
JP0350281
JAERT-Conf 2003-001

2.17 DEVELOPMENT OF HIGH POWER CERAMIC LASERS AND POSSIBLE

APPLICATION TO NUCLEAR FUSION

2 2Takagimi Yanagitani'*, Hideki Yagi', Ken-ichi Ueda Jianren LU , Alexander A. Kaminskii3

'Takuma Works, Konoshima Chemical Co., lid., 0 Kouda, Takuma, Mitoyo-gun, Kagawa

769-1103, Japan

2Institute of Laser Science, University of Electro-Communications, 1-5-1 Chofugaoka, Chofu,

Tokyo 182-8585, Japan

31nstitute of Crystallography of the Russian Academy of Sciences, Crystal Laser Physics

Laboratory, Leninsky pr.59, Moscow 117333, Russia

Abstract

We have succeeded in fabricating high-transparent Y3AI5012 (YAG) and Y203 laser ceramic

materials using vacuum sntering method. Compared with single crystal, ceramics have the

following advantages, namely: ) Ease of fabrication; 2 Less expensive; 3 Fabrication of

large size and high concentration; 4) Multi-layer and multi-functional ceramic structure; (5)

Mass production, etc.

On the base of Nd3+:YAG ceramics, we performed high efficient and high power (up to

1.46kW) CW lasers with laser diode pumping. Optical properties of Nd:YAG ceramics, such as

absorption, emission and fluorescence lifetime, were found to be similar to those of Nd:YAG

single crystal. The thermal conductivity of Nd:YAG ceramics was measured, which is also

found to be very similar to that of Nd:YAG single crystal.

The stimulated emission cross section of Nd3+:Y203 happened to be in the range that is

required for laser fusion driver. This makes Nd:Y203 a potential candidate for being used in

laser fusion system. Some optical properties of Nd:Y203 ceramics were investigated and for

the first time, CW room-temperature laser oscillation at two wavelength 1074.6 m and

1078.6 nm) of 4F/2 - '111/2 channel was obtained with a slope efficiency of 32%.
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1. Introduction

Since Maiman discovered the ruby laser in 1960 1,21, the solid-state lasers have been rapidly

developed; especially resent years, solid-state lasers have been applied with remarkable

success in various industrial capacities such as for taking physical measurements and for

medical uses. Among all kinds of solid-state, laser host material, YAG MA15012) single crystal

is the best laser host material that has been grown since 1964 3].

*E-mall address: yanagitaniftonoshima.coji (T. Yanagitani)
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However because of some disadvantages of crystal growth method, a time consuming,

expensive and size-limited procedure, generally it is very difficult to grow high-quality large

size of single crystals and the cost increases almost exponentially with the size of crystals.

Such disadvantages make people try to find some other ways to produce laser materials,

Besides single crystal materials, glass structure, glass-ceramic structure, and polycrystalline

structure materials have been investigated in many years. For glass material, it is easy to get

large size, but the thermal conductivity is about one order lower than that of single crystals,

which make it seldom use in high power industrial lasers. Glass ceramic materials are

substances of heterogeneous structure: crystal areas are embedded in a glass matrix 41, but

laser efficiencies were not satisfying compared with single crystals.

Since 1960's a number of people have speculated that a theoretically dense polycrystal of

an isotropic, pure material would be optically indistinguishable from a single crystal of the

same material. In 1966, E.Carnall reported polycrystalline ceramic laser material for the first

time [5]. In his work, Dysprosium-doped CAF2 lasers have been operated in both the

hot-pressed polycrystal and single crystal forms at liquid-nitrogen temperature. Similar laser

threshold was obtained to that of single crystal laser. After that, polycrystalline ceramic laser

hosts had not received much attention for a long time primarily because their inferior optical

quality to that of single crystal and glass materials.

