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Abstract The composition and properties of neodymium-doped silicate, phosphate and fluorophosphates glasses
used for inertial confinement fusion (ICF) research-simultaneous high energy and high peak power (10! ~10% W)
are reviewed. Optical and spectroscopic properties of different glasses for ICF laser application are compared, the
parameters considered include linear and nonlinear refractive indices, stimulated emission cross section, fluorescent
lifetime of neodymium ion in *F;,, — *I,;/, transition, Some special technologies include continuous melting process of

phosphate laser glass, dehydroxylation, elimination of platinum inclusion on the large scale laser glasses are discussed.
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Table 1 Size and concentration of Nd** of ICF laser glasses used or to be used by foreign

Laser setup Glasses Size /cm® Volume /L Concentration of Nd** /(X 10% /em®)
Nova LG-750 62.9X34,2X4.,3 7 2.0
LHG-8 48X 45, 4X4.3 7 3.0
Q-88 30.9X16.4X3 1.2 2.0
Beamlet LG-750 78.8X44,8X4 2.0 3.0
Omega LHG-8 44, 8X27.6X3 2.0 3.0
Builded Updated LHG-8 $9.0X37.0 2.3 2.0
Phebus LG-750 63X34X4.3 7 2.0
LHG-8 48X 45, 4X4.3 7 3.0
Q-88 30.9X16.4X3 1.2 2.0
GekkoVl LHG-80&-8 40.0X21.4X3.2 3.0
LHG-80&--8 $50. 0X 37 0.7 0.6
Osaka Petawatt LHG-80 69.4X38X4.5 3.0
To be LIL(2002) LG-70+LHG-8 80.2X45.7X4.1 15.0 3.6~4.0
builded NIF(2003) LG-70+LHG-8 80.2X45.7X4.1 15.0 3.6~4.0
LMJ(2008) LG-770+LHG-8 80.2X45.7X4.1 15.0 3.6~4.0
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Fig. 2 Produce of laser from neodymium—doped laser glasses
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Table 2 Laser glasses used or to be used in ICF of LLNL

Total No. disks No. Maximum finished disk or ~ Maximum disk Total glass
Laser /Year or slabs of slab size /em* * volume volume mass
(all sizes)* sizes l w ¢ /L /L (tons)
Janus/1975 48 2 18.5 10.0 2.2 0.33 12.6 0. 04
Augus/1978 60 2 39.8 21.0 2.6 1.7 55.2 0.17
Shiva/1980 500 3 41. 8 22.3 3.2 2.3 400 1.26
Nova/1985 510 5 62.9 34.2 4.3 7.0 2130 6.3
Beamlet/1994 16 1 78. 8 44, 8 4.0 14.1 226.0 0.7
NIT/2003 3072 1 80.0 45,7 4.1 15.0 46000 145

