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Abstract: We have developed a fully planar solar-pumped fiber laser using a solid-state
luminescent solar collector (LSC). This laser does not use any focusing device, such as a lens
or mirror; thus, it can lase without tracking the sun. Our developed device with an aperture
of 30 cm emits 15 mW, corresponding to an optical-to-optical conversion efficiency of 0.023%
and a collection efficiency of 0.21 W/m?. A 12-fold improvement over a previously developed
liquid LSC is achieved by combining the total internal reflection of the solid-state LSC with
dielectric multilayer mirrors. The observed laser power is in good agreement with that predicted
via numerical simulation, demonstrating the effectiveness of our proposed method.
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1. Introduction

Solar pumped lasers (SPLs) are optically pumped lasers that use natural sunlight as a pump source.
Oscillation through various media, including gas, liquid and solid media, has been reported thus
far, but the current mainstream research is on solid-state lasers using the trivalent neodymium
ion (Nd**) as the laser medium due to its high optical-to-optical conversion efficiency [1-7].

Potential applications of SPLs are expected in the energy field. For example, the conversion
of sunlight into coherent laser light can generate high temperatures beyond the thermodynamic
limit, and a Mg/MgO energy storage concept has been proposed [8]. Since the thermal relaxation
loss is minimal for monochromatic light with wavelengths close to the bandgap of a silicon
photovoltaic device, a highly efficient optical wireless power transmission (OWPT) based on the
solar-pumped fiber laser has been proposed [9,10]. In addition, laser light can be converted to
ultraviolet (UV) light via nonlinear crystals; thus, the combination of SPL with photocatalytic
water splitting, which is efficient in UV [11,12], can enhance its overall efficiency of hydrogen
production. The very simple structure of the SPL, which in principle has neither active electronics
nor moving parts, has advantages over other lasers, especially in space. There are numerous
proposed extraterrestrial applications, such as propulsion [13], power transmission [14,15] and
communication [16,17].

The challenge with conventional SPLs is that the pump light source, sunlight, is incoherent
white light that requires tight focusing to achieve sufficient population inversion in the laser
medium. For this reason, all SPLs published to date have relied on a primary concentrator
comprised of a large lens or mirror [18]. In turn, this requires precise tracking of the sun to
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maintain illumination of the laser medium [19]. These issues are notable obstacles to the practical
application of SPLs.

To address this fundamental problem of SPLs, we have proposed an SPL without condenser
optics. The schematic of the “fully planar solar-pumped fiber laser (SPFL)” is shown in Fig. 1.
The basic principle of this laser is described as follows: An Nd3*-doped active optical fiber is
contained in a thin, bowl-shaped housing, which is made entirely of highly reflective mirrors
(HRM). In addition, the surface facing the sun is a dichroic mirror (DM) that transmits shorter
wavelengths and reflects longer wavelengths. The housing is filled with a liquid sensitizer in
which the fiber is immersed. Sunlight transmitted through the dichroic mirror is absorbed by the
sensitizer and fluoresces at wavelengths longer than the absorbed wavelength. Because the cutoff
of the dichroic mirror is set shorter than the wavelength of the fluorophore, fluorescence cannot
exit the housing and travels back and forth within the housing until it is absorbed by the fiber.
The active fiber then generates gain, and the laser oscillates.

Sunlight

Dichroic mirror

Mirror 1 4 = N\ Mirror 2

HR mirror
Dye solution

Fig. 1. Schematic drawing of a fully planar SPFL

Based on this principle, we previously fabricated a device with a diameter of 30 cm [20].
Initial studies showed that the population density of the lower laser level I /2) of Nd3* jons at
room temperature interfered with the positive gain generation [21]; thus, the entire device was
cooled below —30°C by conductive cooling. Furthermore, the simulation calculations showed
that the maximum output power was achieved at a fiber length of 10 km for a 30 cm diameter
device [22]; however, the fiber length was limited to 190 m due to budget constraints. Therefore,
this experimental device was a proof-of-principle device. As a result of the above experiments,
a maximum laser power of 1.3 mW was obtained [20]. Since the sunlight power density at
the Earth’s surface is 1 kW/m?, the incident power can be calculated to be 70 W; thus, the
optical-to-optical conversion efficiency is only 2 x 107> To our knowledge, this is the first time
that an SPL has been successfully oscillated without a “hard” focusing device, such as a lens or a
mirror.

