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Abstract: A seven-rod solar laser head was conceptualized and numerically studied to improve the
tracking error compensation capacity and power stability in end-side-pumping schemes. It was
composed of a first-stage heliostat-parabolic mirror system, a second-stage fused silica aspheric lens
and a third-stage conical pumping cavity, within which seven Nd:YAG rods were mounted. Highly
stable solar laser emission, with a power loss inferior to 5% for tracking errors up to +0.4°, could
potentially be enabled with seven 4 mm diameter, 13 mm length rods. The tracking error width
at 10% laser power loss was about 1.0°, which is 1.65 times higher than the experimental record,
attained by a dual-rod side-pumping prototype. Furthermore, a total multimode laser power of about
41.2 W could also be achieved, corresponding to 23.3 W/m? collection and 2.5% solar-to-laser power
conversion efficiencies, which are 1.65 and 1.36 times higher than those obtained with the dual-rod
side-pumping prototype. They are also 1.27 and 1.12 times higher than the multirod experimental
records in multimode regime for the same rod material.

Keywords: multirod; Nd:YAG; solar concentration; solar laser; tracking error compensation capacity

1. Introduction

Solar energy can be used for direct and indirect pumping of solid-state lasers. In
indirect pumping, solar cells convert sunlight into electricity to power diode lasers, which
will then emit a beam that pumps the solid-state laser. In contrast, directly converting the
natural sunlight into narrowband, collimated laser radiation skips two energy conversion
stages, potentially leading to higher efficiency, simplicity, and reliability. For these reasons,
solar-pumped laser systems are considered an emerging technology for both renewable
energy and laser-based research, despite being much less mature. Not only can they be
used in fields such as materials processing [1], but space-based applications have also been
proposed, including wireless power transmission [2], deep-space optical data transmission
and networking [3], laser propulsion [4], and asteroid deflection [5].

The first solar-pumped laser emission was reported by Kiss et al., in 1963, involving the
usage of a CaFp:Dy?* system [6]. Three years later, Young obtained a 1 W laser output from a
Nd:YAG rod [7]. This material has been the most commonly used for solar pumping and has
proven to be quite effective in producing solar laser as a result of its availability, reasonably
low cost, good thermomechanical properties [8], and the spectroscopic properties of the
dopant [9]. Initially, the main focus was to produce as much laser power as possible,
with Arashi et al. establishing a record value of 18 W [10] and then Weksler and Shwartz
surpassing it with a 60 W solar laser emission [8], both achieved in the 1980s. However, with
the turn of the century, the primary concentration area started to be taken into consideration
when evaluating the system’s performance and high collection efficiency became the most
desirable goal [11-19]. The solar-to-laser power conversion efficiency is another important
parameter that researchers have been mindful of. It can be defined as the ratio between
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the laser power generated and the total input solar pump power and does not depend on
the solar irradiance, unlike the collection efficiency. The record values for both of these
figures of merit with a single rod were established in 2022, with Garcia et al. reaching a
38.2 W/m? collection efficiency and a 4.5% solar-to-laser power conversion efficiency by
end-side-pumping a 2.5 mm diameter, 25 mm length Ce:Nd:YAG rod [19].

From heavy industry to consumer electronics, lasers are seen as a vital tool for materials
processing. In search for productivity enhancement, manufacturers started to deploy
several laser beams on the same workpiece, with each performing a part of the overall
procedure, which has led to superior results that are unachievable with a singular laser
beam [20]. Moreover, in the classical single-thick-rod solar-pumped laser systems, thermal
lens and thermal stress problems have always been present. In that regard, solar-pumped
laser systems with multiple rods have been both numerically and experimentally studied to
understand their potential in terms of performance [21-34], with researchers also looking to
circumvent hindrances, such as laser beam distortion and rod fracture, by evenly dividing
the total amount of concentrated solar radiation between the rods. The first emission of
three concurrent continuous-wave solar laser beams was reported in 2020, through three
3 mm diameter, 25 mm length Nd:YAG rods in an end-side-pumping configuration within
a single conical pump cavity [25]. They produced a total of 18.30 W multimode laser
power, which corresponded to 18.3 W/m? collection efficiency and 2.2% solar-to-laser
power conversion efficiency. In 2022, a dual-rod system, in which two Nd:YAG rods with
4 mm diameter and different lengths (35 mm and 30 mm) were side-pumped, reportedly
produced 14.81 W total laser power [33]. This corresponded to 14.1 W/m? collection and
1.8% conversion efficiencies. In the same year, an end-side-pumping system with three
2.5 mm diameter, 25 mm length Ce:Nd:YAG rods inside a single conical pump cavity
produced 16.50 W total multimode laser power, corresponding to a 41.3 W/m? collection
efficiency and a 4.6% solar-to-laser power conversion efficiency [34]. In these three systems,
substantial amelioration of the thermal performance of the rods was also achieved.