* Installed on laser (not including spares); * * [,w,t =length, width, thickness
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Table 3 Brand and parameter of traded laser glasses
Phosphate glasses
Producer Hoya Schott O-1 Kigre USSA
Brand LHG5 LHG7 LHG8 LG710 LG770 EV2 Q98 Q88 Q100 TITICl4
Refraction A =587.3 nm, ng 1.5409 1.5131 1.5296 1.5387 1.5067 1.511 1.555 1.5449 1.572 1.536
. index A =1053 nm, 73,05 1.5309 1.5042 1.5201 1.5298 1.4491 1.5035 1.546 1.5363 1.562 1.525
Optm:,l Relative refraction index nz , 10~13 esu .16 105 1.1z 1.28 102 9.8 Lz Ll14 1.2
properties Abbe number v 63.5 67.6 66.5 62.5 68.5 70.3 63.6 64.8 62.1 56.9
Refraction index temperature coefficient dn/dT, 106 K 0 —29 —5.3 —7.2 —4.7 —11.0 —4.5 —0.5 —4.6 —1.8
Emission section g /X 10720 cm? 4.14 3.92 3.6 3.79 3.9 4.29 4.5 4.0 4.4
Laser Radiation life ¢ /us 322 345 365 367 372 372 350 326 190
properties Luminous bandwidth AA /nm 26.07 26.41  24.5 24.93 25.4  22.93  25.5 21.9 25.1
Fluorescence peak volue A, /m 1053 1053 1054 1053.4 1053 1054 1053 1054 1054
Heat conduction coefficient K /W/(m « K) 0.99 0. 86 0.58 0.54 0.57 0.60 0. 82 0.84 0. 82
Thermodynamics  Specific heat C, /J(kg « K) 0.75 0.77 0. 80 0.81 0. 80
properties Thermal expansion coefficient o /10—7 K 98 112 127 132 135 155 99 104 96 108
Glass temperature of transition Ty /C 455 510 485 341 460 379 416 367 413 450
Densityp/(g/cmz) 2.67 2. 60 2.83 2.96 2.59 2.71 3.09 2.71 3.2 2.73
. Poisson ratio p 0.25 0.24 0.26 0.26 0.25 0.24 0.24 0.24 0.24 0.23
Mechanics ,
properties Fracture strength K /(MPa « ml/2) 0.51 0.48
Young modulus E /GPa 61.29 55.31 50.1 43.15 47.3 34.4 72.1 69.8 71.50  70.02
Stress splical coefficient AB /Pa 1.93 2.2 2.07
Phosphate glasses Fluorophosphates Silicate glasses
glass
Producer SIOM of China Hoya O-1 Hoya Schott USSA SIOM of China
Brand N21 N24 N31 LHGI10 ED-2 LSGY91 LG630 KTCC?7 N0312 0812
Refraction A =587.3 nm, ng 1.574 1.543 1.536 1.467 1.5716 1.599 1.520 1.553 1.5224 1.5354
. index A =1053 nm, 71, 05 1.528 1.5612 1.549 1.509 1.542 1.5122 1.5248
Optlca'l Relative refraction index nz , 10—13 esu 1.3 1.2 1.10 0.61 14.1  15.9
properties
Abbe number v 64.5 66.6 66.2 87.7
Refraction index temperature coefficient dn/dT, 106 K —53 —4.2 2.9 5.0 —2.2 —3.6
Emission section gp /X 10720 cm? 3.5 4.0 4.0 2.67 2.9 2.42 1.052 1.35 1.11
Laser Radiation life z /pus 350 310 340 461 359 412 326 590 760
properties Luminous bandwidth AA /nm 26.5 25.5 20.1 31.25 34.43 34.4 34.3 39 40
Fluorescence peak volue A, /m 1054 1054 1053 1050.5
Heat conduction coefficient K /W/(m « K) 0.56 1.35 1.03 0.85
Thermodynamics ~ Specific heat C;, /J(kg « K) 0.75
properties Thermal expansion coefficient o /10—7 K 117 156 127 103 105 97 105 88 120
Glass temperature of transition Ty /C 510 370 430 445 468 465 463 590 545
Densityp/(g/cmz) 3.38 2.83 3.64 2.54 2.77 2.59 2.96 2.51 2.80
. Poisson ratio u 0.26 0.25 0.27 0.27 0.24 0.24 0.25
Mechanics
properties Fracture strength K /(MPa « m1/2)
Young modulus E /GPa 55.5 53.7 52.7 72.5 91.12 84.44 60.61 65.02 74.44 63.45

Stress splical coefficient AB /Pa




ZPE - ATBOURRZENIHE

1269

9
2.2 L a— —
. . /
L chalcogemdes/ ,
201+ chlorides. ) E
< L ) N \ |
% oxides £ N
=z 1.8 \ \
‘© » ) \
z
S 1.6
g
1&0—)4 L
1.4
12 1 = 1 1 L
100 80 60 40 20
Abbe number

E 3 n 5 ng-v E‘J?&?i

Fig. 3 Relation of n, and ny-v

B n 5 na-v R KRB UE 3 s, B3 n, 1k
TR A 7E0.5X10718 ~25X 107" esu, Schott 2 A
B LG-770 3L 2 I KRB MM B EL& M REO0 T &
B,
4.3 PEEEH

POETE MR BOCYE R T 5 A2y 22 1 #4

WA 7B R RFAE R B B H W RR
- 1) ’

K dn/dTHBA I BRR) MR B AR N 51 & 1 37
SRR, y ARSI R B

(®

H AR 2% B B 52 4 10 B A P B IR £ WO 6 B
LHG-8 P 1~ R 205 AR K TH T 32 1 2y 28 O & 19
FHU KX A AERH. B REOLERE
WRLTE 107 ~107" sZIA), T o B4 W 07 B[R] S22 L
o IR I BN R Z AT RN ITH R R
ERR . HEZBFOLTIE R REZE BT
St AR R PR TR A D A BB o R B ] A [
RZE AL FIARIE . 3R 3 BA BRI BOLI M S K&
HEH.

