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Abstract— Uniform side-pumping can reduce the thermal stress of laser crystal rod and is an effective method
to achieve high power laser output. In order to realize the uniform side-pumping of the laser crystal rod, a
solar concentrating system based on plane mirrors and linear Fresnel lens array is proposed. Rays tracing
shows that the concentrating efficiency of solar concentrating system and the uniformity of the light spot
reach 66.5 and 98.5% with optimization. The temperature distribution in the laser crystal rod is calculated by
Comsol software. The results show the central temperature and the surface temperature of laser rod are 316
and 306 K, respectively. Base on solving the rate equations, the laser output characteristics are analyzed. The
laser output power and the solar-to-laser conversion efficiency are 88.5 W and 3.3%, respectively. This uni-
form side-pumping configuration provides the new method for developing high power solar-pumped solid-

state lasers.
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INTRODUCTION

Solar-pumped lasers can directly convert solar
energy into laser, which is one of the direct utilization
ways of solar energy. Nowadays, the research of solar-
pumped lasers has attracted a lot of attention. Solar-
pumped lasers have great applications prospects in
wireless power transmission, laser communication,
and energy utilization [1—4].

The laser output of solar-pumped laser was first
realized by experiment in 1963 [5]. Since then, the
development of solar-pumped lasers has made great
progress. Improving the output power, solar-to-laser
conversion efficiency and laser beam quality is the
development goal of solar laser [6—9]. The pumping
methods of solar solid-state lasers can be divided into
end-pumping and side-pumping. In end-pumping,
the pump light propagates along the axial direction of
the laser crystal, and a high pumping efficiency can be
obtained. But serious thermal effects will be produced
due to the inability to achieve uniform absorption of
the pump light, which will worsen the laser beam qual-
ity and eventually limit the laser output power. In
1975, J. Falk used a reflecting telescope system as solar
concentrator to end-pump the laser crystal and
obtained a laser output of 5.6 W [10]. In 1992,
D. Cooke also used a reflecting telescope system for
solar end-pumping of Nd:YAG and Nd:Cr:GSGG,
and obtained laser outputs of 1.7 and 3.2 W, respec-
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tively [11]. In 2007, T. Yabe used a Fresnel lens for
end-pumping of Cr:Nd:YAG and obtained a laser out-
put of 24.4 W [12]. In 2021, M. Ou designed a new
Fresnel lens for end-pumping of Nd:YAG, and this
hybrid Fresnel lens achieves a concentrating efficiency
of 73.2% at the end face of laser crystal with a radius of
3 mm [13]. Compared with the end-pumping, the
pump area of the side-pumping increases considerably
and uniform absorption of the pumped light can be
achieved, which can reduce the associated thermal
loading problems, and improve the beam quality and
laser output power [14—16]. In 2003, M. Lando
obtained a laser output of 45 W by solar side-pumping
Nd:YAG (@ 6 X 72 mm) [17]. In 2012, T.H. Dinh
obtained a laser output of 120 Wby using a Fresnel lens
and a conical cavity as solar concentrator for end-side-
pumping of Nd:YAG [18]. In 2014, C. Zhao obtained
a laser output of 27 W by using end-side pumping
method [19]. In 2015, D. Liang obtained a laser output
of 5.5 W TEM,, mode with a side pumping method
[20]. In 2017, they used twisted light-guide to achieve
the laser crystal rod uniform pumping of the sunlight
and finally obtained a TEM,, mode output power of
2.7 W [21]. In 2020, a 32 W TEM,,-mode side-
pumped solar laser was demonstrated based on para-
bolic mirror, rectangular hollow pipe and 2V-shaped
dry pump cavity [22]. In 2021, four off-axis parabolic
mirrors acted as concentrator to achieve side-pumping
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Fig. 1. Schematic diagram of linear Fresnel lens structure
(a) and Fresnel lens focusing principle (b).

of the Nd:YAG (® 7.5 X 84 mm), and laser output of
346.8 W was obtained [23]. In order to overcome the
low launching power, side-pumping method is also
used for the solar rare-doped fiber laser [24, 25] and
solar single crystal fiber laser [26].

