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Abstract: The solar laser power scaling potential of a side-pumped Ce:Nd:YAG solar laser through a
rectangular fused silica light guide was investigated by using a 2 m diameter parabolic concentrator.
The laser head was formed by the light guide and a V-shaped pump cavity to efficiently couple and
redistribute the concentrated solar radiation from the parabolic mirror to a 4 mm diameter, 35 mm
length Ce(0.1 at.%):Nd(1.1 at.%):YAG laser rod. The rectangular light guide ensured a homogeneous
distribution of the solar radiation along the laser rod, allowing it to withstand highly concentrated
solar energy. With the full collection area of the parabolic mirror, the maximum continuous wave
(cw) solar laser power of 40 W was measured. This, to the best of our knowledge, corresponds to the
highest cw laser power obtained from a Ce:Nd:YAG medium pumped by solar radiation, representing
an enhancement of two times over that of the previous side-pumped Ce:Nd:YAG solar laser and
1.19 times over the highest Cr:Nd:YAG solar laser power with a rectangular light-guide. This research
proved that, with an appropriate pumping configuration, the Ce:Nd:YAG medium is very promising
for scaling solar laser output power to a higher level.
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1. Introduction

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

The first laser emission achieved by pumping an active medium with solar energy
was reported by Kiss et al. in 1963, based on a calcium fluoride crystal doped with
a divalent dysprosium (Dy?*:CaF,) medium, reaching the continuous wave (cw) laser
action at 2.36 um [7]. Thenceforth, optical pumping designs and active media have been
investigated for solar-pumped lasers. Between the late 1970s and early 2000s, gas [6,8,9],
liquid [10], and solid [11-13] active media have all been evaluated as potential candidates
for solar-pumped lasers. Still, this research has essentially converged in the use of bulk
solid-state optical gain media, namely the yttrium aluminum garnet (Y3Al501;) doped with
the rare earth ion neodymium (Nd3*) [14-27]. The favorable spectroscopic characteristics
of the Nd>* active ion and optomechanical properties of the YAG host material [28], in
conjunction with the advances in the optical pumping designs, have contributed to the
progress of solar-pumped lasers performances [14-24]. Nevertheless, Nd>* is not an ideal
dopant for solar-pumped lasers due to the low spectral overlap of the Nd>* absorption
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spectrum with the blackbody-like solar emission spectrum, imposing limits to the efficiency
of solar-powered lasers.

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

The mechanisms of energy transfer between Ce3* and Nd** ions have also been stud-
ied for some time using dye lasers [33], lamps [34-36], LEDs [37], and laser diodes [38]
as pumping sources. Still, the experimental evaluation of the Ce:Nd:YAG performance
under broadband solar pumping is in its early stages [25-27]. The first solar laser experi-
ment using a Ce:Nd:YAG laser medium was performed in 2020, by end-side-pumping a
Ce(0.05 at.%):Nd(1.0 at.%):YAG rod of 5 mm in diameter and 30 mm in length at the
medium size solar furnace (MSSF) of PROMES-CNRS [25]. The Ce:Nd:YAG rod emitted a
6.0 W cw laser power at an incoming solar power of 964 W. However, at higher solar power
levels, the Ce:Nd:YAG laser power dropped abruptly, followed by a fracture of the laser rod
in its upper-end region, where most of the solar rays were focused [25]. To try to minimize
this problem, side-pumping configurations were adopted in the most recent Ce:Nd:YAG
solar lasers [26,27]. Side-pumping is suitable for laser power scaling since it spreads the
concentrated solar energy along the laser rod axis, minimizing the thermal load problems.
For 1125 W of incoming solar power at the MSSF of PROMES-CNRS, the maximum cw solar
laser power of 19.6 W was emitted by a side-pumped 4 mm diameter and 35 mm length
Ce(0.1 at.%):Nd(1.1 at.%):YAG laser rod [27], corresponding to an increase of 3.27 times in
relation to that of the previous end-side-pumped Ce:Nd:YAG solar laser through the same
solar facility [25]. For efficient side-pumping of the Ce:Nd:YAG laser rod, a fused silica
aspherical lens was used as a secondary concentrator [27]. However, this resulted in an
uneven light distribution along the laser rod, which led to its fracture when adding more
incoming solar power.

