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10.1. Introduction
10.1.1. Solar-pumped Lasers and Their Possible Applications
A solar-pumped (or sun-pumped) laser (SPL) can be deemed as a variant of a conventional
flash-lamp pumped laser. In SPLs, natural sunlight is used instead of flash-lamps for
pumping the laser medium. Getting rid of electricity-consuming flash-lamps, SPLs are
essentially renewable energy devices that convert incoherent sunlight with a wide spread
of spectrum and low areal density into a monochromatic coherent laser beam with
extremely high energy flux density. SPLs can be used to transmit the collected solar
energy as laser beams across large distances wirelessly or via optical fibers. Some possible
examples include power transmission between an orbiting space solar power station and
the ground [1-5], power transmission between a lunar lander and a lunar rover exploring
deep into permanently shadowed craters for frozen water [6, 7], or powering mobile
objects such as drones, robots, and electric vehicles [4, 8, 9]. The transmitted laser beams
can be received and converted into electricity by solar cells specially designed for the
monochromatic light of the laser beams [8, 10-18]. SPLs have also been investigated to
heat up materials to a higher temperature than the temperature that can be attained by
simple solar concentration. A typical example includes a magnesium-based energy cycle
in which solar energy is eventually stored and utilized by reduction of magnesium oxide
using SPL irradiation and hydrogen production by reduction of water with
magnesium [19, 20].
10.1.2. Brief History of SPLs
SPLs were first reported in the 1960s [21-23], soon after the discovery of laser, that is,
stimulated optical radiation in ruby [24]. Since then, more than 600 papers publicly
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available papers have been published on SPLs. Iodine or iodides were the major laser
mediums (LMs) intensively studied by research groups in USA (NASA and University of
Florida, etc.) [25, 26], and Russia (Institute of Laser Physics, etc.) [27]. SPLs based on
gas-phase dimer molecules have been actively studied by an Israeli research group
(Weizmann Institute of Science) [28]. Various solid-state mediums, such as phosphate
glasses [29], tellurite glass, silicate glass, fluoride glasses [22, 30-35], glass ceramics [36],
borate crystals [37, 38], GdScGa-garnet crystals [39, 40], and YAlO3 [41], have also been
studied for application as LMs. In one of the above-mentioned initial works on SPLs in
the 1960s [23], Nd-doped yttrium aluminum garnet (Nd:YAG) single crystals were
employed as LMs. Since then, Nd:YAG crystals have been the primary option for LMs
[42-44]. Then, transparent Nd:YAG ceramic LMs were successfully fabricated and used
widely in LMs [45, 46]. Further, transparent Cr-codoped Nd:YAG (Cr, Nd: YAG) ceramic
LMs have been intensively studied by Institute for Laser Technology, Osaka and Institute
of Laser Engineering, Osaka University, Japan [47]. Significant contributions have been
made by Yogev et al. of Weizmann Institute of Science, Israel [48-55]. Active research
on SPLs has also been ongoing in Academy of Sciences of Uzbekistan [56] and in NOVA
University of Lisbon, Portugal [57-60].
10.1.3. Stance and Orientation of This Work
Typical sizes or diameters of solar concentrators in conventional SPL studies are in the
range of 1-2 m [61, 62], such as parabolic mirrors [22, 23] and Fresnel lenses [61-64].
Some studies have employed larger solar concentrators, such as solar furnaces (mirrors)
of 10 m aperture [42] and 54×48 m rectangle [65]. This trend is quite reasonable because
it is necessary to harvest substantial amount of solar energy for practical solar energy
utilization owing to the low areal density of sunlight (in the order of sub-kW/m2).
However, for the next generation of SPLs that are more likely to be widely used for solar
energy utilization (e.g., present solar cells), cost-effective and much smaller SPLs might
be advantageous because they are suitable for mass production. Therefore, we explored
the merits of compact SPLs and have developed prototype compact SPLs employing
⌀50.8 mm and ⌀76.2 mm off-axis parabolic mirrors (OAPs) for solar concentrators. An
interim progress report of this research activity is provided in this chapter.

10.2. Background of the Concept Design
10.2.1. Preferable Oscillation Wavelength of SPLs
Fig. 10.1(a) schematically shows the conversion of incoherent sunlight with a wide spread
of spectrum into a monochromatic coherent laser beam by an SPL. Stimulated emission
of photons from an SPL at an oscillation wavelength of λL is caused by the energy of the
incident sunlight of wavelength λi shorter than λL unless a means of upconversion to utilize
sunlight of wavelength longer than λL is employed [66-75]. If all the photon energies of
the incident sunlight of λi < λL contribute to the laser-beam output of the SPL ideally, the
conversion efficiency from solar energy to laser energy η, that is, the ratio of the output
photon energy to the total incident photon energy is given by the following expression:
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where I(λi) stands for the areal power density of the incident spectral sunlight
[J/(sec‧μm‧m2)]. The wavelengths λ1 and λ2 defining integral range are ideally 0 and ∞,
respectively; however, in practice, they are 300 nm and 4000 nm if the main part of the
intensity distribution of the solar spectrum is taken into consideration. The factor λi / λL in
the integrand in the numerator in Eq. (10.1) comes from the ratio of the photon energies,
(h‧c/λL)/ (h‧c/λi), representing the quantum defect caused by down-conversion. Variation
of η as a function of λL is plotted in Fig. 10.1(b) together with the solar spectrum.
Fig. 10.1(b) shows that η takes the optimal value in the range 1100 nm < λL < 1300 nm.
Fig. 10.1(b) also shows that η of this single-wavelength emission type SPL cannot exceed
0.5 even in the ideal condition [76]. If an SPL has two emission wavelengths λL1 and λL2
(λL1 < λL2) employing two LMs, as shown in Fig. 10.2(a), η can be increased over 0.6 in
the wavelength regions around 864 nm for λL1 and 1775 nm for λL2, as shown
in Fig. 10.2(b).

Fig. 10.1. (a) Function of a solar-pumped laser, (b) Variation of η as a function of the SPL
emission wavelength λL displayed with the solar spectrum.

Fig. 10.2. (a) Function of a two-wavelength emission type SPL, and (b) Variation of η as a
function of SPL emission wavelengths λL1 and λL2.
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Solar-pumped lasers utilizing emissions from Nd ions such as a Nd-doped Y3Al5O12
(Nd:YAG) crystal, described in Section 10.1, are preferable practical systems in the case
of single-wavelength emission type SPL because their emission wavelength of around
1.06 μm is near the optimal wavelength region between 1100 nm and 1300 nm shown
in Fig. 10.1(b). In this case, η at a wavelength of 1.06 μm is obtained as 0.48 via Eq. (10.1).

10.2.2. Incident Power Density Required to Oscillate SPLs
Here, we consider a case of an LM working on a four-level scheme, like the Nd:YAG
transparent ceramic LMs shown in Fig. 10.3. When a four-level laser provides a constant
output power under stable oscillation, the stable photon density in the LM Np [1/m3] is
given by the following expression:

N P   C  RP 

1

  L   c 

,

(10.2)

where Rp [1/(sec•m3)] stands for the pumping efficiency, that is, the number of atoms
excited per second per cubic meter; σ(λL) stands for the stimulated emission cross-section
at the oscillation wavelength λL; c stands for the velocity of light; τ stands for the lifetime
of spontaneous emission, which is equal to the reciprocal of the Einstein A coefficient (the
rate of spontaneous emission, A32); and τc [sec] stands for the cavity photon lifetime,
which is expressed as

C 

2  L
,
c    ln  R1  R2 

(10.3)

where L stands for the cavity length which is almost equal to the length of the LM, δ stands
for the round-trip resonator loss, and R1 and R2 are the reflectivity of the cavity mirrors.
Eq. (10.2) is schematically visualized in Fig. 10.4.

Fig. 10.3. Four level laser scheme.
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Fig. 10.4. Stable photon density in the LM as a function of pumping efficiency.

As elucidated in Fig. 10.4, the value of Rp when Np decreases to zero, Rpth is the minimum
pumping efficiency, that is, the threshold pumping efficiency to cause laser oscillation.
Using Eqs. (10.2) and (10.3), Rpth is expressed as

RPth  

  ln  R1  R2 
2  L    L

(10.4)

Here, we consider a rod type LM of diameter 2r and length L pumped by the light Ie
[W/m2] of frequency νe from the left mainly on the left end facet and partly on the side
surface, as schematically illustrated in Fig. 10.5. The total number of photons that
contribute to pumping the rod is given by
Ie
  r 2  2  r   L  ,
h  e

(10.5)

where h stands for the Planck constant = 6.626×10-34 J‧sec. Here, the factor α
(0 ≦ α ≦ 1) is used to express effective length αL of the side surface that receives photons.
Dividing Eq. (10.5) by the volume of the rod, π‧r2‧L, the number of excited ions per second
per volume Re is expressed by

 I   1 2 
 Ie  1
Re   e    
   1  2  A  ,
   
 h  e   L r 
 h  e  L

(10.6)

where A ( = L / r) is the aspect ratio of the rod, and η is the total pumping efficiency; it is
expressed as follows:

  QD QE abs m ,

(10.7)

where ηQD stands for quantum defect representing the ratio of photon energy of the emitted
laser to that of the pumping light, ηQE stands for quantum efficiency representing the ratio
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of number of photons contributing the excitation of ions to the number of absorbed
photons, ηabs represents the ratio of the number of absorbed photons to the number of
incident photons to the rod reflected by the degree of matching of the absorption spectrum
of the rod material with the sunlight spectrum, ηm stands for mode-matching efficiency
representing the ratio of number of exited ions distributing in the laser oscillation mode
and contributing to the laser oscillation to the total excited ions in the rod. Laser oscillation
takes place when Re in Eq. (10.6) exceeds RPth in Eq. (10.4). Combining Eq. (10.4) with
Eq. (10.6), the threshold of the incident power density to start laser oscillation Ieth [W/m2]
is expressed as follows:
 h  e
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(10.8)

Fig. 10.5. A rod type LM pumped by light mainly on the left end facet and partly
on the side surface.

Eq. (10.8) shows that to decrease Ieth for ease of laser oscillation, lower νe, in other words,
larger λe under the constraint of λe < λL (the lower quantum defect); larger σ(λL) ‧τ; lower
cavity loss; higher reflectivity of the cavity mirrors; larger effective aspect ratio αA; and
larger ηQD, ηQE, ηabs, and ηm are preferable. It should be noted that L is not related to Ieth in
Eq. (10.8) explicitly because both Eqs. (10.4) and (10.6) contain L in their denominators.
In a typical case of Nd:YAG laser with λL of 1064 nm, λe of 808 nm, σ(λL) of
2.8×10-19 cm2, τ of 230 μsec, R1 of 0.99, R2 of 0.95, ηQD of 0.61 ( = 650 nm / 1064 nm),
ηQE of 1, ηabs of 0.3, ηabs of 0.29, A of 20 ( = 10 mm / 0.5 mm), and α of 0.03, Ieth was
calculated to be 5427 kW/m2. Therefore, a solar concentration ratio of more than 5500 is
required for 1 Sun solar insolation of 1 kW/m2 to start oscillation in this laser rod.
10.2.3. Preferable Shape of LMs for SPLs
The volume V and the total surface area S of the typical LM shown in Fig. 10.5
are given by
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respectively. Using Eq. (10.9), A = L / r, and normalizing S by the values of S when A is
2, SA = 2, under the fixed V, Eq. (10.10) can be modified as
2

S
S A 2

23 1  1 
  A3  1  
3
 A

(10.11)

Fig. 10.6 shows the variation of S/SA = 2 as a function of A. Fig. 10.6 shows that the total
surface area of the LM takes high values under fixed V in the left-hand side and the righthand side of the graph. Therefore, the total number of pumping photons expressed in
Eq. (10.5) also takes a large value in the small A range and in the large A range in the fixed
volume. This means that thin disk-type LMs, and thin fiber-type LMs are preferable for
SPL because of the low areal energy density of sunlight. The high A values in the thin
disk-type LMs and thin fiber-type LMs are also advantageous for thermal dissipation, as
intuitively shown by the pink arrows in Fig. 10.6. In the case of a Nd:YAG crystal, for
example, the theoretical upper limit of solar energy conversion efficiency into
monochromatic laser at a wavelength of 1.06 μm is calculated to be 0.48, as described in
Subsection 10.2.1. However, actual feasible conversion efficiency will be much lower
[76]. Since most of the concentrated solar energy is converted to heat mainly in the LM,
without rapid thermal dissipation, σ(λL) ‧ τ in Eq. (10.8) decreases and an inhomogeneous
temperature increase in the LM can take place. This causes degradation of the laser-beam
quality because of temperature dependent refractive index, including thermal lens effect,
loss of the energy conversion efficiency, and even the breakage of LMs. Therefore, the
advantage of thermal dissipation in thin disk-type, and thin fiber-type LMs is of key
importance. Here, it is suggested that a glass LM is promising for SPLs because it can be
easily molded into thin disks and thin fibers. High solubility of rare earth elements such
as Nd is another attractive property of glass LMs. Further, the suitability of glass LMs for
mass production ensures low production costs, which is a key factor for wide adoption of
SPLs in the society.

