Chapter 8 ®)
Solar Tracking Error in Solar-Pumped i
Lasers

Bruno D. Tiburcio

8.1 Brief Introduction

In this chapter are discussed the solar tracking errors and the compensation techniques
in solar-pumped lasers. Solar tracking error displaces the focal spot away from its
optimal position, shifting the center of the absorption distribution within the laser
rod, resulting in less laser output power and poor laser beam quality. The multi-rod
approach is here discussed numerically and experimentally, in order to compensate
the solar tracking error and enhance stable solar laser emission. A numerical modeling
example of solar-pumped laser with tracking error compensation capacity is finally
given in this chapter.

8.2 Sun Trajectory and Error Formation in Solar Energy
Collection and Concentration Systems

8.2.1 Sun Trajectory in the Sky During the Day

The conceptualization of the apparent movement of the Sun is of paramount impor-
tance in the development of solar energy systems and solar tracking error systems.
The discussion that follows is made within the context of orientating a solar tracker
with respect to the Sun at any location on the earth and on any given time of the
day. In the Fig. 8.1 below is shown the schematics of the Sun-Earth relationship. As
seen from the Earth, the Sun disk forms an angle of 32 min of a degree. The Sun
cannot be considered as a point source, due to even this small angle is significant in
the analysis of the optical efficiency of a solar concentration system.

Knowledge of the variation in the Sun’s position along the time and through the sky
is necessary to calculate the solar radiation falling on a surface. The relative motions
of the sun and earth are not simple, but they are systematic and thus predictable [1].
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Fig. 8.1 Sun-earth relationship, adapted from [1]

The Ptolemaic view of the Sun’s motion is used in the analysis for simplicity;
since all motion is relative, it is convenient to consider the Earth fixed and to describe
the Sun’s apparent motion in a coordinate system fixed to the earth with its origin
at the site of interest. Solar tracking systems (STS), such as the altitude-azimuth
dual axis, use solar tracking algorithms to ensure that the Sun’s passage through
the sky is calculated and followed with high precision in automated solar tracker
applications. A high precision solar position calculator or algorithm uses a software
program routine to align the solar tracker to the sun and is an important component
in the design and construction of an automatic solar tracking system. Solar position
computer software for tracing the sun is available as open source codes.

The Earth makes one rotation about its axis every 24 h and completes a revolution
about the sun in a period of approximately 365.25 days. The eccentricity, e, of the
earth’s orbit is very small, equal to 0.01673. Therefore, the orbit of the earth around
the sun can be approximated as circular. Any location on the surface of the earth then
can be defined by the intersection of a longitude angle and a latitude angle [2].

The Sun is constrained to move with 2 degrees of freedom on the celestial sphere;
therefore, its position with respect to an observer on earth can be fully described by
means of two astronomical angles, the solar altitude (&) and the solar azimuth (o)
angles. Before giving the equations of solar altitude and azimuth angles, the solar
declination and hour angle need to be defined.

8.2.2 Error Formation in Solar Energy Collection
and Concentration Systems

The movement of the earth affects the collected solar radiation on solar systems,
and consequently on the efficient solar concentration. The variation of the Sun’s
position in the sky during the day, or its apparent movement, generates errors in the
alignment of the solar energy concentration system and the Sun, which any STS is
designed to attenuate with a certain degree of accuracy with its automatic movement.
The necessity of a high precision STS become a critical key for the developing and
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deploying of solar concentration systems with the smallest integrated error in the
STS.

Declination, §

The earth axis of rotation (the polar axis) is always inclined at an angle of 23.45°
from the ecliptic axis, which is normal to the ecliptic plane [1]. The ecliptic plane is
the plane of orbit of the earth around the sun. The solar declination (§) is the angle
between the line joining the centers of the Sun and the Earth and its projection on
the equatorial plane, as shown in Fig. 8.2. Declinations north of the equator (summer
in the Northern Hemisphere) are positive, and those south are negative, and is given
by:

360
8§ =23.45sin| — (284 + N 8.1
s1n[365( + )i| 8.1)

The declination, §, in degrees for any day of the year (N) can be calculated
approximately by the equation [1]:

The solar declination during any given day can be considered constant in engi-
neering calculations [4, 5]. The variation of the solar declination throughout the year
is shown in Fig. 8.3.
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Fig. 8.2 Representative drawing of latitude, solar declination and hour angle, adapted from [3]
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Fig. 8.3 Solar declination angle of the Sun [1]

Hour angle, ®

The hour angle, w, of a point on the earth’s surface is defined as the angle through
which the earth would turn to bring the meridian of the point directly under the sun.
To describe the Earth’s rotation about its polar axis the concept of hour angle (w)
is used, which is the angle between the meridian passing through the Sun and the
meridian of the observer P, as shown in Fig. 8.2, and is given by [1]:

w = +0.25" x number of minutes from local solar noon (8.2)

where the plus sign applies to afternoon hours and the minus sign to morning hours.
The hour angle at local solar noon is zero, with each 360/24 or 15° of longitude
equivalent to 1 h, afternoon hours being designated as positive.

