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1. Introduction

The direct conversion of broadband solar
radiation into highly coherent laser radia-
tion has attracted scientific and practical
interest in recent years.[1] After the first
demonstration of a solar-pumped laser
(SPL) in 1963,[2] subsequent studies were
focused on improving the laser medium
and the solar collector design, thereby
achieving state-of-the-art high-power SPLs
with solar collecting efficiency of up to
32.5Wm�2 (laser output power per unit
area of the solar collector optics).[3,4] Such
state-of-the-art SPLs comprised laser
media, such as Nd3þ-doped single-crystal
yttrium aluminum garnet (Y3Al5O12) rods,
which were pumped by concentrated sun-
light (the concentration factors were in
the order of thousands).[5–9]

SPLs exhibit many potential applica-
tions, including solar hydrogen generation,

photovoltaic energy conversion, space solar power systems, space
propulsion, and remote area telecommunications.[1,10–17] In addi-
tion, SPLs with 20 kW output powers could be achieved by
exploiting megawatt-scale solar furnaces; these SPLs could be
employed in a fossil-fuel-free energy cycle in which magnesium
is chemical energy storage for sunlight.[1,18–20] Despite the range
of potential applications, the utilization of highly concentrated
sunlight has severely restricted the practical applications of
SPLs owing to their dependence on an accurate solar tracking
system.[21] Further, only the direct components of sunlight
can be harvested by concentrating optical elements, such as
lenses or mirrors; they do not function efficiently under cloudy
conditions when the diffuse component of sunlight is high.
Regarding locations, including Susono (Japan) and Karlsruhe
(Germany), diffuse horizontal solar radiation represents �49%
of the total terrestrial sunlight averagely received annually.[22]

Furthermore, removing the reliance of SPLs on concentrating
optics would further render the technology comparable with that
of photovoltaic panels, thus availing new applications for SPLs
since the modularity of such flat-plate devices would also favor
small-scale applications.[23–25]

Although SPLs, which do not require a mirror/lens-based con-
centrator system, have been studied for a long time since their
introduction in 1983,[26] the technology was only demonstrated
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Optical gain of 8.3 km�1 is obtained in a neodymium-doped silica fiber under
simulated sunlight (intensity¼ 2.1 kWm�2). The fiber gain medium (length¼
50 m) is coiled and attached to a solid-state luminescent solar concentrator (LSC)
disk (diameter¼ 180 mm). The disk/fiber unit is placed in a cavity comprising
highly reflective (HRM) and dichroic (DM) mirrors to increase the photon
confinement by a factor of 2.2 compared with a liquid LSC (also employing HRM/
DM). The enhancement is mainly due to the air gap between HRM/DM and LSC,
which affords total internal reflection (TIR) in the solid-state LSC and an ideal
boundary condition for the multilayer mirrors. The numerical calculations indi-
cate that an additional 2.2-times enhancement is achievable with a side wall
exhibiting 90% diffuse reflection. This has been experimentally confirmed
(1.9-times optical-gain enhancement is realized by adding a polytetrafluoroethylene
side-wall reflector). Overall, the solid-state LSC-based solar-pumped laser (SPL)
comprising reflective side walls exhibits a gain factor of 4.2, which is superior to its
liquid-state predecessor. Further improvements employing a solid-state LSC design
and fiber optimization will facilitate the market penetration of SPLs.
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recently. In 2020, Masuda et al. demonstrated a fully planar SPL
that is based on a fiber laser with transverse excitation geometry
in which sunlight was spectrally concentrated via radiative energy
transfer from a luminescent dye in solution, thus removing any
requirement for lenses or mirrors.[27] In the system, an Nd3þ-
doped active silica fiber (length¼ 190m) was utilized as the
active medium, which was coiled into a ring and enclosed in
a shallow cylindrical container (diameter¼ 300mm), which also
contained a sensitizer solution. The lid of this container was a
dichroic mirror (DM) that was designed to exhibit a transmission
cutoff wavelength of 570 nm, while the bottom surface and side
wall were coated with a highly reflective dielectric mirror (HRM),
thus obtaining a liquid-state luminescent solar concentrator
(LSC). The LSC confine the down-shifted photons by the sensi-
tizer until they were absorbed by the Nd3þ ions. This laser system
could utilize direct and diffuse sunlight for lasing; moreover, it
required an extremely low solar flux (700Wm�2 (0.7 suns))
front-side illumination at the top of its window. Lasing was
achieved under terrestrial sunlight (maximum power
output¼ 1.3 mW with an optical gain of 2.1 km�1).[27]

