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Output power improvement of solar pumped single
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The hollow reflector configuration filled with a fluorescent solution (FITC) as sensitizer is proposed to enhance the output
power of solar pumped single crystal fiber (SCF) lasers. A three-stage concentrator comprises parabolic mirror/off-axis
parabolic mirrors, 3D-CPC, and a hollow reflector housing the SCF. When the total sunlight-receiving area of the primary
concentrator is 1.2 m?, rays tracing demonstrates that a single- and dual-end-pumped Nd:YAG SCF (®1X 100 mm, 1 at.%
doping concentration) exhibit 21.29% and 17.31% enhancements in absorbed power, respectively, compared to
non-sensitized systems. In the single-end-pumped configuration, 104.58 W of solar power is absorbed by the SCF.
Numerical calculations indicate that the laser output power is 31.38 W, which is 14.32% higher than that of non-sensitized
systems. This provides an idea to further enhance the output power of the SCF lasers pumped by sunlight.
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1. Introduction

With rapid depletion of fossil fuel resources, solar
energy has emerged as prominent candidate for
sustainable alternative energy solutions [1-2]. The solar
pumped lasers (SPLs), representing an advanced
approach to solar energy conversion, have received
widespread attention owing to great prospects in space
laser communication, space solar power stations (SSPS),
and magnesium energy cycle, et al. [3-7]. With excellent
heat dissipation and high quantum efficiency [8-10], the
SCF is considered a promising laser medium for SPLs
[11]. Disc and slab also have good heat dissipation, and
have been acted as gain medium of solar-pumped lasers
[12-13]. In fact, with the advancement of SCF [14-15]
and its cladding fabrication technologies [16], SCF lasers
and amplifiers can achieve breakthroughs in laser power
and efficiency. SCFs with a diameter of approximately
Imm and a length of several hundred millimeters have
been fabricated using the laser heated pedestal growth
method [17].

Due to the divergence nature and broad emission
spectrum of solar radiation, the focus size of primary
solar concentrator is large, which leads to lower coupling
efficiency and lower output power of fiber laser pumped
by sunlight [18]. To improve the conversion efficiency of
solar pumped laser, several methods have been employed,
including efficient solar concentrator [19], multi-rod

configuration [20-21], and sensitizer ion doping [22-23],
etc. Due to the small end face of the fiber, the output
power of solar end-pumped fiber laser is very low, and
the side-pumping is often employed to improve the
output power [11]. To enhance the absorbed power of the
optical fiber, one approach is that the reflective cavity
coiled around the fiber is filled with an appropriate
fluorescent sensitization solution, which fluorescence
spectrum excited matches the absorption spectrum of the
rare-doped fiber. In 2017, T. Masuda et al. reported a
solar-pumped fiber laser configuration employing a
Nd-doped fiber (~40 m) coiled in the reflective cavity
with Rhodamine 6G (R6G). The excitation fluorescence
band (~580 nm) generated by R6G matched the
Nd-doped fiber’s absorption spectrum, and the results
demonstrated that R6G could improve the absorption
efficiency [24]. A solar side-pumped fiber laser was
demonstrated in 2019, and the simulation showed that the
output power could be increased from 29 mW to 150
mW when the fiber was dipped into R6G [25]. In 2020, a
solar side-pumped Nd-doped fiber configuration with
theoretical solar-laser conversion efficiency of 8% was
reported based on the R6G [26]. To our knowledge, it is
the highest conversion efficiency reported for solar
pumped laser. In the same year, this group reported a
solar-pumped Nd-doped fiber laser by comparing the
performance of a fully inorganic cesium lead halide
chalcogenide (CsPbBr,l;) with that of R6G as



Output power improvement of solar pumped single crystal fiber laser based on hollow reflector filled with sensitizing solution 485

sensitizers, and calculations indicated that the laser
output power obtained with CsPbBr,l;, was 2.7 times
higher than that achieved with the R6G sensitizer [27]. In
2023, A. A. Sherniyozov et al. reported that a 10.26%
increase in output power can be obtained if a 190 m fiber
was immersed in a reflective cavity filled with R6G
solution without a concentrator [28].