2. Methods
2.1.  Current challenges of the fully planar SPL

The main reason for the low optical-to-optical conversion efficiency is the short fiber, as mentioned
above; however, there are two additional issues that need to be addressed. One is the use of an
organic dye (Rhodamine 6 G) that fluoresces orange as a sensitizer such that the cutoff of the
dichroic mirror is set at 570 nm [20], removing a significant portion of the spectral components
of sunlight. The other issue is that the top layer of the dielectric multilayer coating of the DM and
HRM needs to be in contact with a liquid that has a refractive index closer to that of the dielectric;
thus, in principle, high reflectivity cannot be achieved, and photon confinement is impeded.
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To address the first problem, we plan to use and develop perovskite quantum dots as sensitizers
instead of organic dyes. We have already demonstrated the tunability of the fluorescence
wavelength in preliminary experiments, and laser oscillation was accomplished under 50x
sunlight with a primary concentrator [23]. To address the second problem, we then propose the
use of solid-state LSCs [24,25]. Figure 2(a) and (b) shows a cross section of a fully planar SPFL
with a conventional configuration and using a solid-state LSC, respectively. To aid the reader’s
understanding, Fig. 2(c) shows the components of the new SPFL disassembled and viewed from
an angle.

(a) DM

Sensitizer solution

1.5mm [ soneme SRR

Fiber bundle

HRM

(b) PTFE ring DM
Sensitizer film

/Quartz substrate
2.5mm —_—-. =
T Fiber bundle

HRM

(c)
DM

Fiber bundle

Sensitizer film

PTFE ring

HRM
Cooling plate

Fig. 2. (a) Cross-sectional view of a fully planar SPFL using a liquid LSC (conventional). (b)
Cross-sectional view of a fully planar SPFL using a solid-state LSC (proposed). (c) Structural
drawing of the new SPFL.

In the conventional configuration, the active fiber is immersed in a liquid; conversely, in
our proposed system, the fiber is attached to a quartz substrate with an optical adhesive. On
the opposite side, the LSC is coated with a fluorinated polyurethane film impregnated with a
sensitizer. The DM/HRM is the same as in the liquid LSC; however, its confinement efficiency
is dramatically improved when the top layer of the dielectric multilayer is in contact with air.
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Although efficient light confinement is expected from total internal reflection (TIR) between the
LSC and air [26], previous research has shown that DM/HR is a necessary component, with 40%
of all photons confined by TIR, while the remaining 60% are confined by DH/HRM [25].

2.2.  Configuration of the solid-state LSC

The solid-state LSC fabricated in this study consisted of a 30cm diameter, 1.0 mm thick
fused quartz plate, with the coiled fiber attached to it using InvisiSil OP1012 optical adhesive
(Momentive), and a thin film sensitizer layer. The optical fiber was the same as that used
in previous studies (Furukawa Electric) [20,21], with a core diameter of 16 um and a Nd3+
concentration of 0.5 at%. Before attaching the fiber to the substrate, the protective resin layer
was removed, leaving the 125 um diameter cladding exposed.

The sensitizer film was applied to the substrate as follows. The fluorinated polyurethane
host was prepared using the polyol Lumiflon (AGC Chemicals) and isocyanate Duranate (Asahi
Kasei). The two components were mixed (NCO/OH = 1) by magnetic stirring. Then, Lumogen
F Orange 240 and Yellow 083 (BASF) dyes were dissolved in chloroform (FUJIFILM Waco
Pure Chemical) and admixed to the host. The concentrations on the host were 0.39 mg/g (0240)
and 0.79 mg/g (Y083). The compound was blade-coated on the substrate at a desired thickness
(approx. 200 um). After casting, the film is left in a dark, ventilated environment for the next
48 hours to allow the solvents to evaporate and the polyurethane to cure. The resulting film
thickness was approximately 80 um, and the optical density at 532 nm was 0.6. For further details
of the dye film, refer to previous studies [24,25].