Fig. 10.6. Variation of S/SA = 2 as a function of A.
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10.2.4. Theoretical Limit of Solar Concentration
Suppose the Sun is a perfect blackbody of radius RS (m) and surface temperature TS (K),
the total radiant flux power from the Sun, PO (W), is given by

P0  4  RS2    TS4 ,

(10.12)

where σ stands for the Stefan-Boltzmann constant = 5.67×10-8 W/(m2K4), and σ‧Ts4
represents the radiant flux power density at the surface of the Sun based on the StefanBoltzmann law. At the average radius of Earth’s orbit around the Sun, that is, one
astronomical unit Au (m), the radiant flux power density IO (W/m2) is called the solar
constant and is given by
IO 

PO
RS2

   TS4
2
2
4    Au Au

(10.13)

IO is calculated to be 1367 W/m2. The solar concentration ratio C is defined as the ratio of
the radiant flux power density at the most concentrated location near the focal point of the
solar concentrator to the radiant flux power density of sunlight at the entrance of the
concentrator. Thus, the radiant flux power density at the most concentrated location near
the focal point of the solar concentrator I’ (W/m2) is given by

I'C

RS2
   TS4    T '4
2
Au

(10.14)

Suppose the most concentrated location near the focal point of the solar concentrator is on
a perfect blackbody surface, the surface temperature T K of this blackbody is required to
be lower than TS based on the principles of thermodynamics. Then the following inequality
expression can be deduced.

Au 2
1
C 2 
,
RS (sin  S )2

(10.15)

where θS is the apparent Sun semidiameter observed from the average Earth’s orbit around
the Sun, as illustrated in Fig. 10.7.

Fig. 10.7. Schematic geometry of the Sun, a solar concentrator on the average Earth’s orbit
around the Sun and a blackbody absorber near its focal point.
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This is the theoretical limit of the solar concentration ratio CO deduced from the laws of
thermodynamics. The same results can be obtained from the Lagrange-Helmholtz
invariant or Luminance conservation law, naturally. By substituting the values
RS = 6.96 ×108 m and Au = 1.496×1011 m into Eq. (10.15), we obtain
C  CO  46200

(10.16)

10.2.5. Size of Images of the Sun and Concentration Ratios by Solar Concentrators
10.2.5.1. Convex Lens
Fig. 10.8 illustrates the geometry of image formation by a convex lens comprised of an
object, a lens, and an image of the object located graphically by means of geometrical
optics [77]. The white arrow on the left side of the lens represents an object of length RS.
The distance between the foot of this white arrow and the center of the lens O is supposed
to be Au. Correspondingly, the smaller upside-down white arrow of length rS appears on
the right side of the lens as an image of the white arrow on the left side of the lens. The
distance between the foot of the image and O is expressed as f + x, where f stands for the
focal length of the lens. A black arrow of length D, which is equal to the radius of the lens
is marked on the white arrow on the left of the lens. Correspondingly, a black arrow of
length d also appears upside-down on the image of the white arrow on the right side of
the lens. From the two similar triangles with a common vertex F, the following Eq. (10.17)
can be obtained:
d
D

x
f

(10.17)

Fig. 10.8. Illustration of image formation by a convex lens tracing several characteristic rays.

From the other two similar triangles with common vertex O, the following Eq. (10.18)
can be obtained:
d
D

f  x Au

(10.18)

From Eqs. (10.17) and (10.18), rS is expressed as follows:
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(10.19)

In Eq. (10.19), the denominator was partly approximated using the relation f /Au≪1. In a
specific case of f = 50.8 mm, the radius of the image of the Sun is obtained to be
0.236 mm. The concentration ratio can be expressed as follows:
A 
 D2
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 u 
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2
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R
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 Au 1  f 

Au 


2

D
 
 f 

2

(10.20)

As indicated in Eqs. (10.15) and (10.16), (Au/RS)2 is the theoretical upper limit of solar
concentration ratio. In a typical case of f = 50.8 mm and 2D = 50.8 mm, the concentration
ratio is 25 % of the theoretical upper limit. In practical aplanatic lenses that are nearly free
of coma and spherical aberration, D/f does not exceed 0.7, usually. Therefore, solar
concentration ratios are usually less than 50 % of the theoretical upper limit. In practice,
a lens transmittance loss of between 0.25 and 0.9 ensures that solar concentration ratios
are between 12.5 % and 45 % of the theoretical upper limit.
10.2.5.2. Parabolic Concave Mirror
Fig. 10.9 illustrates the geometry of image formation by a parabolic concave mirror in the
same manner as Fig. 10.8. Through similar geometrical consideration, the same relation
as Eq. (10.18) is obtained. The equation corresponding to Eq. (10.17) can be obtained as
Eq. (10.21).

d

x

D
D2
f
4f

Fig. 10.9. Illustration of image formation by a parabolic concave mirror tracing
several characteristic rays.
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Here, the factor D2/4f in the right-hand denominator corresponds to the displacement of
the mirror surface to the left at its edge. From Eqs. (10.18) and (10.21), rS is expressed as
follows:

rS 

RS
R
d  S 
D
Au

R
f
 Sf
2
1 
D  Au
1  f 

Au 
4f 

(10.22)

In Eq. (10.22), the denominator was partly approximated using the relation f /Au≪1. In a
typical case of f = 50.8 mm, the radius of the image of the Sun is obtained to be 0.236 mm.
The concentration ratio can be eventually expressed in the same manner as Eq. (10.20):
2
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(10.23)

Thus, for a typical case of f = 50.8 mm, and 2D = 50.8 mm, the concentration ratio is 25 %
of the theoretical upper limit.
10.2.6. Merits of Miniaturization of SPLs
Fig. 10.10 shows photos of Odeillo solar furnace at the Process, Materials and Solar
Energy (PROMES)-CNRS laboratory. It is one of the largest solar furnaces in the world,
situated in the Pyrenees mountain range in the south of France, and has been used as a
solar concentrator for an SPL [65]. Its height, width, and focal length are 54 m, 48 m, and
18 m, respectively. With the aid of 63 flat plate heliostats, it attains a temperature of
3500 ºC and concentrates 1 MW at the focus. It should be noted that the expressions for
the solar concentration ratio of a convex lens (Eq. (10.20)) and of a parabolic mirror
(Eq. (10.23)) do not contain the absolute sizes of the solar concentrator, such as the focal
length f and the diameter 2D, but contain the ratio D/f. Therefore, the same radiant flux
power density as the Odeillo solar furnace can be attained by a much more compact solar
concentrator, for example, of height, width, and focal length = 5.4 cm, 4.8 cm, and
1.8 cm, respectively, although the total amount of the concentrated solar power would be
much less than 1 MW.
As a typical example of a conventional SPL, a 1.4×1.05 m Fresnel lens with a focal length
of 1.2 m and a Cr-codoped Nd:YAG ceramic LM was used for an SPL system and
18.7 W laser output was obtained [64]. The corresponding NA was 0.4-0.5. For simplicity,
let us consider an SPL system composed of a ⌀1.37 m lens with a focal length of 1.2 m
(NA = 0.5) and a ⌀10×100 mm cylindrical Cr-codoped Nd:YAG LM, as shown in
Fig. 10.11(a). The sunlight-receiving area (1.37/2)2 × π is equal to 1.4×1.05 m2. Most of
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the focused sunlight is introduced into the rod because the size of the image of the Sun is
calculated to be approximately ⌀8.2 mm according to Eq. (10.19). It is duly conjectured
that this SPL can also oscillate and yield a similar amount of laser output as in reference
[64]. Then, let us consider a miniaturized SPL system composed of ⌀76.2 mm with a focal
length of 66 mm (NA = 0.5) and a cylindrical LM of ⌀1 × 10 mm as shown in
Fig. 10.11(b). Most of the focused sunlight is introduced into the rod because the size of
the image of the Sun is calculated to be approximately ⌀0.62 mm according to Eq. (10.19).
This miniaturized SPL will be able to oscillate in natural sunlight because the focused
radiant flux power densities are the same between the ⌀1.37 m lens and the miniaturized
⌀76.2 mm system because Eqs. (10.20) and (10.23) do not relate to the absolute size D or
f but only D/f. However, the absolute value of the laser output power is approximately
1/323 in proportion to the ratio of the sunlight-receiving areas. Therefore, an array of
324 miniaturized SPLs will make more laser output power than the system of ⌀1.37 m
lens. Here, the total volume of the ceramics LMs in this array is 810π mm3
(2.5π mm3 × 324), which is much less than the 2500π mm3 (25π × 100) in the ⌀1.37 m
lens system. In addition to the advantage of having less volume, the ⌀1 × 10 mm
Cr-codoped Nd:YAG LMs are easier to fabricate and more suitable for mass production
compared to the ⌀10 ×100 mm LM. The ⌀1 × 10 mm micro laser rod is also advantageous
in comparison with the conventional size laser rod, such as the one of ⌀10 ×100 mm, from
the view point of rapid thermal dissipation owing to reasons explained earlier. As for the
solar concentrator, compact solar concentrators together with the corresponding
solar-tracking systems are cost-effective because they have already been mass produced
and used in various commercial applications, such as the solar lighting system
“Himawari” with a solar-tracking system by La Foret Engineering Company (Japan) [78].
This is in contrast to the large systems, such as ⌀1.37 m lens, which are still in the
made-to-order stage.

Fig. 10.10. Odeillo solar furnace of the Process, Materials and Solar Energy (PROMES)-CNRS
laboratory in France (photograph taken on October 9th, 2018).

428

Chapter 10. Compact Solar-pumped Lasers

Fig. 10.11. Concept of miniaturization of SPLs keeping laser output power unchanged.

10.2.7. Direct Solar Radiation and Diffuse Solar Radiation
Fig. 10.12 shows the daytime variations in direct solar radiation and diffuse solar radiation
on the horizontal ground plane simulated using the “SPECTRAL2” solar spectrum model
by Bird and Riordan [79]. Detailed simulated conditions are as follows:
longitude = 137°3’E and latitude = 35°10’N, August 1st, AM1.5, total column
ozone = 0.34 cm, total precipitable water vapor = 1.34 cm, and aerosol optical depth at
the wavelength of 500 nm = 0.27. It can be observed in the figure that the shape of the
spectrum of the diffuse solar radiation does not vary but its intensity varies with time. In
contrast to this, the spectra of the direct solar radiation shows a significant red shift with
time in the afternoon. The effects of this spectrum shift must be seriously considered in
the case of SPLs because they mainly work with direct solar radiation. If an aplanatic lens
is used for solar concentration, the spectrum shift in the afternoon may affect the SPL
oscillation in connection with the chromatic aberration of the lens. The spectrum shift may
also affect the SPL oscillation in connection with the absorption and excitation spectra of
the LM. The total radiant flux power density between wavelengths of 300 nm and 4 μm
can be calculated as follows:
 Global solar radiation: 1008 W/m2 (100 %);
 Direct solar radiation: 787 W/m2 (78 %);
 Diffuse solar radiation: 221 W/m2 (22 %).
In a typical case in which a Cr,Nd:YAG transparent ceramic LM is employed, the total
radiant flux density is considerably reduced because the wavelength range of the
absorption spectrum is reduced to being between 300 nm and 900 nm, as shown below:
 Global solar radiation: 696 W/m2 (100 %);
 Direct solar radiation: 508 W/m2 (73 %);
 Diffuse solar radiation: 188 W/m2 (27 %).
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Fig. 10.12. Daytime variations of solar spectrum for direct solar and diffuse solar radiations
on the horizontal ground plane simulated using the “SPECTRAL2” solar spectrum model by Bird
and Riordan [79] for longitude = 137°3’E and latitude = 35°10’N, August 1st, AM1.5, equivalent
ozone depth = 0.34 cm, total precipitable water vapor = 1.34 cm, and aerosol optical
depth = 0.27@500 nm.