After demonstrating the planar SPL, the theoretical investiga-
tions indicated that a 7-fold enhancement of the optical gain,
which would achieve a 30-fold enhancement of the laser output
power, could be realized by substituting the liquid-state LSC with
a solid-state one (maintaining the diameter (300mm) of the LSC
and the fiber length (190m)).[28] Such a significant improvement
is attributable to the application of total internal reflection (TIR)
in the solid-state LSC. TIR was unachievable in the original
liquid-state LSC since light transport relied solely on the reflec-
tance of DM/HRM. These mirrors consist of multiple dielectric
layers and invariably exhibit sub-unity reflectance, especially for
the p-polarized, obliquely incident light. This dichroic stack
design cannot function efficiently when the refractive index
(n) of the LSC medium (methanol) is close to those of the dielec-
tric materials comprising the mirrors (SiO2 or TiO2).

[29] Even the
reflectivity of the p-polarized light in our best-performing “hot-
mirror” at incident angles of >50� was <80% inside the LSC.

Inspired by the theoretical results,[28] a proof-of-concept planar
SPL system was fabricated employ a solid-state LSC. Here, we
experimentally demonstrated an optical gain of 8.3 km�1 in this
proof-of-concept SPL under xenon-lamp irradiation
(intensity¼ 2.1 kWm�2). The gain of the solid-state LSC normal-
ized to LSC area and absorbed excitation power exceeds that
achieved in the liquid-phase counterpart by more than a factor
of three.[28] The enhancement of the gains corresponded well
with the results of numerical simulations.

2. Experimental Section

2.1. Fabrication of LSC

Figure 1 depicts a schematic and photo of the fabricated proto-
type planar SPL, which was based on a thin-film solid-state LSC
comprising a fluoropolymer film (thickness¼ 30 μm) containing
the fluorescent organic dyes. The SPL is a fiber laser with trans-
verse excitation geometry that is pumped with the downshifted
photons produced by the dye in the LSC. The film was coated
onto a fused silica (SiO2) substrate (diameter¼ 180mm). The

thin luminescent layer comprised Lumogen F Orange 240
(O240, 5000 ppm), a perylene dye, whose emission peak at
�590 nm exhibited an excellent overlap with the 4G5/2–

2G7/2

transitions of Nd3þ absorption (Figure 2).[28] Further,
Lumogen F Yellow 083 (Y083) was added as a second dye to boost
the absorption in the blue region (<450 nm) to exploit its fluo-
rescence via cascade energy transfer. The fabrication procedure
of the thin-film solid-state LSC is described in the Supporting
information.

Figure 1. a) Schematic representation of the fabricated prototype SPL
employing a thin-film solid-state LSC. b) Schematic representation of
the cross-section of the prototype SPL. c) Photograph of the underside
of the fabricated prototype SPL without DM and HRM.
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Figure 2. Measured transmittance of the fabricated LSC with its normal-
ized emission/absorption intensities. The measured absorption spectrum
of the active fiber, as obtained via the cutback method, is also shown.
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Previous theoretical investigations revealed the superiority of
enclosing the fiber in the LSC over wrapping it around its edge
in the air.[28] To experimentally realize this, an active fiber
(length¼ 50m) was attached to an ultraviolet (UV)-curable resin
(Norland Optical Adhesive, NOA85) at the bottom of the fused
silica substrate, as illustrated in Figure 1b,c. n of the optical adhe-
sive was selected to minimize the Fresnel reflections at the inter-
faces of the fused silica substrate and optical fiber coating resin.
An Nd3þ-doped aluminosilicate optical fiber (core¼ 16 μm,
numerical aperture (NA)¼ 0.18); Furukawa Electric Co., Ltd)
was employed as the active fiber in this study.[30,31] The coating
resin of the fiber was not removed because our preliminary
measurements indicated that its effect on light coupling from
the LSC into the fiber core was negligible. The smaller diameter
(180 vs 300mm) and the shorter fiber length (50 vs 190m) of our
LSC compared with those of the liquid-state LSC-based SPL were
due to the limitations of the fabrication equipment.[27] DM and
HRM were added to the front and rear sides of the LSC, respec-
tively, to enhance the confinement of the downshifted photons
for pumping the active fiber. The reflection properties of DM and
HRM are shown in Figure S1 and S2, Supporting Information.
The DM exhibited a cutoff wavelength of 579 nm, which allowed
the transmission of a broad range of short-wavelength sunlight
into the LSC while preventing the long-wavelength-downshifted
photons, which were produced by the luminescent layer, from
escaping via the front escape cone of the device.

