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Abstract

Gadolinium gallium garnet Gd;GasO;, (GGG) co-doped with chromium and
neodymium have attracted attention as an active material for high power solid state
laser.

In the last decade, transparent laser ceramic material technology had achieved
many successes, whereas monocrystal growth technology has reached its limits.
Monocrystal growth technology is relatively very expensive and limited to several
centimeters in diameters and lengths. The main advantages of ceramic technology are
cost-effectiveness, simple manufacturing process, mass production and high
scalability. Laser active elements with multilayers of different dopants, as well as
novel laser materials, have become possible to be fabricated using ceramic
technology.

Polycrystalline ceramics, compared to single crystals, exhibits good thermal
conductivity and higher mechanical properties; but they exhibit comparable or even
superior optical quality and optical homogeneity, while the laser properties (emission
spectra, absorption and fluorescence life time) are the same.

Sol gel process is one of the best methods to produce nanosized powders. The
main advantages of this method are: low processing temperature; Obtaining very fine
powder; excellent chemical homogeneity of the final product due to the intimate
mixing at the molecular level in the solution; and lower crystallization temperature
compared to solid state reaction.

The aim of this work
Preparation of Nd:GGG, Cr:GGG, Cr,Nd:GGG laser active nanocrystals using
sol-gel method.

Work steps

e Determination of optimum parameters, for GGG synthesis;

e Preparation of Nd:GGG with acetic acid as chelating agent, and for the first
time, to the best of our knowledge, with formic acid as chelating agent.
Structural and spectroscopic investigation analysis was performed for both
samples;

e Structural and spectroscopic analysis of Cr,Nd:GGG prepared by sol-gel are
conducted for the determination of optimum chromium concentration for
lat.% neodymium concentration.

Results details

Nd:GGG, Cr:GGG, Cr,Nd:GGG nanocrystal are prepared by modified sol-gel
method. The precursors are not the expensive salts usually used, but the normal
oxides dissolved in acids. Acetic acid as well as formic acid are used as chelating
agents (version 1, version2).

Optimizing sol-gel parameters is performed. These parameters are found to be a=1.2,
=2, and pH in the interval from 2.5 to 3. Where a is the molar ratio of chelating
agent to the total cations number; and [ is the molar ratio of cross linking agent to the
total cations number.

Preparing Nd:GGG nanocrystal using acetic acid and formic acid as a
chelating agents, and investigating structural (X-ray, DSC-TGA) and spectroscopic
characterization of these Nd:GGG nanocrystals reveal that:
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The formation of luminescent nanoparticles of GGG phase at 800 °C for 1
min;
The crystallite diameter at 800 °C for 2 h is about 29 nm.
The optimum treatment temperature is at 1000 °C;
Nanopowder prepared with formic acid is better than that formed with acetic
acid, for the following reasons:
+»* Less volumic contraction;
% Better crystal structure;
s Less crystallite diameter;
% Greater fluorescence life time with less temperature dependency, in the
range of 900 “C-1100 °C.
Spectroscopic investigation of Cr,Nd:GGG nanocrystals prepared by sol-gel

method (version 2) with our optimum parameters, reveal that:
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The Cr’*-Nd*" co-doping quenches strongly the Cr’” luminescence and
increases the photoluminescence of Nd**, indicating a sensitizing effect of
Nd** by Cr’" at the nano-scale;

The photoluminescence intensity of Nd** in Cr,Nd:GGG at 1.06 pm is
maximum for 1at.% chromium concentration;

The fluorescence decay rate of Cr’” in Cr,Nd:GGG is maximum for 1at.%
chromium concentration;

the optimum concentration of Cr'in Cr,Nd:GGG is about 1at.% for 1at.%Nd;
Energy transfer efficiency is found to be 84% for 1at.% concentration of each
neodymium and chromium;

Our value of Cr’ optimum concentration in Cr,Nd:GGG, which is close to
lat.%, and the value of Nd** concentration (1at.%), match those used in
GSGG monocrystal. This indicates that Cr,Nd:GGG polycrystalline ceramics
may be used to overcome the segregation problem without the need to
introduce scandium into the system.
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Pa=d(t,n,) = TnAc;;; £1/2 (1.21)
(fitting)
.(analytical statistics) Monte Carlo

(configuration)

(subensembles of the sublattice)

:[80]

Nt
Ne = [Fo

N¢

28



=

Pki

N k

N0 = ) pramia(®)
k

Ca . i
1-Ca ny; = exp(—W;t)
:[80,83] ( ) nzi=1

N;(t) = (1 = Cp) + Cpexp(=W;t)

N© = | 10 - ) + Crexn(-wi)] = exp(~P(©)

i=1

Nj

P(t) = — Z In[(1 = C,) + Cyexp(—=W;0)] (1.22)

i=1
N©
i P) N@©
my 1 N
[80]

N;

N© = | [1a - + Cexp-wim
=1
N;

P(t) = —Z myIn[(1 = C,) + Cyexp(—W;1)] (1.23)
=1

: N
(121 ) - (123 ) rw

[84]

29



P(t) = C, (Z m) ¢ (1.24)

.np(t)
'[80]
dnp  np dP(t) 198
T, P (123)
dn,  m, dP,(t) dP(¢)
W = — a — Ny dt Nnp dt (126)
Pa(t)
:[80] (1.26 1.25)
ma(©) = np()exp () expl=Pa(0)]
g dP
X f exp (% - %) exp[Py(x) — P(x)] dix) dx (1.27)
0
P(t) = CuWp,t (1.28)
Py(t) = CuWyut (1.29)
. CaWpa
ma(t) = np(0) X 722 [exp(-Wst) — exp(~Wp0)] (130)
W, =11+ CWyu (131
Wy =15t + CaWpy (1.32)
(1.32) (1.31)
=0 np(0)
Hamax 0 0 (na(t))
. tmax NAmax . tmax

30



Ngmax = NMp (0)