In recent years, because the absorption spectrum
of Ce:Nd:YAG has high overlop over the sunlight
spectrum, it is acted as the gain medium to improving
the efficiency of solar pumped lasers. In 2021, C. Vis-
tas reported a solar pumped Ce:Nd:YAG laser [27].
When the incoming solar power was 600 W, the collec-
tion efficiency, solar-to-laser efficiency and slope effi-
ciency were 23.6 W/m?2, 2.8 and 4.4%, respectively. In
2022, J. Almeida used Ce:Nd:YAG as the gain
medium for a solar pumped laser [28], and the contin-
uous laser output and the slope efficiency were 40W
and 2.44%, respectively. In the same year, D. Garcia
conducted end-side pumping experiments on
Ce:Nd:YAG using sunlight [29], and the continuous
laser output reached 11.2 W and solar-to-laser effi-
ciency was 4.5%. D. Liang demonstrated a solar
pumped Cr:Nd:YAG laser with output power of
16.5 W, and the solar-to-laser conversion efficiency
and collection efficiency reached 4.64% and
41.25 W/m? [30]. In 2023, Z. Cai also conducted solar
side pumping experiments on Ce:Nd:YAG [31], and
26.93 W laser output was obtained with a slope efficiency
0f 6.33% and a collection efficiency of 38.8 W/m?.

To obtain high power laser output and good beam
quality, side-pumping is the preferred pumping
method. Side-pumping makes it easier to collect the
sunlight on the laser crystal surface, and the sunlight
can be uniformly distributed along the axial direction
of laser crystal, which can reduce the thermal load on
the laser crystal rod. Therefore, a new concentrating
system is developed for solar side-pumping based on
the combination of a plane mirror and a linear Fresnel
lens. Compared with the side-pumping method with
multiple linear Fresnel lens in [32], the difference are
as follows: (1) The sunlight focused by the Fresnel
lenses on two ends of gain medium can compensate for
each other; (2) the Fresnel lens are optimized to make

the sunlight converging on the laser crystal rod uni-
formly; (3) The concentrator system proposed in this
paper does not require the use of a spherical lens to
further compress the focused spot of the linear Fresnel
lenses, and the design of the laser head is simplified.
The simulation shows that sunlight can be uniformly
distributed on the laser crystal surface (66.5% of con-
centration efficiency and 98.5% of uniformity), which
can provide a design of a solar concentrating system
for high power solar-pumped laser.

ESIGN OF THE SOLAR CONCENTRATING
SYSTEM

Design of Sub-Concentration System

The whole concentrating system consists of an
array of plane mirrors and linear Fresnel lenses. Each
subsystem consists of seven linear Fresnel lenses and
seven plane mirrors. The incident sunlight is reflected
by the plane mirrors and is incident vertically on the
surface of the liner Fresnel lens. In order to improve
the concentrating efficiency, the Fresnel lens uses a
new type of twice total internal reflection Fresnel lens
[13], whose structure is shown in Fig. 1. The focal
length fof the Fresnel lens is 1050 mm, and D indicates
the distance from each prism of the Fresnel lens to the
central axis. The thickness ¢ of the Fresnel lens is
1.5 mm and the width a of the prism is 0.33 mm. The
angle 0 between the outer edge of the prism and the
horizontal direction is 45°, and /' is the height of linear
Fresnel lens.

Figure 2 shows the schematic diagram of a solar
concentrating sub-system. In the subsystem, the mid-
dle linear Fresnel lens is called as F,,. The linear Fres-
nel lens above F; are F,, F, and F;, and below F, are
F_,, F_, and F_;, respectively. The linear Fresnel
lenses F,, F,, Fs, and the linear Fresnel lenses F_, F_,,
F_; are symmetrically distributed to the linear Fresnel
lens F,. The laser crystal rod (® 6 x 100 mm) is
Nd:YAG and placed at the focal point of the linear
Fresnel lens F,. The length of the laser crystal rod is
the same as the height of the linear Fresnel lens. In
order to let the sunlight pass through the linear Fresnel
lens and converge on the side of the laser crystal rod,
the linear Fresnel lens except F, should be tilted at a
certain angle, which can make the converge sunlight of
the linear Fresnel lens besides F, complement each
other and achieve the uniform distribution of solar
power on the laser rod.

In Fig. 2, B, is the included angle of the plane mir-
ror in the vertical direction, and /; is the vertical dis-
tance from the lower edge of the plane mirror M;to the
lower edge of the plane mirror M,,. x; is the horizontal
distance from the lower edge of the plane mirror M, to
the linear Fresnel lens F;, H, is the vertical distance
from the center of the linear Fresnel lens F; to the cen-
ter of the linear Fresnel lens F,, and 4, is the distance
APPLIED SOLAR ENERGY  Vol. 60
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Fig. 2. Schematic diagram of a solar concentrating sub-
system.

from the lower edge of the linear Fresnel lens F, to the
lower edge of the linear Fresnel lens F,. 0; is the tilt
angle of the linear Fresnel lens F; in the vertical direc-
tion, and fis the focal length of linear Fresnel lens F,.
Since the Fresnel lenses F,, F,, F; and the Fresnel
lenses F_,, F_,, F_; are symmetric to the Fresnel lens F,,.
Only the positions of the Fresnel lenses F;, F, and F; need
to be calculated. The following equations can be obtained
according to the geometric relationship of Fig. 2.