On an inclined plane or on a plane with its surface normal tracking the Sun, the total
radiant flux density can be improved. Fig. 10.13 shows daytime variations of global solar
radiation power density (1) on a horizontal plane, (2) on a plane inclined south at 37° to
the horizontal plane, (3) on a plane with its surface normal tracking the Sun, and (4) direct
solar radiation on a plane with its surface normal tracking the Sun, calculated using the
“SPECTRAL2” solar spectrum model by Bird and Riordan [79] for longitude = 137°3’E
and latitude = 35°10’N, under typical clear skies, on a Spring/Autumn day, with diffuse
fraction = 25 %, and transmittance of the atmospheric layer = 75 %. Fig. 10.13 shows that
sun-tracking can gain larger solar radiation both in the morning and in the afternoon. The
following integrated solar radiation power densities throughout the day also show the
advantages of sun-tracking:
 Global, on the horizontal plane: 6462 Wh/m2;
 Global, on the plane inclined south at 37° to the horizontal plane: 6530 Wh/m2;
 Global, tracking the Sun: 8572 Wh/m2;
 Direct, tracking the Sun: 6940 Wh/m2.
In Subsection 10.2.2, a typical threshold power for oscillation of Nd:YAG laser was
calculated to be approximately 5500 kW/m2. As described in Subsection 10.2.4, in actual
practice, solar concentration ratios are between 12.5 % and 45 % of the theoretical upper
limit of 46200. Therefore, the radiant flux power density is 5775-20790 kW/m2 when the
direct solar radiation was 1 kW/m2. Therefore, the direct solar radiation utilized by Cr,
Nd:YAG at noon (508 W/m2) can make the practical concentrated radiant flux power
density = 2994-10561 kW/m2. This shows that it is important to use lenses or mirrors of
larger D/f and higher transmittance or reflectivity for stable oscillation in the daytime –
almost from sunrise to sunset – tracking the Sun.
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Fig. 10.13. Daytime variations of global solar radiation power density (1) on a horizontal plane
(a black line), (2) on a plane inclined south at 37° to the horizontal plane (a green line),
(3) on a plane with its surface normal tracking the Sun (a pink line) and (4) direct solar radiation
on a plane with its surface normal tracking the Sun (a red line). Simulations were performed using
the solar spectrum model “SPECTRAL2” by Bird and Riordan [79] for longitude = 137°3’E
and latitude = 35°10’N, under typical clear skies, on a Spring/Autumn day, with the diffuse
fraction = 25 %, and the transmittance of the atmospheric layer = 75 %.

We also measured the direct solar radiation on Wednesday, August 9th, 2017 on the ground
at 136°58’E longitude and 35°10’N latitude (Nagoya, Japan) using a pyrheliometer for the
direct solar radiation of ⌀18 mm caliber mounted on an equatorial mounting that tracked
the Sun. The power of the direct solar radiation in the view angle of 5° and in the
wavelength range of 190 to 25000 nm captured with an aperture and a pinhole was
measured with a THOLABS S302C thermal power meter sensor attached to the
pyrheliometer, as shown in Fig. 10.14. The THOLABS S302C power meter sensor had
been calibrated with an EKO INSTRUMENTS MS-53 (ISO 9060 First Class
Pyrheliometer), which provided the value of the direct solar radiation in terms of W/m2.
The measured value was 905 W/m2 for similar conditions in which 787 W/m2 was
obtained via SPECTRAL2.

Fig. 10.14. A THOLABS S302C thermal power meter sensor with a pinhole calibrated
and attached to a pyrheliometer.
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We also monitored the daytime variations of the solar spectrum change using an Ocean
Optics MAYA2000 solid-state optical spectrum analyzer. Fig. 10.15 shows variation in
the measured solar spectrum as a function of the clock time. The shapes of the spectra
qualitatively show a gradual red shift of the peak of the solar spectrum as the afternoon
grew late, similar to the results obtained from the “SPECTRAL2” solar spectrum model
shown in Fig. 10.12. Therefore, chromatic aberration must also be reduced in an aplanatic
lens for solar concentration because of the wide-band range of the solar spectrum and its
red shift with elapse of the time of the day. However, achromatic aplanatic lenses are not
cost-effective. Therefore, parabolic mirrors are preferable as solar concentrators for SPLs.
However, large-scale parabolic mirrors are also not cost-effective. Therefore, the
preferable choice for the solar concentrator will be a small parabolic mirror.

Fig. 10.15. Variation in the measured solar spectrum as a function of the clock time.

10.3. Compact Solar-Pumped Fiber Laser (SPFL) System
10.3.1. Choice of Laser Mediums (LMs)
10.3.1.1. Shape of LMs
As described in Subsection 10.2.3, either disk-like and fiber-like shapes are advantageous
for LMs from the point of efficient excitation and efficient thermal dissipation. As
described in Subsection 10.2.1, solar-pumped lasers utilizing emissions from Nd ions are
preferable practical systems in the case of a single wavelength emission type because their
emission wavelength λL (approximately1.06 μm) is near the optimal wavelength region
situated between 1100 and 1300 nm, as shown in Fig. 10.1(b). So far as the LMs utilizing
emissions from Nd ions is concerned, the long optical path of a fiber-type LM enables
absorption of almost all the pumping light propagating along its axial direction. In
contrast, the short interaction length of a disk-type LM is insufficient for the same amount
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of pumping sunlight to be absorbed. Therefore, a fiber-type LM was chosen to develop a
solar-pumped fiber laser (SPFL).
10.3.1.2. Glass LMs
To realize a fiber-type LM as well as a disk-type LM, it was suggested in
Subsection 10.2.3 that glass LMs are promising for SPLs because of their high moldability
into thin disks/thin fibers, high solubility of rare-earth elements such as Nd, and suitability
for mass production.
Thus, TeO2-K2O (tellurite) glass, SiO2-B2O3-Na2O-Al2O3-CaO-ZrO2 (SBNACZ,
borosilicate) glass, and ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN, fluoride) glass were
examined as host glasses [80]. The content of Nd was changed in the range of 0-5.0 mol
%. TeO2-K2O (tellurite) glass has the advantage of having the largest integrated absorption
cross-section of Nd3+ from 400 to 950 nm among the approximately 250 glass hosts. For
example, it is about 1.5 times higher than those in borosilicate glass and fluoride glass
[81, 82]. The effective phonon energy in tellurite glass is usually less than 800 cm-1, which
is lower than that of the other oxides such as silicate (1000 cm-1) and phosphate
(1200 cm-1) [83]. This enables efficient fluorescence from Nd3+ ions doped in the tellurite
glass. SBNACZ borosilicate glass has the advantage of having excellent rare-earth
solubility and chemical and thermal stability against crystallization because of its high
glass transformation temperature. Crystallization behavior was not noticed for rare-earth
doping less than 10 wt. %. Therefore, it was initially suggested as a host medium to
immobilize high level nuclear waste [84]. SBNACZ borosilicate glass can hold up to
30 wt. % Nd2O3 without evidence of Nd clustering and has been proposed as an LM
[81, 82]. ZBLAN fluoride glass, found in 1975 [85], has advantages in terms of its wide
transparent window between 0.22 and about 8 μm, low minimum loss as low as 1 dB/km
[86], low effective phonon energy of less than 600 cm-1 [87], and high allowable doping
levels (up to 10 mol %) of rare-earth ions [34].
The internal quantum efficiencies under sunlight tracking the Sun using an altazimuth and
Ti:sapphire laser excitation (at 807 nm for tellurite and borosilicate glasses and at 794 nm
for fluoride glass) were measured directly using an integrating sphere method
(cf. Fig. 10.22 (a)). The radiative quantum efficiency obtained by Judd-Ofelt analysis was
almost 100 % for the tellurite and ZBLAN fluoride glasses and 50 % for the SBNACS
borosilicate glasses. The quantum efficiency under laser excitation was respectively found
to be 86 %, 34 %, and 88 % for the tellurite, SBNACS borosilicate, and ZBLAN fluoride
glasses at a low Nd3+ content. Parasitic absorption in the SBNACZ borosilicate glass might
have caused the low quantum efficiency. The quantum efficiency under sunlight
excitation was up to 33 %, 21 %, and 70 % for the tellurite, SBNACS borosilicate, and
ZBLAN fluoride glasses, respectively. Therefore, ZBLAN fluoride glass was chosen for
the glass LM. The stimulated emission cross-section σ(λL) in the transition 4F3/2 to 4I11/2
corresponding to the 1064 nm emission for 0.5 mol. % Nd3+ doped in ZBLAN glass was
calculated to be 2.95 × 10−20 cm2. With a fluorescence lifetime = 496 μsec for glass, σ(λL)
‧ τ was obtained to be 1.46 × 10−27 m2s, which is higher than 0.75 × 10−27 m2sec for
Nd-doped silica glass codoped with Al [88].
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10.3.2. Solar Concentrator
An off-axis parabolic mirror (OAP) was chosen as the solar concentrator because it is free
from chromatic aberration and because products of relatively short focal length, in
comparison with the caliber diameter, can be commercially available. Specifically, a
⌀50.8 mm caliber aluminum OAP (Edmund Optics) with an aluminum coating layer
(reflectance = 92 %) was employed for concentration of sunlight. Fig. 10.16 shows
schematic drawings of the OAP, including typical traces of light rays emitted from certain
points of an object and reflected at OAP.

Fig. 10.16. Schematic drawings of an OAP of caliber diameter 2D = 50.8 mm with typical traces
of light rays emitted from the head of the white arrow-shaped object of length RS and the head
of a black arrow drawn on the white arrow-shaped object of length D. (a) A side view of a case
in which the arrow-shaped object is pointing right in a side view of the system, (b) A case in which
the arrow-shaped object is pointing left in a side view of the system, (c) A case in which
the arrow-shaped object is pointing perpendicular to the plane of paper. A front view is also
provided to facilitate understanding of the geometry.
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The offset angle of this OAP was 90º. The focal point F is located on the horizontal line,
which penetrates the center point O of the OAP. The distance between F and O was also
designed to be 50.8 mm. Among the commercially available products of ⌀50.8 mm caliber
OAP, this was of the shortest FO length. Based on the geometrical consideration in
Fig. 10.16 (a), the length of the inverted image of the black arrow d can be given as

D
2D
d   
 Au  1  12  D
5 Au

(10.24)

Supposing the ratio of the length of the image of the white arrow-shaped object rS to d is
the same as the ratio RS to D, rS can be given as

rS  d 

R 
RS  RS 
2D
  
  S   2D
D  Au  1  12  D  Au 
5 Au

(10.25)

Here, D/Au ≪1 is used for the approximation. The lateral location of the image is defined
by the distance from F, x, which can be expressed as
x

12  D

5  Au


  2D


(10.26)

Because D/Au ≪1, the image is located at x ≈ 0, that is, on the focal point F. Similarly,
based on geometrical consideration in Fig. 10.16 (b), the length of the inverted image of
the black arrow d can be expressed similar to Eq. (10.24). As for the lateral location of the
image, x is obtained as follows:
4 D
x  
3  Au


  2D


(10.27)

Because D/Au ≪1, both the images in Figs. 10.16 (a) and (b) are located at x ≈ 0, that is,
on the focal point F, as indicated in Eqs. (10.26) and (10.27). Figs. 10.16 (c) and (d) show
the side view and front view for cases in which the arrow-shaped objects are pointing
perpendicular to the plane of paper, respectively. Traces of two typical light rays emitted
from the head of the black arrow drawn on the white arrow-shaped object are indicated
with blue and red lines. It is shown that the two lines, blue and red, do not intersect with
each other at a point three-dimensionally. More specifically, the red ray penetrates the
focal point F but the blue ray does not. This is because the present OAP is not precisely
an imaging system. However, the blue ray passes near the focal point. At the point of the
nearest approach, the distance from F is (D/Au)‧2D. As for the light ray emitted from the
head of the white arrow-shaped object corresponding to the blue line, the distance between
the point of the nearest approach and F can be calculated as (RS/Au)‧2D. This is the same
as Eq. (10.25). Therefore, all incident sunlight at the entrance of the OAP crosses inside
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the circle of radius rS at the focal point F. Therefore, 2 rS is not a diameter of the image of
the Sun. It should be called the diameter of the pseudo image of the Sun. The solar
concentration ratio can be expressed as follows:

 D2

 rs2  R
S

A
 u

D2
2


2
  4D


2

A  1
 u  
 Rs  4

(10.28)

Using 50.8 mm for 2D, 6.96 ×108 m for RS, and 1.496×1011 m for Au into Eqs. (10.25) and
(10.28), the diameter of the pseudo image of the Sun and corresponding solar
concentration ratio can be obtained as follows:
2rs  0.473 mm,

(10.29)

 D2
 11550
 rs2

(10.30)

10.3.3. SPL Resonator Based on a Double Cladding Optical Fiber
Using the OAP in Fig. 10.16, the diameter of the image of the Sun near the focal point is
0.473 mm as shown in Eq. (10.29). A double-clad fiber (DCF) structure composed of a
core (⌀5 μm), an inner cladding (⌀125 μm), and an outer cladding (⌀200 μm) was
employed. Both end facets were coated with thin film mirrors having reflectivity of 98 %
at 1050 mm [30-32]. A substantial part of the focused sunlight that hits out of the core can
enter the inner cladding and propagates in it, after which it eventually enters the core to
be absorbed by ions in the core as schematically shown in Fig. 10.17(a). This 10 m long
Nd 0.5 at% doped ZBLAN DCF was spooled on a kidney-shaped spool to increase the
chance of sunlight propagating in the inner cladding to enter the core. As a consequence,
the mode-matching efficiency is as high as 80 %. The absorption spectrum, in comparison
with the broadband solar spectrum, gives the spectrum matching efficiency of absorption
of 13 %. Fig. 10.17 (b) shows a schematic diagram of this SPFL system. Fig. 10.18 shows
photographs of this SPFL system mounted on an altazimuth-type solar-tracking system
(Vixen SKYPOD).
In this system, the factor in the first parenthesis in Eq. (10.8), h‧νe / (σ(λL) ‧τ), is
1.69×105 kW/m2. Supposing 0.8 for δ, and using 0.98 for R1 and R2, the factor in the
second parenthesis in Eq. (10.31), (δ – ln (R1‧R2)/2, is 0.42. Supposing 0.62
(= 650 nm / 1050 nm) for ηQD, 1 for ηQE, 0.13 for ηabs, 0.8 for ηm, 4×106 ( = 10 m /2.5 μm)
for A, and 2×10-4 ( = 2 mm / 10 m) for α (assuming 2 mm of cladding from the end facet
functions effectively), the threshold power density is calculated to be 686 kW/m2.
Supposing the incident direct solar radiation is 508 W/m2 as described in
Subsection 10.2.7, and geometrical and reflectivity loss of the solar concentrator is 30 %,
the required concentration ratio is 1930 (686 kW/m2 / (0.508 kW/m2×0.7)). Therefore, it
was conjectured that the system shown in Figs. 10.17 and 10.18 has a good chance to
realize oscillation.
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Fig. 10.17. Schematic diagrams of (a) double clad optical fiber (DCF), and (b) a prototype SPFL
system composed of OAP and Nd 0.5 at% doped ZBLAN DCF laser medium.

Fig. 10.18. Photographs of the prototype SPFL system comprising an OAP, a kidney-shaped
spool for a 10 m long Nd 0.5 at% doped ZBLAN DCF, and an optical fiber for the SPFL output.
The system is mounted on an altazimuth type solar-tracking system.

10.3.4. Outdoor Oscillation Performance of the Compact SPFL
Lasing experiments using sunlight were performed at longitude 137°3’E and latitude
35°10’N under clear skies with occasional cumuli. Fig. 10.19 (a) shows the direct sunlight
spectrum and the measured spectrum after passing through the Nd 0.5 at% -doped ZBLAN
fluoride glass fiber together with the lasing spectrum. The direct sunlight spectrum was
calculated according to the model by Bird and Riordan [79] under the following
conditions: elevation angle = 37°, aerosol optical depth at 500 nm wavelength = 0.27, total
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column ozone = 0.34 cm, surface albedo = 0.20, total precipitable water vapor = 1.42 cm,
longitude = 137° 3′ E, and latitude = 35° 10′ N. Absorption bands observed were indicated
with the identified related excited electronic levels of Nd3+ ion. Sunlight was completely
absorbed around the bands at wavelengths of 520 nm, 575 nm, 740 nm, 795 nm, and
867 nm. However, strong intensity transmissions, such as blue light with wavelengths
between 410 nm and 510 nm and red light with wavelengths between 590 nm and
725 nm, still remain. The detailed lasing spectra around 1053.7 nm obtained at different
times are shown in Fig. 10.19(b). Many peaks were observed between 1052 nm and
1054 nm. Typically, the full width of the half maximum of the peak at 1053.7 nm is
approximately 0.01 nm. The spectra showed a complex and congested nature and
fluctuated quickly. This was caused partly because of inhomogeneous broadening from
Nd ions in glass and longitudinal-mode hopping.

Fig. 10.19. (a) The direct sunlight spectrum (in red) and the measured spectrum after passing
through the Nd 0.5 at% -doped ZBLAN fluoride glass fiber together with the lasing spectrum
(in blue open circles). The locations of absorption bands are indicated with the identified related
excited electronic levels of Nd3+ ion. (b) Detailed lasing spectra around 1053.7 nm obtained
at different times.

Fig. 10.20 shows the plots of the SPFL output power as a function of the input sunlight
power captured in the inner cladding of the fiber. The input sunlight power was controlled
by changing the flare angle of the bow-tie aperture placed at the sleeve for the parabolic
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mirror (cf. Fig. 10.26). A clear lasing threshold at 49.1 mW is confirmed by natural
sunlight excitation. The slope efficiency and the total efficiency were 3.3 % and 0.88 %,
respectively. The maximum laser output power was 0.57 mW. Because the reflectivity of
both ends of the fiber are the same, adding the output powers from both ends, the slope
efficiency and the total efficiency are doubled to be 6.6 % and 1.76 %, respectively [34].
This is “the first solar-pumped fibre laser” as picked up by Nature Materials [89].
The threshold power was derived to be 49.1 mW. Dividing the cross-sectional area within
⌀125 μm of the inner cladding and the core of the ZBLAN optical fiber, the threshold
power density Ieth at the end facet of the fiber to start laser oscillation is approximately
4 MW/m2. Passing through the preposing optical system including a UV filter with a
transmittance of 95 % and OAP with a reflectance of 92 %, the total transmittance of the
preposing optical system was 71.5 %. Taking the solar concentration ratio (11550) of this
OAP into consideration, the power density before the concentration is 484 W/m2.
Similarly, the maximum sunlight power density in this measurement was obtained as
651 W/m2. In the example of a numerical estimate based on the Eq. (10.8) in
Subsection 10.2.2, Ieth was estimated to be about 686 kW/m2, which is much less than the
experimentally obtained value of 4 MW/m2. It is conjectured that a larger value of δ and
smaller value of ηQD, ηQE, ηabs, ηm and α in practice may have caused this result.

Fig. 10.20. Output laser power of SPFL as a function of input solar power.

10.4. Improvement of Spectral Matching Efficiency by Cr Codoping
The spectral absorption range of the LM should cover a wide spectral range of sunlight –
from UV to IR. This is referred to as “spectral matching”. It has been considered that an
SPL using a single rare-earth element such as Nd cannot be efficiently driven because of
the extremely narrow absorption bands of rare-earth elements [23]. A promising means
for the improvement of spectrum matching is to introduce a sensitizer of another element
that extends the absorption range considerably [90]. Particularly, it has been found that
the transition metal Cr3+ is a promising sensitizer, which has broadband absorption
characteristics and transfers the absorbed energy to Nd3+ [20, 42, 58, 63, 91-97]. In our
ZBLAN fiber, the mode-matching efficiency ηm is as high as 80 % while the spectral
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matching efficiency ηabs is 13 %. Therefore, it is important to increase the spectral
matching efficiency by Cr codoping in addition to Nd. Although Cr3+ codoping is a
possible tactic to improve the performance of SPFL, it was eventually found difficult to
codope Cr into Nd-doped ZBLAN fibers. Therefore, instead of taking advantage of the
large aspect ratio A of fiber LMs shown in Fig. 10.6, we used Cr-codoped Nd:YAG
transparent ceramic micro rods to make use of the advantages described in
Subsection 10.2.6 and Fig. 10.11. Fig. 10.21 shows the measured spectral absorption
coefficients of transparent ceramic mediums of (1) Nd (1.0 at%):YAG, (2) Cr (0.1 at%),
Nd (1.0 at%):YAG, and (3) Cr (0.4 at%), Nd (1.0 at%): YAG. In contrast with the narrow
adsorption peaks of (1) Nd (1.0 at%):YAG, (2) Cr (0.1 at%), Nd (1.0 at%):YAG and
(3) Cr (0.4 at%), Nd (1.0 at%):YAG showed broad absorption peaks. It was also shown
that the increase in Cr content from 0.1 at% to 0.4 at% caused an approximate 4 times
increase in the broad absorption peaks. It is expected that spectral matching efficiency
improves from 13 % to 35 % by the codoping of Cr ions. Then, introducing sunlight into
an integrating sphere, spectral absorption, and emission properties of Nd:YAG and
Cr-codoped Nd:YAG were examined. Fig. 10.22 (a) schematically shows a system to
measure the spectral absorption and emission from the sample in an integrating sphere in
the wavelength range of 300 nm to 1600 nm under natural sunlight irradiation (LUCIR
FQEM-L1). Fig. 10.22 (b) shows the observed spectra with and without a sample.
Subtracting the spectrum without a sample from the spectrum with a sample, a differential
spectrum could be obtained that showed absorption of the solar spectrum and the
spontaneous emission from the sample. Fig. 10.22 (c) shows a differential spectrum
measured for the Nd (1 at%):YAG ceramic sample, which shows absorption of the solar
spectrum and emission (1064 nm) from Nd3+ ions. Fig. 10.22 (d) shows a similar
differential spectrum for Cr (0.5 at%)-codoped Nd (1 at%):YAG ceramics sample. In
comparison with the spectrum in Fig. 10.22 (c), the absorption of the solar spectrum was
enhanced, and the emission (1064 nm) increased 1.5 times in Fig. 10.22 (d). This indicates
the photon energies absorbed by Cr3+ ions were transferred to Nd3+ ions and contributed
the spontaneous photoemission. Thus, Cr doping to Nd:YAG transparent ceramic rod was
experimentally reconfirmed to be a promising tactic to improve SPLs.

Fig. 10.21. Measured spectral absorption coefficients of transparent ceramic mediums of (1) Nd
(1.0 at%): YAG; (2) Cr (0.1 at%), Nd (1.0 at%): YAG; and (3) Cr (0.4 at%), Nd (1.0 at%): YAG.
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Fig. 10.22. Measurement of differential spectra showing absorption of sunlight and spontaneous
emission from Nd:YAG ceramic samples and Cr-codoped Nd:YAG ceramic samples by guiding
the natural sunlight into an integrating sphere using a solar-tracking system and optical fibers.

10.5. Compact Solar-Pumped Micro-Rod Laser (μSPL) System
We replaced the Nd-doped ZBLAN glass fiber with a 1 × 1 × 5 mm quadrangular-prismshaped, Cr 0.1 at% codoped, Nd 1 at%:YAG transparent ceramic micro laser rod supplied
by World Lab. Co. Ltd, Japan as shown in Fig. 10.23.

Fig. 10.23. 1×1×5 mm, Cr 0.1 at% codoped, Nd 1 at%:YAG transparent ceramic
micro laser rod.