Solar tracking systems perform a pivotal part in the progress of solar concentration
applications [35] and, since their first introduction in 1962, have been investigated in an
effort to improve the collection efficiency of concentration systems [36,37]. Some may
offer simplicity in the way they operate, without using mechanical components or sensing
units that assist them in tracking the Sun [38]; however, they lack accuracy and energy
gain in comparison to the more intricate systems [39]. Currently, tracking systems can be
mainly classified by two types based on movement capability: single-axis or two-axis [40].
Solar concentrator technologies, such as parabolic concentrators, require two-axis tracking
systems [35].

Solar tracking error is an important issue that should not be overlooked when design-
ing a solar-pumped laser system. Any slight deviation from optimal alignment during
experimental testing can prevent the stable emission of laser, possibly leading to a severe
depletion of the output power. This was experimentally investigated through the above-
mentioned dual-rod side-pumping system [33]. For a solar tracking error of +-0.5° in the
x-axis (azimuth) and y-axis (altitude), the laser power decreased 15.04% and 6.60%, respec-
tively (Figure 1). In end-side-pumping systems, the loss in laser power can be even more
noticeable, considering it entails the direct focusing of the concentrated solar power onto
the end face of the laser rod. Even though this problem can be attenuated by using a Fresnel
lens since the solar-pumped laser system would be operated in direct solar tracking mode,
the constant movement of the laser head fixed at the solar tracker throughout the day can
constitute an inconvenience for many applications. Conversely, with a heliostat-parabolic
mirror system, the laser head is fixed in a stationary position within the solar laser facility,
which can be preferred.
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Figure 1. Photograph of the pump cavity with two Nd:YAG rods from the side-pumping prototype
by Tiburcio et al. [33]. AP is the variation of laser power observed when a deviation from optimal
alignment occurs due to solar tracking error (+0.5° in the (a) x- and (b) y-axes).

A seven-rod end-side-pumping solar laser concept is presented here. The collection
and concentration of solar rays were performed by the heliostat-parabolic mirror system
at the NOVA School of Science and Technology. A fused silica aspheric lens further
concentrated the solar rays, which were then absorbed by seven Nd:YAG rods mounted
inside a single conical pump cavity. The design parameters of this concept were numerically
optimized by use of the Zemax® ray tracing in non-sequential mode and the LASCAD™
software. By using seven 2.15 mm diameter, 17 mm length Nd:YAG rods, this scheme
could enable the production of 50.30 W multimode laser power at optimal alignment,
which corresponds to a 28.5 W /m? collection efficiency and a 3.0% solar-to-laser power
conversion efficiency. More importantly, with seven 4.00 mm diameter, 13 mm length rods,
high solar tracking compensation capacity and power stability were found, despite the
lower total laser power of 41.16 W.

2. Description of the Seven-Rod Solar Laser Concept
2.1. NOVA Heliostat—Parabolic Mirror System

The solar facility at the NOVA School of Science and Technology has a collection and
concentration system comprised of a two-axis heliostat as well as a motionless parabolic
mirror (Figure 2). The heliostat, which incorporates a large plane two-segment mirror,
tracks the Sun and reflects the solar rays towards the parabolic mirror with 1.5 m diameter,
60° rim angle and 0.66 m focal length. All the mirrors are back-surface silver-coated. The
glass substrate of each flat segment of the heliostat is 4 mm thick with low iron content,
allowing 93.5% of the incoming radiation to be reflected. On the other hand, the high iron
content glass substrate with 10 mm thickness, the absence of antireflection coatings on its
front surface, and long-time usage since the 1940s limited the parabolic mirror’s reflectivity
to about 80%. In a clear sunny day with 950 W/m? solar irradiance, the collection and
concentration system can focus about 1250 W of solar power into a highly concentrated
pump light spot with a nearly Gaussian distribution and a full width at half maximum
of 8 mm.
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Figure 2. Schematic of the NOVA heliostat—parabolic mirror system.