5 WL SR

DIEOE RN H R P ROL SR R Uit
R ih 0% 3 BE MR BRI AR AL Y B3 .

BB R EE A, O. A 7 Snitzer #
B Na,O-BaO-SiO, RGP, WA T REEKEW
RRHBBOCHBREER O-1 A RAMH K ED-2,4
Li;0-CaO-Al, O;-SiO; RE&H B . J5K H A& Hoya
A BB E KA LSG-91H 33, RER
KR REFEHMWIHE R K.0-ALO;-CaO-BaO-
SiIO, &%, AXRHBRERIIFEBH RS> S5HES
BOLER 4, RERRER WOGIOE MM MR, 7T LGE
A, NS BRAT RE R TR S BULE 51,

R4 RABRDAEHRRES R AR

Table 4 Components and laser properties of typical silicate laser glasses

c Glass 1 Glass 2 Glass 3 Glass 4

omponents wt.-% mol % wt.-% mol % wt.-% mol % wt.-% mol %
SiO, 66.3 60.0 68.1 58.9 71 71.7 72 78.3
Al, O, 4.7 2.5 4.0 2.0 1 0.6 2 1.3
Li; O 15.1 27.5 15. 8 27.6 1 2.2
Na, O 8.4
K:O 15 14.7 11 7.7
MgO 8.9 11.5
CaO 10. 3 10.0 12 13.0
BaO 5 2.1
Nd; O 3.1 0.5 3.2 0.5 + -+ + +
CeO, 0.5 0.16
Sb; O; 1 0.2 1 0.2
op /pm? 2.9 2.5 — 1.44
o /ps 339 380 — —
7/ps 300 300 500 620
Al /nm 34. 8 35.1 — —
p/(g/cma) 2.555 2.495 2.584 2.59
n4 1.571 1.558 1.529 1.514
v 57.5 58.6 (58) 58. 6
ny /(1071 esu) 1. 60 1. 49 1.39 1.30
a /(1077 /C) 103 — 99 107
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Table 5 Properties and parameters of silicate laser glass

Components ¢p /pm? 7. /s /pus  Adg /nm p /(g/cm®) ng v ny /(107 esu) Range /(mol%)
SiO, 0.01346 6.897 5.491 0. 3828 0.02240 0.01469 0.6666 0. 00893 40.0~95.0

AL, Oy 0.17634 2.393 4,939 —0. 4626 0.03867 0.01885 0.9303 0. 00660 0~2.5

Li,O 0.04461 —1.648 —0.633 0. 2991 0.02778 0.01703 0. 3462 0.02837 0~33.0

Na, O 0. 02542 3.915 5.954 0. 2829 0.03121 0.01605 0.4471 0.02182 0~35.0

K, O 0.001191 13.676 11.076 0. 3573 0.02962 0.01597 0.3375 0.02336 0~33.0

MgO 0.02169 —1.892 —0.500 0. 5900 0.02878 0.01586 0.9489 0. 00661 0~32.0

CaO 0. 03335 0.102 —0.105 0. 3937 0.03482 0.01753 0.4666 0.03123 0~40.0

SrO 0.03036 —1.623 1.398 0. 3796 0.05102 0.01768 0.6253 0.03123 0~20.0

BaO 0. 02554 1.610 3.784 0. 3129 0.06830 0.01837 0.4813 0. 02931 0~25.0

B, 0, —0. 0058 17.073 —3.843 0. 4401 0.04002 0.01725 0.8686 0.01316 0~9.0

TiO, 0.02225 —0.512 —4.817 0. 5069 0.03891 0.02038 —0. 421 0.1593 0~35.0
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Fig. 4 Components of neodymium-doped phosphate glass
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Table 6 Components of neodymium-doped phosphate glass