'

L, = —sin6,, 1
2sm (D
H, =(f-L)tan®, )

h =H, —h'cose + ' 3)
2y

In order to obtain the Fresnel lenses without rays
blockage, the tilt angle 0, . | of the Fresnel lens can be
obtained as following.

n n
H, ——cos0;, + h'cos0;, + —cosH,,,
2 L@
f—Hh'sin®, — Esin 0,1

tan, =

For given the angle 6,, the positions of the other
linear Fresnel lenses can be obtained according to (4).
The focal length £, the height #' and the width W oflin-
ear Fresnel lens F, are taken as 1050, 100 and 648 mm,
respectively. When the tilt angle 0, of linear Fresnel
lens F, is 10°, through the expression (1)—(4), we can
get hy =179 mm, 6, = 15.6°, and 4, = 279.1 mm, 0; =
21.1°, h; = 385.7 mm. Meanwhile, the geometric rela-
tionship can be obtained from Fig. 2. Ifthe values of 0,,
h; and x; are given, the position of each plane reflector
can be obtained based on (5), (6).

0.
=450 5
B, ) (5)
[, = h + x; tan 3,. (6)
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Fig. 3. Irradiance map of crystal rod side.

Design of Laser Head

The laser head consists of the laser crystal rod, the
cooling water and the quartz tube. The laser head is
placed at the focal point of the linear Fresnel lens F,,.
The radius of laser crystal rod, the radius of cooling
water channel and thickness of quartz tube are 3, 4.5
and 1 mm, respectively.

With TracePro software, the concentrating effect of
the solar concentrating system can be analyzed by ray
tracing. In the simulation, two parameters of the con-
centrating efficiency and uniformity of light spot are
defined. The ratio of the irradiance flux (@,,) at the
output face to the irradiance flux (¢;,) at the input face
is called the concentrating efficiency, i.e.

Mo =Mx100%. @)
The uniformity of irradiance on the receiving sur-
face is expressed as [33]

AE = 1—M x100%. (8)
E +F

max ave

Here, E,., and E,,. are the maximum irradiance
and the average irradiance on the receiving surface,
respectively. The irradiance of crystal rod side was
shown in Fig. 3. When the power density of sunlight is
taken as 900 W/m? [34], the concentrating efficiency
and uniformity are 63.5 and 96%. It is found that the
laser crystal rod has high power density of sunlight in
the middle of laser rod and low power density at the
two ends, which will cause a serious thermal effect of
the laser crystal rod.

OPTIMIZATION OF THE CONCENTRATING
SYSTEM

In order to solve the problem of high solar power
density of in the middle of the laser crystal rod and low
at both ends. Each linear Fresnel lens is divided into
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Fig. 4. Concentration efficiency (a) and uniformity (b) change with n.

equal n segments and the side of the laser crystal rod is
also divided into n segments with same area. The focal
length of each segment of the linear Fresnel lens is dif-
ferent, the sunlight converged by each segment of the
linear Fresnel lens are distributed in a corresponding
area on the side of the laser crystal rod, thus achieving
a uniform distribution of the solar power on the side of
the laser rod.

When the initial value of # is taken as 10, and the
concentration efficiency of linear Fresnel lens F; is
69.7% with uniformity of 96.1% by ray-tracing; the
concentration efficiency of linear Fresnel lens F, is
68% with uniformity of 96.8%; and the concentration
efficiency of linear Fresnel lens F; is 65.2% with uni-
formity of 95.9%. In order to optimize the value of n,
the » increases from 5 to 40 to discuss the linear Fresnel
lenses F,, F, and F; of the concentrating efficiency and
light spot uniformity on the side of the laser crystal rod.

Figure 4 demonstrates that the concentration effi-
ciency and uniformity change with n. The results show
that the concentration efficiency of the linear Fresnel
lens hardly changes when # increases from 10 to 40,
and the fluctuation of uniformity does not exceed 1%,
so the optimal value of # can be considered as 10.

I _ Plane mirror

Linear Fresnel
lens

Quartz tube

______

Va

Laser

Coolin;
£ crystal rod

water

Fig. 5. The structure of the concentrating system.

Ultimately, the concentrating system of the solar-
pumped solid-state laser consists of 10 subsystems.
The laser head located in the center of the concentrat-
ing system, whose structure is shown in Fig. 5.

The effective area of the concentrating system
receiving sunlight is 4.5 m?, and the solar power col-
lected on the laser crystal side is 2712.6 W. The sun-
light passing through the quartz tube loses 68 W and
the cooling water absorbs 243.2 W of solar power. The
concentrating efficiency of the concentrating system
and the uniformity are 66.5, and 98.5% from the infor-
mation of irradiance, and the irradiance map of crystal
side is shown in Fig. 6. The results show that the uni-
form distribution of the concentrating sunlight on the
side of the laser crystal can be achieved.