Solar altitude angle, i

The solar rays are characterized by two astronomical angles: solar azimuth angle and
the solar altitude angle [1, 6]. The solar altitude angle () is defined as the vertical
angle between the projection of the Sun’s rays on the horizontal plane, as shown in
the Fig. 8.4. It is related to the solar zenith angle () which is the angle between the
Sun’s rays and the vertical [1]:

0, =90 —h (8.3)

The solar altitude angle at the time of Sunrise and Sunset is 0°. The solar altitude
angle has its maximum value at noon time in all seasons. The elevation angle is
related to both the declination angle and the hour angle by the following expression

[1].
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sin(h) = cos(g)cos(8)cos(w) + sin(¢)sin(§) (8.4)

where ¢ is the local latitude in degrees. The solar altitude angle at the time of sunrise
and sunset is 0°, and has its maximum value at noon time in all seasons.

Solar azimuth angle, «

The solar azimuth angle, «, is the angle of the sun’s rays measured in the horizontal
plane from due south (true south) for the Northern Hemisphere or due north for
the Southern Hemisphere; westward is designated as positive. For a geographical
location, the azimuth angle « is the horizontal angle of the Sun’s rays, and is given
by the following equation [1]:

sin(ar) = %ﬁg‘)@ (8.5)

The output power produced by high-concentration solar systems is directly related
to the amount of solar energy collected by the system, and it is necessary to track
the sun’s position with a high degree of accuracy, thus decreasing the errors in the
alignment of the Sun and the solar concentration system.
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8.3 Solar Tracking Systems

8.3.1 Direct Solar Tracking Mode

Solar-pumped lasers have additional problems not seen in commercial lasers in
achieving the maximum solar energy transfer and absorption efficiencies from the
pump source to the laser medium. The resonator stability of solar lasers depends
on how well the Sun is tracked to continuously pump the laser crystal. The output
power produced by high-concentration solar thermal and solar laser and photovoltaic
systems is directly related to the amount of solar energy collected by the system.
Many solar tracking systems (STS) have been proposed to implement this task over
the past 60 years. STS thus have an important role in the development and efficiency
of solar concentration applications [6]. STS enable solar collectors to accurately
point towards the Sun and compensate for time (day and season) changes observed
in altitude and azimuth angles of the Sun, thus decreasing the errors formed by the
apparent movement of the Sun.

In this chapter, the STS will be presented regarding the fact if the primary collectors
continuously follow the Sun directly pointed to it (or are tilted in a determined angle
in order to increase its efficiency), or if the collectors are fixed, but irradiated by
heliostats continuously moving to track the Sun’s apparent movement in the sky.

There are different classifications of tracking systems regarding the strategies
implemented to increase the energy collected by solar systems. Passive STS have
simple operation principles, without mechanical parts or sensing units to help it to
orient towards the Sun [7, 8], however, they have lower accuracy and energy gain
compared to their more complex counterparts [9]. Active STS usually have optical
sensors that help them to continuously determine the position of the Sun and use the
motors to adjust the axes orientation [2]. In relation to the control strategies used
to implement STS, there are the closed loop systems and the open-loop systems,
the former based on feedback control principles, receiving input signals from the
sensors which determine the position of the Sun [10-12]. The latter are algorithm-
based systems, without feedback control to correct errors or disturbances in the
operation [13-15].

STS can also be classified regarding to the number of movable axis following the
Sun. They are generally classified in those implemented by using single-axis STS,
and for higher accuracy, double-axis STS. There are several configurations of motion
of single-axis trackers: horizontal, tilted-horizontal, vertical, tilted and polar aligned,
parallel to earth’s axis, with east—west tracking [1, 9]. Studies have demonstrated that
single-axis STS [16-20] can increase their energy produced of between 12 and 20%
[21] compared with fixed/optimally inclined installations.

Although single-axis trackers are cheaper and easier to build and implement, the
increase in efficiency provided is lower than that of the double-axis STS [9]. These
systems have been studied using Fresnel lenses [22] or concentrator photovoltaic
(CPV) system [23], solar panels [24] or solar-pumped lasers [25-27], (Fig. 8.5). In
2012, a high accuracy solar tracking system was developed which achieved 0.01%



8.3 Solar Tracking Systems 285

Fresnel lens

o\ 7/ _

——

2 ‘LaserHead

Fig. 8.5 Solar-pumped laser setups using Fresnel lenses and direct solar tracking systems from
[25, 27]

standard deviation between the simulated and measured values of the available solar
radiation [28].

The conclusion is that double-axis STS always achieved good performances with
greater efficiencies between 20 and 50% energy gains when compared to fixed flat
panels and/or CSP systems [9]. In 2014, Yao proposed a multipurpose double-axis
STS that can be applied to solar power systems. Results of the accuracy test indicate
that the tracking error of the normal tracking strategy is within 0.15°. Furthermore, in
the test on the output of the PV modules, it is found that the average energy efficiency
of the normal tracking PV, compared with the fixed PV, is more than 23.6%, as shown
inFig. 8.6. The average energy efficiency of the daily adjusted PV is more than 31.8%
[29].