2.2. Solar Laser Head Design for Highly Stable Laser Emission

The solar laser head (Figure 3) consisted of a fused silica aspheric lens and a conical
pump cavity, inside of which seven Nd:YAG rods were mounted. The aspheric lens had
an 82 mm diameter, a 37 mm height, and a —43 mm rear radius, and its plane output
face coincided with the position of the parabolic mirror’s focal spot, further concentrating
the solar radiation that came from the parabolic mirror (Figure 3a). Fused silica is a
highly suitable optical material for systems with Nd:YAG rods, due to its transparency
over the absorption spectrum of the Nd:YAG material and acting as a filter of radiation
undesirable to the laser medium. Moreover, it has a low thermal expansion coefficient and
high resistance to scratching and thermal shock [41].

(@)

Concentrated solar rays

(b)

‘Water in

Water out meter

Laser power

Conical cavity

Seven PR 1064
nm mirrors

% . Focusing lens

Seven 1064 nm
laser beams

Figure 3. Three-dimensional view of (a) the solar laser head and (b) the conical pump cavity with

seven Nd:YAG rods.
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The hollow conical pump cavity, with 21.0 mm input diameter, 18.6 mm output
diameter, and 8.5 mm length, was placed 1.5 mm below the output face of the aspheric lens.
At 1.5 mm after the output end face of the pump cavity, a 3 mm thickness rod holder was
utilized for mechanical fixing of the seven 4.00 mm diameter and 13 mm length Nd:YAG
rods. As illustrated in Figure 3b, six external rods were tilted 7.5° in rotational symmetry
in relation to the central rod to ensure compactness of the seven rods at the entrance of
the conical cavity for efficient pump light coupling and sufficient space for the mechanical
fixing of the laser rods, with the fixed end of the external rods being 2.3 mm away from
that of the central one. The use of the conical pump cavity enabled zigzagging of the solar
rays that were concentrated by the fused silica aspheric lens; with this, each solar ray could
pass through multiple rods and be partially absorbed by each one. A 95% reflectivity was
considered for both the conical pump cavity and the rod holder.

The cooling system was devised to mitigate the generation of heat within the rods and
the optical components. Water entered through the input face of the conical cavity and left
through its output face, being in direct contact with the plane output face of the fused silica
aspheric lens and the seven Nd:YAG rods. Since the refractive index of water (~1.33) is
lower than the fused silica’s (=21.46), the rays were refracted towards the rods, enabling
a more efficient concentration of the pump radiation. Due to it also being lower than the
Nd:YAG’s (~1.82), a part of the concentrated radiation that is directly focused onto the top
end face of the rods travelled within them through total internal reflection.

A coating of high reflectivity (HR) at 1064 nm (laser emission wavelength) was added
to the top end face of each of the seven Nd:YAG rods, while the opposite end surface
presented an antireflective (AR) at 1064 nm coating. The HR coating, the laser rod and an
output mirror that is partially reflective (PR) at 1064 nm, through which a solar laser beam
was emitted, formed each laser resonator.

The seven laser beams are produced simultaneously, diverging from each other. A
focusing lens can be used to converge them towards a single laser power meter to verify
the value of the total solar laser output power (Figure 3a). These seven laser beams
can also be used separately through optical fiber coupling techniques, for example, for
different applications.

3. Numerical Modeling of the Seven-Rod Solar Laser Concept

3.1. Modeling of the Design Parameters through Zemax®

Before the design parameters of the solar laser head were optimized in Zemax®,

other parameters had to be defined. The terrestrial solar irradiance of 950 W/m? and
the 16% overlap between the absorption spectrum of the Nd:YAG material and the solar
spectrum [19] were considered in the calculation of the effective pump power of the light
source. After consulting the direct standard solar spectrum for one-and-a-half air mass [42],
22 spectral irradiance values at the peak absorption wavelengths for the 1.0 at.% Nd:YAG
material were included as reference data for the light source. The absorption coefficient
for each of those wavelengths [43] was used in the glass catalog data for Nd:YAG. To
account for the absorption losses in fused silica and water, the absorption spectra and
wavelength-dependent refractive indices of those materials [19] were also added to the
glass catalog data.

