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Abstract :

An additional approach to solar-laser pumping systems, the end-side end pumping
method, is here proposed to improve substantially multimode solar-laser power. In this
context, two schemes of a symmetrical solar-laser pumping system with the same
effective collection area are suggested, in order to reach an efficient extraction of
multimode solar-laser power and hence compare their efficiencies. The first is
composed of two pairs of Fresnel lens - flat folding mirror, the second by off axis
parabolic mirrors, for both collecting, redirecting, and concentrating the incoming solar
radiation towards a laser head. For both models, two hollow three-dimensional
compound parabolic concentrators (3D-CPC) are used to further compress the
concentrated solar-radiation into a 9.5 mm diameter, and total length 42 mm and 46 mm
for the first and second systems, respectively. 1.0 at% bonding YAG / Nd: YAG / YAG
rod within two hollow conical pumping cavities. Through ZEMAX® and LASCAD®
numerical analysis, both optimum pumping conditions and laser resonator parameters
are found. Furthermore, multimode laser powers of 242.4 W and 275.4 W are
calculated for the system using Fresnel lenses - flat folding mirrors and the system with
off axis parabolic mirrors, respectively. Collection efficiencies of 30.3 W / m* and 34.4

W / m* were finally associated with these solar-laser powers.

Keywords: solar radiation, off axis parabolic mirror, Fresnel lens, Solar multi-mode
laser pumping, YAG/ Nd: YAG/ YAG, crystal end-side-end pumping method.
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Property Units 300K 200K 100K
Thermal conductivity Wem™' K~!  0.14 021  0.58
Specific heat Wsg 'Kl 059 043 0.3
Thermal diffusivity cm?s~! 0.046 0.10 092
Thermal expansion  K™' x107% 75 5.8 4.25
an/aT K 73x 1070 — —
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Chemical formula
Weight %% Nd
Atomic Y% Nd
Nd atoms/cm>
Melting point
Knoop hardness
Density
Rupture stress
Modulus of elasticity
Thermal expansion coefficient
[100] orientation
[110] orientation
[111] orientation
Linewidth
Stimulated emission cross section
Ry — ¥F3
4F30 — Hy1y2
Fluorescence lifetime
Photon energy at 1.06 gem
Index of refraction

Nd: Y3 A150] >

0.725

1.0

1.38 = 1020

1970° C

1215

4.56 g/cm’

1.3—2.6 =< 10° kg/cm?
3 = 10% kg/em?

8.2 x 10—° =C—1, 0-—250°C

7.7 =< 10—‘% eCc—1,10-250° C
7.8 % 10—% =C—1_0-—250°C
120 GH=

o = 6.5 < 10712 cm?2
o = 2.8 = 10— 1% cm?
230 s

By — 1.86 = 10—19]
1.82 (at 1.0 gem)

:Nd: YAG 4 il pailaddi 1.2.13
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6 siall g adiall ye V) Adalu gy B ()38 Lasi 5 (sl e 0.8pm 5 0.73um e Lea
O Gl e M g, A V) A gl ae aie e Vaily L ¥, Al 4 gl Jasi i 8 F,)
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11.414cm® N
o e =
Rl & S 3
R = ) 2.526cm
4 ////
| yy - <=
B2t )= 2x10%em?t S
Nors — 2.001cm™
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Crystal, Pump Beam, and Matenal Parameters

=naey X ) ] Crystal, Pump Beam, and Material Parameters

T
=

el 28

Help=> Meodels Pump Light Boundaries Mat.Param. Dopg.&Mats.
FEAQptions
Models  Purnp Light | Boundaries | Materisl Param | Doping & Mats. | FEA Options |

Left beam parameters:

#-z-plane y-z-plane
Spot size at beam waist, fam ¥ faa0.
Distance of waist from left end face, mm 05

0.

2. -
[ oo

Beam divergence, mrad
Super gaussian exponent

Beam center coordinates. mm

[ oo

Incident pump power, W

From the: left end 20

Click number boses to toggle between left and right beam!

From the right end an
Be sure to set power of the pump beam not being used to zero!

