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Transparent ceramics for photonic applications
I |

Since 1980’s, we have been developing the transparent ceramics. Because ceramics have several advantages over
single-crystal and optical glass. Our ceramics are widely used for lighting, laser, scintillator and many applications.
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Ceramic laser material

Transparent ceramic has several advantages over the single crystal laser material

Property Comparisons

Ref. Gregory J.Quarles: Paper I0-C11 3 Laser ceramic symposium, 2007



YAG laser ceramics
I B ]

YAG is the most important laser material. ~ We have been fabricating the YAG laser ceramics as for commercial
products
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Large-scale Nd:YAG Ceramics (the current state)

The large-scale laser materials are necessary for high-power laser systems. Unfortunately, the size of
single-crystal is limited.But recently, it is possible to fabricate the large-scale laser materials by using
ceramic technology.

Disks with large aperture Slabs with long length
10 x10 X2 cm ~35Ccm



Recent progress of Nd:YAG ceramic lasers
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Fabrication flow of YAG Ceramics

l

and Stirring D
] i

NS UBCEIEIo( Filtering Ball milling
. Powder is synthesized l l
by wet chemical reaction : : : :
4 Washing and Drying Slip Casting
- Slip cast forming method l |

YAG precurcer

'

Calcining




Fabrication of YAG Ceramics

® WAG Precursor ~nm order
" 3 BV Al(OH),, Y,Al(CO,),

Inside of the green body
( density > 60 %)

Calcining
~1200° C

Y3Al;O04, high purity powder
~submicron order

Intensity
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After sintering, pore
free structure was
XRD pattern of the YAG powder obtained
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Microstructure of YAG ceramics

5.00um

SEM image TEM image of grain boundary

The average grain size of our ceramic is about 3 um in diameter.

The width of grain boundary is very narrow



Benefits of fine grain

The grain size of our ceramic is relatively small. Ceramic with fine grain have two advantages:

Fracture strength (o) of ceramics

: _ ; Local depolarization (P) of ceramics
decreases in the inverse proportion to the

increases in proportion to the grain size

grain size
P-~ p?DT? 1

o=0, -|— 0-1D-l/2 (1) r p ( )

P . radiation power

or

D . average grain size
o =o,D¢ (2)

T . optical pass length

0., 0y @ constant M.A.Kagan, E.A.Khazanov: Quantum
D . average grain size Electronics 33(10) 876-882 (2003)



Thermal conductivity

The thermal conductivity of YAG single-crystal and
ceramic with different grain size at low temperature
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Thermal conductivity (W/cmK)
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single crystal

Thermal conductivity of 1%Nd:YAG
at R.T (20°C) (W/mK)

Single-crystal 10.5 (our work)
Ceramics  10.7 (our work)
Single-crystal 9.3 (Ref.1)
Ceramics 8.7 (Ref.l)

1 10

Temperature (K)

H. Yagi et al. Ceramics International. Vol.33, 711-
714(2007)

100

Ref.1: Technical leaflet of VLOC

At low temperature, thermal conductivity
of ceramic is lower than that of single-

crystal, because the phonon mean free path

becomes longer, and phonon scattering occurs
at the grain surface



Physical properties of YAG ceramics

I 1
mYoung’s modulus 308 GPa
mPoison ratio 0.23
mFracture strength 370 MPa
sFracture toughness 5.4 MPam?/2
s Thermal expansion coefficient 8x10°6
=Thermal conductivity 11.7W.” (m-°C)
nSpecific Heat 0.590J.7(g=°C)
mHardness (Hv) 15 GPa
mRefractive index at 590nm 1.825
uDensity 4.559.7cm3

The ceramic is about 15% harder and the fracture toughness is up to 3
times higher than that of single crystal.
Other physical constants are almost the same as the single crystal.



We demonstrated high power ceramic laser (2004)
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High power Nd:YAG ceramic laser reached the same level or even higher in

efficiency with Nd:YAG single crystal laser.