To examine the numerical information within each rod, the use of a detector volume
was required. The absorbed pump power in each rod was calculated by summing up
the power in each of the voxels that the detector volume was comprised of. By using
4 x 100 analysis rays and detector volumes with 50,000 voxels, accurate results and good
image resolution in each detector were possible. The absorbed pump flux distribution in
the longitudinal and five transversal cross-sections of the central and one external Nd:YAG
rods is shown in Figure 4. It is worth mentioning that, in view of the six external rods
showing identical absorbed pump profiles with rotational symmetry around the central
point of the pump cavity, only one of those was presented. The maximum pump flux is
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represented in red color, while blue is used to represent areas of the rods where there is
little absorption or none.

W/ mm? (W/mm?)
( 12‘;21 : - Central rod External rod 7 0.686

ol

Figure 4. Absorbed pump flux distribution in the longitudinal and five transversal cross-sections of
the central and one external Nd:YAG rods, with 4.00 mm diameter and 13 mm length.

After each simulation, the absorbed pump flux data was exported from Zemax® and
imported into the LASCAD" software, to compute the thermal effects applied to each
active media and to find the highest solar laser output power provided by the optimal
resonator beam parameters. Based on these results, the design parameters were further

optimized in Zemax®.

3.2. Modeling of the Laser Resonator Parameters through LASCAD™

One of the most important parameters to calculate the laser output power is the pump
rate W), which is defined by the equation [44]:

4C 880 nm I(A)

Wy, = — A
P N:D J520 nm 17T( )hl/p()t)

pu(A) [1— e . (1)

Here, C is the concentration factor of the collection and concentration system, N; the
total number density of the active ions in the laser rod with diameter D, 57(A) the solar
power transfer efficiency from the primary solar collector to the surface of the rod, I(A)
the one-sun solar spectral irradiance, / the Planck constant, v,(A) the pump frequency, 77y
the upper state efficiency, «(A) the absorption coefficient of the laser medium, and ! the
effective absorption length. The integration is performed only over the laser absorption
bands, as indicated by the A = 520 nm and A = 880 nm. For the LASCAD"" software to
determine W), only the mean absorbed and intensity-weighted solar pump wavelength A,
is required. From the equation [8]:

880
o S5 I0) A dA
y =

880 4
0 eV I(A) dA

@

Ap =660 nm can be calculated. A stimulated emission cross-section of 2.8 x 10719 em?,

a fluorescence lifetime of 230 us [45], and a typical absorption and scattering loss of
0.002 cm ™! for the 1.0 at.% Nd:YAG medium were also considered in the LASCAD™ analysis.

In this software, as displayed in Figure 5, each of the seven laser resonators was
composed of two opposing mirrors, which represent the HR 1064 nm coating (99.98%
reflectivity) and the PR 1064 nm output mirror (reflectivity varying between 90% and 99%),
whose optical axes were in alignment with that of the Nd:YAG rod. A 5 mm separation
length between the rightmost end face of each rod and the PR 1064 nm output mirror was
adopted for the extraction of maximum laser beam power in multimode regime.
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Figure 5. Laser resonator design in LASCAD  for one 4.00 mm diameter, 13 mm length Nd:YAG rod.
RoC is the radius of curvature.

4. Numerical Analysis of the Seven-Rod Solar Laser Concept
4.1. Solar Laser Performance in Multimode Regime

To estimate the maximum multimode laser power that the seven-rod concept could
produce, different rod lengths (L) were tested for each rod diameter (D), while optimizing
the design parameters of the other components. The fused silica aspheric lens described in
Section 2.2 was used during the entirety of this process, as it always led to the best results.

As shown in Figure 6, the highest total laser power of 50.30 W was achieved using
seven D = 2.15 mm, L = 17 mm rods, with 12.92 W from the central rod and 6.23 W from
each of the six external ones. This corresponds to a collection efficiency of 28.5 W/m? and a
solar-to-laser power conversion efficiency of 3.0%. For this case, the conical pump cavity
had a 19.0 mm input diameter, a 13.5 mm output diameter, and a 12.5 mm length, while the
six external rods had their fixed end 2.55 mm away from the central rod’s.

D -
22 5030 W

Total laser power (W)
P = P P W
%) N N co o

B
[=]
1

\'\x

W
(o]

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Rod diameter (mm)

Figure 6. Total laser power in multimode regime as a function of rod diameter. Five configurations
were selected to study tracking error compensation capacity and power stability: D = 1.50 mm,
D =2.15mm, D =3.00 mm, D = 4.00 mm, and D = 5.00 mm.