The direct tracking mode has the advantage of higher solar irradiation upon the
receiver, due to the primary collector being continuously pointed directly to the Sun,
discarding another mirror while is in use. However, indirect tracking mode has the
advantage of protecting the most expensive and sensible primary solar concentrator,
altogether with the receiver and all components of the solar application inside an
infrastructure, and a more stable solar energy delivery in any application.

8.3.2 Indirect Solar Tracking Mode by Heliostats

The contents in this section are classified in solar tracking systems which use
heliostats whose track the Sun, reflecting the solar radiation toward the collector,
as shown in Fig. 8.7.
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Fig. 8.6 Output of the normal tracking and fixed PV module on the days of a July 21st; b September
15th [29]

Fig. 8.7 Photograph of a heliostat tracking the Sun and reflecting the solar radiation to a medium
size parabolic mirror in Almeria solar plant, Spain

Since the first STS, introduced in 1962 [30] using single heliostats, showing very
little increased performance over fixed systems, many other researchers have investi-
gated solar trackers in order to improve their solar collection efficiency [31, 32], with
the tracking error tolerances varying between 0.5° and 1°. Significant improvement
on the accuracy of STS was noticed since 1985, after Badescu et al. demonstrated
the influence of the astronomical and constructive parameters on the concentration
of solar radiation with plane heliostats on the tracking surfaces of PV systems [33].
Solutions were investigated to correct the heliostat offset errors and the reflected
solar radiation images to the receiver using cameras. The system had a digital camera
capturing the real time Sun images projected by the heliostats and supplied it to the
computer. These images were then compared to the inbuilt reference images where
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the solar radiations were perpendicular to the heliostat. The difference between these
two images generated a control signal which was used by the control system to acti-
vate the servo-motors and reorient the collector back to 90° with respect to the solar
radiation beam [34]. Chen in 2005 derived general Sun tracking formula for heliostats
with arbitrarily oriented axes [35].

A solar double axis tracker was developed in 2007, with a higher concentration
of solar energy using a tracking master mirror surrounded by several other slave
mirrors, which reflected collected solar radiation onto a stationary target. The solar
image reflected by the master mirror was used as a reference for all slave mirrors.
The rotational axis was configured pointing to the target and the other one was the
elevation axis parallel to the reflector [36]. Using two photo-sensors and a heliostat,
reflecting the solar radiation to a 70 m away target screen, system’s tracking error was
evaluated at 0.11° in a clear weather [37]. In 2014, a beam characterization system
was used to evaluate the tracking error of two heliostats from a central tower solar
plant with an estimated accuracy of about 2% for the positioning angle measurement
[38].

For extremely high inputs of radiant energy, a multiplicity of flat mirrors, or
heliostats, using altitude-azimuth mounts can be used to reflect their incident direct
solar radiation onto a common target, as shown in Fig. 8.8. This is called the heliostat
field or central receiver collector. The heliostat field typically represents 30-50%
of the capital cost of the system and the required size of the heliostat field for a
given nominal power of a solar plant is reduced with an increased optical efficiency.
Similarly, increasing thermal performance of the receiver decreases the required size
of the heliostat field and the associated capital cost [39].

Central receivers have several advantages [40]:

Fig. 8.8 Photograph of a large parabolic mirror in PROMES CNRS, France: the heliostat field
reflects their incident direct solar radiation onto a parabolic mirror, which concentrates the solar
radiation onto a target at its focal zone
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1. They collect solar energy and transfer it to a single receiver, thus minimizing
thermal energy transport requirements.

2. They typically achieve concentration ratios of 300-1500 and so are highly

efficient.

They can conveniently store thermal energy.

4. They are quite large (generally more than 10 MW) and thus benefit from
economies of scale.

et

The heliostats collect and concentrate Sunlight onto the receiver, which absorbs
the concentrated solar energy, transferring its energy to a heat transfer fluid. A thermal
storage system typically stores the collected energy as sensible heat for later delivery
to the power conversion system.

8.4 Tracking Error in Different Primary Solar
Concentrators

8.4.1 Solar Tracking Error in Parabolic Mirrors

Solar concentration systems as point-focusing concentrators need to employ some
form of solar tracking mechanism with sufficient accuracy [41], usually with less than
0.05° [15, 42], for enabling the achievement of higher concentration ratios, radiation
flux and thus conversion efficiency [1]. Consequently, it becomes necessary to follow
the daily apparent motion of the sun in both altitude and azimuth directions, requiring
a solar tracking system [1, 43]. Parabolic collectors generally use a method in which
the sun tracker moves in both altitude and azimuth direction.