CaWp 4 <%>WA/(WD—WA)
Wp \Wp

In (%)

by =
max WA_WD

NAmax 114 ( O

Whp Ca
-[82]
Ngy Np
dN,(t) A
p j
= - w
il PUARDY
j=1 k=1
k#p k#p
y p
.k p
p k
-p )
t k
.t j
p
p
(1.16)

31

(1.35)

.(radius of the quenching sphere)

(1.33)

(1.34)

2.6.2.1



.Rop<<Rpa

.(diffusion) (migration)
(_*
- (€ <)
.[60] - (co5 > C5a)

(diffusion constant) D

.[60] _
14
D=3 Gmns)"Cyp (1.36)
T1'! . (hopping) 1
.[60] -
1 2
Z N (?) n%ng (1_37)
.[85]
t
1(t) = Ipexp <_; - nAWDAt) (1.38)
Whpa
:[85-86] _
I(t) =1 t_% sp cY/241/2 1+ 10.87x + 15.50x2\*"* 30
= Oexp TD 377: nA DA 1 + 8'743x ( . )

32



x = DC,,*t?/3
(1.21) - (D=0) (1.39)
t<<D")

_(3/2CDA1/2

.(diffusion-limited relaxation)

[85-
:86]
1® = e (- —-—) 1.40
= loexp (——— (1.40)
1
— =051+ 4, )l D3/4 (1.41)
d
:[79]
t 4 3
1(t) = I,exp [—— — —nnAF (1 — —) (Cpat)3/s — Wmt] (1.42)
o 3 s
Won
7.2.1

GGG

33



.GGG
[73] -
.[60]
t 43 ozl
I(t) = 1(0) exp | —— — sm2n,Cp, “t2 (1.43)
Ter 3
.[89]
t 4 3 oz,
I(t) = 1(0) exp T Wicr—na)t — §n2nACDA t2 (1.44)
L + W, 1.45
Tcr-Nd B Ter (Cr=NO ( . )
.(rate of migrationally limited relaxation) Wer-na
4-1
4-1
TNd Ter Wernd ner NnNd Cer-Nd
(us) | (us) (s (cmés1)
[66,87] 250 | 1530 - 1*1020 1*1020 0.09*1038 | YAG
[66,87] 250 | 160 | 0.54*103 | 1*1020 1*1020 1.1*10-38 GGG
[66,87] 280 | 120 2.2*103 | 1*1020 1*1020 2.2*10-38 GSGG
(energy transfer efficiency) .8.2.1

34




1.06

Cr3+

35

A(Nd
( )/A(Cr)

[3,87-88]

n= PL(N) (1.46)
PL(Nd,Cr)
Cr3+ Nd3+ A(Cr), A(Nd)
.PL(Nd,Cr) PL(Nd) cm1
1.062um
735
630
.[3] 0.77 GGG:Nd,Cr
(photoluminescence integrated intensity)
“ Ior ng (D)dt
n _do ferma (1.47)
ICr(O)TCr
ler Oy = [ er(Oe
0
fooo Ierna(t)dt
n= 1- 3
Jy Ter(t)dt
Pl @) dt — [ I vg (D) dt
_ fo Ccr _ fo Cr,Nd (1.48)
f() ICT(t)dt
.GGG:Cr  Cr3+ ~Tcr
=0 Cr3+ ]Cr(O)
.GGG!Nd,CI‘ Cr3+ :ICr,Nd(U
INNIGLL
(1.48)
n
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0.86

.GGG

.Cr,Nd:GSGG

.[3] Cr,Nd:GSGG

-[78]
_(Ro
Moa = (RDA)
250
.[66]
.= (1 —n)1er

12 Cr,Nd:GGG

0.9

Cr,Nd:GGG

(1.49)

9.2.1

(1.50)

22.5
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189]

.(vapor-phase reaction)

.(hydrothermal methods)

1.2



38

.(monolithic ceramic)

sol-gel

'[89-91]

.Solid-State

1.1.2

1.11.2



39

(Pechini)
GGG
Metal Alkoxide Solution
. _______%__C_?_ziffng Xerogel film
Hydrolysis,
Condensation ‘Heafrfig, )
Sol Densification
Dense Cermanic Film
Gelation Precipitation r 1
Wet Gel Uniform Particles
Supercritical i
Extraction Drying
Aerogel / \‘ Xerogel
(FBR) M
\\_// Heating, Densification
Dense Cermanic
.[92] 1-2
-(Particulate gel) °
-(polymeric gel) °
. (rate of hydrolysis) °
(rate of condensation) o



40

Solution of metal Alkoxide

Hydrolysis .
ydroly hydrolysis
condensation v
Sol Sol
{solution) (suspension:particles)
gelation .
gelation
L 4

‘Polymeric’ Gel

L J

N

drying

[89] -

Particulate’ Gel

i

Dried Gel

v firing

Dense product

drying

2-2

1.2.1.1.2



189]

M—(OR),+H,0 — (OH)-M—(OR),.; + ROH

-(self-condensation)
(OH)-M—(OR),.;+M—(OR), — (RO)».1-M-O-M—(OR),.; +ROH
2(OH)-M—(OR),.1 — (RO),.1-M—O-M—(OR),; +H,O

(cross-condensation)

(acid-catalyzed conditions) -
.pH>pH, (base-catalyzed) pH<pH,

(Point of zero charge)

-pH=pH, (PZC)
(NH,OH ) (HCI)
1 0.01
- 2.2.1.1.2
( ) (-2 )

41



5T
V2

Far From Gel Point Near Get Pont Gl Poiat

Lintangled primaridy Additional crosslinks
linear molecules L junctiens
(A)
i & A S
B
& 51 9#@{ / !
€= 1) nm =
Far From Gel Poinl N el Paine
Branched clusters ¢ Vinkedl clusters
aildigiond hing

B)