Figure 3 shows the absorption and emission spectra of the dye film. Their magnitudes are
normalized to their peak values. The black plot is the reflectivity of the DM at normal incidence.
The quantum yield of the dye film was measured using a 532 nm laser as the pump source. The
measured value was 75 + 2%.

_I —Absorption —Emission —DM reflectivity

0.8

0.6

0.4

Normalized intensity

0.2

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 3. Absorption and emission spectra of the dye film. The black line shows the DM
reflectivity.

A polytetrafluoroethylene (PTFE) ring was placed on the side of the LSC and sandwiched
between the DM and the HRM. The HRM of the liquid LSC had a bowl shape due to the need to
keep it watertight, creating technical difficulties in applying a highly reflective dielectric layer on
the sides. Since a previous study showed that a diffuse side reflector could achieve 90% of the
performance of specular reflectors [25], a combination of a flat HRM and a PTFE ring was used;
this also functioned as the support of the DM, providing the necessary clearance between the
DM and HRM.
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In this study, two disks were fabricated: one with a fiber length of 105 m and the other with
a fiber length of 290 m. The disk with the shorter fiber length was a prototype to learn the
technique for designing, fabricating, and conducting experiments with a solid-state LSC. A disk
with approximately three times the fiber length was subsequently fabricated and tested outdoors,
but a fiber inside the disk was accidentally broken before sufficient data could be obtained.

2.3. Experimental setup

In this study, small-signal gain measurements and laser oscillation experiments were performed
on a fully planar SPFL with a solid-state LSC using natural sunlight as the pump source.

The gain measurement setup is shown in Fig. 4. A fiber-coupled superluminescent diode (SLD,
Thorlabs SFC1050P) was injected into the active fiber at one end, and the emitted light was
received at the other end by a fiber spectrometer (Ocean Optics NIRQuest). A(A) is the spectral
intensity of the probe signal measured by the spectrometer with solar illumination, and B(1)
is the spectral intensity without solar illumination. Since the spontaneous emission from the
sunlight absorbed by the active fiber contributed a significant fraction of the measured intensity of
A(A), we measured the spectral intensity of the spontaneous emission by turning off the SLD and
illuminating the sunlight. C(A) is this spectral intensity. In this case, the following relationship is
obtained:

A(D) - C(D)
B(1)

This relationship is the one-pass differential gain of the SPL; however, it is not the net gain
because the attenuation of the probe light due to fiber loss is not considered. However, this
expression is useful as a simple gain measurement method.

G() = 6]

Sunlight
Iris Pyrheliometer

Spectrometer

Pyranometer

v\) 2-axis stage

Fig. 4. Schematic drawing of the gain measurement setup.

The setup for the laser oscillation experiment is shown in Fig. 5. The optical resonator consisted
of a highly reflective mirror M1 and a partially transmissive mirror M2; M1 was a dichroic mirror
with transmission at 808 nm. The fiber was terminated with a ferrule connector (FC)-type fiber
receptacle that contacted the mirror to form a pigtail resonator [27]. The advantages of pigtail
resonators are that the transmittance of M2 can be changed easily, quickly, and nondestructively
(without splicing the fiber). The scattering loss of the pigtail mirror was reported to be 0.07 dB
[27], which was comparable to the splice loss of a single-mode fiber.

The loss in the pigtail mirror was sensitive to the distance between the fiber end and the mirror.
Therefore, before performing solar pumping experiments, the laser was longitudinally pumped
by an 808 nm laser diode (LD) from M1, and the relative positions of the mirror and connector
were adjusted to minimize resonator loss. The LD was then turned off, sunlight was irradiated
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Fig. 5. Schematic drawing of the laser oscillation experiment setup.

from the front of the disk, and the laser output was measured with an optical power meter (ADC
82311B) placed at the M2 end.

