 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-

TEM/multimode power conversion efficiencies for the top hat, doughnut-shaped (TEM; " mode), and multimode solar

laser beams.

Scheme Laser Mode  Collection Efficiency (W/m2?)  Conversion Efficiency (%)  Beam Quality Factors
Vistas et al., 2018 [52] %
(Experimental) TEMy; 4.5 0.54 Not reported
) Multimode 23.3 2.82 Not reported
Liang et al., 2021 [49] 5
(Numerical) My~ =1.00
TEMyg 13.7 1.44 My2 — 104
Multimode 22.6 237 Not reported
2 _
Present work TEMp; 9.8 1.03 1\1\;[[’(2 : 1'90
(Numerical) y-=1.00
Top hat M,? =1.25
beam 94 099 My2 =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 (My? = 1.25, My2 = 1.00) was
computed through both ZEMAX® and LASCAD® analysis, with 9.4 W/m? TEMg mode
laser power collection and 0.99% solar-to-TEMyy 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 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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