[89] (B) (A) :3-2

-(Capillary flow)
.[891 (%0.1-%0.01)
(4-2 ) (Ostwald viscometer)
B & C
A &B
[89]

n =kpt

.Coutte flow

(deflection) . (torsion)

'189]

n =KO/wh

42



43

.[89] 4-2
3.2.1.1.2
(Xerogel)
aerogel xerogel (1 -2 )
1
[89] 1-2
%95 hypercritical evacuation Aerogel
autoclave
% 60-40 Xerogel
2
20 KHz Sonogel
autoclave
Cryogel
G602 SIC14 VapOgel
GeCly xerogel ( )
- 3.1.1.2
2-2




(Pechini's method)

S5-2 (polymeric gel)

[89-90] -

4.1.1.2

Ellipsometry

Fourier
transform IR
spectroscopy

structural order

Raman
spectroscopy

Solid-state
nuclear
magnetic
resonance
(NMR)
spectroscopy

Transmission
electron
microscopy

X-ray
diffraction

Pechini type polymeric gel)

1.4.1.1.2

(formation

.(polymerizable complex (PC))

(polyesterification)

(tartaric) (citric acid)

(glycolic)

44

(1967)

.(diol)



| 2

Cs;H4(OH)(COOH);
6-2 : HOC,H,OH
130-100
.(in situ polymerization)
( )
(cross-
! ! linking)
Jiquid mix technique
114112
(precursor) 1.1.1.4.1.1.2
(pk1=2.9 (7-2 ) ~OH (m)
20 .[91])
OH- . (pko=4.36, pk3=5.74)

45



46

/ -
B B
— & B
Dissolution
-9\ P
Ty b / AN
I 4V

Metal comples formation
[
TR
AN

P
{;L:E‘,f‘}'\'gxlik:\
_}J':ﬁ'*

B ABD,
8o, H,\ BO,
A0,
AB,0,
A, B,
—hA
Pyialysks
ABO,
.[91] (polymeric gel) :5-2
citric acid * ethylene glycol ~ + metal ions
B ou HoH
o i [
HO—C—G /q\ C—OH HO_(E_(F_OH VL, S
H O/C\H B g
HO' £
d “on
H
o) ll, <|: (I: c! (I: 3: i }ll ﬁ | IFI ﬁ
A ~O0—C—C-0-C—C, G0~
/N H H H H
HO ¢=0 N
! O C
i/ ol S
M1--OH e P
o M2
\ H O
O\c sl (!: <|:| o~
INAVAS
o]
o >C=O
M3--0

.[91] 16-2



47

t
COOH
m
HOOC OH
t\
COOH
.[91] 7-2
2.1.1.4.1.1.2
—OH
.(binuclear)
(ethylenediamine)
EDTA (CoH;N,Os)
8-2
EDTA
(Amorphous Metal complex method) 2.4.1.1.2

(aqueous citrate gel)

.(amorphous metal complex)

( )



; @]
ol b O
Yy
N, o
ag_ 0
O
O
EDTA :8-2
100
(glass—like gel )
EDTA
(Ethelyn Diamine Tetra Acitic Acid)
(soluble polymer) 3.4.1.1.2

Polyvinyle alcohol (PVA)
Polyethylene glycol (PEG)

48



.(agglomerated)

(soft

(pC
[91]

49

5.1.1.2

1.5.1.1.2

.agglomeration)

.(surfactant)

2.5.1.1.2



50

'[89,91]

[91,93] Y,0; YAG

(monolithic ceramic)

.(wear resistance)

.(yttria stabilized zirconia)

(

(dielectric)

Tc

.(spraying)

3.5.1.1.2

© 9N LA W~



(chemical vapor

51

(co-precipitation)

) Ipa.s

(

(vapor-phase)

.(sputtering)

(precipitation)

)

deposition (CVD))

4.5.1.1.2

.5.5.1.1.2

2.1.2



(super saturation)

)
(
1[92,94]
[ J
[ J
[ J
[ J
[ J
()
( Whatman No.41) Fe(OH);
(Whatman No.40)

(Whatman No.42) BaSO,



53

[94] 6.7 6.6

(freeze drying)

F6203

(spry drying)

(spray drying)

[89]

0.1

3.1.2



.[95] H,NC(CH,OH);

. n
(microwave gel

(photolysis)

[92]

54

(spry pyrolysis)

(solution combustion)

(Hydrothermal technique)

(autoclave)

.[92]

(thermolysis)

(organometallic) -

4.1.2

.combustion)

5.1.2

.6.1.2

(sonolysis)



55

(diffusion coefficient)

P10

(F 109

:192]

2.2

1.2.2



56

%2

(ball milling)

(vibratory milling)

3.2

1.3.2

1.1.3.2

.(surfactants)

'189]

2.1.3.2

4.2



9-2

-10

_ .~ Liquid N,
I'
i ' .‘L Scraper

‘_Gas

Evaporation E 1 —inlet
sources unne

IR

To compactor

9-2
.[89]

57

15



GGG

58

GGG

GGG

GGG

GGG

1.3

1.1.3



GGG

. ( ) (total Reflux)

(Nitric acid)
(oxidant)

:[94]

HNO; + H,0 - NO3 + H;0%

.passivation

(refractory)

-[94]

(72°C)
4HNO; —5 2H,0 + 4NO, + 0,

(Hydrochloric acid)

59

1.1.1.3

(3.1)

(3.2)

2.1.13



60

GGG

.[94]

HzOz

Cr,04 ( )

(Acetic acid)

CH;COOH

(glacial acetic acid)

CH;COOH + H,0 = CH;C00™ + H50%

pKa 1-3
.(acidity) pK,
(1-3 )

.[96]

3.1.1.3

(3.3)