The apparatus was rotated by a 2-axis manual stage such that it always faced the sun.
Adjustments were made immediately before the experiment, and the apparatus was fixed during
the experiment (several minutes). Direct solar irradiance was measured with a pyrheliometer
(EKO MS-57). It varied from day to day and ranged from 850 to 950 W/m?. Moreover, the
total irradiance, including the diffuse part of sunlight, was measured with a pyranometer (EKO
ML-02) installed on the surface of the 2-axis stage (tracking the sun). It also varied from day
to day, ranging from 900 to 1000 W/m?. For both the small signal gain and laser oscillation
experiments, a variable iris was installed to partially block the aperture and adjust the irradiated
solar power.

In both experiments, the temperature of the fiber disk was kept between —40 °C and —45 °C
by a copper cooling plate chilled by a dry ice-methanol refrigerant, which was attached to the
bottom surface of the chamber (see Fig. 1).

The most prominent feature of the fully planar SPFL is that it does not require solar tracking.
In fact, the power received by the device decreases by a factor cosf, where 6 is the angle between
the sun and the DM normal, and is maintained over 90% within +26 degrees. To confirm this,
we performed the experiment shown in Fig. 6. A Xe lamp (Photoron HVC-SL) was suspended in
the air, and the SPFL was placed 1 m below it. The irradiance of the Xe lamp is 440 W/m? at the
center of the SPFL with an e-folding radius of 14 cm. The SPFL can be tilted to any angle around
its centerline. The differential gain was measured in the same way as in the outdoor experiment.

6 Spectrometer

Fig. 6. Setup for irradiation angle insensitivity test.
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3. Experimental results

3.1.  Small-signal gain measurement

Figure 7 shows the results of the small-signal gain measurements. The horizontal axis is the
direct solar power incident on the DM, and the vertical axis is the one-way differential gain. The
active fiber used in this study has a broadband gain in the range of 1050 to 1130 nm, with a peak
near 1064 nm [25]. The vertical axis of the graph represents In(G) = yo ! at 1064 nm, where y is
the small signal gain coefficient and / is the fiber length. The red circle plots show the results for
the 105 m-long fiber, and blue square plots show the results for the 290 m-long fiber.

1.6

0290 m

14 110105m y = 0.0201x

1.2
1.0
0.8
0.6 y = 0.0078x

0.4 S

Differential gain (Np/pass)

0.2

0.0 [
0 20 40 60

Direct solar radiation input (W)

Fig. 7. One-way gain as a function of the direct solar radiation input for two different fiber
lengths (105 m and 290 m).

The gain is proportional to the incident power and to the fiber length. The small signal gain
coeflicient y is proportional to the pump power density, i.e., the photon density confined by the
LSC. As the fiber length increases, gain saturation will be observed because optical absorption
by the fiber reduces the photon density. However, there is no evidence for this in Fig. 7 because
the fiber length used in this study is not sufficient for saturation; our calculations indicate that the
ideal fiber length for maximum laser power in a 30 cm disk is approximately 3 km [24]. The
maximum gain achieved with the 290 m-long fiber was 1.4 Np/pass (4.1X).

3.2. Laser oscillation experiment

Figure 8 shows the relationship between the direct solar input and the laser power that was
observed on the 105 m-long fiber. Partial reflectors with 1, 5, 10, 20, 30, and 50% transmittance
were used. The results for 1, 5, 20, and 50% are shown. The relationship between pump power
and output power was close to a linear function. However, the slope tended to be small near the
oscillation threshold. This is because the fiber laser in this study oscillated in many longitudinal
modes simultaneously due to spatial hole burning [28], and only some of them started to oscillate
near the threshold. It is also possible that the transverse modes become more populated as
the output power increases near the threshold, which also affects the slope efficiency. This
phenomenon has also been observed in other broadband fiber lasers [29,30].

For each mirror transmittance, the relationship between pump power and laser power was
approximated as a linear function near the oscillation threshold, and the oscillation threshold
was determined from the intersection with the x-axis. The oscillation threshold at 1% mirror
reflectance was 17 W. This was only 24% of typical natural sunlight and a significant improvement
over a previous study [20].
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Fig. 8. Laser output power as a function of the direct solar radiation input for the 105-m
long fiber. The mirror transmittance is varied as a parameter.