Composition space

Fixed components

Varied compositions

P, 05-AL O05-M, 0O

P, 05-Al; 05-M, O

P, 05-AlL, 0,-M, O-MO
P, 05-Al, 0,-M; O-MO
P, 0;-B, 0;-M, O-MO
P, 05-Al; O05-Si0O,

P, 05-Nd, O05-SiO,

P, 0s- Si0;-Li, O-AL O
P, 0s-Al, O;-M, O-MO
P, 05-Al, 03-Na, O-MO
P, 05-Al; Oy-Ln; 05-M,; O
P, Os-Al, Oy-Na, O-MO
P, 05-Al; 03-MO-M; O
P, 05-AL 0s-M, O

P; 05-Al; O05-Si0,-K; O
P, 0s-Al, O;-M, O-MO
P,0;-Sr; O-K, O

P, 0:-K,; O-B; 0,-MO
P, 05-K;O-Ln; O5-Y; O

Al
Al

P,Al
P, Al

P,Na
P
P,K
Sr
K,Ln
K,Ln,Y

P,Al,Li,Na,Mg,Ca,Sr,Ba,Zn,Pb
P,Na,Li,K,Cs,Mg,Ca,Ba
P,Na,Li,K,Ba
P,Al,Li,Na,Ba,Ca
P,B,K;Na,Li,Ba,Sr,La
P,AlSi

P,Nd,Si

P,AlSi,Li

Li,Na,K,Mg,Ca, Ba
Na,Mg,Ca, Ba
Li,K,Nd,La,P,Al
Al,Mg,Ba,Ca
Be,Mg,Ca,Sr,Ba,Li,Na,K,Rb
Li,Na,K,Rb,Cs

Si, Al

Al,Be,Mg,Ca,Sr,Ba,Cd,Li,Na,K,Rb

P,K
Sr,Ba,B,P
P
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Table 7 Thermal optical properties and components of phosphate glasses in USSA

— 7 K1 7 K1
Oxide S, ng (n; IO?C) o t><:1700 Ié W;O 551008 En Oxide conce. Limits /%
P,O; 63 1. 505 715 100 25 33~80
Li,0 30 1.52 870 190 20 6(17) in glasses without PbO
30 1.70 1670 190 20 6 in glasses with PbO
Na, O 62 1.45 950 400 —160 7(30)
K;O 94 1.42 620 490 —350 28(40)
Rb, O 187 1.44 800 430 —350 21(57)
Cs, O 282 1.49 850 500 —500 25
CaO 198 1.85 1650 70 140 10(28)
SrO 246 1.83 1500 210 —85 10(42)
BaO 295 1.94 1825 295 —230 36(51)
CdO 270 2.10 2800 25 425 20¢47)
PbO 223 2.23 4950 215 —30 56(60)
Sc, O 77 1.85 2500 —85 255 10
Y, O 226 1.85 2500 —300 400 12(33)
La, Oy 171
CeO, 172} 1. 89 2085 —90 230 7(45)
Nd; Oy 176
B, O, 43 1.59 750 —20 140 12
Al, O, 102 1.65 900 —205 400 17(23)
Ga, O 102 1.75 1500 —40 375 1031
In, O 147 1.78 2000 —55 270 10(40)
SiO, 60 1.49 635 —170 70 3
GeO; 104 1. 80 1800 —100 530 20
Nb, Os 125 2.05 6380 —185 370 10
Sb, Oy 154 2.29 5500 130 280 20
Bi, Oy 241 2,42 6900 100 280 20(52)
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Fig. 6 Relation betweeng, (a), v (b) and components of fluorophosphate glass (NaF-RF;-AlF;-Al(PO;))
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Table 8 Spectrum propertial parameters of fluorophosphate glass
Component AA /nm Mg /nm o, /pm’ 7 /ps A /nm Ny
Al(PO;); 2. 37575 2.83958 0. 034620 4. 98872 10. 4741 0. 02052862
AlF; 2.91427 3.31689 0.011232 8. 01871 10. 4255 0.013831
LiF 0.013987
NaF 2. 27903 2.70888 0.036671 3. 45923 10. 5571 0. 013429
MgF; 0.013911
CaF, 0.014414
StF, 2. 58884 3.08944 0. 031073 3. 45031 10. 5588 0. 014494
BaF, 0.014817
KF 0.013590
RbF 0.014032
CdF, 0.015680
YF; 0. 99727 1.57824 0. 034034 6. 45257 10. 4043 0.01608
NdF; 0.01608
FR9 Weber FEENARAR S B BB EHEBUBLSECER
Table 9 Laser parameters summarized by Weber of different component neodymium-doped laser glasses
Glass . Cross section Wavelength Line width Lifetime
o /pmt A, /nm Mg /nm = /s
Oxides
Silicate 1.46~1.75 0.9~3.6 1057~1088 34~55 170~1090
Germinate 1.61~1.71 1.7~2.5 1060~1063 36~43 300~460
Tellurite 2.0~2.1 3.0~5.1 1056~1063 26~31 140~240
Phosphate 1.49~1.63 2.0~4.8 1052~1057 22~35 280~530
Borate 1.51~1.69 2.1~3.2 1054~1062 34~38 270~450
Halides
Fluoroberyllate 1.28~1. 38 1.6~4.0 1046~1050 19~29 460~1030
Fluorozirconate 1.52~1.56 2.9~3. 1049 26~27 430~450
Fluorohafnate 1.51 2.6 1048 26 520
Fluoroaluminate 1.41~1.48 2.2~2.9 1049~1051 30~33 420~570
Chloride 1.67~1.91 6.0~6.3 1062~1064 19~20 180~220
Oxyhalides
Fluorophosphate 1.41~1.56 2.2~4, 1049~1056 27~34 310~570
Chlorophosphate 1.51~1.55 5.2~5.4 1055 22~23 290~300
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Fig. 7 Peak stimulated emission cross section (a), emission
bandwidth (FWHM) (b) and lifetime of *F;, —