However, the absence of solar concentrators
significantly restricts the potential enhancement in output
power [24-28], and the excessive fiber length
significantly increases the total system expenditure. To
enhance the output power of solar-pumped SCF, a
cylindrical reflector filled with a sensitization solution is
proposed. The parabolic mirror or off-axis parabolic
mirrors act as the primary concentrator. Nd:YAG SCFs
are selected as gain medium owing to high thermal
conductivity and widespread application in laser system
[29]. The ray tracing shows that single-end-pumped
Nd:YAG SCF (®1x100 mm, 1 at. % doping
concentration) can improve the absorbed solar power of
the SCF by 21.29% compared to non-sensitized systems.
The calculated laser output power can be as high as 31.38
W, which is 14.32% higher than that of non-sensitized
systems.

2. Concentrator system for single- and dual-
end-pumped configurations

In solar concentration systems, transmissive
components like Fresnel lenses exhibit pronounced
dispersion that results in focal spot enlargement.
However, reflective concentrator without dispersion
characteristics, such as parabolic mirrors, are
increasingly employed as primary solar concentrator.
When the total sunlight-receiving area of primary
concentrator (parabolic mirror or off-axis parabolic
mirrors) and the radius of hollow reflector are 1.2 m? and
3 mm, the SCF’s absorption characteristics of single- and
dual-end-pumped SCF lasers are compared with. The
DDE (Dynamic Data Exchange) technology is used to
establish an information exchange channel between
Matlab and TracePro, which can greatly enhance the
design efficiency of solar concentrator for solar pumped
laser [19]. DDE technology is particularly important in
the process of multi-variable optical design. Therefore,
based on DDE technology, a simulated annealing
algorithm is used to optimize the parabolic mirror focal
length and 3D-CPC inlet radius to achieve that the
concentration efficiency of sunlight entering the hollow
reflector exceed 90%. A SCF (®1 mm x 250 mm, doping
concentration of 1 at.%) is placed on the central axis of
the hollow-column reflector. The sunlight is reflected
many times in the hollow reflector and absorbed by the
SCF, and the laser oscillation can be achieved. The
absorption characteristics of the SCF can be analyzed by
ray tracing based on Tracepro. The solar spectrum is
AMI.5, and solar irradiance is set to 1000 W/m* by

taking into account atmospheric absorption losses [30].
In the rays tracing, the number of rays is 200,000.

The configuration of single-end-pumped SCF laser
is indicated in Fig. 1(a). The concentrator system consists
of a parabolic reflector (R=620 mm, F;=1000 mm), a
3D-CPC, and a hollow cylindrical reflector. The SCF is
placed in a glass tube, which outer diameter, inner
diameter and a length are 0.8 mm, 0.65 mm and 100 mm,
respectively. The SCF is cooled by circulating water in
the glass tube. The hollow reflector is filled with FITC
(Fluorescein Isothiocyanate) fluorescent material, and the
inner wall of the reflector has high reflective film (98%)
to sunlight. The schematic configuration of the
dual-end-pumped SCF laser is demonstrated in Fig. 1(b).
Two same  off-axis  parabolic  mirrors  (the
sunlight-receiving area of each one is 0.6 m?), two
3D-CPCs and a hollow-column reflector make up the
dual-end-pumped concentrator system. The inner and
outer radii, the focal length F, of the off-axis parabolic
mirrors are 1480 mm, 2120 mm and 900 mm,
respectively.
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Fig. 1. Schematic configuration of solar single- and
dual-end-pumped SCF lasers (colour online)

Firstly, the absorption characteristics of SCF is
discussed when the reflector is not filled with fluorescent
sensitization solution. The sunlight spirally propagates
within the reflector, and the absorbed power of fiber is
the least when the fiber offset distance is 0. Therefore the
optimal position of fiber is placed at 2 mm offset from
the central axis to maximize the absorbed power of the
SCF. However, the optimal position of the SCF in
dual-end-pumped configuration is at 1.4 mm offset from
the central axis. The maximum absorbed power of
single-end-pumped and dual-end-pumped SCFs along the
length of the SCF is shown in Fig. 2. It is found that the
solar power absorbed by dual-end-pumped SCF has
always been higher than that of the single-end-pumping.
In single- and dual-end-pumped configurations, the
concentration efficiency of the sunlight entering the
hollow reflector is 91% and 94%, respectively. This
reason is that the sunlight-receiving area of one off-axis
parabolic mirror is only a half that of parabolic mirror
(12 m?%, leading to smaller focus and higher
concentrating efficiency of sunlight entering into hollow
reflector.
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Fig. 2. Pump power absorbed by the SCF along the fiber
length (colour online)