The graph in Fig. 9 plots the mirror transmittance on the horizontal axis and the oscillation
threshold power on the vertical axis. As expected, the relationship was linear. Extrapolating
the mirror transmittance to zero, the oscillation threshold power at zero transmittance was 15 W.
Applying this to Fig. 7, the laser oscillation threshold gain for this condition (0.117 Np/pass) was
0.51 dB/pass. Subtracting the loss of the pigtail mirror from this value, 0.44 dB/pass was the
value at which the gain generated in the fiber was balanced by the intrinsic loss of the fiber. This
corresponded to 4.2 dB/km, which was between the manufacturer’s nominal value of 3 dB/km
[20] and the measured value in our previous study of 5.4 dB/km (1.25 km~h [21].

50

40

30

20

10

Threshold solar radiation input (W)

0 10 20 30 40 50

Mirror transmittance (%)

Fig. 9. Oscillation threshold power (direct sunlight) as a function of the output coupler
transmittance.

Figure 10 shows a plot of mirror transmittance on the horizontal axis and laser power on the
vertical axis for the 105 m-long and 290 m-long fibers. For the 290 m-long fiber, the reliability of
the data was low, except for the highest powers at T =20% and T = 50%, because the fiber in the
disk was broken after a few oscillation runs. Even though the fiber was broken, it was held in
place with adhesive; thus, it did not become completely disconnected, and laser oscillation was
assumed to occur. The maximum laser power at the 290 m-long fiber was 15 mW, more than 10
times the maximum of liquid LSC [20]. The optical-to-optical conversion efficiency was 0.023%,
and the collection efficiency was 0.21 W/m?.
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Fig. 10. Laser output power as a function of the mirror transmittance for two different fiber
lengths (105 m and 290 m). Plots: experimental, lines: Rigrod fit.

3.3. Irradiation angle insensitivity test

Figure 11 shows the results of the test confirming the insensitivity of the gain to the angle of
incidence. The horizontal axis is the angle between the Xe lamp and the SPFL normal, and the
vertical axis is the normalized differential small-signal gain coefficient. The red circles represent
the experimental results, and the blue line represents cosf. The graph shows that the angular
dependence of the small signal gain is well approximated by cos#, as expected.
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Fig. 11. Normalized differential gain coefficient as a function of the tilt angle.

4. Discussion
4.1. Rigrod analysis

The Rigrod equation [31] describes the laser power with a homogeneously broadened laser
medium as a function of the mirror transmittance, as follows:

)/ol+1n VR]R2
(1 + \/RQ/R]) (1 - VRlRQ)

P =

LAT, @)



Research Article Vol. 31, No. 16/31 Jul 2023/ Optics Express 26049

Optics EXPRESS ~G

where R; =1 — a — ay is the reflectivity of M1, Ry =1 —a — ay — T is the reflectivity of M2,
a is the scattering loss of the resonator mirror, 7 is the transmittance of M2, yq and [ are the
small signal gain coefficient and the saturation intensity of the medium, respectively, and / and
A are the length and cross-sectional area of the medium, respectively [32]. ap=1 — e and
represents the nonsaturable losses in the laser medium as the mirror losses, where « is the loss
coefficient. This approximation is correct when yo >> @ [33]. In our previous study (laser
oscillation by liquid LSC) [20], this approximation did not hold, and the exact solution was
computed numerically. In this study, however, the approximate solution is used because it was
confirmed that there is little difference between the two.

Using vy, s, and @ as parameters, the best fit of the experimental results for the 105 m-long
fiber was determined. The results were yo/=0.62 Np, Iy =8.5 kW/cm?, and « = 1.4 dB/km.
Compared to the experimental values, ¢! is larger (Fig. 7), and « is smaller (4.2 dB/km). The
reason for this is currently unknown. The possibility of inhomogeneous broadening of the
medium was investigated [33], but the result was negative.

The red curve in Fig. 10 shows the calculated laser power for the 105 m-long fiber as a
function of the mirror transmittance using the optimal parameter set. The Rigrod model is a good
representation of the laser power dependence on the mirror transmittance.