Select syrmmetry of pump spot

(" Rotational symmetry 7 wy-symmetny

#| Spat size is the radius where the intensity is dropping to /63

(Q) Show Pump Profile
Apply & Fiun FEA | Cancel | [ Amplyl

Frint Close ‘

Help=> Models Boundaries  Mat.Param.

FEAOptions

Pump Light Dopg.&Mats.

Models I Pump Light| Boundaries| Material Param, | Doping & Mats. | FEA Options |

Crypstal and pumping configurations
&+ Single or dual end pumped cylindrical rod

- Cylindrical rod with top hat prafile of pump light along z-axis
and supergaussian shape perpendicular to z-axis
" Single or dual end pumped slab

Slab with tap hat prafile of purp light along z-awis and
supergaussian shape perpendicular ta z-axis

Side pumped cylindrical rod

Side pumped slab including sandwich configurations

1 IS TS B

Cylindrical rod with numerical input of pump light distribution

BRR0O0EN

" Slab with numerical input of purp light distibution

Click inta the pictures ta 2oam in or out.
Examples are found in the subdir. EXAMPLES of the LASCAD application dir.
Tutarials are found in the subdir. TUTORIALS aof the LASCAD application dir.

Length of 1od [along 2 axiz], mm 1.
Diameter of rod, mm z
.

Apply & Run FE&

Frint Close

Cancel | Apply Al

DA Goa @l yria (@) LASCAD® el (e goalls oalll 355k cillac) z3la (1) 5.4 .5, guall
ZEMAX® &y Cile A e Lele Jguanl) o3 )

Crystal, Pump Beam, and Matenal Parameters

W h

Help=> Muodels
FEAOptions

Pump Light Boundaries Mat.Param. Dopg.&Mats.

Madels ] Purmp Light] Boundaries  Material Param. ] Doping & Mats. ] FEA Options ]

Material A: NdaG

R-COmp. y-comp. z-comp,
Thermal conductivity, ' /mmk.]: | p.otoz | 00103 | 00103
Coeff. of thermal expanzion, 1/K: | G.9EE | BIEE | BIEE
Elastic modulus, M Amm™2: | 300000, | 200000, | 200000,
Poisson's ratio [xy vz #z comp.): | 0z | 025 | 025

Refractive Index | 1823 | 1823 | 1823

Temp. depend. of refr. ind. dr/dT, 14K | 9.86E-6 | 9.85E-6 | 9.88E6

0.35 ahgorption Coeff. 1 1/mm [ 035
Percentage of pump power || a0. Heat efficiency factor: 03

28E17

Ahsorption Coeff. || 1/mm

Stimulated emission cross section. mm”2

Spontaneous fluorescence lifetime, fos 230
Pump efficiency oe

™ 3Level-Laser-System Show M aterial Parameters for 3-Level-Systems

C i terial and b d d of I

&+ One material with temperature independent parameters
" One material with temperature dependent parameters
" Two materials & and B where material B may be a heat zink material
r r
| (<)

Save to Material File as | Save to Material File |

Open katerial File |

Apply & Flun FEA | Frint |

Cancel | Apply All I

Cloze |

r
Crystal, Pump Bearn, and Material Parameters

=) ‘

Help=> Meodels Pump Light Boundaries Mat.Param. Dopg.&Mats,
FEAQptions
Mudals] Pump Light Boundaries | Material Param] DUping&Mals.] FEA Options ]
cuf. kept at tant temp

Temperature, K. 0o

Surface extends from z = 0.0 10000.E6

™ Fluid Cooling

to 2=

[™ Ring suface at front face [z=0)

Temperature, K. 0o
Inner diameter of ring, mm 0o Outer diameter | 10000.EE

™ Fluid Cooling

Temperature, K. [ 00

Inner diameter of ring, mm 0o Outer diameter | 10000.EE
™ Fluid Coaling

[™ Ring suface at back face

[ oo

Reference temperature, K

()

Apply & AunFEA Frint

Canicel | Apply &l I

Close |

Nd: YAG _alll s2le ol ypacia () bl geaall 53 5ulll alaid oy puill <l yuicia (1) 6.4 .35l
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($ Al S gill 2ladY) 2500 Alealadl) bl Ja 2