As a result, we showed the possibility of transparent ceramics for laser

material.
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Highly doped Yb:YAG thin-disk laser

Ytterbium ions doped laser material is attractive to the high power, high energy, because of lower quantum defect.

Thin-Disk Laser Experiments (24 pump passes)

16.5% Yb:YAG Thin-Disk Laser, Lpump =939nm
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Yb:YAG ceramics achieves over 60% slope efficiency

S.T.Fredrich-Thornton, et al, WB13, Advanced Solid-State Photonics 2008



Yb:YAG

Ytterbium ions doped laser material is attractive to high power, high energy, because of lower quantum defect.

Application: High-power thin-disk laser, Fusion driver etc

Absorption and emission spectra of Yb:YAG ceramics at R.T
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Yb:LuzAl;O,,(LUAG)

The Yb:YAG is widely used for the high power laser applications because it has a large
thermal conductivity. However, it was found that as the doping concentration of Yb is increased, the

thermal conductivity of the Yb:YAG drops significantly.

The pursuit of efficient high power lasers with high beam quality has led to the development of
the thin disc or micro-chip laser setup. In these laser setup, high Yb concentrations are needed to

allow for sufficient absorption within the active medium.

Recently as what is replaced with Yb:YAG, Yb:LUAG attracts attention.

Table 1. Thermal Properties of LuAG and Yb:LuA G Ceramics and Single Crystals

#

o (mms) C, (J/gK) p (g/lcm’) K (W/mK)
LuAG ceramic 2.44 +£0.02 0.54 6.65 +£0.07 8.80 +£0.06
10 at.% Yb:LuAG ceramic 2.59+£0.07 0.47 6.67 £0.07 8.04 £ 0.03
LuAG single crystal 7.7
10 at.% Yb:LuAG single crystal 740

A.Shirakawa (2012)Vol.20,No140OPTICSEXPRESS15387




10%YDb:LuAG Ceramic
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Zeroline:s8,,, =1.07 X 10-2°cm?)and the second highest peak is around the 940nm absorption is very broad
and suitablefor LDpumping Theluminence lifetime is 1.07ms .

Yb:LUAG has luminesence peaks at 1030nm(3,,,=2.0 X 10-2°cm?). The FWHM of the main peak is 6.1nm The
peak emision cross section of Yb:LUAG is 25% higher than that of Yb:YAG (8.,,=2.0 X 1020 cm?)

A.Shirakawa (2012)Vol.20,No140OPTICSEXPRESS15387



Damaged crack figures of
(a) TGG single crystal and (b) TGG ceramic.

Single crystal TGG Ceramic TGG

Microstrure of TGG ceramic



TGG ceramic

Faraday rotator is key devise of fiber laser or high peak power laser systems. TGG ceramics is an attractive material
for Faraday element
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Faraday effect of TGG
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Temature dependence of Vedet const of TGG ceramics,single crystal.

Verdet Constant [rad/Tm]

® TGG single crystal
A TGG Ceramics
— Fitting Curve

e thermalconductivity ~ 7 W/mK

 scalability
Verdet const. | single ceramics
rad/Tm @R.T ‘ 36.4 36.2

Inversed Temperature 109T (1/K)

Verdet constant of TGG ceramic is almost
same as the single crystal

R.Yasuhara Optics Express vol.15, 11255(2007)



Mixed garnet ceramics

[ N
Nd3*-doped mixed scandium garnets single crystal {(YGd)Sc(GaAl)O,,}and its mode-locked
operation was reported by E. Sorokin et. al J.0pt.Soc.Am.B 10, 1436, (1993)

Mixed garnet with broad band spectrum is a candidate for short pulse laser gain material.
We had succeeded in fabrication of mixed garnet ceramics

Disordered Garnet Ceramics
Konoshima Chemical Co., Ltd

Yhb3*-doped Nd3*-doped

{Gd,Y}Sc,{Al,Ga}O,, ceramics



Absorption & Emission spectra of Nd mixed garnet ceramics

Absorption

absorption coefficient [cm™]

absorption peak is at 808.4 nm
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wavelength [nm]

Absorption peak wavelength is almost the same as
that of Nd:YAG, but the absorption coefficient is
smaller than that of Nd:YAG

Normalized intensity [a.u.]