Parabolic trough collectors (PTCs) generally use a one-axis tracking system,
which follows the sun in only one direction. PTCs are a well established solar
energy technology, implemented in many places to produce electricity via solar cells
or thermal processes. Significant advancements have been demonstrated in the last
decades with several approaches and strategies to increase the output power harvested
from these collectors [44—46]. 68.8% higher in heat gain achieving 15-17% more in
collector efficiency or an enhanced optical efficiency of 0.81% were obtained using
double-axis STS [47, 48]. Solar tracking systems have been also developed in order
to improve the solar collection and concentration efficiency of parabolic dish solar
concentrators, which have attracted much interest for many researchers, as a mean to
reach high concentration ratios [10, 49-51]. In 2019, Natarajan et al. obtained 86%
of short circuit current value of the concentrated panel compared with conventional
PV panel [52].

In Fig. 8.8a is shown a two-axis heliostat and a stationary parabolic mirror with
1.5 m diameter, 60° rim angle and 660 mm focal length and its two axis of rotation.
It also shown in Fig. 8.9b the position of the focal spot at its optimal alignment, in
the absence of solar tracking error, and in two extreme cases for the maximum solar
tracking errors of AY = 0.3° and AX = 0.3".
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Fig. 8.9 a Schematics of a heliostat-parabolic solar energy collection and concentration system
and the heliostat orientation error direction at AY and AX. b The focal spot of the parabolic mirror
at its optimal alignment, in the absence of solar tracking error and at two extreme cases for solar
tracking errors of AX = 0.3 and AY = 0.3°

Motohiro, aiming to attain efficient solar energy conversion to laser light and
utilizing originally designed pSPLs, developed a precise direct solar tracking
system with an error smaller than 0.06°, required because of the high concentration
ratio: 1 = 10626 of the WSPL collector mirror. Thus, a prototype system with
precision < 0.06° for 25 wSPLs in an array was successfully fabricated in that study.

Studying the tracking error influence in solar lasers with two types of secondary
concentrators, cylindrical and aspherical at the focus of a parabolic dish, Tiburcio
et al. [53, 54], have numerically investigated the solar laser output power using a
dual-rod scheme as a function of the tracking errors, in order to develop a tracking
error compensation capacity solar laser scheme. The tracking error width at 10% laser
power loss (TEW o4, ) was chosen to analyze the tracking error compensation capacity
of the schemes. For a fused silica cylindrical lens as a secondary concentrator, a large
improvement in tracking error compensation capacity was numerically attained with
that approach, leading to 2.57 and 3.00 times enhancement in tracking error width
at 10% laser power loss in AY (altitude) and AX (azimuth) errors, respectively,
as compared to the most efficient end-side-pumped scheme by the same collection
area. Using aspherical fused silica lens as a secondary concentrator, this results were
improved with, where the TEW o4, was improved 1.66 and 1.21 times at altitude
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(AY) and azimuth (AX) tracking errors, respectively, as compared to the numerically
simulated side-pumped single-rod scheme. In 2022, the first experimental results of
tracking error compensation capacity of a solar-pumped laser pump by a heliostat-
parabolic mirror were demonstrated, which it will be given in Sect. 8.5.2.1 [55].

8.4.2 Solar Tracking Error in Fresnel Lenses

In the field of concentrated solar energy applications, Fresnel lenses have been one
of the best choices because of the advantages such as small volume, light-weight,
mass production with low cost, despite the chromatic aberration that is produced at
the focus [56]. Point-focus concentrating systems with azimuth-elevation tracking
can obtain a high energy density and overall efficiency, but, in return, this results in
an increase in the initial and operational costs. Compared with the azimuth-elevation
tracking, the advantage of polar-axis tracking is the best one-axis tracker, deliv-
ering around 97% of the yearly energy of azimuth-elevation trackers, and its cost is
approximately half that of the azimuth-elevation one [2].

Several researchers have studied and developed STS for Fresnel lens concen-
trators over the years [57-62]. Yabe et al. proposed a solar laser system that uses
the Fresnel lens with a double-axis direct tracking system to demonstrate a fossil-
fuel-free energy cycle with magnesium and laser [63, 64]. Perini presented a model
for a novel linear Fresnel lens collector with dual-axis tracking capability, where
the optical and thermal models of the Fresnel lens collector with 2D tracking are
presented and validated using experimental data. The conclusion was that both single
and dual axis tracking remain an option [65].

Liang et al. improved several times the solar-pumped laser efficiency using a
Fresnel lenses with a double-axis direct tracking system, presented in Fig. 8.10 [25,
26].

8.4.3 Solar Tracking Error in Ring-Array Concentrators

A ring-array solar concentrator, introduced and developed by Vasylyev et al. [66]
consists of a set of concentric rings disposed in such way that the inner reflective
surfaces do not mutually shade, shaping its focal spot through superposition of rays
to a common point in the rear side of the collector, as shown in Fig. 8.11. This
configuration allows efficient integration of components, decreasing the shadow areas
between incoming solar rays and the laser head, as compared with heliostat-parabolic
mirror.