2.2. Characterization

The small-signal gain (g0l) is the key performance indicator of
SPLs. It was measured by comparing the output power of the
probe signal, which was obtained in the lasing wavelength range
after passing through the active fiber, with and without the illu-
minations from the solar simulator. Figure S3a, Supporting
Information, shows the scheme of the measurement of the
g0l; Figure S3b, Supporting Information, shows a photograph
of the setup during the measurements. The active fiber in the
setup is not equipped with an optical feedback mechanism for
the g0l measurements. The filtered output (λ < 350 nm and λ
>800 nm) of the solar simulator (xenon arc lamp, Model Seric
XC-500ASS) exhibited an emission spectrum that was close to
the visible region of terrestrial sunlight. The collimated output
of the solar simulator was adjusted employing a Fresnel lens,
as follows: its spot size (beyond the focal point) was adjusted
to match the diameter of the LSC. The spectrum of the xenon
lamp is plotted in Figure S4, Supporting Information; its total
output power, as measured at the focal point employing a laser
power meter (Ophir FL250A), was 54W. This value was applied
to calculate the irradiance on the LSC surface (2.1 kWm�2).

A superluminescent diode (SLD; Thorlabs, S5 FC), which
emitted broadband radiation from 950 to 1170 nm (centered at
1050 nm), was employed as the probe. The output emission
power and spectrum of the active fiber were measured by a
fiber-coupled near-infrared spectrometer (resolution¼ 0.65 nm,
Ocean Optics NIRQuest 512 1.7). g0l was calculated, as follows

g0l ¼ ln
TpumpþprobeðλÞ � TpumpðλÞ

TprobeðλÞ

 !
(1)

where Tpumpþprobe and Tprobe are the measured transmitted spec-
tra of SLD in the fiber with and without xenon-lamp illumination,
respectively, and l is the length of the active fiber (50m). A sig-
nificant amount of luminescence was produced by the excited
Nd3þ, thus masking the SLD transmitted signal when the
LSC is illuminated by xenon-lamp. This luminescence signal,
Tpump, was subtracted in the calculations after it was separately
measured when SLD was turned off with xenon-lamp
illumination.

3. Theoretical Calculations

The theoretical calculations were conducted by a commercially
available ray-tracing software, LightTools (Synopsis). The
detailed methodology for the simulation, which is similar to that
of the previous work, is described in Supporting Information.[28]

The wavelengths of the parallel rays, which were emitted from a
circular source, were assigned based on the probability distribu-
tion of the simulated solar spectrum (Figure S4, Supporting
Information), and the incident power was normalized to
2.1 kWm�2 (the simulation environment is illustrated in
Figure S7a, Supporting Information). The active fiber compris-
ing plastic coating was implemented with multiple toroids;
each toroid comprised four layers, as shown in Figure S7b,
Supporting Information, thus: the outermost toroid
(diameter¼ 200 μm with n¼ 1.51), the inside of the toroid
representing the fiber coating (diameter¼ 150 μm with
n¼ 1.48), the third toroid representing the fiber cladding
(diameter¼ 125 μm with n¼ 1.46), and the inner toroid repre-
senting the fiber core (diameter¼ 16 μm with n¼ 1.47). The
three outer layers were assumed to be absorption-free.

