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Fig.1.1. Refractive-index distribution of the gradient-index rod lens.
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Fig.1.2. Imaging Characteristics of the gradient-index rod lens.
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Table 1.1. Radii, electric polarizabilities and Dietzel's field strengths of monovalent

cations

element ion radius electronic Dietzel's
polarizability field strength
(nm) (1030nm3)
Li 0.059 0.03 0.23
Na 0.102 0.41 0.19
K 0.138 1.33 0.13
Rb 0.149 1.98 0.12
Cs 0.170 3.34 0.10
Tl 0.150 5.2 0.14
Ag 0.155 2.4 0.20
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Fig.1.3. Diffusion coefficients as a function of the ratio Na/(Na+Cs) at 480°C. D', D', are the

Na- and Cs-self-diffusion coefficients, D e is calculated from each self-diffusion coefficient in

€q.(1.16) and D__ ,. is one by ion exchange®™ .
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Fig.1.4. Parallel light beam coupling of the gradient-index rod lenses.
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Fig.1.5. Off-axis incidence of light beam for the gradient-index rod lenses.
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Fig.1.6. Schematic illustration of the gradient-index rod lens array with 2 rows.
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Table 2.1. Practical combinations of A’ ion in glass and B'ion in molten salt

. Coexisting b
AT ion alkaline fon B ion
~in glass in glass in molten salt
4 + Ion exchange +
Li Na PN Na (NaNO3)
cst K" - K'(KNO3)
mn* Na® - K'(KNO3)

222 VVAEHEHT I ZEBRISOHERE

VXD B XA2XTHOA (0) 3. BFRESHRL VX054, Fig2.LUIRT &5
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Fig.2.1. Maximum acceptance angle (6

max

) of a gradient-index rod lens.
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Table 2.2. Glass compositions and optical properties of three types of gradient-index rod lenses

Lens type I II 11

Center Periphery Center Periphery Center Periphery

Glass 51Si02 51Si02 61.5Si02 61.5Si02 60Si02  60SiO2
composition  8Ti0> 8Ti02 14.6Zn0 14.6Zn0  20Zn0O 20ZnO
(mol%) 12102 17102 0.5ZrO2 0.5ZrO2  10Na20

16MgO 16MgO 20.7K20 23.4K20 10TL20O
4PbO  4PbO  2.7Cs20 20K20
12Li20
8Na20 20Na20
e n
B*ion +. +. +.
in molten salt Na'in NaNO3 K"in KNO3 K'in KNO3

Refractive 1.6325 1.6155 1.5384 1.5327 1.6613 1.5429
index (nd) [ 0, (0) n (1) ]

Abbgs 38.0 38.3 51.7 50.7 32.3 50.3
number( ) [v,0  v,()]

gr, calculated 0.144 0.086 0.371
gr, observed 0.131 0.070 0.361

. Aggcalculated 2% —-12% 35%
A g/g observed 0.7% 0.7% 3.9%

2.2.3 HSDEOEX
INE THRITRGHB L o XOH"OFANCET RN Db REhTE ™,

122 DT, Fantone” & Ryan-Howard & Moo DB SANE 4 TH B0 S dT
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V5, Fantoneld £ A L REIZIRE INIT NI EA ETNTOEBDIFEN T ZMKDJE
8k L OB OEBIC OV T O FMEARFE L7z, Ryan-Howard & Moore (3, & 512
% OFantoneD & F VARSI €T, —8B7 v A YL (KHF,) FTEHLHLLE
245 2RO BRI B TE 3 EFUANE Uiz, #oOMEE. &b BT
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Table 2.3. Refractive indices and dispersion data from homogeneous glasses and calculation by

HSD method

(a) 60Si02-20MgO-10Na20-10R"20

(b) 60Si02-20Mg0O-10K20-10R"20

R"20 Tdcal. Ndmeas. Ndeal. Udcal. Wmeas.  Udcal. - R"20 TNdcal. Ndmeas. Idcal. Udcal. Udmeas.  Ucal. -
<11 dmeas. Wimeas. -Ndmeas. Udmeas.
Li2O 1.5211 1.5390 -0.0179 56.0 54.8 +1.2 Li2O 1.5209 1.5302 -0.0093 57.3 54.2 +3.1
NazO 1.5116 1.5215 -0.0099 54.2 52.7 +1.5 NazO 1.5119 1.5179 -0.0060 55.5 54.6 +0.9
K20 1.5119 1.5167 -0.0048 55.5 53.8 +1.7 K20 1.5122 1.5138 -0.0016 56.6 54.1 +2.5
Rb20O 1.5086 1.5208 -0.0122 56.0 55.3 +0.7 Rb2O 1.5090 1.5164 -0.0074 57.1 55.1 +2.0
Cs20 1.5146 1.5394 -0.0248 57.0 52.8 +4.2 Cs20 1.5148 1,5344 -0.0196 57.9 54.1 +3.8
Ti20 1.6533 1.6256 +0.0277 24.1 33.8 -9.7 TI20 1.6464 1.6249 +0.0215 24.8 34.3 -9.5
{c) 60Si02-20Ca0-10Naz20-10R"20 (d) 60Si02-20Ca0-10K20-10R"20
R"20 Ndcal. Ndmeas.  Ndcal Vdcal. Udmeas.  Udcal.- R"20 Ndcal. Ndmeas. Idcal. Vdcal. Udmeas.  Udcal. -
11 dmeas. Udmeas. ~Tldmeas. Udmeas.
Li2O 1.5600 1.5641 -0.0041 55.6 54.0 +1.8 LizO 1.5575 1.5573 +0.0002 56.7 55.1 +1.6
Naz0 1.5488 1.5518 -0.0030 53.9 52.6 +1.3 Na20 1.5470 1.5483 -0.0013 55.0 53.3 +1.7
K:O 1.5470 1.5479 -0.0009 55.0 53.4 +1.6 K20 1.5455 1.5449 +0.0006 56.1 54.5 +1.6
Rb20O 1.5419 1.5500 -0.0081 55.6 54.0 +1.6 Rb2O 1.5406 1.5471 -0.0065 56.6 55.4 +1.2
Cs20 1.5459 1.5680 -0.0221 56.5 52.5 +4.0 Cs20 1.5445 1.5662 -0.0217 57.4 55.0 +2.4
TIz0 1.6863 1.6645 +0.0218 24.7 32.8 -8.1 TI20 1.6778 1.6551 +0.0227 25.4 33.6 -8.2
(e} 60Si02-20Sr0-10Naz2 0-10R"20 (f) 60Si02-20S10-10K20-10R"20
R"20 Ndcal.  Ndmeas. TNdcal. Vdcal. Wmeas. UVdaal~ R"20 Ndceal. Ndmeas. Idcal. Udeal. Udmeas.  Udcal. -
-1 dmeas. Udmeas. ~Tldmeas. Udmeas.
Li2O 1.5705 1.5705 +0.0000 55.7 55.5 +0.2 LizO 1.5675 1.5637 +0.0038 56.8 56.2 +0.6
NazO 1.5593 1.5580 +0.0013 54,2 54.8 -0.6 Na2O 1.5570 1.5547 +0.0023 55.2 55.8 -0.6
KO 1.5570 1.5547 +0.0023 55.2 55.8 -0.6 K20 1.5550 1.5510 +0.0040 56.2 56.3 -0.1
Rb2O 1.5515 1.5593 -0.0078 55.8 55.4 +0.4 Rb2O 1.5499 1.5565 -0.0066 56.7 57.2 -0.5
Cs20 1.5549 1.5726 -0.0177 56.6 55.9 +0.7 Cs20 1.5531 1.5701 -0.0170 57.5 55.3 +2.2
TI2O 1.6908 1.6664 +0.0244 254 324 -7.0 Ti20 1.6823 1.6454 +0.0369 26.0 335 -7.5
(g) 60Si02-20BaQ-10Naz0-10R"20 (h) 60Si02-20Ba0-10K20-10R"20
R"20 Tdcal. Tidmeas. Ildeal. Wcal. Udmeas.  Vdcal. - R"20 Ndal. Tidmeas. THdcal. Udcal. Udmeas.  Udeal. -
-1 dmeas. Udmeas. ~Tldmeas. Udmeas.
LizO 1.5998 1.5919 +0.0079 54.5 - 56.0 -1.% Li2zO 1.5952 1.5847 +0.0105 55.6 56.4 -0.8
Na2O 1.5876 1.5792 +0.0084 53.1 54.8 -1.7 NazO 1.5838 1.5758 +0.0080 54.2 53.6 +0.6
K20 1.5838 1.5758 +0.0080 54.2 53.6 +0.6 K20 1.5804 1.5720 +0.0084 55.1 55.8 -0.7
RbzO 1.5770 1.5791 -0.0021 54.7 54.9 -0.2 Rb20O 1.5741 1.5756 -0.0015 55.6 55.1 +0.5
Cs20 1.5788 1.5912 -0.0124 55.5 541 +1.4 Cs20 1.5760 1.5887 -0.0127 56.4 551 +1.3
T20 1.7150 1.6697 +0.0453 25.7 33.2 -7.5 TI120 1.7054 1.6628 +0.0426 26.4 34.5 -8.1