The solar concentrator was changed to a ⌀76.2 mm caliber OAP (Edmund Optics) keeping
the distance between the focus F and the center of OAP, O, unchanged from that of the
⌀50.8 mm caliber OAP used in the SPFL described in Section 10.3, that is, 50.8 mm.
Among the commercially available products of ⌀76.2 mm caliber OAP, this is of the
shortest OF length. Expressing the caliber diameter 76.2 mm as 2D in this section, the
distance between F and O is 4D/3 as shown in the schematic drawing Fig. 10.24, which is
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drawn in the same manner as Fig. 10.16. Based on the geometrical consideration in
Fig. 10.24(a), the length of the inverted image of the white arrow-shaped object rS is
obtained using a similar process as the derivation of Eq. (10.25):

R
rS   S
 Au

 4
 D
 3

(10.31)

The same result is also obtained from Fig. 10.24(b). Then, it can be shown that all the
incident sunlight at the entrance of the OAP crosses inside the circle of radius rS at the
focal point F in the same manner as shown in Subsection 10.3.2. The solar concentration
ratio can be expressed as follows:
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Using values 36.1 mm for D, 6.96 ×108 m for RS, and 1.496×1011 m for Au into Eqs. (10.31)
and (10.32):
2rs  0.448 mm,

(10.33)
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 25990
 rS 2

(10.34)

Fig. 10.24. Schematic drawings of an OAP of a caliber diameter 2D of 76.2 mm with typical traces
of light rays emitted from the head of a white arrow-shaped object of a length Rs and the head
of a black arrow drawn on the white arrow-shaped object of a length D. (a) A case in which
the arrow-shaped object is pointing right in a side view of the system, (b) A case in which
the arrow-shaped object is pointing left in a side view of the system.
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These results are more favorable than the results for the ⌀50.8 mm caliber OAP shown in
Eqs. (10.29) and (10.30). Sunlight can be focused within the end facet of the ⌀1 × 10 mm
rod. Fig. 10.25 schematically shows this μSPL system. Output coupler (OC) of different
curvature radii were tested. In a typical case of Nd:YAG laser where λL was 1064 nm, λe
was 808 nm, σ(λL) was 2.8×10-19 cm2, τ was 230 μsec [98], δ was 0.02, R1 was 0.99, R2
was 0.9995, ηQD was 0.61 ( = 650 nm / 1064 nm), ηQE was 1, ηabs was 0.35, ηm was 0.29,
A was 10 (5 mm /0.5 mm) and α was 0.03, Ieth was calculated to be 5.9 MW/m2. Therefore,
solar concentration ratio of more than 16244 is required for the direct solar radiation of
508 W/m2 to start oscillation of this laser rod, taking the transmittance of the preposing
optical system to 71.5 % including a UV filter with a transmittance of 95 %, and OAP
with a reflectance of 92 %. Fig. 10.26 shows a photograph of the nucleus of a μSPL.
Bow-tie apertures of different flare angles were used to control the incident sunlight power
to measure the input solar power dependence of the output laser power. Fig. 10.27 shows
the μSPL system mounted on an altazimuth-type solar-tracking system (Vixen SKYPOD)
in an outdoor oscillation experiment tracking the Sun. The μSPL is compact enough to
use an altazimuth fabricated to mount an astronomical telescope for observation of
celestial objects (Vixen SKYPOD) as a solar-tracking system.

Fig. 10.25. Schematic diagrams of a prototype μSPL system comprised of an OAP and a Cr
0.1 at%, Nd 1 at% doped transparent YAG ceramic rod laser medium in an Al heat sink, an OC,
and an optical fiber for laser output.

Fig. 10.28 (a) shows the measured output laser power as a function of the input solar
power into the rod shown in the abscissa at the bottom. An OC of a curvature radius = 100
mm was used. The input solar power into the OAP is also indicated in the abscissa at the
top. The maximum input solar power into the OAP was 4.28 W, which corresponds to a
direct solar radiation of 939 W/m2. Passing through the preposing optical system,
including a UV filter with a transmittance of 95 % and OAP with a reflectance of 92 %,
the maximum input solar power into the rod was 3.06 W. The total transmittance of the
preposing optical system was 71.5 %. The threshold power at the end facet of the rod was
1.8 W. Dividing it by the area of the focused size, π‧rS2 of 1.58×10-7 m2, the threshold
443

Advances in Optics: Reviews. Book Series, Vol. 5

power density of 11.4 MW/m2 could be obtained. The slope efficiency against the input
solar power at the rod and the total efficiency against the input solar power at the rod were
2.1 % and 0.9 %, respectively. The external slope efficiency and the external total solar
conversion efficiency against the input solar power into the OAP were 1.5 % and 0.7 %,
respectively. Fig. 10.28(b) shows optical transmittance spectra of sunlight before and after
passing through the laser rod. The difference between the two spectra corresponds to the
absorbed light by the rod. Fig. 10.28 (c) shows the laser emission spectrum peaking at
1064 nm.

Fig. 10.26. Nucleus of the μSPL system composed of an OAP and a resonator comprising
a Cr-codoped, Nd:YAG transparent ceramic micro laser rod and an optical coupler. Bow-tie
apertures of different flare angles are used for controlling the incident sunlight power to measure
the input solar power dependence of the output laser power.

Fig. 10.27. Outdoor oscillation experiment of a μSPL on an altazimuth tracking the Sun.
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Fig. 10.28. (a) Output laser power of a 1×1×5 mm Cr (0.1 at%), Nd (1 %):YAG transparent ceramic
rod type μSPL as a function of the input solar power; (b) Optical transmittance spectra of sunlight
before and after passing through the laser rod; (c) Spectrum of the output laser. The inset figure
shows a detailed peak profile between 1060 nm and 1068 nm.

Fig. 10.29 shows the measured output laser power as a function of the input solar power
into the ⌀1 × 10 mm, Cr (0.1 at%) codoped Nd (1.0 at%):YAG transparent ceramic rod
(Konoshima Chemical Co. Ltd.) shown in the abscissa at the bottom using the same μSPL
system shown in Fig. 10.25. An OC of a curvature radius = 100 mm was used. The input
solar power into the OAP is also indicated in the abscissa at the top. The maximum input
solar power into the OAP was 3.61 W, which corresponds to direct solar radiation of
792 W/m2. Passing through the preposing optical system of the total transmittance of
71.5 %, the maximum input solar power into the rod was 2.59 W. The threshold power at
the end facet of the rod was 1.56 W, which was lower than that in Fig. 10.28. Dividing
the value by the area of the focused size, π‧rS2 of 1.58×10-7 m2, threshold power density
of 9.87 MW/m2 could be obtained. The slope efficiency and the total efficiency against
the input solar power into the rod were 2.6 % and 1.0 %, respectively. The external slope
efficiency and the external solar energy conversion efficiency against the input solar
power at the OAP were 1.8 % and 0.73 %, respectively.
The effects of different OC curvature radii, 500 and 1000 mm, were also examined.
Further, two quadrangular-prism-shaped transparent ceramic rods of 1 ×1× 10 mm of Cr
0.1 at% codoped Nd 1 % doped YAG and Cr 0.4 at% codoped Nd 2 % doped YAG
supplied by World Lab. Co. Ltd, were also tested in the same μSPL system shown in
Fig. 10.25. Table 10.1 summarizes the results. Experiment (a) shown in Fig. 10.29 is the
best data among the five results.
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Fig. 10.29. Output laser power of the μSPL as a function of the input solar power into the rod.
The input solar powers into the OAP are indicated with italic letters to show the real
soler energy conversion efficiency.
Table 10.1. Slope efficiencies and threshold powers in the different experimental setups.
Exp.
No.
(a)
(b)
(c)
(d)
(e)

Size
(mm)
⌀1 × 10
⌀1 × 10
⌀1 × 10
1 × 1 × 10
1 × 1 × 10

Dopants
Cr0.1 %, Nd1 %
Cr0.1 %, Nd1 %
Cr0.1 %, Nd1 %
Cr0.1 %, Nd1 %
Cr0.4 %, Nd2 %

Radius of OC
(mm)
100
500
1000
100
100

Slope efficiency
( %)
2.60
1.68
1.73
0.78
1.40

Threshold
power (W)
1.56
1.26
1.38
2.26
1.20

10.6. Continuous Oscillation of μSPL for Over 6.5 Hours Tracking the Sun
Using the same condition as Experiment (a) in Table 10.1, continuous oscillation was tried
outdoors tracking the Sun. Instead of the altazimuth (Vixen SKYPOD) in Fig. 10.27, a
commercially available automatic equatorial mounting (VIXEN SXD2) with a tripod was
employed seeking perfect solar tracking. The system was set at the roof terrace of Building
3 of Faculty of Engineering, Nagoya University located at latitude 35°10’N north and
longitude 136°58’E, Nagoya, Japan. A continuous oscillation experiment was performed
on a clear weather day, Wednesday, August 9th, 2017. The μSPL experimental rig is
pictured in Fig. 10.30. Output power of the μSPL was measured with a power meter sensor
every 0.3 seconds and the measured value was stored in the memory, coinstantaneously.
A pyrheliometer shown in Fig. 10.14 and a solar telescope were fabricated and mounted
on the same equatorial mounting with the μSPL and tracked the Sun simultaneously. The
power of the direct solar radiation in 5 degrees in view angle and in the wavelength range
of 190 nm to 25 μm captured with an aperture and a pinhole was measured with a
THOLABS S302C thermal power meter sensor attached to the pyrheliometer. The
THOLABS S302C power meter sensor had been calibrated with an EKO
INSTRUMENTS MS-53 (ISO 9060 First Class Pyrheliometer) that provided the value of
the direct solar radiation in terms of W/m2. These data were measured as well as recorded
in memory every 0.3 seconds. The inset at the lower left in Fig. 10.30 is an image of the
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Sun on a computer display monitored by the solar telescope using a video-capturing
attachment. As reference, global solar irradiance was measured with a digital
illuminometer. After adjustment of the direction of the μSPL roughly using the image of
the Sun on the PC display monitored by the solar telescope, precise adjustment of screws
fixing the μSPL onto the mounting provided a sudden rise in the output power of the μSPL
from several μW to several mW at 10:50, indicating that laser oscillation was taking place.
After start of the μSPL oscillation, the solar telescope was replaced by the pyrheliometer,
and the measurement of the direct solar radiation was performed in parallel with the
measurement of the output power of the μSPL.

Fig. 10.30. μSPL system tracking the Sun automatically on an equatorial mounting (VIXEN
SXD2). The inset figure in the lower left is an image of the Sun on a PC display monitored
by the solar telescope using a video-capturing attachment for a rough adjustment of direction
of μSPL toward the Sun.

Fig. 10.31 shows the variation in μSPL output power as a function of time in the lower
blue line. The variation of the direct solar radiation in terms of kW/m2 is also shown in
the upper red line. For reference, the global solar irradiances at three different clock times
indicated on the illuminometer—109000 lx at 11:08, 114000 lx at 11:59, and 43600 lx –
at 16:48 are also shown at the upper side of the figure. Simultaneous instantaneous falls
both in the μSPL output and in the direct solar radiation around 13:22-13:36 and 17:17
were caused by passing clouds. With occasional manual readjustments of the equatorial
mounting such as at 11:10, 11:23, 11:33, 11:43, 11:52, 12:00, 12:25, 12:55, 13:48, 14:46,
15:16, 15:37, 16:11, 16:29, and 17:00, the output power recovered 2-3 mW. Especially
the readjustment at 12:00 provided an approximately 4.5 mW increase in the μSPL output.
The maximum direct solar radiation over 898 W/m2 took place between 12:00 and 13:00
in which the μSPL output also reached its maximum of around 12 mW. The μSPL output
kept going over 10 mW until 14:30. After continuous decrease, the output power of the
μSPL suddenly fell from 0.2 mW to 0.0017 mW between 17:34 and 17:35, although
instantaneous oscillations were observed several times beyond 17:35. After 17:35 until
17:51, almost all the measured output powers were around 0.0017 mW. Therefore, it is
considered that the μSPL stopped continuous oscillation between 17:34 and 17:35. It was
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positive outcome that the μSPL kept continuous oscillation even if the direct solar
radiation was lower than 550 W/m2 around 17:30, that is, 61 % of the maximum value.
This indicates the possibility of continuous oscillation for 11 hours from 6:30-17:30,
which is considerably longer than our expectation and favorable for
solar energy utilization. Fig. 10.32 shows a plot of these synchronous 47012 data sets, that
is, a plot of μSPL output against the incident direct sunlight power at the entrance of the
OAP. The distribution of the data clearly shows the existence of a threshold incident
direct sunlight power around 1.47 W (2.05 W) for laser oscillation and a linear increase
in μSPL output power with incident direct sunlight power larger than 1.47 W (2.05 W).
This plot was realized because the measurement and the data acquisition of μSPL output
power were continued beyond 17:30 after the oscillation stopped because of shadowing
of sunlight by clouds spreading flat to the western horizon. A more detailed inspection of
Fig. 10.32 reveals existence of two straight lines: one is in the region under 2.7 W of the
total incident power (under 5 mW of the μSPL output), and the other is in the region over
2.7 W of that (over 5 mW of the μSPL output), with an inflection point around 2.7 W.
Since the μSPL output was over 5 mW in the major day time before 16:30 in this
experiment as shown in Fig. 10.31, we estimated the slope efficiency (external slope
efficiency) to be 1.15 % (0.82 %) from the straight line over 2.7 W. The slope efficiency
based on the straight line below 2.7 W is discussed next using the inset figure
in Fig. 10.32.