4.2. Tracking Error Compensation Capacity and Power Stability

To study the tracking error compensation capacity and power stability of the seven-rod
(N =7) concept, five of the configurations previously tested were selected: D = 1.50 mm,
D =2.15mm, D =3.00 mm, D =4.00 mm, and D = 5.00 mm. Due to the heliostat’s reflecting
area being much larger than that of the parabolic mirror, no loss of absolute irradiated area
of the latter is verified. Therefore, only angular variation was considered. Typical solar
tracking error up to £0.5° in the x- and y-axes was numerically investigated. A similar
scheme with a single Nd:YAG rod (N = 1) was also optimized in order to compare results.
A D =570 mm, L =19 mm rod provided the highest multimode laser power (55.51 W),
using a conical pump cavity with 15.0 mm input diameter, 8.4 mm output diameter, and
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14.5 mm length. Figure 7 shows the total multimode laser power as a function of the
tracking error for each of the six aforementioned cases, while the tracking error width at
10% laser power loss (TEW1g9,) and the AP at different tracking errors are presented in
Table 1 to facilitate the assessment of the tracking error compensation capacity and power
stability, respectively, of each case.

60 60 1
55 55 A
~ 50 ~ 50 1
z z
= 45 ‘ > 45
g PF g % N g /5’}:’ 5 % ‘l\g\
g 40 S 40 4
£ =
g 35 g 35 2
K -
E 30 E 30 A
& s S s
20 | 20 |
15 4 T T T T T T T T T ! 15 4 T T T T T T T T T ]
-05 -04 -03 02 -01 00 01 02 03 04 05 05 -04 -03 02 -0.1 00 01 02 03 04 05
Tracking error in x-axis (deg) Tracking error in y-axis (deg)
N=7 N=1
—— - ——
D (mm) 1.50 2.15 3.00 4.00 5.00 5.70
L (mm) 22 17 15 13 12 19
Pax (W) 47.39 50.30 46.85 41.16 38.59 55.51
Figure 7. Total laser power in multimode regime as a function of the solar tracking error in the
x- and y-axes, for different schemes tested. Pmax is the maximum total laser power achieved at
optimal alignment by each of the schemes presented.
Table 1. Tracking error width at 10% laser power loss (TEW1ge,) and AP at different solar tracking
errors in the x- and y-axes, for different schemes tested.
N =7 N =1
D (mm) 1.50 2.15 3.00 4.00 5.00 5.70
Axis x Y x Y x y x y x y x y
TEWjqe, (deg) 0.32 0.32 0.43 0.43 0.68 0.67 0.99 0.93 — — 0.34
+0.1° 4.96 4.92 2.21 2.15 0.35 0.56 0.12 0.29 1.32 1.66 3.46
Q +0.2° 1439 14.37 8.49 8.47 2.12 2.34 0.17 0.41 3.84 441 13.24
2 +0.3°  28.09 28.21 19.26 19.34 6.92 7.12 0.63 1.34 521 6.17 28.12
< +04° 4393 43.85 33.78 34.04 15.99 16.57 1.46 4.86 5.21 6.48 45.70
+0.5° 5991 59.82 50.20 51.81 29.18 30.23 10.49 13.63 5.21 7.05 63.45

The worst compensation capacity was found with the N =7, D = 1.50 mm, L = 22 mm
scheme (TEW1(e, = 0.32° in both axes), while the N =1, D = 5.70 mm, L = 19 mm scheme,
the one that produced the highest multimode laser power of 55.51 W, showed a marginally
better compensation capacity (TEWjg, = 0.34°). Conversely, the schemes with seven
rods of larger diameter displayed a better compensation capacity, with the D = 5.00 mm,
L = 12 mm scheme being the only one with which a 10% power loss was not verified
for a tracking error of £0.5°; however, in this case, the laser power slightly oscillated
with the tracking error, making it not the most feasible. The most stable scheme was the
D =4.00 mm, L = 13 mm, with a power loss of 5% only being observed after the tracking
error reached +0.4°. It is worth noting that, because of the six rods tilted in rotational
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N=1,D=5.70 mm, L=19 mm

Total laser power (W)

symmetry in relation to the central rod, with all of them being end-side-pumped, the
tracking error compensation capacity and power stability in both x- and y-axes were nearly
the same.