(A (e )l al) Jaa sill Alalanl) Y alaall slae) 25 [97] (5 saiall o gl Aplialil) Alsladll Ja 3
—div[k(T)V(T)] = Q(x,y,2) (1.4)

LASCAD® 4 23aall ¢ Jaill Jaws sl el 2001 5,51 jadl A 50 T ool padl Jua sill Jalza 2 1 0l
Lhiae il oo L) @l cJuddl gl 8 gl all Jaall a5 68 98 Q(X, Y, Z) (23] sl Adle 8)
ZEMAX® daY) g Jas 5f LASCAD® 8 Esnsa 5205l 3l

Algay) yg e JMA (e s sl o il dnbialaill e alaall glac| Al

1
(5) = (@0 @y, )T = To) +=C (o)) (2.4)

o) g arall dlga¥) Sise s g ua

(e) =~ (24 L9y (3.4)
b ax] le-
Aa YU s ey Sise o Aigpall dalae 8 E ¢solall aadll Jalas 2

Al A5 Aus 4 5l 3,5 LASCAD® d FEA dib audy dlalidl) c¥aleal) 28 Jal
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ABSTRACT

Since the report of the first sun-pumped solid-state laser, several pumping schemes have been
proposed for enhancing the solar-laser performance.

Although the most efficient laser systems have end-pumping approaches, side-pumping
configurations are very suitable for reducing the thermal loading problems and consequently
producing higher laser beam quality. Here we report a study of the Nd: YAG solar-lasers
performance by using either end-pumping or side-pumping techniques.

The end-pumping configuration provides simultaneously, in multimode regime, the maximum
laser power (120 W continuous wave), the highest collection efficiency (32.1 W/m?), the
highest slope efficiency (8.9 %), the lowest threshold pump power (192 W) and in monomode
operation the highest fundamental-mode collection efficiency (7.9 W/m?) the highest solar
laser brightness (6.5 W). However, the side-pumping approach is very preferred for achieving
high laser beam quality in monomode operation (M? < 1.05).
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1. INTRODUCTION

Asthe natural sunlight does not provide power density sufficient enough for lasing, additional
focusing systems are usually required to convert solar power into laser radiation. Since the
report of the first solar-pumped solid-state laser [1], researchers have been exploiting
parabolic mirrors, Fresnel lenses, heliostats to attain enough solar flux at the focal point. The
utilization of the compound parabolic concentrators (CPC) as secondary pumping cavities
further boosted up the solar laser power level [2, 3]. To increase the spectral match between
the emission spectrum of the pump radiation and the absorption spectrum of the laser medium,
crystals of different active materials were tested [4]. Several pumping architectures have been
proposed for solar-pumped lasers [5]. Although the most efficient laser systems have
end-pumping approach, side-pumping is an effective configuration for producing high laser
beam-quality as it allows uniform absorption distribution along the laser rod axis and spreads
the absorbed power within the laser medium, reducing the associated therma loading
problems [6].

Renewable lasers have a large potential for many applications. Some of these applications
require operation of the laser system with end-pumping method since it produces the highest
performances, as well as other applications can be feasible with side-pumping configuration
because it leads to obtain a high laser beam-quality [7]. Therefore, it is highly desirable to
study the performance of the solar-laser systems with end-pumping and side-pumping
configurations.

Aiming to show the pumping configurations performances, we report here a study of research
carried out on Nd: YAG solar-laser systems by using either end-pumping or side-pumping
techniques.

A brief description of the solar-laser systems with end-pumping and side-pumping
configurations will be firstly introduced in Section 2. A citation of the record results of the
laser-systems with end-pumping configuration, along with the most important results on
continuous wave solar laser oscillation systems using side-pumping method will be given in
Section 2-1 and Section 2-2, respectively, followed by discussions in Section 3 and

conclusionsin Section 4.
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2. PERFORMANCE STYDY OF THE SOLAR LASER SYSTEMS

The collection efficiency is generally regarded as a primary figure of merit for solar-lasers.
The second is thermal problem worsening the efficiency as well as the beam quality [8]. The
research that have been marked by record results in solar-laser field are summarized below in
order to show, first that the end-pumping solar-laser systems are the most efficient; however,
the thermal load effects caused by non-uniform distribution of pump light, typical in these
pumping configurations, lead to a poor solar-laser beam quality [9]. Second, that the
side-pumping systems are the most effective for producing high solar-laser beam quality and
stability as they give uniform absorption within the laser medium, reducing the associated
thermal loading problems[9].