(i) 608i02-20Zn0-10Na20-10R"20

(j) 60Si02-20Zn0-10K20-10R"20

22

R"20 Ndcal.  Ndmeas. Ndcal Wal.  Vdmeas.  Vdeal.- R"20 Tdcal. Tdmeas. Idcal. Vdcal.  Udmeas.  Vdcal.-
-Ndmeas. Udmeas. -1l dmeas. Udmeas.
LizO 1.5520 1.5594 -0.0074 516 519 -0.3 LizO 1.5500 1.5566 -0.0066 52.8 52.7 +0.1
Naz0O 1.5412 1.5471 -0.0059 50.2 51.2 -1.0 Naz0 1.5399 1.5459 -0.0060 51.4 52.1 -0.7
K20 1.5399 1.5460 -0.0061 51.4 525 -1.1 K20 1.5387 1.5418 -0.0031 52.5 52.4 +0.1
Rb20 1.5351 1.5544 -0.0193 52.1 50.5 +1.6 Rb20 1.5342 1.54982 -0.0150 53.1 51.8 +1.3
Cs20 1.5395 1.5649 -0.0254 53.1 51.2 +1.9 Cs20 1.5385 1.5614 -0.0229 54.0 52.7 +1.3
TIzO 1.6788 1.6617 +0.0171 24.1 325 -8.4 TIzO 1.6707 1.6635 +0.0072 24.8 315 -6.7
(k) 60Si02-20Pb0O-10Na20-10R"20 () 60Si02-20Pb0O-10K20-10R"20
R"20 Tdal.  Ndmeas. Idcal. Vdcal. Udmeas.  Udcal.- R'20 Tidcal. Tdmeas. Tl Vdaal.  Wmeas.  Wal.-
-Ndmeas. Udmeas. ~Tldmeas. Udmeas.
LizO 1.6612 1.6704 -0.0092 347 33.0 +1.7 Li2O 1.6533 1.6571 -0.0038 35.6 33.5 +2.1
Na20 1.6467 1.6550 -0.0083 34.4 32.0 +24 Naz0 1.6398 1.6481 -0.0083 353 32.5 +2.8
KO 1.6398 1.6481 -0.0083 35.3 325 +2.8 KO 1.8337 1.6408 -0.0071 36.2 32.9 +3.3
Rb20 1.6305 1.6447 -0.0142 35.9 336 +23 Rb20 1.6250 1.6390 -0.0140 36.8 33.9 +2.9
Cs20 1.6291 1.6572 -0.0281 37.0 33.4 +3.6 Cs20 1.6241 1.6611 -0.0370 37.8 325 +5.3
TI20 1.7660 1.7404 +0.0256 22.2 274 -5.2 TIzO 1.7542 1.7395 +0.0147 228 27.8 -5.0
(m) 60Si02-20B2(-10Na20-10R"20 (n) 60Si02-20B2Qs-10K20-10R"2C
R"20 TNdcal. Ndmeas. Idcal. Udcal. VUdmeas. Udcal. - R"20 Tdcal. Ndmeas.  Ildcal. Udcal. Udmeas. Udcal. -
-Ndmeas. Vdmeas. -1l dmeas. Vdmeas.
Li2O 1.4755 1.5314 -0.0559 62.5 62.3 +0.2 LizO 1.4776 1.5264 -0.0488 63.5 62.6 +0.9
NazO 1.4693 1.5235 -0.0542 60.3 62.0 -1.7 Na20 1.4715 1.5202 -0.0487 61.3 61.5 -0.2
K20 1.4715 1.5210 -0.0495 61.3 60.5 +0.8 KO 1.4736 1.5168 -0.0432 62.3 61.7 +0.6
Rb20O 1.4704 1.5197 -0.0493 61.7 615 +0.2 Rb20 1.4725 1.5197 -0.0472 62.6 61.9 +0.7
Cs20 1.4776 1.5267 -0.0491 62.3 611 +1.2 Cs20 1.4792 1.5307 -0.0515 63.1 60.6 +2.5
TI20 1.5924 1.6104 -0.0180 260 396 -13.6 TIz0 1.5892 1.6030 -0.0138 26.7 39.2 -12.5
(0) 608Si02-20TiO2-10Na20-10R"20 (p) 608i02-20TiO2-10K20-10R"20
R"20 Ndal.  Ndmeas. Ndaal. Udeal. Udmeas. Udcal. - R"20 Tidcal. Ndmeas.  Ildcal. Vdaal.  Udmeas.  Udaal.-
-Ndmeas. Udmeas. -Tldmeas. Udmeas.
Li2O 1.6248 1.6558 -0.0310 33.7 33.1 +0.6 Li2O 1.6189 1.6401 -0.0212 34.7 34.1 +0.6
NazO 1.6118 1.6249 -0.0131 33.4 336 -0.2 Na20 1.6069 1.6255 -0.0186 34.4 355 -1.1
K20 1.6069 1.6258 -0.0189 344 357 -1.3 K20 1.6024 1.6000 +0.0024 35.3 37.3 -2.0
Rb20 1.5991 1.6274 -0.0283 35.1 34,9 +0.2 Rb20 1.5952 1.6055 -0.0103 36.0 37.4 -1.4
Cs20 1.5996 1.6283 -0.0287 36.1 35.8 +0.3 Cs20 1.5959 1.6089 -0.0130 37.0 38.3 -1.3
TI20 1.7342 1.7558 -0.0216 21.6 26.2 -4.6 Ti20 1.7239 1.7404 -0.0165 22.2 27.5 -5.3
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fep ZmUTc, TLORZDOREBEREEDIDICHRDN 7 AMMBN SR/ GIHERT S
ZEDEISN TN S, Table 2.412Si0,-Zn0OFR A 5 R B 5 =>D 54 7 (R, 0L LT

Li,0, Cs,0, TLO%X &L O T ADERMATHDOMBE R Uz, ERIETEAASHEIKLTH Y.
MBI LFOIT INIHRTH 5, LbOH S50 Cs, 02 FH T 545 Xid. whlmis

TIREAEERARLTOROLDISH LT, TLOFAN S AR ZDEFHEN0%L EHED L
T, UE&D. TLOEEH T RIH1F ZHSDIETHEINIBITRE LUT v RED
EREN SDORELFREIZ DL, TLODE UWERICL A MEBEBI LD EEZL o505,

Table 2.4. Chemical analysis of three types of glass compositions before and after melting

Lens type I I 11

Before After Before After Before After

60Si02 61.2Si02  60Si0z 59.7Si02 60Si02 61.3Si02

Glass  207n0 188700 20700 205Zn0  20Zn0 21.3ZnO
composition
(mol%) 10Li20 99Li20  10K20 10.0K20  10Na20 10.7Na20

10Na20 10.1Na20 10Cs20 9.8Cs20  10T120  6.7T120

2.4.1.2 M0 i LT

Table2.3(@)~(P)DT—7 6. M O, (MgO, Ca0, SrO, BaO, ZnO, PbO, B,0,, TiO,) ®
Rt & R FERIEER L OHSDIEIL K B EMED T HE L L U7 v NEDBFEE LT,
Fig.2.5 5 X UFig2.6 [t FNEFhmRLic, 2% 0. Fig.2.5 L UFig.2.6 DF— % i,
Fig2.3 5 L UFig24 DF—7 LA LCLDENT I ABDY VRV AEZTERLIZD
DTH 5,

Fig.2.5 126 \T, B,O,28H T 54 5 ADEIRIL, WAL DML D OThHIEER
Xhitc, TORBICELUTIE. BAOHEENHSDIENKETZINERETH S Z L4 EH
LTW5™?, @&, Krishna & Sharma™{3 & O IERETSEE R %2 52 ZHSDEDOSETIZOWT
HFELTHS, LOLENS, KETIEHHRTHR (B) OEITHRT (3 OHETIIfTHEN
St HAE, HSDEETIR R BRRHRE 2B LT, B0,k LTI A Y B

(R,0) BEIIL U TBOMITHTFAEAIE T EHN, I TERLUAH T XIEB,0; %
JUROBENEELTHY . ZORIBEEHEDRA BN - IMHSTH S,
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FREXIZRIIBEGDEET B 00, ERRGGRIL  XHOA S MBI LT, £

DIFEEMAREMITFRIT S 2 EICBWTHSDEIAEKL Z &b - 7,

2.4.2 HSDRICIZBIFEF/HRL V XEHRO T

HSDH:IZ & D RDI-H 5 ZADNF4HE M (BITEL LT v ") &fE- TR LY
VU REEHTH Bery B LU A &, KRIUIH T ADNFAEEN SFtHE Uicgr, XL UA
gel Wld 22 LA RS, T2 T, FOHEIITabI2 NI RINI=ZDDF L TDAF
VERBOPAELBEICENTIT - 72,

Fig.2.7\CLi"-Na'& TI'-K' A A L3I 1 B gry DM, O skt AR Uice BIARIZIL,
Z Dgry DEHRBHIT/NZ VD, HENIFIFERITAE - 707c il CH-K A A4 LD
$EEER TV, USRI U2 HSDETOCSD TR (ay) O/NITEHEESD
CERE LTS, DD, 2O/ EFED DICLD. Fig2.8 [IR9 & ICHSDIETHE
BANIETRSHER L v XOFOERRADEFIREMIEA LA UL K22
KD gry, I E OIS HTH 5,

Fig.2.7 1no . Li'-Na'f 7 L2582 3515 BHSDIEIC 35 { gry b L OERMHIZES < g1y
D DOfEIE. MgOH B NETIO 2 FHTHH T AEBROTHEFEITL N —FERI, £ L
T. HSDEEIZES L FHIIC XU, $XTOM O G H T RIZHNT, Li-Na'f F 5
Budd HREEOKE XDer,. NA;TO2IT DY B XEEKTE S Z EMbh -7, A
T MgO%H 3 MITIO, & A 45 Aid, HSDIEA KR & Urcgry® FHKSEIEEN TN &S,
—EDM_O B EEN 7 ADF Tk beryMRE (NS, D& HMgOTNAG~0.24,
TiO, TNA;~03DEH B U v AN ATRENL & & O - 72,

—F. TU-K'A F VT3, “#Mogr, OFIZIZH 5 —EOBEMMNED ol DF
v, TiO,%2&HT %45 ALSME, HSDHIZET < gry FEAEICET Cgry LD HIZ
0.05FEEE -1z, ULHLANS, I THL-Na'1 4 5 EEEk, MgOhH 5
TIO, % & HT B4 5 ZAEBNT, TNTOM 0, FF N T X1 5 M Oer, OEALHH
BT 5 ENFED O,