GGG 3

o D Y%
+ H0 =—= ~< + Hy0*
OH O %
acetic acid acctate
.[97] 1-3
.[98-100] '1-3
Oxalic acid Citric acid Formic acid Acetic acid

pKa=1.27 pK,=3.15 pK=3.77 pK.=4.76

pK32:4.28 pK32:4.77

PKo3=6.40
(Formic acid) 4.1.1.3
.HCOOH
[99]
HCOOH—CO+H,0 (3.4)
(NH4OH) 2.1.3
.NH;

(dissociation)



R,04
(
( )
(coordinate covalent
(S)

62

GGG

.R203

(Chelating (Complexing) agent)

(L)
.[101]
L+nS=1S,
)
(

)

(complexing agent)

(2-3

EDTA

3.1.3

bands)

(3.5)

(PO(OH),



GGG 3

2-3

1.3.1.3

COOH-COOH
.3-3

IMP(CL04):]

.[102] :3-3

COOH-CH,-COOH

CsH4(OH)COOH
[M* (OC4H4.CO,)2]"
.GGG



(COOH-

64

GGG | 3

(Cross-linking agent) 4.1.3
:[103]
) (radical polymerization) °
.(copolymerization) °
°
(alginate) °
°
OH-CH,-CH,-OH (Ethylene glycol) 1.4.1.3
-12.9
197.3
(COOH-CH,-OH)
.COOH)
GGG



GGG

5.1.3
1.5.1.3
.Ga203
HCI .Ga(OH)4
H,0, A
Ga203 + 6HCl i ZGaCl3.xH20 + 3H20 (3.6)
totalreflux, H,0
Ga,0; + 6HNO; 2Ga(N03)3.xH,0 + 3H,0 (3.7)
GGG
20 20
2.5.1.3
.Gd, 03
H,0, A
Gd,05 + 6HNO; —— 2Gd(N03)3.xH,0 + 3H,0 (3.8)

65



66

GGG 3

H,0, A
Gd,0; + 6CH;COOH === 2Gd(CH3C00)3.xH,0 + 3H,0 (3.9
(3-4 )
H,0, A

Gd,0; + 6HCOOH —— 2Gd(HC00)3.xH,0 + 3H,0 (3.10)

3.5.1.3

.Nd,O3
H,0, A

Nd,03 + 6HNO; —— 2Nd(NO3)3.xH,0 + 3H,0 (3.11)

H,0, A
Nd,05 + 6CH;COOH —— 2Nd(CH;C00)5.xH,0 + 3H,0 (3.12)

H,0, A
Nd,05; + 6HCOOH = 2Nd(HCO00)5.xH,0 + 3H,0 (3.13)

dichroic



GGG | 3

4.5.1.3
.CaCO;
CaCOs(s)—CaO(s)+CO;(g) (3.14)
HCI
( ) sulfamic
CaCO;+CO,+H,0—Ca(HCO;3); (3.15)
GGG Ca*
5.5.1.3
2+ 3+ 6+
CI‘z(SO4)3.XH20,
CI’C13.XH20
Hp0, A
2Cr + 6HCl —— 2CrCl;.xH,0 + 3H, (3.16)

67



GGG 3

(pale CrCl5.5H,0 (dark green) CrCl3.4H,0
.(Violet) CrCl5.6H,O green)
.6.1.3

Surface Active Agent (surfactant)

.(hydrophobic) (hydrophilic)
(cationic) (anionic) [104-106]
(nonionic)
(dispersing forces) (hydrophopic bonding)
.(chemisorption) (solvation forces)

(electrostatic forces)

(1 )

-6 ) GGG
(5
GGG 2.3
GGG
Differential Scanning Calorimetry (DSC) DSC-TGA 1.2.3
2-3 . Setarm Labsys

68



GGG

.TGA-DSC :2-3
1600-0
[ 40-1
(CO,
/ 10 o
1200 o
°
°
2.2.3
3-3
Bragg-Brenatno

A=0.15418 nm °

69



GGG

[89] :3-3

Type of analysis Method Sampie

Crystal geometry Moving crystal-spot patiern Single crystal
Computer positioned diffractometer Single crystal
Solution of d-spacing eguations Powder

Arrangement of atoms Analysis of diffracted intensities Single crystal
Refinement of whole pattern Powder

Symmetry Maving crystal-spot pattern Single crystal
Stationary crystal-spot pattern Single crystal

Identification of compound Identification of cell parameters Single crystal
Matching of d-/ set Powder

Crystal orientation

Size of crystal
Magnitude of strain
Amount of phase
Change of state
Crystal perfection

Single-crystal back reflection
Texture analysis

Line broadening

Line shifts

Quantitative analysis

Special atmosphere chambers
Direct imaging

Line shape analysis

Large single crystal
Powder compact
Powder

Powder compact
Powder

Single crystal or powder
Single crystal

Powder

Powder
.20
[107]
dhii - (hkl)
[107]
ABC

70

2 1

nA=2dsin6

A (ABC)

.Diffraction File (PDF)

(card) "

1223
4-3

(3.17)

4-3



GGG

/
hkil
3 N\ 3
ezl
D o
= kil
[107] 4-3
220 DEF
6.6\
.(0.5))
ABC 0
1.00001A
.50001
( 100 )

5001

71

1.1A

.1.0010
500.5) 500
501

0.5

1.0001A

5001



-[107] (Scherrer)

Pa

100

.STOE
.20

GGG

GGG

72

GGG 3

100
(D)
D = 0.91/BcosO (3.18)
B A
[107] B
B=13(B2 - B3 (3.19)
(FWHM) B
transmission diffraction

0 (configuration)

.CuKo0=0.1548 nm o

.Transmission scan mode e

.°90 °10 (20) o

.PSD °

.0.5-30.0 sec/step PSD °

20=28.4° 1.7 mrad °

FullProf
( ) 1
.(20=32.3%)
(integrated intensity) 2
.20=34°  206=30°



73

GGG | 3

3.2.3
S100 (A-meter)
4-3 .ThorLabs  CCS175/M spectrometer
(photoluminescence)
.$100 CCS175M 4-3
S100 CCS175/M
1100-190 1000-500 ( )
1 | <0.6 nm FWHM @633 nm () resolution
3*20 2*20 (* )
99 ()
/300 /830
200*8 200*8 | ( ) CCD
3648 8648 CCD
0.5- 7.4 10- 10
149*86*66 122*80%30 ()
0.75 <0.4 ()
SEM 4.2.3
1