4. Results and Discussion

4.1. Measurement of the Differential g0l

The differential g0l was measured at room temperature employ-
ing five LSC setups (Figure 3). For the LSC1 design, the bare
solid-state LSC with the coiled fiber was employed. Regarding
LSC2, LSC3, and LSC4, the DM and HRM were placed at the
front and rear sides of the LSC, respectively. Therein, the pho-
tons, which escaped from the solid-state LSC, were repeatedly
reflected between the DM and HRM, thereby enhancing the
absorption of Nd3þ in the active fiber. Since the LSC was
designed to function with HRM, the sufficient absorption of
the incident photons from the lamp was achieved by a round trip
through the luminescent layer. The absorption through the LSC
during a single pass was �90% at the peak absorption wave-
length (545 nm); it reduced to �30% in the UV region
(Figure 2, blue line). Regarding LSC3, an n-matching oil
(n¼ 1.51) was inserted between the LSC and DM/HRM to dis-
rupt TIR, thereby enabling the reproduction of the liquid LSC by
eliminating the air gap between the LSC and DM/HRM. This
further clarified the advantages of the solid-state LSC over the
liquid-state ones. The reflections of DM and HRM were signifi-
cantly altered when they contacted the oil (Figure S1 and S2,
Supporting Information). To evaluate the amounts of power,
which were trapped in the LSC and by the DM/HRM, the
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LSC4 configuration was employed for the experiment employing
intentional air gaps of different thicknesses between the LSC and
mirrors. Compared with LSC4, DM was removed in LSC5 to
demonstrate the extreme case involving an infinite gap. The dif-
ference between LSC5 and LSC1 was that the former retained the
bottomHRM, which facilitated the second pass back of the trans-
mitted photons from the lamp to through the LSC.

The measured g0l spectra of LSC1 and LSC2 are displayed in
Figure 4. The spectra exhibited a very wide bandwidth of
1050–1130 nm, which peaked at �1064 nm. The observed spec-
tra were similar to those of the previously observed SPL, which
was employed a liquid-state LSC.[27,30] Notably, the shape of the
spectrum was independent in the LSC setups. The measured

results revealed that the gain was increased by a factor of 2.2 by
sandwiching LSC in DM/HRM.

The results obtained employing LSC1–LSC5 for the measure-
ments are summarized in Table 1. When the n-matching oil was
inserted into the air gap (LSC3), g0l was halved from 0.211 to
0.104. The result indicated that the confinement of the photon
by the solid-state LSC (LSC2) was boosted by a factor of 2.1 com-
pared with that by the liquid LSC (LSC3). The results quantita-
tively verified the advantage of light trapping by combining TIR
and the dielectric mirrors, as theoretically predicted.[28]

The luminescence of this proposed solid-state LSC was con-
fined by two different mechanisms. The emission of a photon
at an angle that was larger than that, which was required to sup-
port TIR at the air/LSC boundary, the photon was repeatedly
reflected in the LSC/fiber unit until it was ultimately absorbed.
Notably, this discussion neglected the effects of 1) scattering
caused by the fiber surface and 2) the non flatness of the surface
of the optical adhesive. Conversely, the emission of a photon at
an angle that was smaller than the TIR resulted in its escape from
the LSC and subsequent reflection by DM or HRM. Since the
reflection did not change the angle, the photon generally fluctu-
ated between the DM and HRM at an angle that was smaller than
the TIR and was confined in the volume that was defined by these
mirrors.
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Figure 4. Measured g0l spectrum with (LSC2) and without (LSC1) the
DM and HRM. The emission wavelength of the superluminescent diode
probe (SLD) was 1020–1170 nm.

Table 1. Measured g0l results employing the five LSC setups (Figure 3).