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

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

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

Figure 2 illustrates the energy level diagram of Ce:Nd:YAG and the transfer mechanism
between the Ce®* and Nd>* ions. When pumping Ce:Nd:YAG with broadband radiation,
with wavelengths centered around 339 nm and 460 nm, the Ce3* ions are excited from the
2F5,, ground state level to the pump bands of 5d; (2B1g) and 5d; (zAlg), respectively. The
excited electrons in the 5d; (2B1g) pump band then relax non-radiatively (dashed black
line) to the lower 5d; pump band and further decay radiatively to the 2Fs,, ground state
(solid green line). Since the absorption spectrum of Ce:Nd:YAG is quite broad, a strong and
broad emission luminescence centered at 531 nm occurs (Figure 1b), which overlaps with
the strong peak absorptions of Nd** in the green and yellow spectral region (Figure 1c).
Therefore, a radiative transfer mechanism takes place between the 5d1(2A1g) — 2F;5 /2 and
19,2 — %Gy, transitions of Ce** and Nd>* ions, respectively, through a cross-relaxation
process [33-35,38], as indicated by the pathway (1) of Figure 2.
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Figure 2. Energy-level diagram representing the energy transfer between Ce3* and Nd3* ions in
the Ce:Nd:YAG material, adapted from [35]. (1) Radiative energy transfer pathway through cross-
relaxation; (2) Quantum cutting down conversion pathway.

Another energy transfer mechanism may also occur, based on a quantum cutting
down-conversion process [35,42], as represented by pathway (2). This process implies
that two NIR photons could emit from one absorbed visible (VIS) photon. Its occurrence
is possible in Ce:Nd:YAG due to the excitation of Ce®* to the higher 5d; (2A1g) energy
level, whose transition to the 2F5,, ground-state level has approximately twice the energy
difference between the *F; /2 and 44 /2 levels of the N ds-.

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

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

For the solar laser experiments, the Ce:Nd:YAG solar laser head, along with the
resonant cavity, was fixed on a mechanical support with automatic X-Y-Z axis calibration
at the focal zone of the MSSF, as shown in Figure 3b. The incoming solar power was
regulated by a shutter with motorized blades. When the shutter was totally open, a 2.48 m?
effective collection area was measured for the maximum diameter of the parabolic mirror.
All the shadow effects in the MSSF caused by the space between the flat mirrors of the
heliostat, the shutter blades, the laser head, and respective mechanical supports, have been
accounted for.
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Figure 3. (a) Design of the PROMES-CNRS solar facility. (b) Photograph of the Medium Size Solar
Furnace (MSSF) and the solar laser head mounting.

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

A schematic design of the laser head is given in Figure 4. It is composed of a rectangular
fused silica light guide and a two-dimensional (2D) V-shaped pump cavity, within which
the Ce:Nd:YAG laser rod was fixed, being actively cooled by water.

(a) (b)

Light distribution at the Absorbed pump distribution reflector
light guide input aperture along the laser rod

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

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

To produce the light guide, a fused silica slab of 99.995% optical purity with
14 mm x 22 mm x 75 mm dimensions (supplied by Beijing Aomolin Ltd., Bejing, China),
was ground and polished to the final dimensions abovementioned. The side surfaces of
the light guide were slightly inclined to ensure its easy mechanical attachment to the laser
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head. The 2D-CPC sidewalls of the light guide provided effective coupling of the solar rays
to the laser rod. It is also worth noting that the direct cooling of the laser rod with water is
of utmost importance to prevent the laser rod from UV and IR heating. A water flow rate
of about 6 L/min was adopted in the present work, which was essential to dissipate the
heat within the laser head.

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

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

“HR 1064 nm
mirror holder

HR 1064 nm Light g@i holder

Figure 5. Photograph of (a) the Ce:Nd:YAG solar-pumped laser head with the laser resonator and
(b,c) the detailed view of the Ce:Nd:YAG laser medium in the experiments. HR, high reflection; PR,
partial reflection.