LLED k5 iz, HSDikA &R &3 Ser,d Fillid, Li-Na'& TU-K'A & VRO LA
BRIZH S RAEEM LA 4 T BEIC. ZOBFTRSHARL D ANENSC OO LS
REONERKEMIMET HITBBARLHEELEEZ 5o
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Fig.2.7. Dependence of the normalized gradient constant, g1y, on the compound M_O_ for the
Li"-Na" and TI'-K" ion exchanges, respectively.
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Fig2.9 0513, Li"Na'of F UM TER XN B BT R HGRI L o XD MUGEZPPOSH A
FATRECHET 550D, WINHENMEZFOZ EWFRIXNI, My, TI-K A
A R TIEHSDILICE S E PRI N/ Agg 12, W $0.0655 L 78 0  EHID 4%
P OISR RED & ) 18M, O 1Tk 3 B MIERAw o i - 7o, 7o, DTl
L SBICEBE LUK DT, A RBRMICKE I B3TLODERIC L B4 5 RO KA X112
KRR LTWS EB N5,
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Fig. 2.9. Dependence of the chromatic aberration on the compound M, O for the Li*-Na" and
TI'-K" ion exchanges, respectively.
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32 kO FULRBIHBSGRL XOMOA

F2RETIMRBIEN OB OAME S NS H 5 ZHAIIME0H 5 WITIO, 2 5HF 5
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1B D6, DOBIFER Ulc, BT, Table3.1& [ U ¢ HSDEIC & » TEHEX 170,
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T3, HSDHZ L B0, D FRDOKEEIZOWTHANTAS, BMCEIETHRET L LD
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* Table 3.1. Compositions of typical mother glasses that contains Li* for the jon exchange

with NaNO, molten salt and the maximum acceptance angles (6 . ) calculated by HSD model

and the observed maximum acceptance angles of the gradient-index rod lenses

Glass Glass composition (mol.%) 0 max (deg.)
calculated

code g0, MgO BaO PbO Ti®: LiO Na:O byHSD  Observed
Lil 580 12.0 - 60 40 80 120 9.9 9.0
L2 570 125 20 6.0 40 90 95 10.7 10.3
Li3 570 140 20 6.0 40 90 80 10.7 10.9
Li4 560 140 20 6.0 35 95 90 11.0 11.8
Li5 560 140 20 6.0 40 100 8.0 11.3 12.5
Li6 520 16.0 - 40 80 160 4.0 14.5 12.0
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Fig.3.1. Maximum acceptance angle (6_, ) calculated by HSD model and observed 6 nay OF the

gradient-index rod lens fabricated by an ion exchange with NaNO, molten salt versus Li,O contents

in their typical mother glasses.
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Fig.3.2. Optical setup for measuring the periodic length and the field curvature of the gradient
index rod lens. The extent of the field curvature is defined as the quantity of deviation ( A F ) of the

image plane from the focal plane on the axis.
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Table 3.2. Compositions of mother glasses investigated in the ion exchange experiment with

NaNO, molten salt and the resulting optical properties,#_. and AF, of the gradient index rod lenses

Glass composition (mol%) R:O Li2O/ Ndmeas Udmeas. Omx AF
Si02 MgO BaO PbO TiO: ZrO2 Lax03 Li20 Na2O (mol%) Naz20 (deg.) (um)
54.5 14 2 6 55 11 7 18.0 1.571 1.6392 385 13.8 - 60
55 125 2 6 55 11 8 19.0 1.375 1.6307 39.8 133 - 35
55 12 2 6 5 11 9 20.0 1.222 1.6251 39.2 13.0 - 25
535 12 2 6 55 11 10 21.0 1.100 1.6312 39.7 11.2 -20
54.5 10 2 6 SS 11 11 22.0 1.000 1.6214 40.1 10.2 - 20
56 14 2 6 55 115 5 165 2300 1.6376 39.0 153 - 150
56 10 2 6 S5 115 9 205 1.278 1.6279 379 14.1 - 50
56 75 2 6 55 11.5 11.5 23.0 1.000 1.6214 37.8 132 -25
54 14 2 6 55 115 7 185 1.643 1.6416 38.8 14.8 - 110
52 14 2 6 55 115 9 20.5 1278 1.6414 37.7 14.1 - 45
495 14 2 6 55 11.5 11.5 23.0 1.000 1.6403 37.8 13.1 -30
52 14 2 6.5 5.5 11.5 85 20.0 1353 1.6483 389 14.2 -55
56 12 2 6 55 11.5 7 18.5 1.643 1.6343 394 14.6 - 100
56 12 2 5 3 3 11.5 75 19.0 1.533 1.6290 39.6 143 -65
$3 122 5 3 3 1L5 105 220 1095 16491 40.1 130 -35
56 12 2 6 5 12 7 19.0 1.714 1.6399 38.8 14.8 - 120
555 12 2 6 5 12 7.5 19.5 1.600 1.6365 38.8 14.3 - 100
55 12 2 6 S 12 8 20.0 1.500 1.6341 38.6 14.4 -75
54 125 2 6 55 12 8 20.0 1.500 1.6352 38.7 148 -75
545 122 2 6 S5 12 7.8 19.8 1.538 1.6348 39.0 14.7 - 95
515 14 2 6.5 55 12 85 205 1.412 1.6456 372 14.6 -65
52 14 2 6.5 55 12 8 20.0 1.500 1.6462 393 14.4 - 60
55 12 2 5 35 3 12 7.5 19.5 1.600 1.6291 39.6 14.7 - 80
55 12 2 5 3 3 12 8 20.0 1.500 1.6254 39.6 14.2 -55
54 12 2 5 3 3 12 9 21.0 1333 1.6273 39.1 13.7 - 45
55 12 2 6 3 2 12 8 20.0 1.500 1.6402 40.1 148 -75
55 12 2 5 3 3 12 6 18.0 2.000 1.6472 40.5 15.0 - 150
54 10 2 s 3 4 12 10 220 1200 16518 41.1 13.6 -45
55 12 2 6 S 125 7.5 20.0 1.667 1.6347 388 14.7 - 150
545 12 2 6 S 125 8 20.5 1.562 1.6342 38.9 14.4 -100
535 12 2 5 6 125 9 21.5 1.389 1.6354 39.1 14.1 - 50
535 12 2 5 3 3 125 6.5 19.0 1923 1.6343 39.2 15.1 - 150
515 12 2 5 35 4 125 95 22.0 1316 1.6403 395 145 -65
53.5 10 2 5 35 3 12.5 105 23.0 1.190 1.6355 39.4 139 -40
515 12 2 5 35 3 125 95 220 1316 1.6588 395 143 -50
53510 2 S 35 4 125 6 185 2083 16665 402 153 - 175
555 13 2 6 55 13 5 18.0 2.600 1.6402 388 15.3 -200
53 14 2 6 55 13 6.5 19.5 2.000 1.6399 39.1 15.1 - 175
52 13 2 6 55 ' 13 85 215 1.529 1.6359 37.7 14.7 - 150
52 12 2 6 S 13 10 23.0 1300 1.6400 384 14.1 -65
52 14 2 6 S5 13 85 21.5 1.520 1.6401 379 15.2 - 130
52 12 2 5 3 3 13 10 23.0 1300 1.6288 39.6 14.2 -70
535 12 2 5 35 3 13 9 21.0 1.625 1.6577 40.2 14.7 - 185
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Fig.3.3. Maximum acceptance angles of the gradient index rod lenses as functions of R, O content
in the Si0,-MgO-BaO-PbO-Ti0,-Li,0-Na,O glasses. The Li,O content of the glasses is denoted
beside each line. R,O represents an alkaline metal oxide such as Li,O or Na,O. In this figure, R,0

means the total amount of alkaline metal oxide in the glass.
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Fig.3.4. Maximum acceptance angles of the gradient index rod lenses as functions of the Li,O/N,O
ratio in the Si0,-MgO-BaO-PbO-Ti0,-Li,0-Na, O glasses.
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Table3.3. Compositions of mother glasses investigated in the 568i0,-5.5Ti0,-(14-x)MgO-2BaO-
6PbO-1 1.5Li20-(5+x)Na20 glass (in mol%): a, x=6.5; b, x=4; ¢, x=2; d, x=0 and the resulting

optical properties, 6, , and AF, of the gradient index rod lenses

Glass Glass composition (mol%) RO Li2O/ HOmax AF

mmber gio, MgO BaO PbO TiO: LixO NaO (mol%) N=O (deg) (um)

56.0 7.5 2.0 6.0 5.5 115 115 23.0 1.000 13.2 -25
56.0 100 2.0 6.0 5.5 11.5 9.0 205 1.278 14.1 -50
56.0 120 20 6.0 5.5 11.5 7.0 185 1.643 14.6  -100
56.0 140 2.0 6.0 5.5 11.5 5.0 165 2300 153  -150

[T e N« B
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Fig.3.5. Maximum acceptance angles §_. and grid pattern images of the gradient index rod lenses
as a function of Li,0/Na, O ratio in the 565i0,-5.5Ti0,-(14-x)Mg0-2Ba0-6PbO-11.5Li, O-
(5+X)N320 glass (in mol%): a, x=6.5; b, x=4; c, x=2;d, x=0.
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Fig.3.6. Diagram for combination of Li,O and Na,O in the glass. The darkest portion shows the

preferred region, which has a higher 8 . (>14" ) and a smaller field curvature ( | AF | < 50um).
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Table 1. Compositions of glass pairs investigated in the 56Si0,-5.5Ti0,-(14-x)MgO-2BaO-6PbO-
11.5Li20-(5+x)Na20 glass (in mol%): a, x=6.5; b, x=4; ¢, x=2;d, x=0

Glass Glass composition (mol%) R:O  Lix0/

Na:z0
number i, MgO BaO PbO TiO: L0 NaO (mol%) %
560 75 20 60 55 115 115 230 1000 1.6233

_a %0 75 20 60 55 230 230 - 1.6028
b 560 100 20 60 55 115 9.0 205 1278 16310
b 560 100 20 60 55 205 205 - 16064
560 120 20 60 55 115 7.0 185 1643 1.6329

¢ 560 120 20 60 55 185 185 - 16102
d 560 140 20 60 55 115 50 165 2300 1.6361
d 560 140 20 60 55 16.5 165 — 16130

EBDY I a2l —Ya VIZUTOFIETEI -7,
1) A5 R0y N&, LIS ETHEETI0OMOFZENFEIZ2E T 5, (Figl)