Fig. 10.31. Variation of μSPL output power as a function of time with an occasional manual
readjustment of equatorial mount during automatic solar tracking. Variation of the direct solar
radiation in terms of kW/m2 measured by a pyrheliometer is also shown. For reference,
the measured global solar irradiance in terms of lx at three different clock times are shown
at the upper side.

To understand whether the red shift as the afternoon grew late (as displayed in Figs. 10.12
and 10.15) influenced the oscillation properties of the μSPL or not, a replot is shown in
the inset figure in Fig. 10.32 in which the 8000 data points measured in the last 40 minutes
after 16:50 are indicated using red markers while the others are indicated using gray
markers. Those red-marked data were measured under insolation with the spectrum almost
equal to or more redshifted than that at 16:50 indicated in Fig. 10.15. The distribution of
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the red markers is consistent with the second straight line below 2.7 W of the total incident
power described above. The slope efficiency deduced from this second straight line is
evidently lower than that deduced from the total data in the main figure. To compare the
slope efficiency quantitatively, the slope efficiency (external slope efficiency) of 1.08 %
(0.77 %) was deduced from the second straight line while that deduced from the first line
was 1.15 % (0.82 %). The two straight lines do not positively indicate the existence of
two different threshold incident direct sunlight powers for laser oscillation but rather the
same one around 1.47 W (2.05 W).

Fig. 10.32. Plots of μSPL output power against incident direct sunlight power at the entrance
of the OAP using the 47012 data sets from those shown in Fig. 10.31. The inset at the upper left is
a replot emphasizing the 8000 data points that correspond to the last 40 minutes after 16:50
indicated using red markers while others are marked using gray markers.

The results in Figs. 10.29 and 10.32 were obtained employing the same laser rod together
with the same solar concentrator of ⌀76.2 mm caliber OAP. Although there is no
remarkable difference in the threshold power between the two experiments, the slope
efficiency and the total efficiency are more than halved in the result in Fig. 10.32 in
comparison with that in Fig. 10.29. Almost two years had passed when the experiment in
Fig. 10.32 was performed since the experiment in Fig. 10.29. Between the two
experiments, repeated test experiments were done using the same laser rod. It is known
that there is a degradation of Nd:YAG transparent ceramics, known as solarization, which
is thought to be caused by sunlight exposure. However, the origin of solarization has not
been clarified yet because the degradation is difficult to detect via instrumental analyses.
Although a UV filter (Kenko Tokina Zeta UV L41) was always set at the entrance of the
OAP in our experiments, degradation of the laser rod is a possible cause of the decrease
in the efficiencies. The prevention of degradation of the laser rod will be one of key
challenges before commercial adoption of SPLs.
In previous study [23], a water-cooled Nd:YAG crystal rod was pumped with a ⌀61 cm,
solar tracking, equatorial mount solar collector to give 1 W of continuous wave (CW)
laser output. Although the study claims that “Operation over many hours was obtained
with no evidence of reduction of output,” no evidential data of continuous oscillation was
provided. An evidential record of continuous oscillation for 11 min was reported
employing a water-cooled Nd:YAG rod and a 10 m aperture solar collector [42], in which
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tracking error was corrected manually 8-10 times during this 11 min continuous operation.
A record of 60 sec stable continuous oscillation was also reported employing a watercooled Nd:YAG ceramic rod and 2 m × 2 m Fresnel lens to generate 110 W CW laser
output [63]. More recently, records of continuous oscillation of solar-pumped 1064 nm
laser emission with a simple Gaussian intensity distribution around the center axis of the
beam (TEM00-mode) for 4 minutes have been reported [99]. Therefore, the result shown
in Fig. 10.31 is a record long continuous laser oscillation of SPL tracking the Sun [100].
This is an indispensable experimental step if SPLs are to be applied to terrestrial solar
energy utilization.

10.7. Effect of Cr Content in a Cr-Codoped Nd:YAG Transparent Ceramic
Laser Rod for μSPLs
Direct experimental comparison of the effect of Cr, Nd:YAG ceramic LMs with different
Cr contents on the SPL output was performed. Quadrangular-prism-shaped LMs of
transparent Cr-codoped Nd:YAG ceramics (1 × 1 × 10 mm, and 1 × 1 ×20 mm) were
prepared with Cr contents of 0.0, 0.4, 0.7, and 1.0 at% with a fixed Nd content of 1.0 at%.
These LMs were fabricated by World Lab. Co. Ltd., Atsuta, Nagoya, Japan [45, 46]. The
μSPL system is the same as shown in Figs. 10.25 and 10.26. Fig. 10.33 shows a
photograph of the prepared LMs; the greenish color is attributed to Cr3+. The end facet of
an LM was coated with a high-reflectivity (HR) coating consisting of a multilayered thin
film optical filter with 95 % transmittance for focused sunlight coming from the OAP and
a reflectivity (RHR) of 99.95 % for the 1064 nm monochromatic light emitted by Nd3+ in
the LM. The other side of the LM was coated with a broadband antireflection (BBAR)
coating consisting of a multilayered thin film optical filter with more than 95 %
transmittance of sunlight with wavelengths between 780 and 1064 nm and almost 100 %
transmittance of 1064 nm monochromatic light. The laser cavity contained the HR coating
on the end facet of the LM and the concave mirror of OC with a curvature radius r of
100 mm and a diameter of 10 mm.

Fig. 10.33. Photograph of the prepared Cr-doped Nd (1.0 at%): YAG rods. Cr content is indicated
on the left. Length of the rod is indicated at the top. The black points near the left ends of the rods
indicate that the left end facets of the rods were coated with HR coatings, whereas the right end
facets were coated with BBAR coatings.
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An outdoor μSPL oscillation experiment was performed on the same location as shown in
Figs. 10.27 and 10.30. Figs. 10.34(a) and (b) show plots of measured μSPL outputs against
the incident direct sunlight power into the OAP (IOAP) for the 10 mm and 20 mm LMs,
respectively [101]. The incident sunlight power at the edge of LM, ILM, is 71.5 % of IOAP
in this light collection system employing the OAP, as was reported in Section 10.3. Here,
the OC had a reflectively Rc of 99 % for laser emission (1064 nm). For both the LMs, the
output power of the μSPL took the maximum at a Cr content of 0.4 at%. The output power
at a Cr content of 0.4 at% was approximately 8.5 times that at a Cr content of 0.0 at%.
The output power decreased as the Cr content increased beyond 0.4 at%. At a Cr content
of 1.0 at% for the 20 mm LM, the output power was even lower than that for the LM
without Cr doping. It is not easy to define the portion of linear increase of μSPL output
with IOAP. However, we can compare the threshold input powers and slope efficiencies of
the LMs using the values of the IOAP intercept Ieth with the line connecting the point of the
highest μSPL output and the point of the second highest μSPL output obtained in this
experiment for each Cr content and the values of the corresponding slope ηslope. Table 10.2
lists the obtained values of Ieth and ηslope.

Fig. 10.34. Plots of measured μSPL output power against the incident direct sunlight power
into the OAP, IOAP for (a) 10 mm and (b) 20 mm transparent Cr-doped Nd (1.0 at%) YAG LMs
with different Cr contents.

In addition to the outdoor laser oscillation experiments pumped by direct sunlight, laser
oscillation experiments in which Nd3+ was pumped directly using an 808 nm LD were
performed in an indoor laboratory. To couple the 808 nm excitation beam, a
long-working-distance objective lens (focal length = 10 mm) was used. Here, OCs of
r = 100 mm, diameter = 20 mm, and reflectivity Rc = 90 %, 95 %, and 99 % for laser
emission (1064 nm) were employed. Fig. 10.35 (a) shows a typical oscillation property of
the 10 mm LM of Cr (0.4 at%), Nd (1.0 at%):YAG ceramic obtained in the laser
oscillation experiments by pumping Nd3+ directly using an 808 nm LD in an indoor
laboratory. Here, an OC with a reflectivity Rc of 95 % for the laser emission (1064 nm)
was employed. To evaluate the round-trip loss δ808 in the laser cavity, the oscillation
properties were also obtained using OCs with Rc of 90 % and 99 %. Fig. 10.35 (b) shows
a plot of Ieth (808) for the three measurements at different values of Rc against loge Rc. The
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extrapolation of a line determined by least-square fitting of the three data points intercepts
the horizontal loge Rc axis at -0.026. Therefore, δ808 was found to be 0.026 [102]. Similarly,
the δ808 values of the eight LMs were obtained and are listed in Table 10.2, together with
the ηslope (808) and Ieth (808) values obtained in these indoor experiments.
The results in Table 10.2 show that δ808 increased with increasing Cr content. The value
of ηslope (808) did not increase as dramatically as ηslope but did show a slight increase between
0.0 at% Cr and 0.4 at% Cr. At Cr contents exceeding 0.4 at%, ηslope (808) decreased
gradually in both the 10 mm and 20 mm LMs. The increase in Ieth (808) was like that of δ808
for both the 10 mm and 20 mm LMs. These results clearly show that the presence of Cr3+
does not affect the oscillation process because of direct excitation of Nd3+ by the LD. In
contrast, for both the 10 and 20 mm LMs, Ieth showed a steep decrease between 0.0 at%
Cr and 0.4 at% Cr, reaching a minimum between 0.4 at% Cr and 0.7 at% Cr and increased
again toward 1.0 at% Cr. According to Eq. (10.8), the increase in Cr content is thought to
contribute to the increase in Ieth via the increase in δ. However, the increase in the Cr
content also contribute to the decrease in Ieth via the increase in ηabs in Eq. (10.8). The
minimum value of Ieth at a Cr content of 0.4 at% is attributed to these two conflicting
contributions. Because the increase in Ieth was observed even at low Cr contents between
0.4 % and 0.7 %, the possible effect of concentration quenching is thought to have little
effect on the increase in Ieth in this experiment. Recall that ηslope increased dramatically
between 0.0 at% Cr and 0.4 at% Cr and decreased gradually beyond 0.4 at% Cr. The
maximum ηslope at 0.4 at% Cr was 2.43 % for the 10 mm LM and 3.19 % for the 20 mm
LM. These values are converted to 3.40 % and 4.46 %, respectively, if the μSPL output is
plotted against not IOAP but ILM. These values are competitive with the current
state-of-the-art values [60].
Table 10.2. Measured values: Ieth and ηslope. of the eight LMs obtained outdoors under sunlight,
and the round-trip loss L808, Ieth (808) and ηslope (808) obtained indoors under 808 nm LD pumping.
Cr3+
I e th
(at%)
(W)
0
2.98
0.4 2.41
0.7 2.49
1
2.52

η slope
(%)
0.36
2.43
2.00
1.15

10 mm LM
δ 808 η slope(808)
(%)
(%)
2.5
47.2
2.6
49.2
3.0
37.4
4.5
26.6

I e th(808)
(mW)
45.5
50.6
70.9
85.3

I e th
(W)
3.03
2.64
2.52
3.26

η slope
(%)
0.67
3.19
1.44
0.34

20 mm LM
δ 808 η slope(808) I e th(808)
(%)
(%)
(mW)
2.8
37.9
58.6
2.6
43.5
59.7
3.8
32.3
79.3
5.8
18.1
93.8

These results indicate that Cr doping is effective for decreasing Ith and increasing ηslope
because of increased optical absorption by Cr3+. Although it was demonstrated that Cr
doping increases δ808, it was also found that the increase in δ808 between 0.0 at% Cr and
0.4 at% Cr was small compared with the increase between 0.4 at% Cr and 1.0 at% Cr.
Therefore, the μSPL output showed an outstanding maximum at 0.4 at% Cr, because it is
determined by competition between the positive effect of increased energy transfer from
Cr3+ to Nd3+ and the negative effect of increased δ with increase in Cr content. It appears
that these conditions were the same for both 10 and 20 mm LMs.
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Fig. 10.35. (a) Plots of μSPL output against the incident 808 nm laser power I(808) into the 10 mm
LM of Cr (0.4 at%),Nd (1.0 at%):YAG, where an OC with r of 100 mm, a diameter of 20 mm,
and a reflectivity Rc of 95 % at 1064 nm was employed. (b) Plot of Ieth (808) for Rc of 90 %, 95 %,
and 99 % against loge Rc.