In2018, it was studied a typical tracking error from 0.05° to 0.2° in either azimuthal
and altitude axes through the laser output power variation. Figure 8.11 represents the
RAC designed in [67], which is composed of 13 rings, each with off-axis parabolic
profile, 0.6 mm thickness and protective-silver coated with 95% reflectivity. In the
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Fig. 8.11 The ring-array concentrator is composed of 13 rings and a small Fresnel lens. Inset
picture with the pump light distribution at its focal point
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central region of the RAC a small Fresnel lens is also mounted. A mechanical structure
connecting all these rings and the Fresnel lens is also given in Fig. 8.11. The influence
of tracking error on the output laser power for the 5.0 mm diameter, 20 mm length
Nd:YAG rod was studied. At the maximum tracking error of 0.2° in both azimuth and
altitude axes, 48.5 W was attained, corresponding to 28% laser power loss, using an
end-side-pumping scheme. De Matos et al. proposed in 2018 a modified RAC [68].
It was studied a typical tracking error from 0.05° to 0.20° in either azimuthal and
altitude axes. At the maximum tracking error of 0.2° in both azimuth and altitude
axes, 50.4 W was attained, corresponding to 25.7% laser power loss. To correctly
evaluate the tracking error associated laser output power, a 1.5 m diameter Fresnel
lens was also designed to pump the same 5.0 mm diameter 20 mm length Nd:YAG
rod. Therefore, a very clear advantage of the modified ring-array system in both solar
laser output power enhancement and tracking error associated laser power reduction
was demonstrated in comparison to Fresnel lenses.

Garcia et al. analyzed is the efficiency loss of the spherical receiver of 15 mm
diameter as function of tracking error in altitude and azimuth directions for MSSF
parabolic mirror and 3D RAC solar furnace [69]. At the extreme case of tracking
error by 0.5° on both axes, the efficiency was nearly extinguished for the MSSF
parabolic mirror and a 60% loss was obtained for 3D RAC. Tiburcio et al. studied
the same RAC designed before to investigate the dual-rod side-pumping concept as
an interesting alternative to attain an improved solar laser output power, with better
beam quality and tracking error compensation capacity [70]. In Fig. 8.12 is shown the
3D normalized solar laser power for both the single and the dual-rod side-pumping
schemes from this work and the end-side-pumping scheme from reference [71], as a
function of the simultaneous altitude and azimuth solar tracking errors ranging from
0.0°t0 0.3".

The influence of tracking error on RAC side-pumping solar laser performance
was also investigated, showing only 2% power loss for a tracking error of 0.1° at
altitude and azimuth directions simultaneously. The dual-rod side-pumping concept
is an interesting alternative to attain an improved solar laser output power with better
beam quality and tracking error compensation capacity, comparatively not only with
the single-rod side-pumping scheme but also with the end-side-pumping scheme
from [71]. The significant improvement in the thermal performance of the laser
media helps to increase the laser performance and stability.

8.5 Tracking Error Compensation Techniques

8.5.1 Monolithic Fused Silica Twisted Light Guide

In order to improve the overall stability and tracking error tolerance on solar lasers, in
2008 Geraldes et al. designed and simulated nine fused silica light guides of square
cross-section are used to form the light guide assembly, as shown in Fig. 8.13 [72].
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Fig. 8.12 The normalized total solar laser output power in percentage, for both the single and
the dual-rod side-pumping schemes, and the end-side pumping scheme [71], as a function of the
simultaneous variation in altitude and azimuth solar tracking errors, ranging from the optimal
alignment (0.0%) to 0.3°, using the same RAC solar energy collection and concentration system
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Fig. 8.13 Light guide assembly 2D-CYL-EL cavity with intervening optics. End plates have been
removed for better illustration

The input ends of the light guides were packed together to form a 20 x 20 mm?
square input face. The input face of the assembly is placed at the focal spot of the
primary mirror and the output end coupled to the first focal line of the 2D-ELCYL
cavity. Figure 8.14a shows both the input and output pump light distributions of the
light guide assembly, corresponding to the optimum alignment between the heliostat
and the primary parabolic concentrator. For the combined tracking errors in XY-axes,
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the focal spot is located near the center of the four upper left light guides, resulting
in the strongly shifted output distribution as given in Fig. 8.14d.

In 2017, a fused silica twisted light guide was experimentally simulated and tested
with tracking error compensation capacity [73, 74]. The concentrated solar radiation
was firstly collected by the twisted fused silica light guide with 16 mm 16 mm input
face. It was then transmitted along 110 mm length, observing both refraction and
total internal reflection principles, to its rectangular output end with 8.0 mm, 32 mm,
as illustrated in Fig. 8.15. The near-Gaussian profile of the concentrated light spot
incident on the input face of the light guide assembly was therefore transformed into
a rectangular pump light column at the assembly output end.

For the combined tracking errors of 0.2° in both X and Y axes, the focal spot
was shifted obliquely from the center of the input face of the lower straight part of
the light guide, causing a reduction in laser output power and a modification of the
fundamental mode beam profile.