Emission
1061.8nm
o ! m ﬂ FWHM 5.3nm
i
—Nd:YAG J
1040 1045 1050 1055 1060 1065 1070 1075 1080 1085

wavelength [nm]

The emission bandwidth is about 3 times
broader than that of Nd:YAG

H.Okada et al, Optics letters, vol35,N018, (2010)3048



physical properties

e . E——
300 . GV eoramics Lifetime
%em— Nd mixed garnet YAG
£
= i 1% 264 us 242 1S
o 20 224 ps 190 ps
¢ | 4% 149 us 107 ps
T
Eﬂ—u
. : ) ; . : Lifetime is longer than that of Nd:YAG

Nd concentration [at%)]

Emission cross section (*Fy,-4,,,) 7.8 X 1020cm?

Refractive index ~ 1.9 (@633nm)
Thermal conductivity 5.1 W/mK



Absorption & Emission spectrum of 1.9%Yb:(Y,Gd,)Sc(Ga,Al,)O,,

ceramics
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Lifetime of disordered ceramics
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This research was partially supported by “C-PhoST: Consortium for Photon Science and Technology” program funded by the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.



10%Yb:(YGd,)Sc,(Al,Ga)O,, ceramic laser

Institute for Laser Science / UEC Tok

Yb-doped mixed garnet ceramic laser was demonstrated by Dr.Tokurakawa.Iln mode-locked laser operation, pulse as
short as 69 fs with the average power of 0.8W was achieved.
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M.Tokurakawa, Optics Express, 18 (2010) 4390

Mixed garnet ceramics material is attractive for mode-looked laser operations



Sesquioxide ceramics
I |

Feature: Highly thermal conductivity, Broad spectrum
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Emission spectra of Yb3*:Re,O,
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oeak (nm) | (nm) | limit (fs) peak (nm) | TVHM (M) it (hs)
Yb3+:Y,0, 1031 15 74 1075 16 76
Yb3*:Lu,0, 1032 13 86 1080 15 82
Yb3+:Sc,0, 1041 115 99 1094 17 74
Yb3*:Y,AlLO,, 1030 8 139

1e emission spectra of Yb:sesquioxide are about 1.5~2 times broader than that of Yb:YAG



Comparison of thermal conductivity

[ . PE—— |
Sesquioxide
materials | KYW | YVO, YAG Y,0, Lu,O; | Sc,04
Melting
SINt(CY) 1930 | 2430 | 2450 | 2430
Thermal £ 93 1
conductivity .
3.8 13.6 12.5 16.5
non-doped 12.1 10.1
W/mK
Thermal
conductivity 6.8
W/mK
V.E.Kisel et al. Opt. U. Griebner et al. .
Fl' [())ruton € | Lett 30,1150 o [Epizs 1 2 UI grltebner ® | U. Griebner etal. | U. Griebner et
al. . al. .
refe rences E)(prsss 12, (Yzog:t)o et al. Opt. 3Y12§)at(§%?2 Opt. Exprsss 12, é)lpZ‘:SE)Z((F))(;eL].SS 12, ?IZ (;EtZSEXZ%rgZS
5005(2004) (E;gcgg;s 14, 10528 (Ez):)porg;s 1410528 | 3125 (2004) (2004) ; (2004)

High thermal conductivity — advantage for a high power laser




Kerr-lens mode-locked Yb:ceramic laser
B I

The highest power operation for a sub 100 fs Yb doped DPSSL was carried out with ceramic material