10.8. For Improvement of Mode-matching Efficiency
In this work, it has been established that sunlight can be concentrated to exceed Ieth at the
end facet of LMs by using OAPs. However, this raises a serious issue, known as the
“mode-matching problem,” which means that there is sufficient overlap between the laser
mode profile and the propagation mode of the pumping light is difficult to achieve.
Fig. 10.36 schematically shows how the concentrated direct sunlight propagates in an LM.
The thin, red cylindrical region stands for a simplified laser mode profile. The overlap is
maximum when the length of the LM is small, that is, in the case of disk-shaped LM. With
increase in the length of LM, the overlap decreases toward the constant value because the
converged sunlight at the end facet of the LM diverges again in the LM. Pumping the
region not overlapping with the laser mode does not contribute to the laser output but only
leads to energy loss. In Figs. 10.16 and 10.24, several typical traces of light rays are
indicated to show the image formations. Here, more detailed tracing of sunlight was
performed using a commercially available simulation software ZEMAX. Fig. 10.37(a)
shows the result for traces of sunlight reflected by an OAP and converged on an end facet
of ⌀1 × 10 mm LM. Fig. 10.37(b) shows a distribution of the absorbed power of the
pumping light propagating in the LM. The distribution reflects asymmetric nature of the
converged light by OAP in the first 1 mm and extends widely in the LM, implying
significant loss in the peripheral region out of the laser mode. Combining a laser cavity
analysis software LASCAD, the output laser powers were simulated as a function of the
input solar power into the rod assuming 2.8×10-19 cm2 for σ(λL), 230 μsec for τ [98], 0.02
for δ, and 0.8 for ηQE. The results are shown in Fig. 10.38. The simulated results give a
threshold power of 1.44 W and a slope efficiency of 2.8 % while the corresponding
experimental values are 1.56 W and 2.6 %. Although the simulated results approximately
reproduced the experimental results in Fig. 10.29, the slightly better threshold power and
the slope efficiency imply ηQE lower than 0.8, thereby reflecting poor energy transfer
efficiency from Cr3+ to Nd3+. If the doping region in ⌀1 × 10 mm rod could be reduced,
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for example, within ⌀0.4 mm, 0.6 mm, or 0.8 mm as shown in Fig. 10.39(a), the absorption
of the light would take place only within the doped region as shown in a simulated result
in Fig. 10.39(b). Here, we call this structured rod shown in Fig. 10.39(a) as a composite
rod. Simulated output laser powers plotted against the input solar power into the rods by
ZEMAX and LASCAD shown in Fig. 10.39 (c) indicate a decrease in the threshold power
with decrease in the diameters of the doped regions. This is possibly caused by the increase
in mode-matching, that is, the decrease of the absorption out of the laser mode that does
not contribute the laser output. However, reduction of the doped region less than ⌀0.8 mm
led to decrease in the slope efficiency, which is possibly caused by the decrease in the
absorbed light in the laser mode region because of the excessive reduction in the
doped region.

Fig. 10.36. Schematic representation of a laser mode profile and pumping light propagation
in a laser medium.

Fig. 10.37. (a) Ray tracing of the sunlight concentration onto ⌀1 × 10 mm, Cr (0.1 at%) codoped
Nd (1.0 at%):YAG transparent ceramic rod by an OAP; (b) Absorbed power distribution
in the laser medium (optical simulation code: ZEMAX).
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Fig. 10.38. Output laser power of the μSPL as a function of the input solar power into the rod
simulated combining ZEMAX and LASCAD. The corresponding experimental data shown
in Fig. 10.29 were also replotted for reference.

Fig. 10.39. Effects of reduction of the doped region in a YAG micro rod. (a) A schematic composite
rod structure; (b) Absorbed power distribution in the composite rod simulated using ZEMAX;
(c) Output laser power of the composite rod SPL as a function of the input solar power into the rod
simulated combining ZEMAX and LASCAD.

Although the reduction in the doped region to form a composite rod is effective for
improving mode-matching, the difference in the refractive indices between the core and
the cladding causes another loss, that is, diffraction loss between the exit end facet of the
rod and a resonator mirror as shown in Fig. 10.40 (a). By doping 5 at% non-absorbing Gd,
the refractive index of the cladding was matched with that of core (Fig. 10.40 (c)), and the
diffraction loss could be eliminated as shown in Fig. 10.40(b). For ease of production,
quadrangular-prism-shaped composite rods in place of concentric cylinders, as shown in
Fig. 10.39 (a), were chosen. Fig. 10.41 shows photographs of (a) a colorless Gd 5 at%
doped YAG transparent ceramic LM, (b) a greenish Cr 0.4 at%, Nd 1 at% doped
transparent ceramic LM, (c) a cross-sectional view of 2D composite LM, (d) a
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cross-sectional view and part side
three-dimensional (3D) composite LM.

view

of

a

quadrangular-prism-shaped

Fig. 10.40. Refractive index matching between the Cr, Nd: YAG core and the Cr, Nd non-doped
YAG cladding by non-absorbing Gd in the cladding to reduce the diffraction loss between
the exit end facet of the rod and a resonator mirror.

Fig. 10.41. Photographs of (a) a colorless Gd 5 at% doped YAG transparent ceramic LM,
(b) a greenish Cr 0.4 at%, Nd 1 at% doped transparent ceramic LM, (c) a cross-sectional view
of a quadrangular-prism-shaped two-dimensional(2D) composite LM, (d) a cross-sectional view,
and a part of a side view of a quadrangular-prism-shaped three-dimensional(3D) composite LM.

Using a convergent monochromatic light of NA = 0.4 formed from an 808 nm diode laser
that directly excites Nd3+ ions (Fig. 10.42 (a)), preliminary evaluations of composites rods
shown in Fig. 10.41 (c) and (d) were performed. The results shown in Fig. 10.42 (b)
elucidate a lower threshold power and a higher slope efficiency for 2D composite rod in
comparison with those for a conventional homogeneous rod, and even better results for
3D composite rod than that for 2D composite rod [103]. Although an experimental proof
of the advantages of 3D composite rods by outdoor oscillation tracking the Sun remains a
challenge for the future, the slope efficiency in a 3D composite rod with a 0.4×0.4 mm
core in a 1×1 ×10 mm LM under white light pumping is simulated to be 18 %, as shown
in Fig. 10.43 whereas that in a 2D composite rod is 3.1 % and that in a homogeneous
(conventional) rod is 1.3 %. Therefore, more precise adjustment of core size may bring
better mode-matching and better efficiencies.
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Fig. 10.42. (a) Monochromatic convergent beam optics for preliminary evaluation of 2D and 3D
rods; (b) Results of comparative evaluations of a conventional homogeneous rod, 2D composite
rod, and 3D composite rod.

Fig. 10.43. Simulated oscillation property of a 3D composite rod under white light pumping.

10.9. Evaluation of Energy Transfer Efficiency from Cr3+ to Nd3+ in μSPL
in Outdoor Operation
As shown in Fig. 10.34, Cr codoping is effective in increasing the output laser power at
0.4 at% in comparison with no codoping. However, in the cases of codoping of 0.7 at%
Cr and 1 at% Cr, the demerit of the increase in the round-trip loss δ offset the merit and
the output laser power decreased. There is a previous study that reports that the
performance of Cr, Nd:YAG ceramics was inferior to that of undoped Nd:YAG crystals
in an SPL where a 3 × 9 × 100 mm transparent Cr, Nd:YAG ceramic LM was tested in a
specially designed SPL employing end-pumping and side-pumping simultaneously using
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a liquid light-guide lens [91]. The reason suggested was as follows: (1) Cr codoping
increased the scattering coefficient of transparent Nd:YAG ceramic rods, (2) the increase
in the scattering coefficient of the rods leads to an increase in the round-trip loss δ in the
laser cavity, (3) the increase in δ leads to a decrease in ηslope, (4) the decrease in ηslope
offsets the advantage of the decrease in the saturation gain caused by increased optical
absorption by Cr3+ followed by energy transfer from Cr3+ to Nd3+. This agrees with the
results observed in Fig. 10.34. Since then, undoped transparent Nd:YAG LMs have been
used in SPLs [58, 59]. However, using ⌀4.5 mm × 35 mm Cr (0.1 at%)-doped Nd
(1.0 at%):YAG ceramic rod, the same authors recently reported a slope efficiency
1.28 times their own previous record [58, 60]. Therefore, the advantage of using
transparent Cr, Nd:YAG ceramic LMs instead of Nd:YAG single-crystal LMs in SPLs is
not conclusive.
It was also suggested from the simulated result in Fig. 10.38 that ηQE might be less than
0.8, reflecting poor energy transfer efficiency from Cr3+ to Nd3+. Fig. 10.44 schematically
shows the energy diagram of Cr3+ and Nd3+ in YAG crystal including energy transfer
process from Cr3+ to Nd3+. Cr3+ ions excited by sunlight relax to 4T2 state or 2E state.
Through the transition of Cr3+ ions from these excited states (4T2 or 2E) to the ground state
(4A2), it is considered that energy is transferred from Cr3+ to Nd3+ ions to put Nd3+ ions
eventually into the metastable excited state 4F3/2. It is considered that this process increases
the pumping efficiency and decreases the threshold power for laser oscillation.
However, the direct excitation of Nd3+ ions by sunlight may increase the number of Nd3+
ions at the metastable excited state 4F3/2 so much that Cr3+ ions excited by sunlight cannot
find enough Nd3+ ions at the ground state to which energy is transferred. This may cause
poor energy transfer efficiency from Cr3+ to Nd3+. To simulate this situation
experimentally, laser oscillation experiments with simultaneous direct excitation of Nd 3+
by an 808 nm laser and the direct excitation of Cr3+ by 561 nm that does not excite Nd3+
directly were performed as shown in Fig. 10.45 (a). Fig. 10.45 (b) shows output laser
powers as a function of 808 nm pumping power in cases with and without 50 mW pumping
at 561 nm. With 50 mW pumping at 561 nm, the output laser power increased in
comparison with the case without 50 mW pumping at 561 nm. The increment can be
attributed to the Cr to Nd energy transfer. Fig. 10.45(c) shows the decrease in the threshold
power with increase in the input 561 nm power. From these results, the energy transfer
efficiency was estimated to be 65.3 % [97].
A more realistic approach to access the Cr to Nd energy transfer efficiency was also tried
using natural sunlight pumping outdoors. For the samples, Cr-codoped Nd (1.0 at%):YAG
transparent ceramic LMs of 1 × 1 × 10 mm in size with Cr contents of 0.0 at%, 0.4 at%,
0.7 at%, and 1.0 at% shown in Fig. 10.33 were used again. Apart from the measurement
of the stimulated emission, as shown in Fig. 10.25, the spontaneous emission spectra by
sunlight excitation were also measured in a similar geometry as shown in Fig. 10.46 (a).
Figs. 10.46 (b) and (c) show measured spontaneous emission spectra in the cases of
sunlight intensity of 1.12 W and 3.07 W, respectively. Using the decrease in the threshold
power caused by the energy transfer from Cr3+ ions to Nd3+ ions, the values of Cr3+ to Nd3+
energy transfer efficiency ηCr→Nd were estimated as shown in Fig. 10.47 [104]. In the
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figure, the values estimated are not for ηCr→Nd but for (ηCr/ ηNd) ⋅ηCr→Nd. Here, ηCr is the
quantum efficiency of the formation of the excited Cr3+ ions in the energy level 2E and 4T2
from the number of absorbed photons by Cr3+ ions, and ηNd is the quantum efficiency of
the formation of the excited Nd3+ ions in the metastable energy level of 4F3/2 from the
number of absorbed photons by Nd3+ ions. In other words, ηCr stands for the efficiency of
relaxation of the excited electrons in higher energy levels of Cr3+ to their 4T2 or 2E levels,
and ηNd stands for the efficiency of relaxation of the excited electrons in higher energy
levels of Nd3+ to the metastable 4F3/2 levels. The ratio γ ( = ηCr/ηNd) is not known. For the
first-order approximation, γ can be assumed to be unity because both ηCr and ηNd represent
similar properties of the isolated metal ions doped in YAG ceramics. For the second-order
approximation, γ can be assumed to be a value slightly less than unity, γ ≾1. Because the
energy levels of rare-earth ions such as Nd3+ are not significantly influenced by the
surrounding electronic structure of YAG matrix atoms, ηNd is considered to be higher than
ηCr of a transition metal ion, Cr3+. Since γ, which is nearly equal to unity, does not majorly
influence the present discussion, the values listed in Fig. 10.47 are deemed to represent
ηCr→Nd. When IOAP was increased to 3.07 W, ηCr→Nd in spontaneous emissions decreased to
0.675γ (0.4 at%), 0.623γ (0.7 at%), and 0.625γ (1.0 at%). In stimulated emissions, ηCr→Nd
further decreased to 0.448γ (0.4 at%), 0.213γ (0.7 at%), and 0.166γ (1.0 at%). The decrease
in ηCr→Nd in the increased IOAP in spontaneous emissions, and further decrease in ηCr→Nd in
stimulated emissions may be attributed to the fact that the energy of the Cr3+ ions excited
by sunlight cannot transfer to Nd3+ ions because the number of Nd3+ ions directly excited
by sunlight and already occupying the metastable excited state, 4F3/2, increased with
increasing IOAP in spontaneous emissions, and more seriously so in the population
inversion in stimulated emissions. As for the dependence on the Cr content, the highest
values of ηCr→Nd were obtained at 0.4 at% in line with the Cr content dependence of output
powers of SPL shown in Fig. 10.34.