Setup Gap distance [mm] Measured g0l

LS1 NA 0.095

LS2 NA 0.211

LS3 NA 0.101

LS4 24 0.214

256 0.203

537 0.188

1059 0.165

2121 0.145

LS5 Infinity 0.108

HRM

Oil

HRM

Dichroic mirror

LSC1: LSC alone

LSC2: LSC with DM/HR mirror

LSC4: LSC/HRM with intentional gap

LSC5: LSC with HR and no DM

DM

HRM

LSC3: no air gap

HRM

(a)

(b)

(c)

(d)

(e)

Figure 3. Five LSC setups (LSC1, LSC2, LSC3, LSC4, and LSC5) for mea-
suring g0l.
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Although it has been experimentally demonstrated that the
photon confinement effect is enhanced by DM/HRM, two ques-
tions persist. The first is as follows: because the DM/HRM con-
tacted the LSC, the TIR at the LSC surface, which is assumed to
be at the air interface, may be inhibited. The second bothered on
the quantitative evaluation of the amounts of trapped power
inside the LSC and DM/HRM. The density of the trapped photon
between DM and HRM was inversely proportional to the volume
between the mirrors, although this volume did not affect the den-
sity of the photons in the LSC. Therefore, the ratio of the photon
densities in the two regions was evaluated by varying the gap
between LSC and the mirrors (Figure 3d and Table 1).
Comparing the experimental results with and without the addi-
tional small gaps between LSC and the mirrors, the extent of the
negative effect of the contact between LSC and DM/HRM could
be eliminated.

The measured results demonstrated that the gain decreased as
the additional gap distance between DM/HRM increased
(Table 1). The decrease was attributed to the lower photon density
since the gain reduced inversely to the gap distance. The gain
with no intentional gap (LSC2), namely the direct attachment
between DM/HRM and the solid-state LSC unit, was almost
identical to that of LSC4 exhibiting a very small additional gap
(24 μm); this further proved that the tiny air gaps persisted
between LSC and the mirrors even when they were directly
attached; this is an essential guideline for designing solid-state
LSC-based SPL systems.

Depending on the correctness of our interpretation of the
mechanism of the confinement of photon density, it should
appear, as follows

g0l ¼ aþ b
Δxþ2000 (2)

where a is the gain that was attributed to the energy, which was
stored in the LSC; Δx is the additional gap (in μm); and the sec-
ond term on the right side of the equation represents the gain
that was attributed to the energy, which was stored between
DM and HRM. The g0l factor as a function of the additional
gap (red circle) and fitting result to Equation (2) (red line), is plot-
ted in Figure 5. The fitting results indicated that a gain of 0.083
out of the total gain (0.211) was stored in the LSC. Put differently,
40% of the total stored energy exist inside the LSC. This small

fraction of the energy, which was confined by TIR, correlated
with the reported values for dye-topped polycarbonate and poly-
methyl methacrylate LSCs.[32]

Notably, the edge of the volume, which was subtended by DM
and HRM, was open when the experiment was performed. The
trapping of more than half of the optical gain obtained from light,
which was trapped by the outside of the solid-state LSC, indicated
that the addition of an outer edge (to function as a reflector) is
effective for enhancing the gain.

4.2. Ray Tracing Simulation

To verify the validity of the model that was described in Section 2,
simulations were performed under the same conditions as those
of the aforementioned experiments. Figure 6 shows the compar-
ison between the calculated and experimental results of the gain
as a function of the additional gap distance in LSC4. The results
further demonstrate that the measured values were well-
reproduced via theoretical calculations, indicating that the
employed simulation method could be a powerful tool for
predicting the performance of the solid-state LSC-based SPLs.

Thereafter, we calculated the extent to which the gain could be
enhanced if a toroidal reflector was attached to the volume that
was subtended by DM and HRM in LSC2. g0l was calculated by
adding the reflectivity to the side of the model in Figure S7,
Supporting Information, and the results of the g0l factor, as a
function of the side wall reflectivity, are shown in Figure 7.
The baseline case was R¼ 0, which matched that of our experi-
mental setup. Figure 7 shows the comparison between the cal-
culated results of the specular and diffuse reflections, indicating
that the gain increased from 0.21 to 0.59 after an ideal reflector
exhibiting 100% specular reflection was placed as the side wall.
Interestingly, the addition of the diffuse reflector afforded almost
the same gain as that of the specular reflector. For example, the
gain obtained employing the diffuse reflector was 0.46, while that
of the specular reflector was 0.49 when they were compared at
R¼ 0.9. This finding indicated that it was not necessary to
employ complicated and expensive DMs, which were especially
challenging to implement on the toroidal surface of the side wall;
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Figure 5. Measured gain as a function of the additional gap distance.
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Figure 6. Measured and simulated g0l as a function of the additional
gap distance.
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this is another crucial guideline for designing solid-state
LSC-based SPL systems.