Experiment set-up

SESAM [

:J

broad-stripe LD at 976nm
= Gain material
OC
T=10%
Results /
Gain material Prax (MW) At (fs) Efficiency (%) Pump Ref.
source
Yb3*:Sc,0, with 1500 66 18.8 8WLD
Yb3:Y,0;, 1000 12.5
53
Yb3*:Sc,0, 850 92 19 45W LD M.Tokurakawa et a/.
Opt. Lett, 32, 3382
Yb3*:Lu,O5 with 320 65 7.1 SW FCLD M.Tokurakawa et al.
Y.O accepted to Opt.
2>3 Lett,

Sub-100fs Yb-doped solid-state lasers were already achieved by directly
LD pumping



Scintillator ceramics
[ — ]

Scintillator and phosphor are important application for the transparent ceramics.
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Ce:YAG scintillator

X-ray induced radioluminescence

2.5x10" | | | | y-ray induced light yield
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T. Yanagida et al. , IEEE. Nucl. Trans. Sci., 51 1836 (2005).



Ce:YAG scintillator ceramics

Quantum Yield (%)

PL absolute Quantum yield of YAG:Ce
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Ce:LUAG (Lu,Al:O,,) scintillator ceramics

It is difficult to grown highly doped Ce (>0.25%):LUAG by Cz method (also Pr). 0.5%Ce:LUAG ceramics were
successfully fabricated.

100
Ce 0.25%:LuAG (Cz method)
80
S
S 60
g +E B Ceramic
g 40 iu + Single crystal
S = &
—_ !'I-" b
~ 2 LI
3 . m
Ce\0% Y%:[uAG (sintsing methad)

300 400 500 600 700 800 900
Wavelength (nm)

Transmittance ~ 80% at wavelength longer than 500 nm for both

samples. Absorption lines appear at 230, 340, and 460 nm due
to Ce3* 4f-5d transition. The

ceramic shows higher absorption than single crystal.




Ce:LUAG scintillator ceramics

Intensity (arb. unit)

| . T
Photoluminescence 20-30 keV X-ray excited decay time profiles
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5000 . . . . = S0l 1% '
B Ceramic R |
, = 500}
4000 L - LZ; 400 | S i;i "2 Lkl . |
¥ 300 4
3000 ¢ % é — o 100 26»:_) 300 200 500
/ il ;I‘ 000 Time (ns)
excitatign } - I I I Cerar;ﬁic ]
2000 | ? q o i = [ ]
| ' k' _ E | A :
RS =
1000 fl 3! T 1) . 5
0 1= F 0 100 qu?me . rs;gg) 200 500
2 500 600 _
Wavelength (nm) Main Secondary

component component (ns)

(ns)

Emission peaks of the single crystal and the ceramic
were ~500 and ~520 nm. The emission peak of the

ceramic slightly shifts to longer wavelength. Ceramic 37.3 26 300 = 60
Si-APD is suitable to readout scintillation photons.

Qinnla AR 1 + 2 N R7A +— Q7
Ceramic shows faster decay owing to higher Ce concentration —

Measured by Dr. T.Yanagida, IMRAM Tohoku University Japan



Ce:LUAG scintillator ceramics :  Light yield

Experimental setup

APD S8664-55

Energy spectra of Ce:LUAG

RI1:137Cs
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MCA channel is calibrated by using >°Fe 5.9 keV peak (=1640 e-h)

The light yields of the single crystal and the ceramic are ~12000
ph/MeV and ~16000 ph/MeV

Light yield of ceramics was 30% larger than that of the single crystal

Measured by Dr. T.Yanagida, IMRAM Tohoku University Japan



0.25%Pr:LUAG ceramics

Emission & Excitation spectra

Peak emission: 310 nm
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Emission peak wavelength and decay time of Pr:LUAG
ceramics is almost the same as those of single crystal

Measured by Dr. T.Yanagida, IMRAM Tohoku University Japan



Pr:LUAG ceramics
[N B ]

Light yield of 0.25%Pr:LUAG single crystal and Pr(0.3,0.5~0.7%):LUAG ceramics were measured .