(SEM)

GGG
500



20

74

(3.21)

GGG

:[89]

F = 3mudv

v=d*(ps —p)g / 18u

Pl 3 Ps
RY
GGG
71¢g/em’® GGG
1
5-3
.GGG

(sedimentation) 5.2.3

v

(stokes' law)

(3.20)

(3.21)

50 2

(Brownian motion)

10
4x10™* m/s
1.002x107 N.s/m

.6.2.3



GGG | 3

: 1
635 808
2 ms
) =45 mm /( 808 ) 2
i 635
3
(®=12.5 mm, £=12.5 mm) 4
808 RG850 : )
635 RG665
=50mm .6
7
.(10 ns) .8
9
Nd:GGG 6-3

e D dm e 5 Ll g
200 = P PR 50 »

G Je

5)“‘1 r—““')

75



GGG 3

M Pos: 2520 SAVESREC
: : : A tion
File
Faorrnat

+

CHZ SO0V M 1.00ms CHZ 7 134y
24-4pr=12 15:20 20,60471Hz

.CSV
ORIGIN 2

10

76



GGG | 3

11

7.2.3
7-3

1

2

3

4

7-3
.8.2.3
MDL-N-808-8W
808 15 °

77



GGG 3

8-0 J
. 20 J
: 2 °
3 °
PSU- MRL-III-FS-635-800 mW
[II-OEM
PGL-V-H-
PSU-I-OEM 450-1W
CNI-laser
(interferential filter) 9.2.3
Ao Ao-AN-T
.(FWHM) AN .
Ao T .nm
1064 1.9.2.3
1064-10-75
1.064
GGG ( 1.064)
.1064-10-90 8-3
730-10 2.9.2.3
GGG
730-50- 730-10 : 10
( 50) 75
750-50

78



9

79

3

Transmission (%)

.730-10

100
a0
a0
70
G0
50
40
30
20

10

GGG

970 1020

.[108] 1064-10-90

Transmission

1070
Wavelength (nm)

1120

8-3

1170

.730-10

A (nm)



80

Internal transmittance

850

850

GGG | 3

10.2.3

RG 850 .1.10.2.3

%50 : 850
10-3

"«‘-‘

-

200

GGG

300

[109] .

400 500 600 700 800 900 1000 1100 1200

Wavelength [nm]

RG850 '10-3

RG 1000 .2.10.2.3

1000
(11-3 ) %50 1000
1000 800
GGG
Nd:GGG

RG665 .3.10.2.3

RG850
635 nm .%50

( )



0.1

81

Internal transmittance

GGG

200 300 400

.[109]

(Laser Particles Size Analyzer) BT-90

600

Wavelength [nm]

RG1000

1000

11-3

)
5-3
Bettersize Instrument Ltd.
.BT-90
9500-1
<1%
3-1 )
100-0.1 /)
8
45-15
635 nm 20 mW
90 )
(photomultiplier)
223*306*486 ()
13 ()
.Fraunhofer =~ Mie Rayleigh

1200

11.2.3

BT-90



82

GGG

.(D>\) Fraunhafor

-[89] D 0
sin(8/2) = 1.221/D

635

— >
o
Large
s particle
beam Detector
plane
—>
E—
Laser
beam
.[89] 112-3
GGG
.GGG 0.05
10
15
5

12-3

(3.22)



GGG | 3

12.2.3
KBr 13

0.4 °

[ )

10 °

[ )

[ )
.13.2.3

(13-3 ) ( 7 )

13-3

&3



GGG | 3

14.2.3

(14-3 | )

90

114-3

FTIR .15.2.3
FTIR VECTOR 22

6-3

84



GGG

VECTOR 22 :6-3
7500-370 cm™
lem™
KBr (Beam splitter)
KBr DTGS
25.5*%26*19 cm
2 spectra/sec. : 3

18-30° C

85




GGG 4

GGG
GGG
: /$1200
%40 %70
( )
)
GGG N
2 1)
1.4
1.1.4
(4N)
(total reflux)
() [1101(3.7 )

86



GGG

(1-4

(b)

1-4

25

24

87



GGG 4
(6 )
as -7 )
-15 ) (scale up)
(22
22
500 14 22
-4 14
1
1-4
No. | Nitric acid Water | Ga,0; time
(ml) (ml) (g)

1 100 0 25 20h
2 100 0 20 20 h
3 100 0 15 10h
4 100 0 10 20 h
5 100 0 15 2d
6 100 0 15 5d
7 50 250 8 5d
8 50 300 7 5d
9 25 125 5 5d
10 20 100 5 5d
11 15 100 5 5d
12 12 400 5 5d
13 16 120 5 5d
14 15 25 5 5d
15 60 50 20 7d
16 50 75 20 -
17 60 230 20 7d

18 140 140 50 10d | ( 20 )

19 150 100 50 9d | ( 20 )

20 140 140 50 15d ( 20 )

21 150 100 60 9d| (20 )
22 180 100 60 7d
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2-4
24
2-4
m(Gd,05) | Acetic acid(ml)/ | pH@T(C") 24

(2 H,O( ml)