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

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

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

40

2.78%

‘Nd:YAG solar laser power (W)

Ce
N
T

0 1 "
0 400 800 1200 1600 2000 2400 2800
Incoming solar power (W)

ED=138m ED=160m OD=178m ED=20m

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

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

As observed in Figure 6, the variation of the solar concentrator diameter strongly
influenced the laser performance of the Ce:Nd:YAG medium. It performed better with a
lower D = 1.38 m, started to emit a laser at a minimum incoming solar power of 578 W, and
reached a laser output power of 17.4 W at an incoming solar power of 1154 W. The slope
efficiency of 3.01% was hence calculated in this case. M% ~ sz ~ 38 laser beam quality
factors were also registered with D = 1.38 m. These results were slightly worse than that
of the most recent Ce:Nd:YAG laser rod with a fused silica aspherical lens as a secondary
concentrator, tested under similar pumping conditions, through which a 19.6 W cw laser
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power and 3.03% slope efficiency were measured [27]. The use of the aspheric lens helped
to preserve the concentrated solar radiation profile, thus allowing to a certain extent a more
effective side-pumping of the laser rod. However, at incoming solar powers greater than
1125 W, the non-uniformity of the absorption profile of the Ce:Nd:YAG laser rod led to its
fracture [27], which means that the laser rod could not withstand more than 43% of the
total incoming solar power of the MSSF. On the contrary, with the use of the light guide
as a secondary concentrator, the Ce:Nd:YAG solar laser remained operational even with
the maximum collection area of the MSSF, as shown in both Figure 6 and Table 1. Despite
the decrease in slope efficiency to 2.44% and the deterioration of the laser beam quality to
M2, ~ 52, M2y ~ 54 factors with an increasing collection area, a 40 W cw solar laser output
power was reached for D = 2 m, without damaging the Ce:Nd:YAG laser rod. This was the
highest laser power achieved with the Ce:Nd:YAG laser medium pumped by broadband
solar radiation, being twice that obtained by the previous side-pumped Ce:Nd:YAG solar
laser [27]. It was also 1.19 times more than the maximum solar laser power emitted from a
side-pumped Cr:Nd:YAG laser rod using light guide [22].

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

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

Effective collection area 1.09 m?2 1.53 m? 1.93 m? 2.48 m?
Maximum incoming solar power 1154 W 1559 W 2033 W 2600 W
Minimum threshold solar power 578 W 657 W 795 W 943 W

Maximum laser output power 17.35 W 2513 W 31.80 W 40.01 W
Slope efficiency 3.01% 2.78% 2.59% 2.44%
M?2,, M2, factors 38,38 — — 52, 54

5. Conclusions

The potential of the Ce:Nd:YAG laser medium for solar laser power scaling was
evaluated at the MSSF of PROMES-CNRS. The adoption of the side-pumping configuration
with a rectangular light guide ensured a uniform pump light distribution along the laser
rod. Thanks to this, the 4 mm diameter and 35 mm length Ce(0.1 at.%):Nd(1.1 at.%):YAG
rod demonstrated a remarkable resistance to highly incoming solar powers, compared to
the previous Ce:Nd:YAG solar lasers [25,27]. By using the total incoming solar power of
the MSSF, a 40 W cw solar laser power was registered. As far as we are aware, this was the
highest laser power level reported from a solar powered Ce:Nd:YAG laser medium, being
two times more than that from the most recent Ce:Nd:YAG laser rod side-pumped with an
aspheric lens secondary concentrator at the MSSF [27]. It was also the highest side-pumped
solar laser power through light guide [20-22]. Therefore, the side-pumping of the laser rod,
with the help of the fused silica light homogenizer, proved to be a good solution for scaling
the solar laser power with the Ce:Nd:YAG laser medium.

In future work, either side-pumping or end-side-pumping configurations with light-
guides could be employed for the simultaneous pumping of several Ce:Nd:YAG laser
rods of smaller diameters within a common pumping cavity. The highly concentrated
solar radiation could hence be evenly shared by the several laser rods, ensuring not only a
substantial alleviation of the thermal lensing effects in solar-powered lasers [19], but also a
significant rise in solar laser conversion efficiency. This may pave the way of Ce:Nd:YAG
solar laser research into a new phase of development in terms of efficiency, laser beam
quality, and stability at higher power levels.
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