3. Improve absorbed power of SCF with FITC
fluorescent material

To further improve the solar power absorbed by the
SCEF, the hollow reflector is filled with FITC fluorescent
material [31-32]. The Nd:YAG SCF has five pump
absorption bands for sunlight spectrum, which are 530
nm, 580 nm, 750 nm, 810 nm and 870 nm [33]. The
interaction of sunlight and fluorescent material mainly
includes three processes of sunlight absorption,
excitation and fluorescence emission. The key criteria for
selecting fluorescent sensitized materials include high
fluorescence efficiency, and good spectral matching
between the emission spectrum and Nd:YAG's absorption
spectrum. The fluorescence efficiency of FITC material
is 92%. The absorption and reflection spectra of FITC are
shown in Fig. 3 [34-37]. The absorption spectrum of the
FITC fluorescent material is from 455 nm to 512 nm, and
the emission spectrum is located between 516 nm and
560 nm, which overlaps with the absorption band of the
Nd-doped SCF (~530 nm).
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Fig. 3. Absorption and emission spectrum of FITC
(colour online)

In single- and dual-end-pumped configurations, the
Fig. 4 shows the percentage increase in the absorption
pump power of SCF with fluorescent material in reflector,
compared to non-sensitized systems. At a length of 40
mm, the absorbed pump power of SCF increases by
24.15% and 19.38% in single- and dual-end-pumped
configuration, respectively. However, the improvement
effect of FITC fluorescent material decreases with
increasing fiber length. When the fiber length increases
to 100 mm, the absorbed pump power of SCF increases
by 21.29% and 17.31% in single- and dual-end-pumped
configuration, respectively. The incorporation of FITC
fluorescent material significantly improves in the
single-end-pumped configuration compared to the
dual-end-pumped systems.
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Fig. 4. Percent of power absorbed by SCF increases with
fiber length (colour online)

As an example, a solar single-end-pumped SCF (®1
X100 mm) is employed to calculate the laser output
characteristics. When the distance of the fiber offset from
the central axis varies from 0 mm to 2.2 mm, the optimal
fiber positions for single- and dual-end-pumped
configuration are 2 mm and 1.4 mm, respectively. Then,
the comparison of SCF’s absorption power in single- and
dual-end-pumped configurations with or without FITC
fluorescent material is shown in Fig. 5.
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Fig. 5. Comparison of SCF's absorption power under single-
and dual-end-pumped configuration (colour online)

In the single-end-pumped configuration, ray tracing
based on Tracepro shows that the maximum absorbed
power of SCF reaches 104.58 W at 2 mm offset from the
central axis with FITC, which enhanced by 21.29%
compared to 86.22 W of non-sensitized system. However,
the maximum absorbed power of dual-end-pumped SCF
is 104.51 W at 1.4 mm offset from the central axis with
FITC, which increased by 17.31% compared to 89.09 W
of non-sensitized systems.

4. Laser output characteristics
At steady state, rate equations and transmission

equations of solar pumped Nd:YAG SCF are given as
[38]:
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At steady state, the population densities in each
energy level does not vary with time, then there
is dn,(z,1)/dt=0 .
populations, and o is the

Where n, is the upper-level
quantum
efficiency. P, p denotes the solar power absorbed per
millimeter of the SCF based on ray tracing, and P, is

the signal optical power. K denotes the number of

absorption bands of Nd:YAG SCF within the solar
spectrum, and v, is the pump light frequency. Where
pt

S (Z) represent the signal power of forward (or

backward) transmission in the SCF, respectively, and
o denotes the loss of the signal light. Other relevant

parameters are shown in Table 1.