20g 20ml/200ml | pH=4.5@T=65 C°
22g 20ml/200ml | pH=4.9@T=65 C°
24g 20ml/200ml | pH=5.9@T=65 C°
26g 20ml/200ml | pH=6.0@T=65 C°
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GGG | 4
3-4
- GGG :3-4
[34] 3-2
[111] 2.2-2
[28,32-34,111-112]
[35,90,113]
Y203 [114]
[28,32-35,41,112] PEG
[115] EG
YAG [91] PEG, PVA
[28,34,112] 2/1 /
[33] ) 3/1
(
[42,111] 3/1
TEM XRD [116] 0.4/1
[34] / 80  PEG /
[32] 25/ 4 PEG
[33] PEG
[34,90,115]
[35] 2
[35,115] °65
[34,90] °70
[113,117] *70-°60
[32-33,111] °100-°80
[34,40,90,118,119] °120-°100
[110] °130
[111] °160
[32,34,90] 5-2/°1000-°600
[33] 16/°1000
[40] )
[34] 7=
[120] Tween 80
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GGG

900 4-4
Voowsr | EG | ACA | Nd PH@T(C)
1 5452 | 6 10 0 267@56 | 1 5
1 5b
5772 | 12 11 0 298@53 | 1 6
800 23 18 18 0 267@56 | 1 7
600 16 24 14 0 244@56 | 1 8
23 30 5 0 2.33@59 | 1 9
57 6 14 0 287@53 | 1 10
900 45 12 9 0 2.84@56 | 1 11
1 25 12 10 0 2.75@56 | 1 12
2 800 46%2 | 12 9 0 2.84@53 | 1 13
8%2 12 17 0 27@59 1 14
1 14b
900 14%2 | 18 8 0 2.8@A7 1 15
1 15b
21%2 | 24 8 0 2.85@45 | 1 16
1 16b
400 3072 | 12 64 |1 2.56@50 | 1 17
2572 | 12 108 |1 232@51 |1 18
500 27%2 | 12 12 1 236@53 | 1 19
1.4 3322 | 12 12 1 3.07@50 | 1 20
15%2 |12 10 1 243@55 | 1 21
21 552 12 14 1 232@52 | 1 22
8 1100 'b)
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GGG 4
) 4-4
DTA | Vx« |EG[ACA[Cr [Nd [pH@T(C®) | pH@T(C®)
peak (ml) | ml | ml (%at) | (%at) | Sol (550 ml) | (400 ml)
T=51-56 C° | 803 75 12 |6 0 1 2.34@51 1.85@52 1- 24
T=53-58 C* | 860 - 6 9 0 1 2.79@56.6 | 1.92@50 1- 25
809 30 6 6 0 1 2.94@53.9 | 2.00@46 -/ 26
807 27 6 0 1 2.09@55.4 | 1.66@51 -/ 27
I m*2NH; T =36-53 C° | 812.8 25%2 |12 |12 | 0.5 |1 22@50 — a- 69
formic acid 1 ml*2 NH, Tii=41-47 C° | 812.8 42*%2 |12 | 10 0.15 |1 2.1@50 — 1- 69-j
2ml*2 NH; 150 | 810 22%2 |12 |7 0.3 1 2.02@50 — - 70-k
formicacid 2 ml*2NH; 150 | 816 50%2 (12 |5 0.3 1 2.04@50 — 1- 70-1
T<50 C° NH; 1*2 100 | 812.6 45%2 12 | 6 0.15 |0 2.1@50 — 1- 71m
T<50 C° NH; 1*2 100 | 813.5 55%2 |12 |6 075 |0 2.16@50 — 1- 71-n
812.6 45 12 |7 0 1 2.12@50 — 1- 72
acetic acid T<50°C 235 | 811 23*¥2 112 |7 0.15 |1 2.16@50 | 2.38@50 1- 74-q
formic acid | T<50 °C 235 | 813 352 |12 | 4 0.15 |1 2.13@50 | 2.38@50 1- T4-r
T<50 °C aceticacid 180 | 812.4 50%2 |12 |9 0.0 1 2.36@50 --—- 1- 75-s
T<50 °C formic acid 180 | 817 50%2 |12 | 4 0.0 1 2.37@50 --—- 1- 75-t
50 ( ) ‘a
.combustion
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GGG

5-4
o SUasda | Vi, EG AC.A | Nd PH@T(C®)
(‘Ué‘ &) ) Jlaall i :4%) | (ml) (ml) (ml) (% at)
o) a4 s 8 Jeladll aan J3 | 4.3%4 0 11 0 2.7@65 2 1
24%*4 5.7 11 0 2.7@65 2 2
EG 4Lzl J8 m el e | 30%4 11.5 11 0 2.7@65 2 3
30*4 17.6 11 0 2.7@65 2 4
35 12 9 1 2.41@55 2 23
) 5-4
DTA Vxa | EG | AC.A Cr Nd PH@T(C") PH@T(C®)
peak (ml) | (ml) | (ml) (at%) (at%) | Sol (550 ml) (400 ml)
55 T | 804 87 12 6 0 2 2.46@52.7 | 1.73@50 2- 28
EG 16 808 100 | 12 7 0 2.3 2.78@50.0 | 1.75@50 2- 29
( ) — 785 17 12 7 0 1 3.22@50.6 | 1.78@50 2- 30
801 32 12 7 0 1 2.27@50.0 | 1.64@50 2- / 31
Combustion «<NH40H 3 806 57 12 6 0 1 2.15@51.0 | 1.55@50 2- / 32
- | 809 56 12 6 0 2.5 2.52@50.0 | 1.76@50 2- / 33
20 808 65 12 7 0 2.5 2.53@50.0 | 1.83@50 2- / 34
839 40 12 7 0 1 2.46@50.0 | 1.78@50 2- / 35
xerogel 811 23 14 6.8 0 2 2.47@50.0 | 1.83@50 2- / 36
Tinica=46 C° 250 805 52*% | 12 7 0 1 2.55@50 1.86@50 2- 43-a
NH3 1.2*2 Tiica=45 C° 250 806 57*% |12 7 0 1 3.15@50 1.86@50 2- 43-b
Tyere=160C° NH3 3.2 Tiniia=44 C° | 818 50* | 12 6.8 0 1 3.47@50 1.88@50 2- 44-c
Tyere=170C° NH3 4.8 Tiniia=43 C° | 805 41* | 12 6.8 0 1 3.93@50 1.88@50 2- 44-d