Center axis
{

Li120 concentration
of the 100-th shell is
fixed as 4.2mol.%

Fig.1 Schematic illustration of glass rod divided into one hundred shells.
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Fig.3 Interdiffusion coefficients Dy ;/na Of the glass pairs as functions of the Na, O concentration in

the glass.
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Fig.5 Observed and calculated maximum acceptance angles ( § max) of the gradient index rod
lenses as a function of Li,0/Na, O ratio in the 568i0,-(14-x)Mg0-2Ba0-6Pb0O-5.5Ti0,-11.5Li,0-
(5+x)Na20 glass(in mol%): a, x = 6.5; b,x=4; ¢, x=2; d, x =0.
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DD, ZDEERDRNBRA Z ADEEHETH LT u— MELRAIUTH S,

stirrer

Z_ rough melting pot

- 5-zone heater

glass rod fiber

pulling roller

Fig.4.1. Schematic illustration of conventional fabrication process of glass rod fibers used for ion

exchange.
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. .
Imm

Fig.4.2. Devitrification region of the glass rod fiber.
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Fig.4.3. Si-Ka line image of the cross section of the devitrification region of the glass rod fiber.
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Table 4.1. Compositions, glass softening points (Ts), transition points (Tg) and thermal

coefficients of the core and cladding glasses

Glass Glass composition (mol% ) Tg Ts a*

Si02 MgO BaO PbO TiO2 L0 Na2O0 /C /C /107 ¢’

core 55 12 2 6 5 12 8 445 500 123

cladding 55 12 2 6 5 20 476 528 120

* (range of 20 to 450°C)
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stirrer with lid used for stirring of the cladding glass melt

rough melting pot o rough melting pot

pre-melting pot T

L

i ,'ir)ot
reflnmg pot o

| S-zone heater

glass rod fiber

pulling roller

Fig.4.4. Schematic illustration of the double-pot process newly developed for the easily

crystallizable glass rod fibers.
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Fig.4.5. Change of number of devitrification particle per unit length, 10m, with fiber fabrication

time for the double-pot and conventional processes.
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Fig.4.6. Ranges of devitrification temperature of a core and clad glasses. The core glass was kept

for 1 hour in the furnace, and the cladding glass for 40 hours.
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Table 4.2. Drawing conditions of the conventional and double-pot processes

Zone heater temperature/°C

Process Melting
area No.1 No.2 No.3 No.4 No5
conventional 1200 800 650 670 700 690
double-pot 1200 800 712 711 730 720
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Fig.4.7. Viscosity changes with temperature for the core and cladding glasses.
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Fig.4.8. Grid pattern image of the gradient-index rod lens fabricated by the double-pot process.
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Fig.5.1. Schematic illustration of the contact type image sensor unit.
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BOHLYE (m) T

m= X0 (5.3)
21'0

DOEMBRHATERIND, T 2 TXl2EHE LD~ DEFRFHER L XD LR A%
bLTEH. kKOKXTKDSN S,

X = - 1o sec(.zlf;_P) (5.4)

Ly X7 LA TH. RONFL VX ERBE. ZOHBX(ZFF " —12L-T
BEzohb, LHULENG, FREL X5 (N) | BEROE (m) BXIMEA DEHT



71
%ﬁﬁﬂuyz@ﬁk%mﬁ<@m>u;ofmiaﬂ%2@w>@uy17v4@%
s FFronN—RBUFopoitExh s,

{ m 1/2
p o212 -(3/8)m2J}

gmax

(5.5)

5.1.3 £
5131 HS5ZMBEBE LT A L%

HaE L H UMK AT 7 {568i0,-12Mg0-2Ba0-6Pb0-5.5Ti0,-12.3Li,0-8.2Na,O (in
mol%)} B LY 5 {565i0,-12Mg0-2Ba0-6PbO-5.5Ti0,-20.5Na, 0 (in mol%)} #/ 5 2 % —
vaﬁ&uiof\E@u%m@774ﬂ—uﬂ%bto:@&gmﬁinE&m¥
B20um& Uiz, ZOHS 27 74 IN—7455CDONaNO, ZE R HIC B S BT, 24KIIT
@@@%@mé<mot:&%@%bf4¢>§@%%Téﬁto%@%@4¢y§@%
ﬁu%%ﬁﬁfﬁoto%5Lfﬁehtﬁﬁﬁﬁﬁﬂvyf774N—%+ﬁmﬁﬁb
t%\%wwwwéGﬁ)mEﬁ%mhflv%yﬁb\%®M@@%wbéwmmﬁﬂ
D%mtoéeu\%hevyf774ﬁ~%%%<mv\%MTy%:ﬁA<Mﬂm
xiﬁﬁﬁm(Hﬁ)@ﬁ%ﬁa&zjwm@ﬁ%ﬁ¢fﬁﬁ%m@?5:&f\%@M
EICRUNE M A DI /e, CORMIZ, LY XHEEIC BEBE 52 20501325 - &
Kﬁéoﬁib\%@vyf@%Dﬁ%ﬁi%%ﬁ?byf%ﬁﬁk%bt%#bVXM
HCRRHZRO R UIEH S RO O & D ST 5 &, 2 DRI LU .
%@@:ybﬁxb%%b<ﬁTéﬁfbiﬁo%:?\nywﬁﬂwmﬁM&%OU
Twﬁuﬂébt%%ﬁﬁéﬁéc&?\é&%%%%ﬁ%&ﬁ%@%%¢@?%éo

&K\%h%DVX774N~%JM#4fﬂﬁ%?%n%mwﬁéﬁﬁ%ﬂmmﬂﬁ
§z774ﬂ—%ﬁﬁéﬁtﬁm75x%y7)ﬁ@%ﬁ%%ﬂ?b%ﬁuﬁwto%@
77 AN—EBICES SO CLDICREADRE L ) O L BE A AR X e,
PED. LV ZXMETHELLIOEE T 7 4 N —HBOREMIS TRIN S € 2D TH 5, #
@HW&%UVX774N—&EﬁﬁWK@%b\%®ﬁ%ﬁ%ﬁﬁﬁﬁé&5ﬂﬁ@b
TUVYAT VA& Ele ZDLV Y RT LA OIIE. EATEEOSM A5 350.61P0) L
Y XA Y4 511.74mm & U 7z,

5.1.3.2 VX7 VLA DNME
uyf7u4@@@6%®%ﬁu\ﬁﬁ@ﬁ@byfﬁ%\%enéﬁﬁwgéwé



72
S>> TIN5, VU XT LA OBE. BEOHE. D% O #EEIIIIMTF

(Modulation Transfer Function) T#&1>3 Z 0% U, Fig.5.31IRrT & 912, MIFIX4ETEH
BTy — 22V U XT VA B U TRBIE T, TOXRMEEACCDE o —THAIY,
&(i‘t&: ct s T%:Hj.g_é“)o

= i(u/)max - )(vv)min A
MTF(VV) - i(“/)max + I(Mmin * 100(0/) (5.6)

Z 2T MTE(W)i3 & % 72 1 s Wiline pairs/mm=lp/mm)D & & OMTF, { W), ¥ & O
W), BZEREREWICH T BRI OBKIES L CBIMETH 3, R56)DSHD
£ DI, MIFDN100% 120 ME 4N Sy — L A BEICHB L ThE 0, BENBIFTH
5 Exkbd,

IV VX7 VA DS X id, MIF &AL, Fig. 53R SN B RIERE AV TEHG X

N5, iU, BB/ XY —vidffashb, WS IDLEREOFEETERDT,

Halogen lamp

7Color filter
L=="] Diffusing plate

., lmax

T
NV

imin

ity

CCD image senso

o Light intens

Fig.5.3. Schematic illustration of experimental setup for measuring the luminous intensity and the
modulation transfer function of the gradient- index rod lens array. For the former measurement the
Ronchi grating chart is removed from the setup, whereas for the latter measurement it is attached to

the setup.
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Table 5.1. Parameters or dimensions for the gradient-index rod lens arrays at the 570nm

wavelength®
Parameter or dimensior notation NEW EX(Li) EX(TI)
Lens diameter 2ro (mm) 0.860 0.895 0912
Refractive index on axis no 1.633 1.614 1.639
Gradient constant g (mmly 0327 0283 0547
Periodic length P (mm) 19.20 2218 11.49
Maximum acceptance angle & max (deg.) 13.2 11.7 23.4
Number of rows N 2 2 1
Total conjugate length TC (mm) 22.0 255 14.4
Lens length Zo (mm) 11.74  13.57 6.79
Working distance lo (mm) 5.13 5.97 3.81
View radius Xo (mm) 1.25 1.31 1.62
Overlapping degree m 1.43 1.43 1.75

4 NEW denotes the lens array newly developed in this work, EX(Li) and EX(T1) denote the

commercially available lens arrays made of Li-containing glass and Tl-containing glass, respectively.
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Fig.5.4. Luminous intensities of the gradient-index lens arrays in which the intensity of the EX(Li)
sample is set to 100.
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Fig.5.5. Illuminance distribution of the gradient-index rod lens.

S OICHIOHEN SIS JITDONWTHM U7z, Table52{Z{3, #EL » XOFFHMEL D
AELIKLV VAT VA OMEE KU Z NG DS X thE/R LT, B IR =EHOF
TRHENL VX7 VAEX(L)DOM S 2 %1&E UT, UTOoXEROTEHE L,



75

{F-number of EX(Li)}?