In 1995, A.Ikesue fabricated transparent polycrystalline YAG by a solid-state reaction

method using high-purity powders (>99.99wt% purity) 6]. An Oscillation experiment was

performed on a CW laser by the diode laser excitation system using the fabricated ceramics.

Laser output of 309mW were obtained with a slope efficiency of 28%. This is the first laser

demonstration on Nd:YAG ceramics.

Since 1999, the authors began to fabricate polycrystalline YAG ceramics in a different

way: Vacuum Sntering method, where the raw powder materials were prepared by

nano-crystalline technology. Using these highly transparent Nd:YAG ceramics, slope

efficiency of more than 60% was achieved under end-pumping scheme 7]. For high power,

output powers of 31W-72W-84W were reported one after the other 8,91. Recently, 1.46kW

Nd:YAG ceramic laser was developed with an optical-to-optical efficiency of 42%[101.

Since the first half of 2001, we also pay more attention t Y203 ceramic material, a very

promising material, which has potential application in laser fusion system or femto-second

lasers.

Cubic Y203 crystal has been investigated for a long time as an active host material for

lanthanide ions due to its favorable properties, such as its refractory nature, stability,

ruggedness, and optical clarity over a broad spectral region, etc. In particular, thermal

conductivity Of Y203 is about two times larger than that of YAG, while the thermal expansion

coefficients are very similar. However, it is extremely difficult to grow large-size high-quality

Y203 single crystal by conventional growth methods because of its very high melting
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temperature (2400'C) Of Y203 and structural phase transition at 22800C. vliat's more, the

laser oscillation results of rare earth ions doped Y203 were. not satisfying either. Quite

recently, Nd:Y203 ceramics were developed as well by using the nanocrystalline technology

and vacuum sintering method. Compared with single crystal growth method, it is easier to

fabricate large size Y203 ceramics because of the lower sintering temperature - about 700'C

lower than melting temperature Of Y203.

The possibilities of rare earth doped Y203 for being used in laser fusion system, and high

power industrial lasers will be discussed.

2. YAG ceramic laser

2.1 Fabrication of highly transparent YAG ceramics

Fig. I shows the fabrication process of Nd:YAG ceramics. The aqueous solutions of

Aluminum, Yttrium, and Neodymium chlorides were mixed together. This mixed aqueous

solution was added dropwise and then mixed with an aqueous solution of ammonium

hydrogen-carbonate. Then steps of filtration and washing with water were repeated several

times, and then dried. The precursor thus obtained was calcinated at 1200'C for several

times, then the oxide raw powder is obtained. This powder is milled with solvent, binder and

dispersion medium for 24 hours. The milled slurry is put in gypsum mold and dried, and then

the desired form is obtained. After removing the organic component by calcining, such

material is vacuum sntered at 1750'C, then highly transparent Nd:YAG ceramics can be

obtained. The sintering time vary from to 20 hours depending on the form of sample.

A13+.Y3+.Nd3+

NH,�HCO:" Adding Dropwise Ball millina SIM Castinu
(NH4)2SO4 And Stirring

t - 1�YAG nowder interinzFyacuum S'

Filterinv t T

Calcinina YAG ceramic-

Washing and

Drying YAG precurso�

Fig. 1: Fabrication process of transparent Nd:YAG ceramics.

Fig. 2 shows the picture of the polished slab and as-sintered rod of Nd:YAG ceramic

samples. Fig.3(a) shows the reflection microscope image of YAG ceramic structure; Fg.3(b)

shows the TEM image of YAG ceramic grain boundary Reflection microscopy suggested that

the pore volume concentration in our samples is about 1ppm and average grain size is about

10 gm in diameter. The width of grain boundary is only about Mm. Such narrow grain
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boundary and very low pore volume ensure very low scattering loss in the ceramic material.

WTI 

A KNOSWMA Clit

Fig.2: Picture of Nd:YAG ceramics Fig.3: Optical reflection image (a) and TEM
image of grain boundary (b).