GGG

) 5-4
DTA | Vxs |EG |ACA[Cr |Nd | PH@T(C") | PHQT(C) K
peak | (ml) | (mD) | (ml) | (at%) | (%oat) | Sol(550ml) | (400 ml) 4 aill
NH3 6.8 225 Tyeo=170C° | 810 28%2 | 12 7 0 1 5.00@50 1.86@50 2- 46-g
. Normal strike | - - 12 7 0 1 Prec. 6.8 1.86@50 precipitation | 46-h
250 Tyere=160C° NH4OH 0.6*%2 T;ni=45 C° | 808 62*%2 | 12 7 1.5 0 2.80@50 1.86@50 2- 45-¢
250 Tyere=160C° NH4OH 0.6%2 T;ni=46 C° | 807 67*%2 | 122 |7 3 0 2.30@50 1.86@50 2- 45-f
235 Ta=160C° (CH3)4NOH  0.5%2  T,;=44C°|805 [56%2 |12 |7 225 |0 2.80@50 | 1.87@50 2- 474
235 Tyero=160 C° (CH3)4NOH 0.6%2 Tii=43 C° | 791 15%2 | 12 7 3 0 2.81@50 1.87@50 2- 47
Ti=44 C° 235 813 59*%2 | 12 7 0.6 1 2.73@50 1.93@50 2-90% 48-k
Tmi=46 C° 235 812 50*2 | 12 7 0.9 1 2.73@50 1.93@50 2-90% 48-1
Tmi= 46 C°( 0.102) (NH4)2S04 2%6.74 245 | - 1002 [ 12 |7 06 |1 3.43@50 | 1.8@50 2- 49m
T,=220C
T,=170C Tjy=43 C° (NH4)2S04  2*1.5 245 | 825 27%¥2 | 12 7 0.9 1 2.95@50 1.8@50 2- 49-n
T=140C Ty=44 C° (NH4)2S04  0.1*2 270 | 806 |21%2 |12 |7 06 |1 2.75@50 | 2.04@50 2- 50-0
T,=140C T;,;= 43 C° (NH4)2S04 0.3*2 270 | 806 42*2 | 12 7 1.5 1 2.78@50 2.04@50 2- 50-p
Tii= 45 C° (NH4)2S04 0.01*2 245 | 809 50%2 | 12 7 1.5 1 2.57@50 1.76@50 2- 51-q
Tini= 46 C° (NH4)2S0O4 0.05*2 245 | 807 57%2 | 12 7 1.5 1 2.58@50 1.76@50 2- 51-r
( ) Tini= 48 C° 550 | 808 90 12 7 0 0.5 2.77@50 1.84@50 2- 52
Tii= 48 C° 120 | 830 8.4%4 | 24 7 0 1 2.64@50 1.94@50 2- 53-s
To=46C° 120 | B06 | 12%4 |24 |11 0 1 244@50 | 1.94@50 2- 53-t
Tii= 46 C° 120 | 803 12*4 | 24 15 0 1 2.32@50 1.94@50 2- 53-u
Timic= 45 C° 120 | 804 10*4 | 24 19 0 1 2.28@50 1.94@50 2- 53-v
Ti=48 C° 125 | 811 21*4 | 12 7 0 1 2.76@50 1.99@50 2- 54w
Tw=47C° 125 | 810 18*4 | 12 11 0 1 2.52@50 1.99@50 2- 54-x

110




111

GGG

( )5-4
DA [Vye |EG |ACA [Cr |Nd | PH@T(C’) | PH@T(CY)
peak | (ml) | (ml) | (ml) | (at%) | @%) | Sol (550 ml) | (400 ml)
To=45C° 125 | 810 | 24*4 |12 15 0 1 2.38@50 1.99@50 | 2- 54-y
Taw=47C° 125 | 811 | 29%*4 |12 19 [0 1 2.32@50 1.99@50 | 2- 54-7
To=44 C° <3< 132 | 817 | 20%4 | 6 7 0 1 2.76@50 1.96@50 | 2- 55-a
Tmi= 46 C° 3= 132 | 817 | 16*4 | 6 11 0 1 2.57@50 1.96@50 | 2- 55-b
Toi= 44 C° 3 132 | 814 | 4.5%*4 | 6 15 0 1 2.48@50 1.96@50 | 2- 55-¢
Toi= 45 C° «J= 132 | 808 | 4.5*4 | 6 9 |0 1 2.40@50 1.96@50 | 2- 55-d
Toi= 44 C° «J= 130 | 809- | 25*4 | 18 | 7 0 1 2.87@50 2.04@50 | 2- 56-¢
Timi= 46 C° «J= 130 | 814- | 35%4 | 18 11 0 1 2.62@50 2.04@50 | 2- 56-f
Tmi=48 C° «J= 130 | 807 | 22*4 | 18 15 0 1 2.50@50 2.04@50 | 2- 56-g
Tmi=48 C" «J= 130 | 806 | 23*4 | 18 9 |0 1 2.41@50 2.04@50 | 2- 56-h
Toi=47 C° «Ja 120 | 819- | 2*4 | 0 7 0 1 2.71@50 1.99@50 | 2- 574
Toi=44 C° <32 120 | 817 | 2*4 | 0 11 0 1 2.5@50 1.99@50 | 2- 57-]
Tim=45 C°<J= 120 | 820 | 2*4 |0 15 0 1 2.41@50 1.99@50 | 2- 57k
Tim=46 C°<J= 120 | 821 | 2*4 |0 9 |0 1 2.33@50 1.99@50 | 2- 57-1
Tm=47C° 600 | 808 | 60 24 15 0 1 2.58@50 1.93@50 | 2- 58
Tmi=47C° 600 | 804 | 50 24 15 0 1 2.49@50 2.00@50 | 2- 59
V=120ml, T=46 C° | 810 | 18*4 | 184 |7 0 1 2.83@50 201@50 | 2- 60-m
V=120ml, Ty=43 C° | 809.7 | 18*4 | 18.4 | 11 0 1 2.60@50 201@50 | 2- 60-n
V=120ml, Tyy=45C° | 811.4 | 22*4 | 18 15 0 1 2.48@50 201@50 | 2- 60-0
V=120ml, T;;= 46 C° | 8104 | 20%4 | 18 19 |0 1 2.39@50 201@50 | 2- 60-p
V=120ml, Ty;=47 C° | 815 | 52%4 |6 7 0 1 2.86@50 207@50 | 2- 61-q
V=120ml, Ty;= 46 C° | 8145 | 52%4 | 6 11 0 1 2.63@50 207@50 | 2- 61r
V=120ml, T= 44 C° | 813.5 | 13*4 | 6 15 0 1 2.49@50 207@50 | 2- 61-s
V=120ml, Ty=46 C° | 815.3 | 14*4 | 6 19 |o 1 2.37@50 207@50 | 2- 61t
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GGG