Brightness ratio =
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(5.7)
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Table 5.2. F-numbers and brightness ratios of the gradient-index lens arrays

Sample F-number  Brightness ratio
EX(Li) 1.72 1

NEW 1.54 1.25
EX(TD) 1.29 1.78

5.1.4.2 MTF
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Fig.5.6. MTF values of the gradient-index lens arrays as functions of spatial frequency Wip/mm.
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Fig.5.7. Grid pattern images of three types of the gradient-index rod lenses NEW, EX(Li) and
EX(T1).
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Fig.5.8. Relation between the modulation transfer function MTF and the distance A/ from the total

conjugate position TC of the three types of the gradient-index rod lens arrays.
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Table 5.3. Periodic lengths P at different wavelengths and chromatic aberration A P/P of the

gradient-index lens arrays'

P(F P(D P(C) P(C)- P(F s
Sample rrg rn)) (I’I(l m)) (H(1 m)) ((r)nrn)() AP 7P

EX(Li) 2226 2228 2229 0.021 1.0x10°
NEW 19.18 1921 1925 0070 3.7x107
EX(T) 11.20 11.55 11.67 0477 4.13x 107

4 P(C), P(D) and P(F) represent the periodic lengths at C(656.6nm), D(587.6nm) and F(486.1nm)
lights, respectively.

5.1.5 £#
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v R {568i0,-12Mg0-2Ba0-6Pb0-5.5Ti0,-20.5Na,0 (in mol%)}# 5 i & i, 5 Jit 1 5 i B
Vo REROCTLU Y XT LA 28U,

(2) ZOV VX7 LA DEBXE, HEEDOLI-Na' 1 F U5z k- TEshz L v X
TLUADHTROHLNLDDLD b, Eilkb LZ25%m L L7,

(3) I DN T8lpmmE TOMIFIZN TN H80% 4R THE D AT 474
HaeEfA Uiz, LA LSS, Rlpmml EOFWEE NI L TIE. S oK EHTESS
MOBENNETH 5,

(4) FAEEER, EROTU-K'f 4 VB K > TIES NI L V XT LA O +0.15mm
IZHANRTHHEVATH 5 £030mmAHf - 7oy, ZHUIREEDLINa' 1 7 2z & -
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TEONI L VAT VA LIZIERFEDRZITH -7,

(5) falESL., WROTI-K' 14 UL > TESNIL VX T VA KO —Hih&
WD A —F =&+ T —FISAERIE Z Ehbi - 7o,

(6) UL BAEWIEHEIZE » Ty GREFHIERSNI LV VAT VM3 5 —H
BFOABES~EH v fEE Z LRI NI,
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521 R
 ABTH. MEICHEEE I RIS L > THRENAT 5 2T 7 4 S — b

SNIBITRAR L > X OB R OIS I DU TR L7z,

PIHLE & AR 2 BB - 35 B L LB AT 5 R BIRO & £ TH 5, AfkDM
RIS, IRE, BBt B U BBIMIED S B, € OMEIED T TH . #b il WA
DONRBEITH O . BAEIHEMA P E AR DIREE EOMRER T &5 5, 2D L
5 BHRBOBBIC BT, WA 2 & THMZE T 5 C &7 . MEEEAD
Wil 5 U2 ARBEI OUIRESTS & EATRETH 5o F 1o, BHIEILIA OB L.
TEAT - BeBAR - TR - SZBAK - AT £ /NS B, Eh S XIS
TERW2H. ARSI L DML D THRIFT R 5780,

I THHBICERI N DR E LT B,

(1) +o7a8EaEM,. > VWS (RWETEHH>Z &

(2) BHILPT U (AP0 &, 2 0B IrEn T &

(3) AT —HFEBEDEFENMETH LI L, DF DRIENDIIN &
(4) INSWEEZRRED/NBEERTL EADBANTREIL Z &L DF DI &
(5) AEERIR D BENDEFEDVULCTEI L, ChbfivZ &

ULEDEHIZENT, MW EARBETHDIiE, ZONBEIIH DD EHNE
L1385, BER O, MOUAHESETHISHEFER CICBBIOASAZWLI &, OF
BN E&RE LTSRS Bh S TH 5,

Fig 59T BB OERMIHE LR U, —— FIL OL¥8E) #5013  BmEOBHi%
SHBL X THREIN TS, 0 EDIE. ZORBICEMNIHHL VX, I UED
BEZOXPL UV V-V VX TH b, MADL v XE A A LTI E > THES
nicoy FROMOVEFTERSFRL > XTH D, L v Xt K BIE& 5 ICsH 59
EROBNLEB AT DITL V XM E UTOSPRIBOEX 2D, — K. YL —L v
XFOSPOBEMHMOEXZRL, L o X1 & - TEIEH I 8l F o4 B FE
BETIEETHIENTES, EiLickd7% (1) 56 (4) TTONEEIZERINS
BREZEWMIZTNEI DL FIZZDY L — U U XDRFBEEIIKIEL TN S EEZ 5,
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ZITiE. ZENVYREICL D ELLOBEAFON S AT 7 A N—% A A LT

JUV—L X% U, bl U7 BRMREAIR T 20 &) hEFEL T,

Object eedle portion >
<Needle portion Image
Vv” \\\ o ~o /,"7
. 7 \\_ - - —_
,< / AN
Objective lens Relay lens

Illumination fibers

Fig.5.9. Schematic illustration of the endoscope and the detailed illustration of the needle portion.

522 YUL—VL XDOR¥
TR AR L o XITFig 55108 3NS5 L) EBHEORBESFAFED>, 20D & X
OBESGIILITO LI ICERINS,

E(r) = Eg 1- (%)2 (5.8)

Z IT. dotsld S FRAMOMER., rXRESHOPE. EQ) IEEMHOER Lo
NZEIHHEL, Bt LOBETH 5,

JL—VL 2 XO¥E (luminous intensity) {3 "8 Y D HIETRD B, MEDOXEBEDOR
E MBI BE LIS KD B FETH B 2FD. VL—L U XOREIL, ZOHE
S EETRES B E 2 OFHHORBEE L TR oS Z &0s, UToRic k-
TIETZ 5,

Gex. = J'tI'izEO (5 9)

Wt

ZIT. G, HERICEIARESAN ORDIEEEAEDT Z EI1ZT 5,
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b9 O EDOH KL, BRI DTG, THU. UFOLS IBABOS (6. ) H
SN2,

Gy, = % Br{rg SinBimax) (5.10)
CITs pld L U X, BIIA 5 XD ST IRE (iradiance) TH 5,

5.2.3 =R
5.23.1 HSAMBRBLTAM A X
FSIBTHWRILITELNI 5y NI X2 ZFEILY Rkic k> T, HEL35mm
D7 7 A=k Uice TORKDY 5 v NEA R FEE30umE Lz, FOHSZXT 74
IN— %455 CONaNO7ARIE TICIRIE X BT, fRic oy NRLEOGREBHAIVINE 15 5
REZATAF URBAEKT IR, TDBDA A AR IR Td - 720
RONIEFTRGMGEL VX T 7 AN =% FEKTHa8e8E U1k, #120% ik
BRIZE DTy F 27T XALNOGEBHOKRE TS 2% E LT, EEImmD L
VAT 7 AN—E Ul RICKRKEIIEEZBIIZ, 207 » A \—% il (HF) | #L7
vYEZT L (NHF) B XUZERK (H0) OHEHNIS ;2.5 : 4.0DRAHK THS AL
BLU. £OMUEICHUNMIM M Z DI 7o, S 610 MMl THEL L 7O 2RI E B 5 729
I VXTI 7 AN—DREFRBEADEGB Y Y a vl Tca—5F 4 7 Uiz,

5.2.3.2 Y UL—VL 2y XDHM

VU=V » XDEGILEDFMIT—RICBRERB I THMIN DY, ZhidL X7 L
A DB WIMEE I @%7+D7%5PHT/7W@%%5Pi@%®ﬁ%hﬁ»x
BTLHIEIHUT, V-V U XOBMIMEEI Nl 2 EERET S SiIch b
O BENF v — MEEGIETEHERERT 3 FEMFEON S,

Fig. 5.10IC 4N OMERERT, VL —V o XORMEREETFZ MY =47y Mok
il X BT, &) —HDOWMEIKEALT A M v — MEESHMBE THRAE -T2, OB, L
BELTarrs07%, 7AMF+— MELUTUSAFY —4'y b & JHU 2, USAFY
—7 v M. VU XD BREAZBEMNICRET ADIEbN 2R E BRI T X M+ —
FTH 5D,

FALRUCAEREFALT, FEEZEIZY V-V UV XORME (P) 28IE L1z, 12
IEmAFEBR T I RIELD LI V-V XML, REETFXNF+»— FORIZH
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ET74NVF—%BE, F+— MORBALENY L—L v XWENS TN HERS . SHME

TIEREICHIE L, TOTNOERBEERD ) L—L Vv XORINS, BEIEOPEER
U7 B U7l CRR(656.3nm)#R . D#R(587.6nm) 5 & UF F#(486.1nm)D = FEX T,
Zh o ORFHEP(C). PD) 6 LUPF)ZR2INARALT, BlZE (APP) ZKeH7,
BES M IIFig S INIRT X BHETRHE L/, YV — VL XDFGEICT 7 Y LR
DB AT EZ . HENS DR L CIRIFE—ICATHTEELOIILTEE, 9K
DO¥GEM» S HGT LI DEEACCDA A — D+ o —TEIMIRGAN - 72, T OHLIEE
D4HEIEA B XA =TI AL, HBENETVFINVERK TV E 2 — 57 TENT L7,

Test chart Microscope

Lighgurce" H{ _ M
| T ]

Filter  Gradient-index relay lens _a_

Dial gauge

Fig.5.10. Schematic illustration of the optical setup for measuring periodic lengths of the gradient-

index relay lens at different wavelengths.