8.5.2 Multi-Rod Pumping Approach

8.5.2.1 Multi-Rod Pumped Through a Fused Silica Cylindrical
Secondary Concentrator

Multi-rod concepts have been numerically investigated using different secondary
concentrators in order to improve the solar laser emission stability and tracking
error compensation capacity. Tiburcio et al. in 2019 had numerically investigated a
cylindrical concentrator in a dual-rod side-pumping configuration [53]. The tracking
error of the optimized dual and single-rod schemes was firstly studied and then was
compared to that of the most efficient end-side-pumped laser [71]. All these schemes
were pumped by NOVA heliostat-parabolic solar collection and concentration system
with the same collection area of 1.56 m”. The tracking error width at 10% laser power
loss (TEWg4,) was chosen to evaluate the tracking error compensation capacity of
the schemes.

In Fig. 8.16 is shown the influence of the solar tracking error on the dual-rod
scheme in altitude (AY) and azimuth (AX) directions. With the tracking error at
AY, the focal spot moved upwards (Fig. 8.16a), from the lower rod to the upper
rod in the dual-rod scheme. With the tracking error at AX, the focal spot moved in
the azimuthal direction of the dual-rod scheme (Fig. 8.16b). With the simultaneous
tracking error in AY and AX, the focal spot moved upwards to the upper rod and
also to the right in azimuthal directions (Fig. 8.16c¢).

In Fig. 8.17 is shown the absorbed pump flux distribution along the longitudinal
cross-section of the dual-rod and the single-rod pumped with solar tracking error at
AY, AXand AY and AX, simultaneously. The laser output powers are also indicated.
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Laser head

Cooling-water

-
Laser emission

Power meter
PR mirror

Upper twisted part
ower straight part
Twisted fused
silica light guide

Fig. 8.15 Solar-pumped Nd: YAG laser head composed of the monolithic light guide, the solar laser
head and the laser resonant cavity [73]

8.5.2.2 Multi-Rod Pumped Through a Fused Silica Aspherical
Secondary Concentrator

The single and the dual-rod schemes were studied regarding to the tracking error
capacity using an aspherical lens as a secondary concentrator [54]. In Fig. 8.18 is
shown an example of the influence of the solar tracking error on the dual-rod scheme
in altitude (AY) and azimuth (AX) directions individually, and at AY and AX
directions simultaneously. With the tracking error at only AY, the focal spot moved
upwards, from the lower rod to the upper rod (Fig. 8.18a). With the tracking error at
AX, the focal spot moved along the laser rods (Fig. 8.18b). With the simultaneous
tracking error in AY and AX, the focal spot moved upwards to the upper rod and
also to the right (Fig. 8.18c).

The normalized total multimode laser output power as a function of the AY and
AX solar tracking errors (from the optimal alignment to 0.35° tracking error) for
both the single and the dual-rod schemes and also for the 3.5 mm diameter, 25 mm
length Nd:YAG from the previous dual-rod scheme are shown in Fig. 8.19 [53].

In 2022, the first experimental results of tracking error compensation capacity
of a solar-pumped laser were demonstrated, with a largely enhanced tracking error
tolerance achieved by pumping two laser rods simultaneously [55]. A large aspherical
fused silica lens, with an input face of 46 mm radius of curvature and 84 mm diameter,
provided an efficient focusing of the concentrated solar radiation from the focal spot
of the parabolic mirror onto the two laser rods, mounted within two semicylindrical
pump cavities.

In Fig. 8.20 is presented a photograph of the dual-rod solar laser head and the two
laser power meters used to measure the solar laser output powers from each one of
the rods.

The altitude 7 and the azimuthal « position of the Sun were calculated in two
moments during the experiment: when the system was optimally aligned (7y), and
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Fig. 8.19 Normalized total multimode laser output power, from the optimal alignment (0.0°) of
the solar laser head, as a function of the AY and AX solar tracking errors, for the single and the
dual-rod schemes and also for the previous dual-rod scheme [53]. It is also shown the normalized
power for each laser rod from the dual-rod scheme (both upper and lower rod), as well the tracking
error width at 10% laser power loss (TEW¢q,)

after one minute (1), with the heliostat stopped [1]. The dual-rod side-pumping
tracking error compensation capacity was tested using two setups: one vertical (i.e.
the solar laser beams emitted vertically), and one horizontal (the laser beams emitted
horizontally). In Fig. 8.21 is shown the solar laser head and the schematics for two
maximum displacements of the focal spot, due to the solar tracking error in both
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Fig. 8.20 Photograph of the
solar laser head showing the
two Nd:YAG rods, the water
cooling scheme, the laser
resonator mirrors and the
laser power meters 1 and 2
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altitude and azimuth directions are presented, corresponding to the positions 1 and 3
in Fig. 8.21a—c, respectively. The optimal alignment is represented by the position 2
in Fig. 8.21b. In Fig. 8.21d is shown the normalized total solar laser power from the
left and the right laser rods, as well as the normalized solar laser power from each
rod.