( )5-4
peak Vxer EG | ACA | Cr Nd PH@T(C®) | PH@T(C®)
(ml) | (ml) | (ml) | (%at) | (%at) | Sol(550ml) | (400 ml)

V=120ml, T;,;;=47 C° | 811.4 21*4 12 7 - 1 2.88@50 2.05@50 2- 62-u
V=120ml, T;;;= 44 C° | 810.3 20*4 12 11 - 1 2.64@50 2.05@50 2- 62-v
V=120ml, T;;=47 C° | 810.5 25%4 | 12 15 - 1 2.50@50 2.05@50 2- 62w
V=120ml, T;;= 44 C° | 813 10*4 | 12 19 - 1 2.42@50 2.05@50 2- 62-x
V=125ml, T;;=45 C | 812 10%4 |24 |7 - 1 2.84@50 2.05@50 2- 63-a
V=125ml, T;;= 45 C | 806 12*4 | 24 11 - 1 2.60@50 2.05@50 2- 63-b
V=125ml, T;;;=47 C | 807 14*4 24 15 - 1 2.49@50 2.05@50 2- 63-c
V=125ml, T;;= 48 C | 810.6 13*4 | 24 19 - 1 2.40@40 2.05@50 2- 63-d
V=117ml, T;;=46 C° | 810.6 5%4 30 |7 - 1 2.88@50 2.03@50 2- 64-¢
V=117ml, T;,;=45 C° | 805.4 6.5*%4 | 30 11 - 1 2.63@50 2.03@50 2- 64-f
V=117ml, T;;=47 C° | 802 6*4 30 15 - 1 2.49@50 2.03@50 2- 64-g
V=117ml, T;,;=46 C° | 808 5.8%4 | 30 19 - 1 2.41@50 2.03@50 2- 64-h
V=122ml, T;;=47 C° | 808 45%4 |12 |7 0.15 |1 2.99@50 2.02@50 2- 65-i
V=122ml, T;;=42 C° | 797 4.5%4 | 12 7 0.3 1 2.99@50 2.02@50 2- 65-
V=122ml, T;;= 44 C° | 809 45% 112 |7 0.075 | 1 2.99@50 2.02@50 2- 65-k
V=122ml, T;;=46 C* | 798 45% |12 |7 075 |1 2.99@50 2.02@50 2- 65-1

V=500ml, T;;=46-50 C° | 812.6 58 12 |7 - 1 2.96@50 2.08@50 2- 66

V=500ml, T;;=53-57 C° | 811.8 80 12 |7 - 1 2.97@50 2.11@50 2- 67

1.5 ml NH;3 + T;,;=48-53 C° | 815 125 12 |7 - 1 3.11@50 2.04@50 2- 68
1*2 227 | 816 59%*2 30 11 - 1 2.85@50 2- 73-0
1*2 227 | 814 62*2 | 30 15 - 1 2.62@50 2- 73-p
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GGG 4
( )5-4
Vxer EG | AC.A | Ca/Cr | Cr Nd PH@T(C®) | PH@T(C®)
(ml) | (ml) | (ml) (%at) | (at%) | Sol(400ml) | (300 ml)
Ca(OH)2 80 12 |7 1.5 045 |- 2.68@A45 2.02@A45 76
Ca(No3)2.4H20 40*2 |12 |7 27 1045 | - 2.71@45 2.04@45 77-a
60%2 |12 |7 0 045 | - 2.71@A4S 2.04@A45 77-b
Ca(No3)2.4H20 | 40 12 |7 27 1045 |- 2.7@AS 2.08@45 78
dip-coating 78 0.2 | 90= 12 |7 27 1045 |- 2.7@A45 2.08@45 78-dip
) 2 130 12 |75 0 1.5 - 2.66/3.18 2.01@45 79
@45
20044 |12 |7 - 01 |1 2.77@45 | 2.06@45 80-c
17*4 (12 |7 - 0.3 1 2.77@AS 2.06@A45 80-d
20%4 |12 |7 - 0.5 1 2.77@A45 2.06@45 80-¢
7*4 12 |7 - 1 1 2.77@45 2.06@45 80-f
20%4 (12 |7 - 0.1 0 2.75@A45 2.00@45 81l-g
20%4 |12 |7 - 0.3 0 2.75@45 2.00@45 81-h
20%4 |12 |7 - 0.5 0 2.75@45 2.00@45 81-i
20%4 (12 |7 - 1 0 2.75@45 2.00@45 81-j
20%4 |12 |7 - 0.3 0 2.67@45 1.99@45 82-k
25%4 |12 |7 - 0.5 0 2.67@A4S 1.99@45 82-1
2% |12 |7 - 1 0 2.67@45 | 1.99@45 82m
22*%4 |12 |7 - 1.5 0 2.67@45 1.99@45 82-n
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