Light
source p Relay lens  CCD-image sensor

o =4
J=t— vl
Diffusing plate S - [:] )

@ coo 1= I;—O_OF: [«XoX-)
Oscilloscope ~ Computer X-Y plotter

Fig.5.11. Schematic illustration of experimental setup for measuring illuminance distribution of the

gradient-index relay lens.
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52.4 HRIEE
52.4.1 BB X
CCTHEBEINSH LN L—L X (Rnewk EID) ONF T A —5 B LU F
4 AV ay (Ghik) %ATableS4ZF &otc, RTIE, KB D7/ HLI-Na' 1 F L2358 &
STESHICHBINY L—L X (RoldEFKE) (IO THRLTH B, 2 TDORY
NI A—=Z3T~NTDEEHOTHE SN,

Table 5.4. Parameters of the gradient-index relay lenses at 587.6nm wavelength

Parameter R-new R-old
Refractive index on axis, no 1.630 1.614
Periodic length, P(mm) 30.0 60.2
Gradient constant, g (mm™) 0.210 0.104
Nominal numerical aperture, NAo 0.171 0.084
Maximum acceptance angle, § max (deg.) 9.8 4.8

3 UIZTable5 4D KRBAMNA (6, ) 2XG10)ITRA U TEHE LCHRGEHSE XD
FERATable55|1 R LIc, 22T, liADL Y XDWHBXDOEKD AN S, FY LBED
AT RZENTIREAEENLOMSTIEE (B) 31& UTHEE LEM L, TORE.
RnewDBi % X iFR-oldDzhE1EB &, #41EM 5T, DD, LY XD, oI
WK SN B R-newD B 5 X [ZR-old D458 & KlgIC i) £ L7,

Table 5.5. Theoretical luminous intensities G,, of the gradient-index relay lenses

R-new R-old
Maximum acceptance angle, @, (deg.) 98 4.8
Nominal numerical aperture, NA o 0.171 0.084
Theoretical luminous intensity, Gy, 1.53 « 10'2 371 « 10'3
Ratio of G ¢, (R-new ~R-old) 411 1

RIZ, EBEOBESGNSHZEDHESLXOHAERDTHS, Figs121CBE S 4557 L
oo TIT TNTHOV U XRRTZ AL B RBNOES N EIZIZRICST5HT
#160mm & U7, BISNIR-newD il ObEf) EORIHEIL. Roldk DiEB &<
Wotcl EhS, EODTHBNWLV UV XTHAEI ENbh 5,
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oI, ENSDOBESHN SKDIE LU ARG INHA UTERNITHS X%

B U7z, TableS.6IZfERAERU7C, RnewD 3 X ZR-oldDZ 4zt LTy #4342 &7

D, HITROICHBEHBLSHEL D BETHLI OO, HEHIO—HER:, 20

AT OB X OBEMIZ. Rnew|ZH W TE OERMMAHEMNTEETIZA (. KEDRAMN
HELTHHD0d LA,

llluminance

() R-new (b) R-old

Fig.5.12. Illuminance distributions of the gradient-index relay lenses.

Table 5.6. Experimental luminous intensities G,, of the gradient-index relay lenses

R-new R-old
Radius of illuminance distribution, ritmm) 0.630 0.540
Illuminance on axis, Eo(mV) 2147  68.2
Experimental luminous intensity, Gex. 1785  41.7
Ratio of G, (R-new ~R-old) 4.28 1

5.2.4.2 BEh

Fig.5.13{ZR-newis K UR-0ld|Z kL BUSAF ¥ — 4y b DG EE %, USAFY —4 . hH
BOHEEEESIIRT, TITRewlI3 S5y F (FE) (2443 2105mmD £ X T,
R-oldi$2E y FITHY T 5 120mmD K X THREHETFE Lc, D0, MHIIRLZE
FRTH SN/, BITESHEEL  XOBE, BEHIR—DOF y FHTHKINZ0D
NARTH D, EZANKBRANBEDEA. AMROIEICIBALTHEATZZ &0 5,
HLBRBIROREZLEET S, I Tid, 100mmL EOEX | H>100mm}Z 5 &L
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RXCIRE##B TV XETOREKE L7odic, WFICSHERE Y FEWRA - 72,
L7c¥> T Y V=L Y XOBGENOBEISIE. B L U XBBEN L VXX

L5EARRTHDZ EREDEN, D2F D, HBENL U XREEW LV XITHENTL v XM

£ (P) DEWDIZ, IR CEXAN T 33 0B E Y FHEMI ML, 20

ST EBOPE DM T 5, #a. WEDNRFE UCINEEDSE. BRIGEENHZ 5725

i AW L U XOBBEIIIME T TSI &i1275, Lich->Ty AW L Uik, KEY

BN L VXKD BALE y F R ) OYGEENNI NI ENRBEELSE, 2D &

DL 2 TR S SITHELRITEMAOHBENI KD SND Z EE2E%RT S,

USAF test target (a) R-new  (b) R-old
(3.5pitch) (2 pitch)

Fig.5.13. Resolution photographs of the gradient-index relay lenses and the USAF test target.

Fig. 5. 1305 EH 6, R-newDg JJIZUSAF Y — 4 kD7 5 Z7-1 (130lp/mm|Z#H%4)
EFEM LNIVTH 5100lp/mmp, ORGSR TE 12— T, £HiFR-0ldD 7 5 27-5
(200lp/mmiZtHY) KDE->TNWBEI Ebbdolc, ZHiF EABR LI LD ICRnewD
FHOZ XL D FRBNEZEDOHMO—REEZL SNE, LMILENS, XhELDEy
FTEHELEETIWHB L v XIIB O T, BIFRMGEEZ L OBEICHBEL T Z &3
KHAEARRIEZETH D, Lichi-> T FRL O AR TV RBHELB L -HITIE. X5
5B R ORELSNETH 5,

5.2.4.3 @

Table5. 7] R-newDiRHBO L » XFM (P) L2 o5hSROIAUGE (APP) OfE
ZR-OADfEEV - U kISR U7z, RnewDBIZEIEZROdDZN L D HEFAXL -0
DD, HS.1FEDTableS3|ZR LATI-K' A A U BIC K D IF S BT RGHERIL X
EX(THD BN D413 X 10MT D L1053 DILUTFTH Y . +437 5 —(LISHIETTRET
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Table 5.7. Periodic lengths P at different wavelengths and chromatic aberration A P/P of the

gradient-index relay lenses

Sample (%2) (rl;(gg (II:‘EI(I:& AP P

Rnew 29.92 2999 30.04 3.8x10 7

3
R-old 60.13 60.24 6028 24x10
EX(TI) 13.78 14.22 14.36 4.13x10 2

5.2.5 &%

(1) 27 {56Si0,-12Mg0-2Ba0-6PbO-5.5Ti0,-12.3Li,0-8.2Na,0 (in mol%)} ¥ £ U 7 5
 K{56Si0,-12Mg0-2Ba0-6Pb0-5.5Ti0,-20.5Na,0 (in mol%)} 4 5 2 & 5 5 & i 4e3 i Bl
VXD oREERY L—U o XRERL T,

(2) V=LY XOWB X3, REHD S KBRITRD I ERKRBNA (6,,)
NOHERENHBELU/EE ICHEROMBIMISY U—L v XD B JITHARTHEH E 7S
n. ELLEEEERT,

(3) ##EI335PICHY T 2 H10mmOE X IIHE N TB0lpmmAEE LT D, EH
LRIWTHBEI EbDh-Tz, ULHULENS, 2PICHY T AR U < #H100mmOD £ X DHEK
faD200lp/mm{Z (@ mnd . ERMICHBEREAPMENZ K- o b, BILEHTES
MOBENLETH S,

(4) BPGERREERICENXTETEL OO0 DA —F — 2L, +471 5 —%ie
m[RETL Z EDh - T,

(5) HBAWEFHMmE Y. KENEIOFEHOAER ERANGEHEOY L—L VX
ELUTHEHATEETH 5 Z EMER I N,
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BOE A4 UKBABMBEOREABRLTEOWRE

6.1 FEHTINIFICXBBEMETY FULALF ORIRBE
6.1.1 FE#

UF 1 LRH T ADA F BT ﬁ%ﬁﬁﬂuyfékiiﬁﬁéw KT
m&% ﬂﬁ@ﬁ%ﬁﬁéoU%ﬁb+ﬁ7z®4i/xﬁfd WA F L FEBRDIN
XIEKT B ) F 7 LA A+ v OWEIC “ﬂﬁ$@U+@A4¢/%WWMm
RIS ET D, EEOEEIZE T, %bh REEAE > TYFILRAN TR E2AF
VBT B E, A KRBT T A SEBERIEFICHT 5 F U LA VREIRK
200ppm (272 B, £DO—[AfEH U/ IFRE CTHEA A 2fid b &, BirRaomhE(LL
TV XHEENELT S, Thid, BEHOME) FU LA A VDN T AERTD Y F
LA T VDO FEEEAFAIETY, VFILEF NI T LD F VBIEH BT
5 ANEBTOMBILEICEE T 5 2 & T, MBI ESADIEAL TL » XHREdE
B EMEINSG, LI ->TL A VBT L > TH I A0 LIchED ) F
LAA NIHEREINIEE L. CEEFATERLNEL ) REEHELD - 7o, KB
A 7 VR BRBRRE DIERIET D) F 7 LA A D REIE. FI1Z30ppmAik E TIK F X873

NI SN T EPREBRIIIZ D - T,

LA, B VT LHENIT IV TLEENT S REWEA ) T LT U RXHT 55
B TOREMIEIEHRFFEAT A E0AEETH S, ZNEF. BT LHLNNEFT YD
LAF DA F RN FILAF XD RENICHIT, BRUIEHICHHREED
BEALTH AT 7 ARBTOFHEBEDENADNI LS. T RDAF 2 ZBBUSITKETS
WEBLBEZRNWEZEZ oSS LN,

Z 2T\ BEBEORET. $ERIEMr (Crystallization method) &IEIIN SHEMEF 1Y T
I ETEER ) F 7 LD IKNDBEBEDZAFIRA LI HEN R OGN T e, TDERIZ, 14
VRWEDEMIE A R ERAC EFTHH LI, KPR UTEBIBSZ LT, e
DR F 7 LT3N TKIZEIFAA . B & 758 - TH S B8 b U 7 L7250 % 0
4B ETHB,

LOLENS, COFEIB=ED2OREUREND B, PEDILL 500°CHE < F TE
LIt KEDRBESY . BRE THAT 5BOBKAT R IIVF—DEEL, D HIIKP I HE
*ﬂ&ﬁ%i'ckg RS SR BE7SAEEE - b U 7 L OWERIIER. X SIZHERICK

DHEEAVBEET LI ENG, FERICA A VBT DO B EANG LS &0 [HRE
NP -7,
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UEDEHBHEBRD S, LOROCBHTHEMEFTOMEY) FULtt v 280ET 25

VBN DO REIT - 1o IEDRM LM 5 72DIE, GKEBILT IV I =LY 7o FE
VA AX =T R UH B D & S 15 RS R A H KRN S D Y
 FOLAF VIREDHIETH - 12,

6.1.2 EBRKHE
6.1.2.1 WEH

(I CODOBAKBRITH NI BBAERE, -7V I+ ) « 2 U A5 (B
LF) . THI—BRBILF 5 (AL . SKE4 51 FAS (2= BRI,
FmEaL (FIMLs) OSEHET. TNTHRORETH - 72,