2.2 Properties of YAG ceramic laser materials

The thermal conductivity is a very important factor for high power lasers. There are

several ways to measure thermal conductivity, such as steady-heat-flow method 0), and

flash method (11), etc. In our measurement, steady-heat-flow method was used and the

following values were obtained.

k,,xt = 0.5 ::L 0.5(WT-Im-1)

km,,,�,j, = 10.7 ± 0.5(WT-lm-1)

From these results, one can see that the thermal conductivity of YAG ceramic is very close to

that of YAG single crystal. As we know, superior thermal property is one of te advantages

that make YAG single crystal the most popular laser material. From the comparison of

thermal conductivities between single crystal and ceramic, we can see that YAG ceramic

should have very similar thermal properties to YAG single crystal.

Optical absorption and emission measurements were carried out using a ANDO

AQ-6315A optical spectrum analyzer. ANDO AQ-4303B white light source was used for

absorption measurement and a Mitsui MLDl00 1W 807nm laser diode (LD) was used for

fluorescence and laser experiments. A D 3 X 2mm 09% Nd:YAG single crystal procured from

Litton-Airtron Inc. was used for comparison.

The room temperature absorption spectra of 1% Nd:YAG ceramics and 09% Nd:YAG

single crystal are shown in Fg.4. The Fresnel reflection has been subtracted from the

absorption spectrum. If the absorption coefficient is assumed to be proportional to te

neodymium concentration, the absorption coefficient of 0.9% single crystal should be 10% less

than that of 1% ceramics. From the Fig.4, we see that the absorption coefficient of 09%

Nd:YAG single crystal is about 15% less than that of 1% Nd:YAG ceramics. It means the

actual neodymium concentration in single crystal may be a little less than 09% because it is

hard to control the extra concentration in single crystals during the growing process. It is one

of the advantages of Nd:YAG ceramics laser material that the rare earth ions concentration

can be precisely controlled.
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Fig.4: Room temperature absorption spectra of (a) 09% Nd:YAG single crystal and (b) 1%
Nd:YAG ceramic.

Fig.5 shows the room temperature fluorescence spectrum for 4F/2 to 4111/2 transition of %

Nd:YAG single crystal and ceramics, respectively. In order to have a clear comparison, the

fluorescence spectrum for single crystal and ceramics were normalized and put together.

From this figure, it can be seen that these two spectra are almost identical.
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Fig.5: Fluorescence spectra of Fig.6: Fluorescence lfetime of Nd:YAG
Nd:YAG single crystal and ceramic as a function of Nd.'+ concentration

Using a quasi-CW LD produced by Hamamatsu Inc., the fluorescent lifetime for single

crystal and ceramics have been obtained through curve fitting on fluorescence ecay curve.

The fluorescence lifetime for single crystal and ceramics are almost identical. Fig.6 shows the

fluorescence lifetime of Nd:YAG ceramics versus neodyinium oncentration.

Using fluorescence spectrum and deduced Radiative lifetime, induced emission cross

sections were calculated for Nd:YAG ceramic and single crystal, respective y. ound 1064nin,

the main laser wavelength, stimulated emission cross section are 262 X 10-19 and 263 I 9

for YAG ceramic and single crystal, respectively. Such high emission cross-section results in

low laser threshold and high lser efficiencies.
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2.3 Laser experiment 700

6(w 1% ceramic
End-pumped laser experiments were demonstrated 2% ceramic

'100 ---w- 0.9% single crystal
on 1% and 2 neodymium doped YAG ceramics with E

. 400
thickness of 5mm and 2.5min, respectively An 807nm

laser diode was used as a pump source whose maximum

output power is 1W. A 5mm thick 09% Nd:YAG single 0 204)100
crystal procured from Litton-Airtron Inc. was used for 0

comparison with ceramics. Though the concentrations 0 2110 400 6M goo 100(
Purnp power mVV)

are different for single crystal 0.9%) and ceramics 1% Fig. 7: CW laser output versus pump

and 2), the absorbed pump powers are almost the nowpr

same because of the adequate absorption length of the sample.