Pr concentration v.s. relative light yield
energy spectra

Counts/channel
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Light yield of 0.3%Pr:LUAG ceramics was 10% larger than that of the single crystal

Measured by Dr. T.Yanagida, IMRAM Tohoku University Japan



Yb-sesqui-oxide ceramicscintilltor

il ey |
decay profile
Energy spectrum
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Bicg pulse height spectra of conventional BGO (blue), Yb:Lu; O Yb:Y,0, 0.12ns
Yb:Y20s3 (green), Yb20Os (black), and Yb:Sc205 (cyan). The vertical
- scaled for comparison. Yb:Sc,0; 1.07ns

Yb:Lu,0O; 1.93~2.0ns

T.Yanagida,Japan Appl. Phys Express(2011)126402



Fabrication of the composite ceramics

Il ~
(I) Core/Clad structure (I1) Plate bonding
core _ YAG green tube clad (1) Pre-sintered white ceramics are polished
Nd :YAG rod N\ with precision (flatness < A/10)
Q ) @) ) (2) Each ceramic bonds together by optical contact

Core rod is placed : (3)Final sintering

inside of green tube * The green body shrinks by sintering

Optical contact sintering

YAG clad
@ ? Nd:YAG cor
— —
Nd :YAG core/ YAG clad
composite rod structure

One body

OE)——"__) )




Cr4*:YAG absorber for Yb:YAG laser

It Ytterbium doped laser material is attractive to the high power and high energy laser, because of lower
guantum defect.

It is important to supression PO ASE for high-power laser, So gain material bonded absorber is suitable

(3]
o
T

Cr+:YAG

30

20 1 (g)

10

Absorption coefficient (cm?)

0 I | T

400 600 800 1000 1200
Wavelength (nm)

(e) as sintered,
(f) Cr**:YAG ceramics
(g) Cr*+:YAG single crystal

Yh-YAG



Composite YAG laser ceramics

Recently, composite laser materials have been becoming the key parts for DPSSL. We are
challenging to make large size composite ceramics with high optical quality.

I T 1 VW 1 Ve vvullrlvvlhv T e 1 AT 11N N YAG

\ No defect, scattering source

Nd:YAG

|

Cross section

i e ] et =g e ] |-l g g g agoeayl bl g L =—="=rxs =
K0oNnosnima emica 1 Glgle
U IR | i T .-w;1 I ‘IOII I G
Mimuﬂh ipasliauly J.II g ”'I: i -'I-I-'."':'I!Tm-"l-'1I1'J5|JE;Dj
Hu wuu (O Hlilmﬂutli (AR
I ! Sy ;ﬁs a0 Ui i _ . o[l _qm e z, o 25 ‘1 'YAG/Sm: YAG composﬂe
e S — slab for SSHCL

The Iatest Nd:YAG/YAG composﬂe ceramic slab
length: ~ 20 cm



Sm3*:YAG absorber for Nd:YAG laser

Absorption spectrum of Sm3*:YAG

Absorption coefficient (em™ Y

'D ] ] ]
450 6350 830 1050 1250 1450 1630

(a) Wavelength (nm)



Typical bonging method vs. Ceramic bonding by sintering
I T

composite ceramics by
activated bonding, with
transparent ceramics

x5.00k SE(M)

Ref: Traggis, etc, : Proceeding of 11th Annual Directed Energy symposium, DEPS (2008)



Light Scattering at bonding boundary

| . B
As for test sample, we made three composite YAG/YAG composite ceramics
ceramics by sintering or activated bonding

He-Ne laser

A

Sample A: by sintering with pre-sintered ceramics

No scattering at the boundary
Sample B: by sintering with pre-sintered ceramics

You can see the scattering at boundary
with the naked eye or by using He-Ne laser

Surface
scattering

Sample C: by activated bonding with transparent ceramics

No scattering at the boundary Light scatterin
at boundary
boundary

elf- phue modulatmn and positive (at A =
lpoueahnear frequency ch:.rponapuls
me the mﬂse er

D ua dmpmlon length at gwen pnlbe
sy s ont vt~ -
Sample C Microstructure of sample B