Figures 8-10 show 3D plots and heatmaps illustrating the total multimode laser power
as a function of the tracking error for three of the configurations tested: N =1, D = 5.70 mm,
L=19mm;N=7,D=215mm, L=17mm;and N=7,D =4.00 mm, L = 13 mm, respectively.
The N =1,D =5.70 mm, L = 19 mm scheme exhibits a considerable decrease of the laser
power with the increase of the tracking error, attributable to the direct focusing of the
concentrated solar power onto the end face of a single rod. By placing six rods around a
central one, for the N = 7 schemes, that reduction was attenuated because the seven rods
ended up occupying a larger area and the concentrated solar power was harnessed more
efficiently. This was especially evident for the D = 4.00 mm scheme owing to the use of
larger diameter rods, leading to highly stable laser emission even when the tracking error
was relatively high.

0.1 0.2 03 04 0.5

Tracking error in y-axis (deg)
0.0

-0.3 -0.2

-04

17.41/14.48|11.64| 8.96

16. IHIZ'I«H 921 00

7| 7.0 13.09]11.01 8.96 | 7.00 | 5.17
T .“.

0.5 04 -0.3 0.2 -0.1 0.0 0.1 0.2 03 04 05
Tracking error in x-axis (deg)

Figure 8. Total solar laser power in multimode regime as a function of the solar tracking error for the
single 5.70 mm diameter, 19 mm length rod scheme.
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Figure 9. Total solar laser power in multimode regime as a function of the solar tracking error for the
seven 2.15 mm diameter, 17 mm length rods scheme.
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Figure 10. Total solar laser power in multimode regime as a function of the solar tracking error for
the seven 4.00 mm diameter, 13 mm length rods scheme.
4.3. Thermal Performance

In Figure 11, the thermally induced effects (heat load, temperature, and stress in-
tensity), in the case of optimal alignment, are illustrated for the central and one external
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Nd:YAG rods from three of the configurations tested: N =1, D = 5.70 mm, L = 19 mm;
N=7,D=215mm,L=17mm;and N=7,D =4.00 mm, L = 13 mm.
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Figure 11. Heat load, temperature and stress intensity for the central and one external Nd:YAG rods
from three of the schemes tested: N=1,D=5.70mm,L=19mm; N=7,D=2.15mm, L =17 mm;
and N=7,D=4.00mm, L =13 mm.

Out of the rods placed at the center of the conical pump cavity from each of the
three cases, the one from the N =7, D = 2.15 mm, L = 17 mm scheme was where the heat
load was more pronounced (0.977 W/ mm?), while the rod from the N =1, D = 5.70 mm,
L = 19 mm scheme reached the highest temperature (366.3 K). In regard to the stress
intensity, the highest registered value was 106.90 N/mm? with the N = 1, D = 5.70 mm,
L = 19 mm scheme, which is slightly more than half of the Nd:YAG material’s stress
fracture limit (200.0 N/mm? [46]). In contrast, with seven rods, the highest value of only
66.81 N/mm? was obtained in the central rod of the N =7, D = 4.00 mm, L = 13 mm scheme,
corresponding to around a third of that limit. In the external rods of the N =7 schemes, the
thermally induced effects were more noticeable in the D = 2.15 mm, L = 17 mm scheme, as
expected in the case of optimal alignment, as a result of the placement of the thinner laser
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rods nearer the center of the conical pump cavity. Nevertheless, all rods would perform
relatively well under solar pumping of high intensity.

5. Discussion

The proposed seven-rod solar pumping scheme resulted in significant enhancements
in comparison with other numerical works that included multiple Nd:YAG rods: the
D =2.15 mm, L = 17 mm in terms of efficiency, and the D = 4.00 mm, L = 13 mm pertaining
to tracking error compensation capacity and power stability. Table 2 summarizes the results
of the present work and those from four other numerical studies that our research group
has conducted: a dual-rod scheme by Tibtrcio et al. [24], a four-rod scheme by Catela
et al. [47], and seven-rod schemes by Almeida et al. [27] and Liang et al. [29].

Table 2. Comparison between the results in multimode regime of the present work and the ones from
the numerical works by Tiburcio et al. [24], Catela et al. [47], Almeida et al. [27], and Liang et al. [29].