All samples were coated with HR1064nm/AR808nm films to act as a cavity mirror of the

laser on one end, the other end was antireflection coated at 1064nm to reduce the intra-cavity

loss. Output coupler is a concave mirror with 250mm radius and the reflectivity is 97 at

1064nm. The cavity length is about 20mm.

Fig.7 shows the laser output versus pump power for 1% 2 Nd:YAG ceramics and 09%

Nd:YAG single crystal at 1064nni. To have a reasonable comparison, absorbed pump power

should be used to calculate the efficiencies. Table lists all results calculated according to

absorbed pump power for ceramic and single crystal, respectively. From the data listed in this

table, one can see that whatever 1% and 2 Nd:YAG ceramic, both of them have very similar

laser efficiencies to that of 09% Nd:YAG single crystal laser.

Table 1: Laser parameters calculated according to absorbed pump power

Absorbed Output Threshold Slope
power power efficiency

1% Ceramic 84OmW 499mW 2OmW 60.9%
2% Ceramic 842mW 465mW 27mW 57.6%
0.9%crystal 795mW 474mW 2OmW 61.2%

Quite recently, 146 kW Nd:YAG ceramic laser at 1.6
1.4-

1064nm was demonstrated cooperating with Toshiba '�F 1.2

1.0Corporation 9 The laser rod diameter, length and
Oa 0.8

Nd3+ doping ratio are 8mm, 200mm and 06%, :3 0.6

00.4respectively. The dependence of output power versus 0
0.2

pump power was shown in Fig.8. The 0.0r
0.0 0.5 1.0 1.5 20 25 30 35 40optical-to-optical conversion efficiency is 42%. The Pump power[kW]

Nd:YAG ceramic laser material can almost be put to

practical use. Fig.8: High power ceramic laser
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3. Y203 ceramic laser 20

Using the same fabricating method of IN-4i 9/2 F112 2 H 2)112

6Nd:YAG ceramics, transparent neodymium
2, 4

doped Y203 ceramics were developed as well. i�2 12

10

83.1 Optical properties of Nd:Y203 ceramics
6

The room-temperature absorption band 4-

areas of 4912 - [4F/2+2H(2)9/21 for 1.5at% 2 -
0 -- ----------------- --------------- --------- .... . ....

Nd:Y203 ceramic sample is shown in Fig.9. 770 780 790 800 810 820 830 840 850

From this figure, one can see that the Wavelength (nni)

maximum absorption coefficient (ca. 18cm-1) Fig.9: Room-temperature absorption spectrum

is at around 820nm wavelength. t is quite of 1.5% Nd:Y201 ceramic

different from that of Nd:YAG ceramic whose maximum absorption is around 808.6nm

wavelength. Do to the spectrum restriction of our 1W LD, we have to tune the central

emission of the LD to 808.6nm, the wavelength of the second absorption peak, where the

absorption coefficient of this ceramic sample is about 13 cm-'.

Using emission spectrum and radiative lifetime of.Nd:Y203, stimulated emission cross

section was derived which was

showrf in Fig. 0. The maximum peak
6

value of stimulated emission cross Emission cross section for Nd:Y203 ceramic

section is 52 X 1-20 CM2 which is at 4 -

wavelength of 1078.6nm. But the

second peak value of stimulated

emission cross section at 1074.6nm is 0 - 900 1000 1100 1200 1300 1400
5.0 X 1-20 CM2, which is very close to Wavelength =)

the maximum value. Fig. 0 Emission cross section of Nd:Y203 ceramic

3.2 Laser performance of 1.5% Nd:Y203 ceramic 180
160 Oplical smln-

The setup was almost similar to what used to 140 of "T 05c"'a"On
20

experiment on YAG. However, neither the 100

anti-reflection coating nor the high reflection 80 107 1 0 
60 W-1.g1h

coating are given to Nd:Y2O3 ceramic. The resonator 30 40

was composed of a high reflection mirror at 1064nm 20
0

and a concave mirror with 250mm radius and the 0 200 400 600 800

reflectivity is 97% at 1064nm wavelength although Pump power mW)
Fig.11: Input-output curve of 1.5%the laser lasing wavelength of Nd:Y203 is around