(NG quality) bour;dary




@ Laser tomography system for A PR
( ot optical scattering measurements A0 L

Laser tomography (Mitsui:MO-421): scattering signal form defects is detected by CCD camera
Prove laser: 2" harmonic of CW Nd:YAG, beam spot size: ¢10um

Resolution: 0.4 um / pix

(Data analyzer)
/ \ )
(Optical unit) %
CCD camera
probe laser s fil
Nd:YAG -E_g ass lilter
(532nm) C-Z =7

scattering,
fluorescence

polarizer
ND filter ﬁ C ( ;‘

(0.1~100%)  Lens: x50

specimen

X 3D stage




(@)} Scattering of composite ceramics —Appco {‘%.,n

Advanced Photon Research Center

I n
Sample A (by sintering) Sample B (No good) Sample C (by activated bonding)
XY: 200pm x 200pm XY: 200pm x 200pm XY: 200pm x 200pm
L 3

Boundary

Boundary ML ! L Boundary
" .
;I‘_(-)VG intensity: 90mwW Prove intensity: 0.9mW “ Prove intensity: 0.9mW
Light scattering intensity: 6 Light scattering intensity: 100

Scattering density: ~1.5x101° /cm?3

Sample A (composite by sintering) has
(Same as that of bulk)

no light scattering at boundary region

This research was partially supported by “C-PhoST: Consortium for Photon Science and Technology”
program funded by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.



Bonding strength (Four-point fracture strength measurement)

The diagram of fracture strength measurement (JI1S-R-
1601) ]

Composite sample

Microstructure

Picture of fractured
4 >4 4 composite ceramics
‘= Sample length L, s

Fracture strength: 3p(L-1) / 2wt2

) _ _ (Ref.) Strength by activated bonding
Bonded ceramics by sintering:341.7 + 58.3MPa

Ceramic QX/Er

. YAG Phosphate
Ceramics : 360.8+ 49.2MPa P
Bulk Material 15.1 kg 2.3kg
The strength of composite by sintering CADE Bonded 12.6kg 1.9kg
and ceramics is the same within a error 70 of bulk strength 83% 83%

Ref: Traggis, etc, : Proceeding of 11th Annual
Directed Energy symposium, DEPS (2008)



Summary

 State of the art Konoshima'’s transparent ceramics were demonstrated.
e transparent ceramic is suitable for laser,scintillator, Farady materials

 perfomance of ceramic,as laser scintilltor material, is higher than that
of tradtional single-crystal material

scomposite material with high mechanical properties,low deffects.by
using ceramic bonding thnique






Scintillator materials

Scintillator materials are widely used for application of high-energy physics, medical imaging.
They require = High light yield (output)
- Fast decay time

- High density, easy fabrication, low cost

Physical properties of typical scintillator crystals

BGO Ce:GSO | Ce:LSO | Pr:LuAG | Ce:LuAG | Ce:YAG
density (g/cm3) 7.13 6.7 1.4 6.7 6.7 4.5
light yield (ph/MeV) 8600 8000 26000 18000 | 12500 24000
decay time (ns) 300 60 40 20 55 90
emission wavelenth (nm)| 480 420 390 310 530 550
melting point (°C) 1050 1950 2150 1950 1950 1950

LUAG is an excellent candidate for new scintillator material.
Especially, ceramic LUAG has several advantages compared with the single-crystal,
such as scalability, uniform and highly doping.




Decay time measured by pulse X-ray streak

Ce?_1ms_528nm l [u=]

Lna I I I

Ce 0.3%
----- Ce 0.5%
——Ce 0.8%

-4

Ce 2% YAG s

-0

Intensity (a. u.)

o

541 £35 530 595 521 515 510
[hm] L

X-ray excited time & wavelength ' Time (ns)
resolved streak image

(T. Yanagida et al., Appl. Phys.

Express, vol.3,056202 2010)



PL absolute Quantum vield of YAG:Ce
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