41,1/, in different neodymium-doped laser glasses
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Table 10 Needed component in materials of laser glasses

Purity level / X107¢

Element (as oxide) Specified Measured
(maximum) (typicaD)
Transition metals
CuO 1 0. 25
Fe, Oy 2 1.3
CoO 1 0.05
NiO 1 0. 44
V05 1 0. 03
Cr, O; 1 0.42
Rare earths
Pr; Oy 100 18
La, Os 100 27
Sm; O 30 0.9
CeO, 30 1.4
Dy, Oy 10 <0.5
Other rare earths 10 <10
6.1 BRES

EHE SR RBE P i T R R, AL
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Fig. 8 Absorption coefficient and remnant hydroxy of glass
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Table 11 Component range and some properties of neodymium-doped phosphate glass in NIF

Components /mol % LHG-8, Hoya LG-770, Schott

P, 0Os 56~60 58~62
AL, O, 8~12 6~10
K;O 13~17 20~25
BaO 10~15 /
MgO / 5~10
Nd; O; 0~2 0~2
O/P(£0.1) 3 3
Others <2 <2
Stimulated emission cross section (X107% c¢m?+0. 2) 3.6 3.9
Fluorescence life (without Nd) /ps (£3) 365 372
Thermal expansion coefficient 20~300(=£3) (X1077C/K) 127 134
T, (£5 O 485 460
Density /(0. 01 g/cm®) 2. 83 2.59

R 12 NIF { F B9 S BR B 5K A Bl RO 484 70 30 BRiA B B9 1845
Table 12 Target obtained or to be obtained of neodymium-doped glass in NIF

LG-770 LHG-8

Property Average (St. Dev) Average (St. Dev) NIF Specification
Nd doping /(10% ions/cm®) 4.19+4% 4,23+1% 4.2240.1
Absorption at 400 nm /cm ™! 0.224+10% 0.079+10% <<0.25
Absorption at 1053 nm /em ™! 1.1X10734+9% 0.7X107%+24% <1.9X1073
Absorption at 3333 nm /em™? 1.49+19% 1.46+29% <2.0
Refractive index at 1053 nm 1.497£0.01% 1.52240.02% 1. 49940. 003 (LG-770)
1.520%+0. 003 (LHG-8)
Finished thickness /mm 40.88+1% 40.91+1% 40(+1~0)
Transmitted wavefront (PV) (waves at 633 nm™!) 0.21+39% 0.22+38% <0. 333
Transmitted wavefront (Gradient) (waves at 633 nm/cn?’) 0. 010 (—30%~1%)0. 010 (—52%~1%) <00. 0111

PSDP /nm 1.29+16% 1.424+15% 1.8
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