With the tracking error in altitude, the pump flux distribution moved only slightly
along the laser rods of the dual-rod scheme. The largest tracking error occurred in
the azimuth direction, which displaced the pump flux distribution from the left rod
to the right rod. In Fig. 8.22 is presented the solar laser head and the schematics for
two maximum displacements of the focal spot due to the solar tracking error in both
altitude and azimuth directions in the horizontal setup, corresponding to the positions
1 and 3 in the Fig. 8.22a—c, respectively. The optimal alignment corresponds to the
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Fig. 8.21 The solar laser head and the schematics for a, ¢ two maximum displacements of the
focal spot due to the solar tracking error in both altitude and azimuth directions in the vertical setup,
corresponding to the positions 1 and 3; b optimal alignment of the focal spot, corresponding to the
position 2; d normalized total solar laser power for the left and the right laser rods

position 2 in Fig. 8.22b. In Fig. 8.22d is shown the normalized total solar laser power
from the upper and the lower laser rods, as well as the normalized laser power from
each laser rod. With the tracking error in altitude, the pump flux distribution moved
from the lower rod to the upper rod of the dual-rod scheme. The tracking error in
azimuth displaced the pump flux distribution along the rods.

The dual-rod side-pumping experiments resulted in a largely enhanced tracking
error tolerance, as shown in Fig. 8.23, where the vertical and the horizontal setups
presented a TEW g4, of 1.4° and 0.6°, respectively, and a more stable solar laser
emission as compared to the numerical models from a previous dual-rod scheme
[54].

In comparison with the other numerical dual-rod side-pumping solar laser, with
cylindrical lens and one pump cavity to each one of the laser rods in a hori-
zontal setup [53], the experimental dual-rod side-pumping had also shown a signifi-
cantly improved tracking error stability, as given in Fig. 8.24. The comparison with
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Fig. 8.22 The solar laser head and the schematics for a, ¢ two maximum displacements of the focal
spot due to the solar tracking error in both altitude and azimuth directions in the horizontal setup,
corresponding to the positions 1 and 3; b optimal alignment, corresponding to the position 2; d
normalized total solar laser power for the upper and the lower laser rods, as well as the normalized
laser power from each laser rod

the numerically calculated tracking error compensation capacity of the most effi-
cient experimental solar-pumped laser in an end-side-pumping configuration is also
represented [53, 71].

Both the vertical and the horizontal setups had shown a substantially improved
tracking error tolerance, providing a stable solar laser emission, even with large
tracking error displacements of the focal spot.
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Fig. 8.23 Normalized solar laser output power from the vertical and horizontal setups with no Sun
tracking, compared to the previous numerical results of the single-rod and the dual-rod side-pumping
using a small aspherical lens as secondary concentrator [54]
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Fig. 8.24 Normalized solar laser output power with vertical and horizontal setups with no Sun
tracking, compared to the previous numerical results of the solar laser approach using cylindrical
lens as secondary concentrator [53], and that of the most efficient end-side-pumping solar laser [53,
71]

8.6 [Example of Numerical Modeling of Solar-Pumped
Lasers with Tracking Error Compensation Capacity

8.6.1 Zemax® and LASCAD™ Analysis of the Tracking
Error Compensation Capacity Using Multi-Rod
Configurations

In this section, it will be given an example, based on modeling in Zemax® and
LASCAD"™ software, of numerical tracking error compensation capacity using a
multi-rod configuration with fused silica aspherical lens. Non-sequential ray-tracing
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is performed in Zemax® to analyze both the absorption efficiencies and the absorbed
pump distributions within the Nd:YAG laser rod, then this information is exported
to LASCAD"™ in order to analyze the solar laser output and its dependency on the
solar tracking error generated.

First, the primary solar concentrator composed of heliostat-parabolic mirror
combined need to be programmed. The heliostat tracks the Sun continuously and
reflects the solar radiation to the primary parabolic mirror. The combined reflectivity
of the two reflective mirrors can be assumed as 80%, and this combined heliostat-
parabolic system will be modeled to investigate a variation on the solar pumping
based on the variation of the Sun’s position. The primary mirror has 1.3 m diameter,
60° rim angle, 655 mm focal distance and 1.33 m? collection area. The divergence
of the solar rays between [30000, 40000] can be assumed for the circular source to
simulate the incoming solar radiation in Zemax® ray-tracing software, depending of
the diffusivity. Considering 950 W/m? terrestrial solar irradiation, the concentrated
light spot at the focus of the primary mirror can reach 1264 W.

In order to carry out the solar tracking error study of this solar laser system,
the altitude and azimuth variations from the optimally aligned solar laser system to
a certain amount of time need to be defined. For this case, the equations given in
the Sect. 8.1.1 can be used, choosing a specific day and time of measurement, so
that the other variables can also be determined to have a real coordinate variation
for the tracking error study of the solar laser system. Alternatively, a solar position
computer software, or algorithm, for tracing the sun is available as open source codes
on internet. As an example, it is presented a table with calculated values for a given
day and time of measurement, from [55]. In this way determining the values to be
introduced in the X and Y tilt variations of the light source on Zemax® software
for the simulations. In Table 8.1 is given time of measurement, latitude, declination,
hour angle, azimuth and altitude variations in the Sun’s position along one minute
for August 18.

The dual-rod solar-pumped laser can be studied as an example of multi-rod config-
uration, assembled with a large fused silica aspherical lens as a secondary concen-
trator. Figure 8.25 gives the key dimensions of the Zemax® simulation model to be
numerically tested.