Present Work
Parameter Tiburcio et al. Catela et al. Almeida et al. Liang et al.
aramete (2020) [24] (2022) [47] (2020) [27] (2021) [29] D=215mm D =4.00 mm
L =17 mm L=13 mm
Primary concentrator Parabolic mirror ~ Parabolic mirror ~ Parabolic mirror Fresnel lens Parabolic mirror
Number of rods 2 4 7 7 7
Configuration Side-pumping End—51.de— End—s1.de— End—51.de— End-side-pump
pumping pumping pumping
Effective collection area (m?) 1.560 1.767 1.767 4.000 1.767
Solar irradiance (W/m?) 890 950 950 950 950
Total laser power (W) 37.72 43.69 32.18 107.00 50.30 41.16
Collection efficiency (W/m?) 242 247 18.2 26.8 28.5 23.3
Conversion efficiency (%) 29 2.6 1.9 2.8 3.0 2.5
TEW109 x-axis 0.70 0.76 _ _ 0.43 0.99
(deg) y-axis 0.50 ) 043 0.93
o x-axis 0.40 2.21 0.12
AP01° (%) y-axis 1.34 0.05 - - 2.15 0.29
o x-axis 241 8.49 0.17
APo2° (%) y-axis 7.29 043 - - 8.47 0.41
N x-axis 6.58 19.26 0.63
AP0z (%) y-axis 18.38 418 - - 19.34 1.34
o x-axis 33.78 1.46
APxo40 (%) y-axis - 13.85 - - 34.04 4.86
o x-axis 50.20 10.49
AP0 (%) y-axis - 2977 - - 51.81 13.63

Compared to these other proposed seven-rod solar laser concepts, the D = 2.15 mm,
L = 17 mm scheme of the present work was more efficient, with 28.5 W/ m? collection and
3.0% solar-to-laser power conversion efficiencies. These values represented improvements
of 1.06 and 1.07 times, respectively, in relation to those from the seven-rod concept by
Liang et al. [29], in which a Fresnel lens was employed as the primary concentrator. More-
over, the collection and conversion efficiencies were, respectively, 1.57 and 1.58 times higher
than those from the scheme by Almeida et al. [27], for which the same collection and
concentration system was employed. With the placement of each of the seven Nd:YAG
rods in different pump cavities, each solar ray ended up not being shared by multiple rods
in that scheme [27], resulting in this difference in efficiency.

Out of the four abovementioned numerical studies, the influence of the tracking error
on the total laser power was examined in only two. The seven D = 4.00 mm, L = 13 mm
rod scheme had better tracking error compensation capacity and power stability than the
dual-rod side-pump concept by Tibtrcio et al. [24]. The TEWq, in the x- and y-axes were
1.41 and 1.86 times higher, and did not display a AP asymmetry in both axes as clearly,
which is a result of the chosen pumping configuration. In comparison with the most
stable four-rod scheme by Catela et al. (with D = 4.55 mm, L = 15 mm rods) [47], overall
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improvements were also attained by the seven-rod approach. The TEWqq, in the x- and
y-axes were 1.30 and 1.22 times higher, and the AP for tracking errors up to +0.5° denote
a better power stability. Even though the total laser power is 6% lower than that by the
four-rod scheme, the seven-rod concept with a smaller rod diameter is much more suitable
for future adoption of Ce:Nd:YAG rods to further boost the laser power [48], consequently
reducing the risk of thermal fracture of the rods.

Because of the feasibility exhibited by the D = 4.00 mm, L = 13 mm scheme according
to the numerical analysis, as a result of its tracking error compensation capacity and
power stability, its results were compared to those from the experimental works by Liang
et al. [25] and Tibdrcio et al. [33] (Table 3), both of which utilized multiple Nd:YAG rods
and the collection and concentration system at the NOVA School of Science and Technology.
The collection and solar-to-laser power conversion efficiencies achieved by the present
numerical work constituted enhancements of 1.27 and 1.12 times in relation to those from
the triple-rod end-side-pumping prototype by Liang et al. [25]. In comparison with the
results from the dual-rod side-pumping system by Tiburcio et al. [33], the collection and
conversion efficiencies were 1.65 and 1.36 times higher. More importantly, however, is the
difference in tracking error compensation capacity and power stability, since Tiburcio et al.
attained very distinct results for both axes. In the x-axis, the TEW19, was 1.65 times higher,
whereas it was 0.66 times lower in the y-axis. Analogously, the AP values were always
better until a solar tracking error of £0.5°, where it was 1.43 times better in the x-axis but
0.48 times worse in the y-axis.