THERMAL EFFECT ANALYSIS AND LASER
OUTPUT POWER CALCULATION

For uniform pumping solar laser, the heat gener-
ated by the laser crystal rod is
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Fig. 6. Irradiance map of the side of the laser rod.
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Qa = nheatnovpnap’ (9)
Then, the heat generated per unit volume is
0-4 (10)

R

MNneat 1S the part of the absorbed pump power that con-
verts into heat. 1, is the overlap of laser absorption
spectra and solar spectra and 1, is the absorption effi-
ciency. Pis pumping power. L and R are the length and
radius of the laser crystal rod, respectively. The tem-
perature of cooling water is set to 20°C. The surface
heat transfer coefficient, the heat load coefficient and
the concentrated solar power on the laser crystal side
are 0.69 W/cm? K, 0.46 [35] and 2712.6 W, respec-
tively. The temperature distribution in the laser crystal
rod is simulated by the Comsol software, and the result
is shown in Fig. 7. The temperature is 306 K at the
center of crystal rod end face and the surface tempera-
ture of crystal rod side is 316 K. The maximum ther-
mal stress in the laser crystal rod is 10.5 MPa, which is
18.6 times lower than the maximum thermal stress of

(@)

Output power, W
—_ D W B W N
oS O O O o O

o

70 80 90
Output mirror reflectivity, %

D
(==}

Output power, W

100

195.3 MPa generated by end-pumping with same
pumping power [36].

Nd:YAG is a typical four-level laser medium.
Based on the rate equation [37], the laser output power

is obtained as
(I)in _I;Q2ol —1n R)A),(ll)
2n

_ 2(1-Rm
1+ R)(Qol—-1nR)

where N = NNsNENTMovpNas the quantum efficiency
(Mo) [37], Stokes factor (ng) [38], beam overlap effi-
ciency (M) and transfer efficiency (1) are 0.9, 0.62,
0.91 and 0.85, respectively. The overlap between the
absorption spectrum of the laser medium and the solar
emission spectrum (1,,,) is 0.16, and the absorption
efficiency (n,) is 0.837. 1 is 0.0566 and scattering coef-
ficient ot is 0.003 cm™! for the 1.0 at % Nd:YAG [39].
1, is the saturation intensity of the laser.

The size of Nd:YAG crystal rod is @ 6 X 100 mm
and the Nd dopant concentration is 1.0 at %. The rela-
tionship between laser output power and output cavity
mirror reflectivity is shown in Fig. 8a. Figure 8b
demonstrates the relationship between laser output
power and pump solar power, and the pumping
threshold is 668.1 W. The maximum laser output
power reaches 88.5 W, and the slope efficiency and the
solar-to-laser conversion efficiency are 4.3 and 3.3%
when the output cavity mirror reflectivity of the reso-
nant cavity is 83.5%.

out

CONCLUSIONS

The uniform side-pumping of solar laser can effec-
tively reduce the thermal load on the laser crystal rod
and obtain high power laser output. In this paper, the
plane mirrors and the linear Fresnel lens array are used
to design the solar concentrating system, which con-
sists of ten subsystems. Ten subsystems are symmetri-
cally distributed around the laser crystal rod. Each
subsystem has seven layers of linear Fresnel lenses and
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Fig. 8. Laser output power changes with the output cavity mirror reflectivity (a) and solar power (b).
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plane mirrors. The incident sunlight is reflected by the
plane mirrors and pass through the surface of the lin-
ear Fresnel lenses vertically. The other linear Fresnel
lenses are symmetrical about the linear Fresnel lens
F,, which ensures that the concentrating sunlight is
distributed uniformly along the axis of the laser crystal
rod. The effective solar collection area of the concen-
trating system is 4.5 m?, and 2712.6 W of solar power is
collected on the side of the laser crystal rod. With the
optimal design, the uniformity of sunlight power dis-
tribution on the laser crystal rod side and the concen-
trating efficiency of the concentrating system are 98.5
and 66.5%. The temperature distribution in the laser
crystal rod is calculated by using Comsol software.
The results shows that the highest temperature at the
center of the laser rod end face is 316 K and the tem-
perature of laser rod side is 306 K. Finally, by solving
the rate equation, it is found that the laser output
power is 88.5 W and the slope efficiency is 4.3%. Base
on the linear Fresnel lens array, uniformly pumped
solar laser is achieved, which provides a design
method of solar concentrator for high-power solar
pumped lasers.
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