Using the Table 8.1 and the values for the tracking error and solar irradiation condi-
tions, the dual-rod horizontal scheme can be tested for tracking error compensation

Table 8.1 Values used for

the calculation of the Variables Values (°)
variation in the Sun’s position fo 1
alllé)nfg orile minu(tle f;)r A:iugust ?(®) 38 38
, for the two dual-ro S

configurations used in the 8¢) 12.83 12.83
experimental measurements (°) 12.25 12.50
in [55] Ah(°) 0.03

Aa(®) 0.57
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Fig. 8.25 a Front view of the solar laser head model of the Nd: YAG dual-rod side-pumping scheme
and its key dimensions; b top view of the solar laser head

capacity, by inserting the calculated solar tracking errors at azimuth and altitude axis
in the tilt about X and Y in the solar source of the Zemax® non-sequential component
editor, respectively, simulating in this way a displacement on the solar pumping of
the laser rods due to the displacement of the solar source in both axis. In the Fig. 8.26
is given the pump flux absorption distribution of the solar laser head model of the
Nd:YAG dual-rod side-pumping scheme for the calculated solar tracking errors for
August 18, around midday.

Alternatively, the vertical configuration can be also tested, by inserting the calcu-
lated solar tracking errors at azimuth and altitude axis in the tilt about Y and X in the
solar source, respectively. In Fig. 8.26 is given the absorbed pump flux distribution
along the longitudinal cross-sections of both the laser rods in Zemax® software, for
the optimal alignment and two maximum displacements of the focal spot due to the
solar tracking error in both altitude and azimuth directions, for the horizontal and
vertical schemes. The larger tracking error in azimuth direction displaced the pump
flux distribution along the rods for the horizontal scheme. In the case of the vertical
scheme, the tracking error in azimuth direction displaced the pump flux distribution
from the left/right rod to the right/left rod.

The laser resonant cavity analysis and optimization of the laser output power
can be carried out using LASCAD"™ software. Through the adoption of a symmet-
rical laser resonant cavity, the multimode solar laser output power can be efficiently
extracted and analyzed. Different radius of curvature (RoC) and resonant cavity
lengths can be studied for several rod diameters and lengths. The maximized numer-
ical multimode solar laser output power for the dual-rod scheme was achieved with a
50 mm total length resonant cavity, being 10 mm as the separation lengths amongst
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Dual-rod scheme
(4.0 mm diameter, 30 mm length Nd:YAG rod)

Solar Ah=-0.03° Ah=0.0° Ah=0.03°
tracking error Ao.=-0.57° A0=0.0° Ao =0.57°

Vertical |
scheme

Fig. 8.26 Absorbed pump flux distribution along the longitudinal cross-sections of both the laser
rods, for the optimal alignment (Ah = 0.0°; A = 0.0°) and two maximum displacements (Ah =
0.03°; A =0.57° and Ah = —0.03°; Aa = —0.57°) of the focal spot due to the solar tracking error
in both altitude and azimuth directions, for the horizontal and vertical schemes

the end-mirror and the output mirror to the end-faces of the laser rod, and RoC = —
10 m for both mirrors, as shown in Fig. 8.27.

The solar laser output powers obtained for the tracking error study are presented
in Table 8.2.

The Zemax® and LASCAD"™ models presented in this section give numerical
results which corresponds to the obtained experimental data from [55]. Other inter-
mediate values of solar tracking error for that day can also be simulated, in this way

PR coating at ) PR coating at
1064 nm 4.0 mm diameter, 1064 nm
end-mirror 30 mm length output-mirror
(RoC=-10m) Nd:YAG rod (RoC=-10 m)

+ Ptk e Smich,
Ourge [Tacrg (0 = [T batween 10 =] ¥

7 ki Lol 7 Acyt Dbt ¥ M ey M « Exoal o~ ol Basem

Fig. 8.27 Symmetric laser resonant cavity for the solar laser output power in LASCAD"™ software:
10 mm was the separation lengths among the end-mirror and the output mirror to the end-faces of
the laser rod. It is also indicated the RoC’s used for the extraction of the solar laser
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Table 8.2 Numerically calculated laser output power influenced by the calculated solar tracking
errors for the dual-rod scheme in horizontal and vertical configurations

Solar tracking Configurations
error (°) Dual-rod horizontal scheme Dual-rod vertical scheme
Laser power (W) Total Laser power (W) Total
Nd:YAG | Nd:YAG POWEr I Nd:YAG | Nd:YAG power
Leftrod | Rightrod | (W) Leftrod | Rightrod | (W)
Ah = —0.03°
4.36 4.89 9.26 0.18 6.49 6.66
Aa = —0.57°
Ah =0.0°
6.91 6.92 13.83 6.91 6.92 13.83
Aa = 0.0°
Ah = 0.03°
4.89 4.36 9.26 6.49 0.18 6.66
Aa = 0.57°

plotting a graph to determine the tracking error width at 10% for a given solar laser
system for a specific day and time. Other experimental conditions for other days can
also be simulated.
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