TOERBNS, y-TIVIFDYFILAA VRBEHNTHEI EDbIh-1cDT, &%
AR FEBRITIE . RO TTROERT IV I+ TH B3mmbiH 1 XD x4 E— RGB (7k
BALF) 2RI EBRITAWIZTNTORERNL. MBS & OBfc X 2 RsEp &7

ICBESKROFNIC T HI20COERUF A2~ BERTRRF L R T OB K EI D B 7e,

6.1.2.2 BMIEFOYFILLALORHE

HL DT I LA BEICILD XD IR F 7 LEHFM U708 by A
ZESPPICEWICARB LR TI00°CH 5550°COFEHE O —E G IR bist & U,
TOBEMEFI EEOREF LM Ui, —ERMER Uz, JoREERD. i
BRRT VAR Y =5 — 2 A To0mpm THE L) 7o, WAERIEOBEMETD Y F
U LA G VBB, £ (Instrumentation Laboratory Inc. AA/AE Spectrophotometers
MODEL IL551) 2 & b il U7z,

EET IV FIIRAE SN F I LEBLIUF MU T AL A D DEEFRD X5 12847 L
oo £Y BAEEBRBROIRINIERET IV F42, ZOREIES U SREA D % ¢

DITHERIKT o33k Uictk, LBESMOPHMZIZTITIL S & T 0 B UREZES U1,

PR ROERT VI F DY FILELUIF MU LA F L ORI, BAE SR U %565
Prick - THE =N/,

6.1.2.3 FEHTINIFDOF+575Y¥—vay

FEPET L S F OXBIEHFIINIT 1 b5 —H ECu-K_ A AL/ B2 Rataflex
RAD-RCRIX#EIMrIC K D flE Sz, B.ET. HEERE. MASHS L OGS IL.
Carlo Erba Sorptomatic Model 1800{Z & 2 #HE 4 XABELETHE XNz, TDEE, HFLEES
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iz, MHEEROBMFAZ I E L 7-Barmett, Joyner and Halenda (B.J.H.) 12 L h &H U7,

6.1.3 $EELEE
6.1.3.1 MBBREFAICLIZVFILLFT VRE

450CIZ B THL00ppmD Y F 7 LA A VRE AR OWEEEF MU 7 LEE (LUT.
NaNO,7&5RlE & 5dal) 110em’ | 15g DB RERAEFEZ N ZENmM U T, SAFRE L. &
BRIIRM U ICE#RDOLI0~305HICIEREN 5. 5% 5 {NO & Bhh B 4E8tn H X%
H LT, Table6 LIZBFEREFICH T B U F I LA4 L BERL LOEIER (LT, BE
L) EmRUTce v-TIb I HE BOBERID10%LL T DEMETH - 7o DIt LT,
BOMI@NY F I LA A VIRERSII%EE I, Lich->Ty y-TIhIFIckEZNS
EHT IV 3 F%2NaNOIERHE R DR F 7 LA 4 L ORERI OB & UTREY, L3
7R EBRIZH AT

Table 6.1. Lithium ion uptake and recovery from molten NaNO, for various inorganic adsorbents

Adsorption time:5 days, Adsorption temperature:450°C, Weight of adsorbent: 0.015 kg.

Initial Liion  Final Li ion Li ion Li ion
Adsorbent * concentration  concentration  uptake recovery
/mass ppm /mass ppm /10 3kg kg ! /mass %

v - Alumina 92 43 0.981 53.3
Silica Gel 92 86 0.120 6.5
Titanium Oxide (Anatase) 95 92 0.060 32
Zeolite 105 98 0.140 6.7
Activated Clay 95 91 0.080 4.2

* All adsorbents are of commercial reagent grade.

6.1.3.2 FEHATINI FIZLBYVFILLF U BE
6.1.3.2.1 HBFOBEEKEN

C CTOBBEHRITHENL, 400TH 5550°COOCHBOMKEDREIH T, A
RENTOHHE INIRETITON Iz, F9100ppmD U F 7 LA F L BEAF SR IEEIC
¥ THI440em’ DNaNO ARG T 40g DHITEE 7 )L 3 F AL T, 108 BIRFF L7c,
Fig6.LiIZU F 7 LA F VIBEEFEALERUIC, AR, SS0CERNT, SERMFERR
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L EEIND,

[\

550°C
500°C

450°C

a
/@/,,//""’ e

0 2 4 6 § 10 12

Adsorption time “d

Liion uptake 7103 kg kg1
[

Fig.6.1. Lithium ion uptake by activated alumina vs. adsorption time at different temperatures.

Weight of activated alumina is 0.04 kg, and initial lithium ion concentration in NaN 0, is around 100

mass ppm.

ZITN VF LT VIBRERCFERISIZE T 5 —REERIZHED EHCELTH- 72,
Fig.6.2|Z a5 HeR & In(1-Q) D 8I% % 45 U7z,

In(1- Q)
///
7

/
]
/ 4’

0 2 4 6 8 10 12

Adsorption time ~d

Fig.6.2. Application of first-order reaction rate equation to data shown in Fig.6.1. Qis conversion
(lithium ion recovery) calculated from the difference between the initial and the final lithium ion

concentrations in molten NaNO,.
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ZIT, QBRI ERROBRIET ) F I LA VBREDENSKRAAEME - TEHEINS

R (REREE TH2,
@ = (Initial Li ion concentration - Final Li ion concentration) Initial Li jon concentration ~ (6.1)

LU, ZOBFAEHEIE, 2AR0OBEBRICHLTHEDANEIIST AL,
LIS, Fig6. 21281 2 EHBDOARUIHE S MM DD M N E N6 TH S, Zh
BB T A THRAEBREEB L TEM LI EARRLTUL 5,

BRTHEBEEORE 7 A THARETHZEZHLLINES, UTOLSI12HE LT,
9. AR Fig.0. UWIREND XD ICKWRTH D Z &0 5, WS T FTHIB RS T Mol
Mk < A, BEBRBEICIAIZONTURWIEL T T Ebh b, MIfLFoH:
AURE S RIS IS 0 DB E NI FER IS AT EY, Z2TH
WONTTEWET IV I FEBEST D L ICZHOMAL. AV RT7EFH TS, Lich-T,
WA IR CTEMRT IV I FORMTRI D, IRBIILHEZE S S A B 7 OHFAF
NEATHS EHEEIND, LT, WAEBRFLOBEBRRIZIEN T L I FHA T ~D Y F
T LAF O EEbN S,

HAIAIT, REILATEE S HEE XN 5 WA IO — kI ICEE E# kL, Fig.6.20 K Jix
WIHADERAEN ST H I ENTE S, Fig63ICKIREIZIH T B kDArrhenius 7 17
FERUIC, INh&D. RDTOEMILZRILF—(370.7kI/mol L HE X N fohs, 2 Ofl
FIEWT IV I HICLBIEREER Y F I LA G D ORED Y A TIMLFRETH D 2 & 47
L

_1N\\\w

S

5-2' \D
RS

3t

~

1.2 1.3 1.4 1.5
1, 3 4
T 710 K
Fig.6.3. Arrhenius plot for the first-order rate constant k obtained from the slopes in the early stage

shown in Fig.6.2.
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6.1.3.2.2 AMERICEUIERTIIFORER
BEREICREIN/CRETOERMT IV I FORERERANL O, —HEOERICH
B RIEESS0CITHI 5 REFEDOE.ET IV I FOMAAKS LU AERERE L
720 Table6 2| WA KERFIHOMASHE SO EEMETR Lz, PHINALIIZ, £
NOIRIFEAEEMDZ L, BT IV I FIES50°COBREF TERDOMANOIN B =
LB TOREHIZIOAMBEE I NS Z Ehbd -7,

Table 6.2. Changes of the specific pore volume and surface area throughout adsorption of

activated alumina Adsorption time: 10 days, Adsorption temperature: 550°C

Sample Specific pore volume  Specific surface area  Remarks
/107 m? kgl /10°m? kg™!
Before adsorption 0.510 189 As received
After adsorption 0.513 187 10 days in NaNO;
at 550°C

Fig.6.4iZ[d] U < 550°CIC 1) A WA R O T IV 3 F OMIARS G DL A7 L,
NG — VBB EALERD HIABRSIGOIEEAEENLENI Ehbhot, X500
Rl CTEET IV 1 F OBERTRICE I B XA Ny — L A~ &2 TH 89 — gl
FHEBIITENT 7 ZREBER LI, UEDW L DO EEN S, EWHTIL I F =B
ERIET TOEOWRERAAT B DRI,

3
— —o— Before adsorption
E ---e--- After adsorption
=
o)) L
M 2
38}
g
i
=
N
e
) yand
NN \S
o ‘..
~3 y ~-o.
. T
0 L L L
0 2 4 6 8

Pore radius, r 'nm

Fig.6.4. Change of pore size distribution throughout adsorption in activated alumina.