We now have a model that predicts the output power of the SPL with a solid-state LSC for
any given fiber length, input solar irradiance, and resonator coupling. Using this model, the
calculated laser power for the 290 m-long fiber is shown in Fig. 10 with a blue curve. The highest
laser powers observed at 20% and 50% transmittance are well represented by the Rigrod model.

The model was then used to calculate the relationship between incident solar power and laser
power for the combination of the 290 m-long fiber and the 7 =50% mirror. As a result, the
calculated laser oscillation threshold pump power was 22 W, and the slope efficiency was 0.031%.

4.2. Investigation of the fiber breakage

The disk with the broken fiber was unmounted from the housing, the location of the broken fiber
was confirmed, and the cause of the break was investigated. Figure 12 shows a photograph of the
broken fiber disk.

One fiber crosses over another fiber in an X-shape and protrudes over the other fiber. During
the experiment, the distance between DM and HR narrowed due to thermal contraction, causing
the upper fiber to be subjected to bending stress, while the lower fiber became the fulcrum,
leading to breakage.

Fig. 12. Photograph of the disk with 290 m-long fiber. The arrow indicates the point of
breakage.
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The reason for this fiber arrangement is that the process of removing the protective resin
was not optimized, and the fiber bundle loosened during the process. The fiber bundles were
reassembled by hand, but crossings were inevitable, as shown in the photo. Another reason was
that we tried to make the distance between the DM and HR as small as possible and did not take
thermal shrinkage into account. All these problems are technical and easily avoidable and should
be taken as lessons for future experiments.

4.3. Comparison with numerical calculations

We confirmed the effectiveness of solid-state LSCs via numerical calculations and published the
results [24]. The laser power of a 30 cm diameter LSC with 190 m fiber length was predicted to
increase from 1.3 mW for the liquid LSC to a maximum of 39 mW. Now, this result could be
compared with the experimental results.

In the numerical calculations, the 190 m-long fiber was assumed to be embedded in a disk of
dye-impregnated PMMA. In the present study, however, the fiber was attached to the substrate,
which increased the overall thickness of the LSC, and the distance between the DM and the HRM
increased from 1.5 mm to 2.5 mm. Moreover, the fiber length was 1.5 times longer than the
calculation condition. In the first-order approximation, the expected output power was inversely
proportional to the DM-HR distance and proportional to the fiber length. Thus, the experimental
results were directly comparable to the numerical calculation with a mirror distance of 1.5 mm
and a fiber length of 190 m.

Consequently, the laser power obtained in the experiment was lower than that calculated. We
speculated that this was because the fiber was attached to the quartz substrate. This created an
uneven surface on the LSC and prevented total internal reflection. In Ref. [24], we predicted that
the laser power of Design 1, in which the fiber was placed outside the disk, was 17 mW, and the
experimental results were similar to this value. Based on the above results, the effectiveness of
our proposed method was experimentally confirmed.

4.4. Possibility of room-temperature operation

The reason our lasers can oscillate at the intensity of natural sunlight is simply because we
employ a “small gain compensated by large gain length” strategy. Thus, even small losses in the
fiber are large enough to prevent the laser from oscillating. The most obvious example of this is
the population of the lower laser level at room temperature. The measured losses of our fiber
at 1060 nm are 30 dB/km at room temperature [21], but cooling reduces this to 3 to 5 dB/km
(Section 3.2). The differential gain coefficient obtained in this study is 1.4 Np/290 m =21 dB/km,
indicating that cooling is essential. On the other hand, in a previous study [24], the small-signal
gain coefficient of Design 2 reached 65 dB/km, indicating that laser oscillation is possible at
room temperature. The laser output power was calculated to be one-fifth of the cooled condition.

Thus, in principle, the proposed method enables laser oscillation at room temperature, but the
output power will always be lower than that of the cooled condition. To reduce the difference,
the gain factor of the fiber must be improved, and the most effective means are to increase the
photon absorption efficiency and the photon confinement efficiency. The former can be improved
by applying quantum dots that fluoresce in the near infrared region, and the latter can be done
directly by improving the design of the dielectric multilayer mirrors and reducing the radiation
loss from the side reflector.