1074.6nm and 1078.6nin. Nd:Y203 ceramic laser generated at

Fig.11 shoes the laser output versus pump two wavelength of 4F/2 4111/2
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power for 1.5% uncoated Nd:YAG ceramic element. The threshold is 2OmW, when pump

power was increased to maximum of 742mW, laser output power of 160mW was obtained with

a slope efficiency of 32%. The spectral composition of CW laser output was also shown in

Fig. 1. From this Figure, one can see that laser outputs were observed at both 1074.6nm and

1078.6nm wavelengths. The result of laser experiment shows that the quality of such kind of

Nd:Y203 ceramics is good enough to be used as a highly efficient laser media. If this sample

were coated with anti-reflection coatings, slope efficiency of more than 40% could be

predicted.

Because of its many advantages, such as refractory nature, stability, ruggedness, optical

clarity over a broad spectral region, broad emission band, especially high thermal conductivity,

etc., Nd:Y2O3 ceramics is a very promising laser media that can be used in many fields, such

as high power industrial lasers, laser fusion system, etc.

3.3 Possibilities for being used in laser fusion driver system

Ceramic laser material has great potential for being used in laser fusion driver system. As

we know, laser materials, which can be used in laser fusion driver system, should have

several- feature-s:_Large. -aperture, proper emission -cross-section - -and thermal- -shock

parameters etc. Fig.12 shows the diagram of stimulated emission cross-sections and thermal

shock parameters for various laser materials. The arrow pointed area indicates the suitable

stimulated emission cross-section and thermal shock parameters for laser fusion drivers.

Usually stimulated emission cross section less than 1 X 10-19 M2 and larger than 1 X 1-20 CM2

is required. Because emission cross-section beyond this would cause parasitic oscillation while

emission cross section below this cannot match the requirement for saturation flux limitation.

Although several single crystals can match the requirement on emission cross-section and

thermal shock parameters, but unfortunately, large-scale samples are extremely difficult to

2000
H.�

1000

im*

100 Nd3+
Optical -10

0damage in4
thin film 0 thernial fracture limit

(YEst>O. I Ncm3
10.

0.5 1.0 I 0 so
Sfimulatedemissioncrosssectionc (10-20CM2)

Fig. 12: Solid state laser materials for fusion driver
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be grown. As we know, to fabricate large size of transparent ceramic sample is not a problem,

and also from calculated stimulated emission cross-section of Nd!Y203, we know that for two

main laser lines of 4F312 4_[112 channel, the stimulated emission cross section are 10,21)
CM2 and 52 120 M2 ively, whi h are just in the range required for laser fus'

, respecti ic I ion

driver system. Although the thermal shock parameter of Nd:Y203 hasn't been measured at

present, as a high-melting temperature material, usually its thermal shock parameter should

be much higher tan that of glass which is now used in laser fusion drivers.

4. Conclusions

Nd:YAG and Nd:Y203 ceramics with excellent transmittance were fabricated successfully

by vacuum sntering method in the present study. The optical properties of these specimens

were investigated, and the significant results of this work can be summarized as follows:

(1) Highly efficient CW laser oscillation for Nd:Y203 was demonstrated under LD end

pumping for the first time.

(2) Nd:YAG and Nd:Y203 ceramics have almost the same laser efficiency as that of single

crystal.

(3) Nd:Y203 ceramic laser material has the possibilities for being used in laser fusion

driver system.
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