Finally, further experiments were performed to confirm the
validity of the predicted enhancement. A ring (width¼ 8.5 mm),
which was produced from polytetrafluoroethylene (PTFE), with a
measured reflection of (�90%) employing diffuse reflection was
added to the solid-state LSC as the side-wall reflector. Figure 8

shows the schematic representation and photograph of the mod-
ified setup.

The measured g0l spectra (with and without the side-wall
reflector) of LSC2 were plotted (Figure 9). The results demon-
strated that the measured gain employing the side-wall reflector
was 0.42, which was larger by a factor of 1.9 compared with that
without the reflector. However, the observed gain (0.42) was
slightly smaller than the predicted value (0.46), and this might
be attributed to the power leakage at the unintentional small gaps
between the PTFE ring and DM/HRM. Thus, this result proved
the accuracy of our model, enabling the further investigation of
the proposed solid-state LSC-based SPL.

In summary, these results revealed that substituting liquid
LSC with the solid-state LSC, which was equipped with a side-
wall reflector, resulted in a significant increase in the optical gain
in a fully planar SPL. In addition, two beneficial guidelines for
practically designing planar SPLs were elucidated: 1) DM and
HRM could be directly attached to the solid-state LSC and
2) the reflector exhibiting diffuse reflection instead of a dichroic
stack could be applied to SPLs.

5. Conclusions

Five design setups of a thin-film solid-state LSC were investi-
gated to achieve a planar SPL that does not require lens/
mirror-based concentration. The theoretical calculations revealed
that the optical gain was significantly enhanced by substituting
the previous liquid-based LSC design with a solid-state LSC one
owing to two reasons: 1) the TIR on the solid-state LSC surface
could be explored to improve light confinement and 2) DM/HRM
functioned well when a small air gap was maintained between
LSC and the mirrors. Afterward, an SPL in which the gain
medium (an Nd3þ-doped silica optical fiber (length¼ 50m) was
coiled and adhered to a fused silica disk (diameter¼ 180mm),
was fabricated employing the solid-state LSC. A thin luminescent
layer, which comprised a fluoropolymer film (thickness¼ 30 μm)
containing fluorescent organic dyes (O240 and Y083), was coated
on the opposite side of the disk to function as a solid-state LSC.
A DM was attached to the dye-coated side, while an HRM was
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Figure 7. Calculated g0l as a function of the reflectance at the side wall of
LSC2.
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Figure 8. a) Cross-sectional schematic representation and b) photograph
of the modified solid-state LSC setup employing the PTFE side-wall
reflector.
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Figure 9. Measured g0l spectrum with and without the side-wall reflector
(PTFE). The setup without the PTFE ring was the same as LSC2.
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attached to the fiber side of the LSC. The experimental results
demonstrated that the solid-state counterpart exhibited a two-
times larger gain compared with the liquid-state LSC in which
the sensitizer was held in a volume that was partitioned by the
DM/HRM pair, and the active fiber was immersed therein.
The numerical calculations indicated that further 2.2-times g0l
enhancement could be achieved by adding a side-wall reflector
exhibiting 90% diffuse reflection. This result was experimentally
demonstrated, and a 1.9-times enhancement of the optical gain
was achieved by applying a PTFE side-wall reflector. Overall,
the SPL, which was based on the solid-state design with reflective
side walls, exhibited a gain factor of 4.2; this factor is superior to
that of its liquid-state predecessor. Although this SPL was
equipped with a gain medium, which was only 50m long owing
to the limitations of the fabrication equipment, the model calcu-
lations conducted here revealed that the optimum length was two
orders of magnitude longer than that of the current setup.
Therefore, future works would focus on increasing the fiber
length by removing the coating since this would be a key factor
for achieving the milestone.
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