Table 1. Parameters for simulation of solar pumped laser

Symbol Parameter Value
Population densities of the 17, -3
R P total Nd ions 1.38x10""cm
Emission cross sections of 172
Tes the Nd:YAG SCF 3x10"em
T Upper state lifetime 2.3x107%
Cross-sectional area of the 2
A SCF 0.7854 mm
h Planck’s constant 6.626x10*
Vs Signal frequency 2.8195x10"*Hz

P (0)=R,P (0) and P (L)=R,P*(L) are the
boundary conditions for Equation (2). L is the length of
the SCF, and RZ(Z=L) denotes the reflectivity of the
output coupler. The reflectivity R, (Z = 0) of the other
cavity mirror is set to 100%.

Taking a Nd:YAG SCF (®1 X100 mm, 1 at%
doping concentration) as an example, the absorbed power
per millimeter of solar single-ended pumped SCF
with/without FITC sensitizing solution can be obtained
(Fig. 6). The absorbed power per millimeter along the
SCF decreases as the fiber length increases.
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Fig. 6. Absorbed power of SCF with/without FITC in
reflector (colour online)

Based on Comsol software, the temperature
distribution of SCF with FITC fluorescent solution can
be analyzed. The SCF is placed inside a hollow fused
silica glass tube, where the cooling water temperature is
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maintained at 20 °C. Based on MATLAB software, the
temperature distribution along the axial direction of the
SCF is shown in Fig. 7. The maximum temperature at the
input end of the SCF is 85.92 °C, while the temperature
drops to about 30 °C after a distance of 50 mm. The
radial temperature distributions of the SCF at positions 1
mm, 50 mm and 100 mm are given in the inset in Fig. 7.
The highest temperatures are all located at the axial
position of the SCF, and are 85.92 °C, 32.22 °C and
26.29 °C, respectively. The lowest temperatures of
76.27 °C, 30.43 °C and 25.37 °C are all located at the
surface of the SCF.
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Fig. 7. A Temperature distribution of SCF at different locations
in axial and radial directions (colour online)

Numerical analysis of the rate equations combined
with optical transmission modeling reveals the
dependence between the generated laser power and
incoming solar power of single-end-pumped SCF laser
with/without FITC, as presented in Fig. 8.
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Fig. 8. Relationship between output power and incoming solar
power for single-end-pumped configuration with/without FITC
Sfluorescent solution (colour online)

Without sensitization solution, the pumping
threshold, maximum output power, slope efficiency, and
solar-to-laser conversion efficiency are 164.64 W, 27.45
W, 2.65% and 2.29%, respectively, when the SCF’s
absorption power and R, are 86.22 W and 68%. With the
FITC fluorescence sensitizing solution in reflector, the
pumping threshold, maximum output power, slope
efficiency and solar-to-laser conversion efficiency are
15691 W, 31.38 W, 3.01% and 2.62%, respectively,
when the SCF’s absorption power and R, are 104.58 W
and 66%. With FITC fluorescent material in reflector, the
absorbed power and the output power improve by
21.29% and 14.32%, respectively, compared to
non-sensitized systems.

5. Conclusion

A approach to enhance the output power of
solar-pumped SCF lasers by the reflector filled with
fluorescence sensitizing solution is proposed. A three-
stage concentrator comprises parabolic mirror/off-axis
parabolic mirrors, 3D-CPC, and a hollow reflector
housing the SCF. The influence of hollow reflector
with/without the FITC fluorescence solution on the
absorbed solar power of Nd:YAG SCF (©1x100 mm, 1
at.%) are compared between single- and dual-end-
pumped configurations. Ray tracing with Tracepro shows
that the absorbed power of the dual-end-pumped fiber
reaches 104.51 W with a 17.31% improvement compared
to non-sensitized systems. The SCF’s maximum
absorbed power in single-end-pumped configuration with
FITC fluorescent solution is 104.58 W, which is 21.29%
higher than that of non-sensitized systems. The
simulations also demonstrate that the laser output power
and the solar-to-laser conversion efficiency of the SCF in
single-end-pumped configuration with FITC fluorescent
solution are 31.38 W and 2.62 %, respectively. The laser
output power is 14.32% higher than that of
non-sensitized systems. This approach provides an idea
to improve the output power or efficiency of
solar-pumped SCF lasers.
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