Fig. 10.44. Energy diagrams of Cr3+ and Nd3+ in YAG crystal under the sunlight excitation.
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Fig. 10.45. (a) Experimental set-up of the Nd/Cr: YAG pumped by 808 nm and 561 nm lasers.
(b) Laser output power property by two-wavelength pumping. (c) Laser oscillation threshold
vs. the 561 nm pumping power.

Fig. 10.46. (a) Geometry to monitor solar-pumped spontaneous emission spectra. The optical
filter transmits 70 % for λ of 1064±2 nm; (b) and (c) Measured spontaneous emission spectra
in 1060 nm<λ<1070 nm at two different sunlight intensities of 1.12 W and 3.07 W, respectively.
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Fig. 10.47. Results of estimated ηCr→Nd·γ displayed in bar charts to show (1) the dependence
on the sunlight power in spontaneous emissions, (2) the difference between spontaneous emissions
and stimulated emissions and (3) dependence on the Cr content. The Cr content dependence
of the output power of μSPL at the pumping power of sunlight = 3.07 W is also attached. γ is
the ratio ηCr/ηNd ≾ 1, ηCr is the quantum efficiency of the formation of the excited Cr 3+ ions
in the energy level 2E and 4T2 from the number of absorbed photons by Cr3+ ions, and ηNd is
the quantum efficiency of the formation of the excited Nd 3+ ions in the metastable energy level
of 4F3/2 from the number of absorbed photons by Nd 3+ ions.

Deeming γ to be unity, the values of ηCr→Nd obtained here in stimulated emissions are also
much less than the values of ηCr→Nd in spontaneous emission. This indicates that
Cr-codoped Nd:YAG is not an ideal LM. Improvement of ηCr→Nd is awaited for SPL. This
is consistent with the motivation to develop novel LMs such as in Cr, Nd-doped garnet
crystal families for SPLs in place of Cr, Nd:YAG [105, 106]. However, the advantages of
Cr, Nd:YAG ceramics over novel LMs, such as grain sizes of a few micrometers resulting
in suppressed scattering on the grain boundary, controllability of Cr and Nd
concentrations, and thermal conductivity, have been still unchallenged. As briefly
explained earlier, the problem of degradation due to solarization also needs to be solved
in Cr-codoped Nd:YAG transparent ceramic LMs. To improve the spectral matching
efficiency, we believe that it is promising to employ a vertical cavity surface emitting
semiconductor laser (VECSEL) that absorbs all the solar photons with their energy larger
than the bandgap of a semiconductor as a future challenge [107-109]. A VECSEL is
essentially a disk-type LMs shown as an ideal form of LM in the top left corner in Fig.
10.6, in contrast to the current Nd:YAG rod-like micro LMs in our μSPL.

10.10. Coordinated Solar Tracking of an Array of μSPLs to Harvest Larger
Amount of Solar Energy
In contrast to a conventional SPL employing a large Fresnel lens or a large converging
mirror with typical sizes or diameters in the range of 1-2 m and a water-cooled thick LM
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of a typical size of ⌀10×100 mm [63-65], a μSPL can be mounted on a commercially
available solar-tracking system for a telescope for amateur astronomers, as shown in
Fig. 10.30, for all-day continuous lasing tracking the Sun only with natural air convection.
This is enabled by rapid thermal dissipation from a thin micro-LM of a typical size of
⌀1 ×10 mm. However, a ⌀76.2 mm OAP can harvest only 4.1 W solar energy even in the
relatively high direct solar radiation of 905 W/m2 we observed, using the apparatus shown
in Fig. 10.14. The improved sunlight-to-laser energy conversion efficiency of 14 % shown
in Fig. 10.43, and the thermodynamical limit deduced from a detailed valance theory
31 % [76] gives the output laser power of only 0.6 W and 1.3 W, respectively. For
meaningful amount of solar energy utilization, arrays of large numbers of μSPLs should
be used.
Mass production and cost-reduction of μSPLs is indeed feasible, as demonstrated by the
commercially available “Himawari” solar lighting system composed of compact
concentrators and a solar-tracking system [78]. Large-sized solar concentrators with a
solar-tracking system and solar-tracking type solar panels cannot be operated on windy
days because they suffer from wind forces. Taking this fact into account, a coordinated
solar tracking system of an array of compact solar-pumped lasers was designed, as shown
in Fig. 10.48 (a). In Fig. 10.48 (a), parallel sliding motion of an upper white panel
transmits motions of a single solar-tracking engine to 25 μSPLs to realize coordinated
solar tracking. The upper white panel is always kept horizontal during its motion to keep
the wind pressure minimum. The distances between neighboring μSPLs are determined in
the array to avoid spatial interventions between them during the coordinated solar
tracking. In the outdoor performance test shown in Fig. 10.48(b), thermal expansion of
the upper panel by solar irradiation could disturb precise coordinated tracking.
Application of super Invar alloy, whose thermal expansion coefficient between 20 and
90 ℃ is lower than 0.1×10-6 K-1 (which is as low as 1/100 of that of the popular stainless
steel), could overcome this problem. However, application of more cost-effective
materials or structures to realize low thermal expansion remains a future challenge [110].

Fig. 10.48. (a) Schematic rendering of a coordinated solar tracking system of 5×5 compact SPLs
and (b) a photograph of outdoor solar tracking operation test.
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10.11. SPL-PV Combined System and Its Application to Optical Wireless
Power Transmission
From the spectral quantum efficiency measured on a Si solar cell of energy conversion
efficiency η = 24.0 % [111], the spectral energy conversion efficiency η(λ) can be
calculated as shown in Fig. 10.49, where λ stands for wavelength [8]. η(λ) takes a
maximum value of over 40 % at λ just below the optical absorption band edge of
Si = 1117 nm. The solar spectrum, which is also illustrated with its intensity in arbitrary
unit for comparison, has a maximum at around 500 nm. Obviously, the solar spectrum
does not make a good fit with η(λ). On average in the range of the solar spectrum below
1117 nm, η for crystalline Si solar cells decrease to a level as low as 25-30 % as those in
the market.

Fig. 10.49. Spectral conversion efficiency of a crystalline Si solar cell under monochromatic
illumination of around 50 mW/cm2. The solar spectrum is also illustrated. The lasing wavelength
of the Nd:glass laser is indicated by an arrow.

The residual 70-75 % of the solar energy contributes only to the temperature rise of the
cell. In contrast, the lasing wavelength of a Nd:glass laser is located just below 1117 nm
and closely fits the peak of η(λ). This means that the photon energy can be converted to
electricity with minimal heat loss. Therefore, it will be reasonable to convert the output
of μSPL into electricity via specially designed Si photovoltaic (PV) cells [10-17].
Optical wireless power transmission [109] to mobile objects may find applications in near
future such as power feeding to drones and electric vehicles [4-9]. The extraterrestrial
AM0 solar radiation on the Earth’s orbit is 1.36 W/m2, which is 36 % larger than the
terrestrial AM1.5 solar radiation. Owing to a lack of interrupters such as clouds, the
concept of space solar power stations, on which electricity is generated using solar cells
and transmitted to the earth via microwaves or laser beams, has been proposed [1-5]. More
recently, electricity generated by solar cells at a lunar lander has been planned for
transmission via laser beam to a lunar rover exploring deep into permanently shadowed
craters for frozen water [6, 7]. Because all the 1.36 W/m2 solar radiation in space is direct
solar radiation, SPLs can be also applied to generate laser beam for power feeding. The
463

Advances in Optics: Reviews. Book Series, Vol. 5

combined loss of solar energy via energy conversion from sunlight to electricity by solar
cells and that from photovoltaic electricity to laser beam by of a laser diode can be higher
than the single loss due to conversion from sunlight to laser beam by an SPL [8].
In the terrestrial application of SPLs to laser-beam power feeding, the high concentration
ratios of OAPs such as 11550 in Eq. (10.30) and 25990 in Eq. (10.34) exclude the chance
to utilize diffuse solar radiation. The reason why the high concentration is requested is to
realize high radiation flux density that surpasses Ieth in Eq. (10.8). According to Eq. (10.8),
Ieth can be lowered if the aspect ratio A ( = L/r) of an LM is large, and the factor α, the
effective utilization rate of the length L of the LM is large. Disk-shaped LMs such as
VECSELs discussed in Section 10.9 and shown as an ideal form of an LM in the top left
corner of Fig. 10.6, show good promise in the future. As is also shown in the top right
corner of Fig. 10.6, a fiber-type LM is another approach to attain large A and a large α by
side-pumping in Eq. (10.8). As a promising approach, transverse excitation has been
introduced into a solar pumped fiber laser system to decrease the threshold excitation
power for oscillation using a low sunlight concentration at the ratio of 1/15 [112-115].

10.12. Conclusion
We have developed compact solar-pumped lasers (SPFL and μSPL) employing an
off-axis parabolic mirror with an aperture of 50.8 mm or 76.2 mm diameter and a
Nd-doped ZBLAN fiber or a Cr-doped Nd (0.1 at%):YAG transparent ceramic rod of
⌀1 × 10 mm as the LM. Here, the stimulated emission takes place via the transition of
Nd3+ in YAG from its excited state to lower energy states. Cr was doped to absorb sunlight
in broad wavelength ranges and to transfer the absorbed solar energy to Nd3+ because Nd3+
absorbs sunlight only in the limited narrow wavelength ranges. The laser oscillation
wavelength of 1.05-1.06 μm, just below the optical absorption edge of Si solar cells, is
suitable for photoelectric conversion with minimal thermal loss after optical wireless
(laser) power transmission to distant places. The small LMs and solar concentrators realize
more stable oscillation by rapid natural air convection cooling and increased mechanical
stability during wind exposure in contrast to the conventional large SPLs typically
employing a 2 m size solar concentrator. Outdoor operation tracking the Sun yielded
continuous oscillation exceeding 6.5 h, considerably improving upon the previously
reported 11 min. This shows the applicability of SPLs to whole-day operation and
terrestrial and extraterrestrial solar energy utilization.
The measured incident sunlight-to-laser output total energy conversion efficiencies are
0.700.9 %. (slope efficiencies against the input solar power to LMs are 1.15-3.3 %.).
However, several promising data have been obtained for future improvements. The SPL
output increased more than eightfold between an LM with Cr content of 0.0 and that of
0.4 at%. The possibility of 14 % total energy conversion efficiency or more was shown in
preliminary experimental and simulated results by the improvement of mode-matching
efficiency introducing a refractive index matched core-cladding 3D composite structure
into an LM. In contrast, there was evidence of degradation of Cr-codoped Nd:YAG
transparent ceramic LMs, possibly by the accumulated sunlight irradiations, and relatively
low Cr3+ to Nd3+ energy transfer efficiency under broadband sunlight pumping. To
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overcome these problems, future studies need to explore novel LMs or to investigate
alternative choices of LMs including side-pumped fiber LMs and VECSELs of high
spectral and mode-matching efficiency.
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