4.5. Comparison with other solar-pumped fiber lasers

Fiber as a laser medium is characterized by its extremely high cross-sectional area/length ratio
and bending flexibility compared to other forms of laser media. Our idea is one of the applications
that exploits this feature, but other ideas for solar pumped lasers that exploit the fiber gain medium
have been presented. Guo et al. proposed SPFLs in which the fiber is wound in a cylindrical
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shape and pumped laterally by focusing sunlight in a ring shape [34] or pumped from the side of
the cylinder [35]. The advantage is the better coupling of sunlight with the gain medium due to
the large interaction cross section.

Mizuno et al. have taken a different approach to SPFL that exploits the properties of the fiber
medium [36]. Their SPFL is end-pumped, so the solar concentration required for their SPFL is
not much different from other SPLs, but the large surface area of the fiber medium allowed them
to operate continuously with natural air convection cooling. The problem of inherent difficulty in
scaling up is solved by arranging many lasers [37].

On the other hand, it is undeniable that the high barriers to entry in this field have hindered
SPFL research, as it is currently very difficult to obtain special fibers suitable for solar-pumped
lasers. We hope that the fiber laser research community and industry will be interested in this
area of research.

5. Conclusions

We investigated a fully planar solar pumped fiber laser (SPFL) without any focusing device, such
as a lens or mirror. To achieve this goal, we developed a confinement mechanism that combined a
fluorescent sensitizer with a chamber consisting of a dichroic mirror (DM) and a highly reflective
mirror (HRM) to efficiently couple solar photons into an optical fiber. In the past, dye molecules
dissolved in a liquid were used as sensitizers. However, in that case, high reflectivity could not
be achieved due to the direct contact of DM and HRM with the liquid sensitizer. In our study, a
solid-state luminescent solar collector (LSC) was achieved by impregnating the sensitizer into a
resin and coating it on a quartz substrate. Although solid-state LSCs were not usually combined
with DM or HRM, a previous study showed that the use of DM and HRM increased the photon
density by more than a factor of two compared to the total internal reflection alone. This was
an immense advantage of our concept, which was characterized by extremely low gain per unit
length.

A fully planar SPFL with a solid-state LSC was fabricated with the same aperture as that of
the liquid sensitizer. LSC disks with a 105 m-long fiber and a 290 m-long fiber were fabricated,
and the small signal gain and laser power were measured for both disks under the illumination of
natural sunlight. The laser with a 105 m-long fiber had a one-way gain of 0.5 Np (65%/pass)
and a maximum output power of 5.6 mW. Experiments with different sunlight intensities showed
that the laser oscillation threshold was 24% of natural sunlight, which was significantly lower
than that in a previous study (60%). However, the laser with a fiber length of 290 m did not
provide sufficient data because the fiber broke inside the disk during the first set of experiments.
Nevertheless, a one-way gain of 1.4 Np (310%/pass) and a maximum output power of 15 mW
were obtained. It had a 12-fold larger output power than the liquid LSC and corresponded to an
optical-to-optical conversion efficiency of 0.023% and a collection efficiency of 0.21 W/m?.

A Rigrod model was constructed from the results of laser oscillation experiments on the
105 m-long fiber to predict the performance of the 290 m-long fiber. The results were in good
agreement with the limited experimental results. Although it was not possible to obtain the slope
efficiency for the 290 m-long fiber, it was estimated to be 0.031% from the Rigrod model.

The results of this study show that the fully planar SPFL can achieve the theoretically calculated
laser output power. Under ideal conditions, the optical-to-optical conversion efficiency of the
fully planar SPFL has been calculated to reach 8% [20]. Since the efficiency of wavelength
conversion and the efficiency of photocatalytic hydrogen generation by UV light are theoretically
close to 100%, the combination of a solar-pumped laser and photocatalytic hydrogen generation
is potentially superior to other methods of hydrogen generation. In addition, the fully planar SPL
can be easily configured into a large-scale system through parallelization [38]. We are developing
basic technologies for higher efficiency, wavelength conversion, and scaling-up with catalytic
hydrogen generation in mind.
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