2.1 Research carried out on solar laser systems using end pumping method and
characterized by record-high results

For clearly exhibiting the results of research carried out on solar-laser systems using
end-pumping method, performance details of these systems will be given afterward. Divers
literatures were made for the solar-laser performance improvement. Research details will be
given for both multimode and monomode solar-laser operations, respectively.

In multimode regime, by using the end-pumping method, the maximum laser power of 120 W
continuous wave [10], the highest collection efficiency of 32.1 W/m? [11], the highest slope
efficiency of 8.9 % [12] and the lowest threshold pump power of 192 W [13] were attained. In
monomode operation the highest fundamental-mode collection efficiency of 7.9 W/m? [12]
and the highest solar laser brightness of 6.5 W were achieved [14].

2.2 Research carried out on solar laser systems with side pumping configuration and
marked by record-high results

The researches carried out on solar-laser systems with side-pumping configuration show that
these systems provide simultaneously, in monomode operation, high solar-laser beam quality
and stability.

The beam quality factors (M and M?), which are defined by the ratio between laser beam
divergence and divergence of diffraction-limited Gaussian beam, characterize the solar-laser

beam quality.
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M2, and M? less than 1.05 are reached by using the side-pumping method. More importantly,
a fundamental mode solar-laser with 1.7% laser power stability is produced, being

significantly more stable than the previous monomode solar lasers [8].

3. DISCUSSIONS

Since the first report of “A sun-pumped ¢ w one-watt laser” in 1966 [01], severa pumping
architectures have been proposed for solar-pumped laser ystems to improve their performance
[08]. These laser systems can have either side-pumping or end-pumping configurations.

The most efficient laser systems have end-pumping approaches because of the high
absorption efficiency of the pump-light by the laser crystal. In turn the thermal loading effects
caused by nonuniform distribution of pump-light in these pumping configurations affect
negatively the laser beam quality [9].

In multimode regime, by using the end-pumping method, high collection efficiency of 32.1 W
/ m? was attained by pumping a large Nd: YAG rod through alarge Fresnel lens. However,
very large M?, = M?, = 61 factors have been associated with this approach, resulting in very
poor beam quality [11].

For the fundamental-mode operation, record-high collection efficiency of 7.9 W/ m? with
only 1.2 as M? factors was reported [12].

Side-pumping is an effective configuration for producing high laser beam-quality and stability
as it alows uniform absorption distribution along the laser rod axis and spreads the absorbed
power within the laser medium, reducing the associated thermal loading problems of the
end-pumping method [9].

In contrast to the end-pumping configuration, the side-pumping method leads to low
collection efficiency but also to very low M? factors. Record-low M? factors less than 1.05

have been achieved [§].

4. CONCLUSION
To improve solar-laser performance, severa pumping architectures have been proposed.

These pumping architectures can be either side-pumping or end-pumping configurations.
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The most efficient laser systems have end-pumping configurations because of the high
absorption efficiency of the pump-light by the laser crystal, the thermal |oading effects caused
by nonuniform distribution of absorbed pump-light typical in these pumping configurations
affect negatively their laser beams quality.

In multimode regime, the maximum laser power (120 W continuous wave), the highest
collection efficiency (32.1 W/m?), the highest slope efficiency (8.9 %), the lowest threshold
pump power (192 W) were achieved. In monomode operation, despite the highest solar laser
brightness (6.5 W) obtained, the M? beam quality factors less than 1.2 could not be obtained
because of the negative thermal loading effects characterizing these pumping methods.

As mentioned above, the most efficient laser systems have end-pumping configurations; the
side-pumping approach is very preferred for achieving high laser beam quality in monomode
operation, M? < 1.05 was obtained. In addition to the high solar-laser beam quality, the
side-pumping configuration presents the advantage to be able to produce a stable
fundamental-mode solar-laser power. Maximum output power variation being <1.7% was

obtained. The Gaussian fundamental-mode profile was also found stable during the process.
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