Table 3. Comparison between the results in multimode regime of the present work and the ones from
the experimental works by Tibtrcio et al. [33], and Liang et al. [25].

Improvement in Relation to

Experimental Work Present Numerical Work .
(Times)
Parameter . ; . ;
Tiburcio et al. Liang et al. D =4.00 mm Tiburcio et al. Liang et al.
(2022) [33] (2020) [25] L=13 mm (2022) [33] (2020) [25]
Number of rods 2 3 7 — —
. . . . End-side- . .

Configuration Side-pumping pumping End-side-pumping — -

Effective collection area (m?) 1.050 1.000 1.767 — —

Solar irradiance (W/m?) 783 830 950 — —

Total laser power (W) 14.81 18.30 41.16 - -

Collection efficiency (W/m?) 14.1 18.3 23.3 1.65 1.27
Conversion efficiency (%) 1.8 2.2 2.5 1.36 1.12

x-axis 0.60 0.99 1.65

TEW10, (deg) y-axis 1.40 - 0.93 0.66 -
o x-axis 3.40 0.12 28.33

APo10 (%) y-axis 1.22 B 0.29 421 -
o x-axis 6.87 0.17 40.41

AP020 (%) y-axis 2.46 B 0.41 6.00 -
o x-axis 9.80 0.63 15.56

P03 (%) y-axis 3.79 B 1.34 2.83 B
o x-axis 12.59 1.46 8.62

AP0 (%) y-axis 5.11 B 4.86 1.05 -
o x-axis 15.04 10.49 1.43

AP+o5° (%) y-axis 6.60 B 13.63 0.48 -

6. Conclusions

A seven-rod solar laser concept was presented here to improve the tracking error
compensation capacity and power stability in end-side-pumping schemes. It was composed
of the first-stage heliostat—parabolic mirror system at the NOVA School of Science and
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Technology, the second-stage fused silica aspheric lens, and the third-stage conical pumping
cavity, inside of which seven Nd:YAG rods were mounted.

With seven 2.15 mm diameter, 17 mm length rods, the highest total multimode laser
power of 50.30 W was attained, corresponding to 28.5 W/m? collection and 3.0% solar-
to-laser power conversion efficiencies. These efficiency values represented enhancements
of 1.06 and 1.07 times, respectively, in relation to those from the seven-rod end-side-
pumping concept proposed by Liang et al., who employed a Fresnel lens as the primary
concentrator [29], even with the use of the heliostat causing 6% more loss than with the
direct solar tracking system. They were also, respectively, 1.57 and 1.58 times higher than
those from another seven-rod end-side-pumping concept proposed for the same collection
and concentration system as this work, in which each rod was mounted within a separate
pump cavity [27].

The most feasible configuration of this scheme adopted seven 4.00 mm diameter,
13 mm length rods, due to the high tracking error compensation capacity and power stabil-
ity being acquired. Overall, this configuration achieved better results than an experimental
work by the same collection and concentration system, in which two Nd:YAG rods were
side-pumped [33]. The TEW9, was 1.65 times higher but 0.66 times lower in the x- and
y-axes, respectively, and the AP values were mostly always better, with the exception being
for a tracking error of £0.5° in the y-axis, where the AP was 0.48 times worse. Further-
more, 41.16 W total multimode laser power was obtained, corresponding to 23.3 W /m?
collection and 2.5% solar-to-laser power conversion efficiencies, which are, respectively,
1.65 and 1.36 times higher than those attained with the dual-rod side-pumping proto-
type [33]. They are also, respectively, 1.27 and 1.12 times higher than the multirod experi-
mental records in multimode regime for the same rod material [25].

By taking the tracking error into consideration when designing a solar-pumped laser
prototype, especially in an end-side-pumping configuration, the success of future experi-
mental tests ends up not being so dependent on complex, expensive, and highly precise
solar trackers, enabling the possibility to reduce the cost of the overall system. It is also
worth noting that, when aiming for high tracking error compensation capacity and power
stability in an end-side-pumping scheme, the maximum laser output power tends to be
lower than the highest possible, owing to the use of rods with diameter larger than the
optimal. Nevertheless, opting for Cr:Nd:YAG [18] and specially Ce:Nd:YAG [48] rods can
be a solution to increase the laser power and efficiency, since the absorption spectra of these
materials match better with the solar spectrum.
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