Adsorption time: 10 days, Adsorption temperature: 550°C
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6.1.3.2.3 RIEBZVFOLAF VBEICEITIBRE

4S0°COBEBMIEFICB I BIEHET IV I FIZE D U F 7 LA F VREDFERE RN,
RILB58RE (105, 272, 484, 777, 1016ppm) DHH Y FI LA X VY IREEZHT 5
NaNO, 7R 110em’ |2 10gDIEH 7 )L I F %% U T4 HERFF U7z, VU F 77 LIRS #3246
BEICKEWLTH, DTOENSHEINT SMAERLUI, LEh->T, J I TOBRFITL
IFEARRED S DT (L BEITIZ46BICH T 5B REL R THWB I LITHEEEE
T 5,

Table6 3|2 R BHIY F U LA X VBEICE T B Y FULAF VIRERE ERERER
Utco FIHEAY F 7 LA A D BEN ENBIZONTRAEEILL.9420056.767 (10°kgkg™) ~
E3MELL BT R & MU e, —HABRERIT2.4% D 533%NENE DD LI, Th
. EETIVIFOU F I LA VIRERINZERADNH O 105ppm A2 5 ) F7 L
A A VBEONaNOARMEICE O TIEEAETNTOY F I LA VERESIHBICIE
10gL D ZEDERTIVI FPBEELEIEEZRLTINS,

Table 6.3. Lithium ion uptake and recovery from molten NaNO, for activated alumina at different
initial lithium ion concentrations

Adsorption time: 46 days, Adsorption temperature: 450°C

Initial Li ion Equilibrium Li ion Liion Li ion
concentration concentration uptake recovery
/mass ppm  /kg m™ /mass ppm  /kg m™ /107 kg kg™ /mass %
105 0.190 8 0.015 1.942 92.4
272 0.493 98 0.178 3.490 64.0
484 0.877 260 0.471 4.502 46.3
777 1.408 468 0.848 6.229 39.8
1016 1.840 681 1.234 6.767 33.0

—RRIZ, BAEE (adsorbate) DMEWREDEE. DF D HHIEROPA FE T, £
BITiEdH A0, DL icrd Freundlichs( "1 L 5 & X B,

W= qC(Z/") (6.2)
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TIT. WIRBEEN ) OREFICRE SRS SR, C IR (22T

FERIET) OREEPHERE. ¢k XU EhENEROU/n<))TH S,

Z 2T\ AWPFET b Freundlich & LTS 7 — 7 %% > 72, Fig.6.5(ZFreundlichf 3%
FlaAERUce 2T ENIIEET VI F O U F 7 LA 4 L RER, BliENaNO, 7
REF DY F U LA A VERETH 5, Table63DRET— 7 iZbBENTIEdH 5,
HE0.28 D Freundlich=xic #4545,

7 — % IFreundlich=UUZ AT 2546, £OBBRFAHERFO—BREE LTHY
BADZENFSNTNE™M?, Ukehi-> T, AFRICHI 2 RERIFERERTDY F
VLAK G DEREHE & UTRD ENFRETH B, SR NUE, NaNO,wflls
FICHFLET D EENZHDOF NI DAL A VZTERET IV I FICE DY F AL 4 L ORE
WIREAEREERZ LN Ehbd -t TOEMIE. D THMEDY FYI LA+ L%
BIRENTEAE LIS UL 51001 o VR % ONaNO iSRS 12 50Ty FERICEFIZL &
DTH5,

—
<o
—

Liion uptake - 103 kg kg-!

oy
<
=]
<
(88

10! 109 10t

Li ion concentration kg m™

Fig.6.5. Adsorption isotherm of lithium ion by activated alumina.

Adsorption time: 46 days, Adsorption temperature: 450°C

6.1.3.2.4 BEBMEM»NSD)VFILLL VOB

I TR, FIHiOREERBOE-TIVI FIZLB, F MU AL AL EYF L
* L OBRFEDEE N BT IV I FICREINICZNEND A F L OSHEN S KD 7o
Table6.4 (ZRIS LFH Y F 17 LA F 2 B DONaNO, ZSRIE I 361} B I HakE R AR Uiz, &
ZT. BHEfRE (concentration factor ; C.F.) [FIRDAUT & » TEHEIN B,
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C.F. (m’/kg) = Li or Na ion uptake by activated alumina (kg/kg)

/ Li or Na ion concentration at equilibrium in molten salt (kg/m’) (6.3)

IBRETF ORI F7 LA VBENENSIZONT, UF 7 LLA4 L OBEFZEIZ
DDA LI, —HF PV TLAF L DZFNIRITEAEER/L LD T, UL LR
o8 UF T LAX Y OiRFEREUL. I F17 LA A L EED1016ppmDEE D b/NE
ﬁ@&mfg\+bUﬁA4ﬁy@QmmﬁhﬂﬁwﬁuLﬁ%<\U%WA4¢VQ%:
HEESBD TR EDDNS, LIichi-> T EHTIV I F %8 - 7-NaNO imgltE H O
B FTLAF VOBREBZZFRNLEDOTH Y, LEMFERMEE LTHIMRATESY
BEEDH 5 Z EDEMD LT,

Table 6.4. Enrichment of lithium and sodium ions on activated alumina at different initial lithium
ion concentrations in molten NaNO3

Adsorption time: 46 days, Adsorption temperature: 450°C

Initial Li ion  Equilibrium concentration Adsorption uptake Concentration factor
concentration /kg m™ /103 kg kg 1 /103 m3kg!
/mass ppm Li Na Li Na Li Na
105 0.015 488.64 1.942 13.30 129.47 0.027
272 0.178 487.67 3.490 12.39 19.61 0.025
484 0.471 478.27 4.502 10.48 9.56 0.022
777 0.848 485.23 6.229 10.32 7.35 0.021
1016 1.234 484.16 6.767 10.56 5.48 0.022
6.1.4 #5:m

(1) SFILLMBBAFNIC L SNaNOJERIIET OME Y F7 LA A o ORI
IZ & SRR OREEENI IS N,

(2) BTV FDERMETOWME) F U LAA NSHT HE0RERERL, &
baEEEDORHWRERITH 5 Z b7,
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(3) EHTIVI FZLBWEIIMLFRETH D, FOEM(LT R ILIE—1270.7k)/mol

Th -7,

(4) #EHT IV I FONaNOZERE P IS F1) BREWD, MEFROMALER - HE
WS KUHAGHOEMMTEAER N EhSRERI N,

(5) @EUTIVIFITKB N F 7 LA A URHIdFreundlich={iz e 72 2 v o, BE
FFREFERT DY) FILALA D3 REELTRELSZ E0bhh-72,

(6) EHUTIVIFRE DY F 7 L4 EHZF P LALA T HNTE S,
RN I EN G| IEPET IV I I & B NaNOGIARIME PR ) F 17 Lo A A 3 D BRI E H3T]
BETHDZ EAR LT,
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6.2 BMIETYFILAAVREENIIHTIBER-RT IV FOERERIEESE

6.2.1 %R

F6.1FE T, HRDENT IV I F 0 EIRDONaNO JARIEF DME ) F 7 LA A L 4 BIR
ANCRE T S Z LA RO UL EBEOAPE R r — )LV THENERIAE & 15 0 18 2 a5
MENT, ABETHE, TIVIFVINIH A OBIMEAMZ 5 2 S0 & - TR ZHDIE:
T F2EBOBRER L. Th s OWENL RS Y F 7 LA 4 D RBLEN ED
BifR A SR~

6.2.2 EBHHE
6.2.2.1 FEHTIIFOHRE

RO T IV I+ (HEALFEEIT IV I 5/ )U520) A HFREDE & LT,
Table6.5|{Z 2 D7 L I F/ IVDHHATEIZ K O RE N5 T4 = Uz

9. ZROTIVIFVIELRICOELFHTH 1 BREHEI TS Z ETHIE LT,
T DT IVHEI2008% T IV I F B DAL T, BEIFHITHUT3I00°CH 5900°C F 7200
CHIfE DR TZ N ENH20RE-IBERL Uic, F72. F U A IL#1200g% 1100°C T 6854
B U7, Table6.6IZZNENDY > TFIV (L FIVES - ahSe) ORFBELRMA T &0
oo ZTNSBME INIY VT IVETIV I F3skE L OB O TH2mmY 1 XDk T
e L7z,

Table 6.5. Chemical analysis of commercially available alumina sol used as the starting material for

preparing the activated alumina samples

Constituent /mass % Impurity /mass ppm
Al203 20.84 Na <30
NO3* 0.62 Fe =20
Ti 0.025 K =10
H20** residue Mg <2

* Stabilizer ** Disperse medium

Table 6.6. Preparation conditions for the activated alumina samples?



102

S Heat treatment Heat treatment
ample t tu time
number emperi re m
e C ~h
a 300 20
b 500 20
c 700 20
d 900 20
e 1100 6

4 All samples were dried at 120°C for 24h in air before heat treatment.

6.2.2.2 FEHUHTNIFOF+I77V¥—Var

AR LR O T IV I+ VOGS KOMHER B A RS 12Dl R~E
Bt (DTA) B XUBEEMT (TG) %17 - 7co HUOLICEEIIHEBRI OB KFE
(Thermoflex8002) T, FEHEE X EH 51200°C % T15°C/min. & L7z,
TNTNDERT IV I FH U TIVOXREWTIINIT ()L 5 —fF & Cu-K_HUH & A 7o
RS Rataflex RAD-RCEUXHRMIMTIZ L D HlE Lz, BET. LEmE., #ASHEBE LV
Mif.5747 1% Carlo Erba Sorptomatic Model 1800{Z & 2 & A AW A ETHE Lz, £ DR,
AT, HETRIRO B A K E U 7-Barrett, Joyner and Halenda (B.J.H.) :"12 & -
7oo FEMARHARSAOT -y OMEFEE UTEHE L,

6.2.2.3 BMEFOVFILLA LV ORE

#1100ppm®D V) F 7 LA F VREEIIIE D LD IZHEREY F 7 LA RM U islEF U v L
EXIPIICE W A RESR T TH450CITME Ui, 2 DONaNO, 73 #litE #7440cm’ 12§
AgDIFEWT IV I FH TN ERA LIOHMRFF Uz, ZOWE KR, HitEid 25 o
LA R 7 —F —%& B T60mpm THHE Ukttt 7o,

W KB D OERIET Y 77 LA 4 VIR, #0547 (Instrumentation Laboratory Inc.
AA/AE Spectrophotometers MODEL IL551) |24 - CHlIE L7,

ATV I FOYF LA 4 VIREERFMETORERRICESS Y F L4
BEOBY GO HES - 1,

6.2.3 HREILEXK
6.2.3.1 EHTIVI FOHBAKER
6.2.3.1.1 DTA-TGHi#g & X®EIIH/ V¥ —



103
Fig.6.6127 )L 3 + 4 VODTATGHi#E 7 L1z, I TOTIV I F5IWEHRERTH

LTI FVIVEIZOCOESFF TURFMERIBIHDTH 5,

DTARHARIZ 1L, 82°C £460°CIZ ZDDIRIL VBV E — 7 NERN 78, RBE— 7 (385
SNLD Tz KBRMDOE—71&. WHEBEH B OIMEFERED L 5 7T IR AL
TKDEBEIZ KD D, —h, EBMUOE— 7 13K E L TDKRGFOREEDH 5Ntk
MEDHKICL D REBEEBDVEHE) R—< 1 MOSY-TIV I FAOHERIZL S
DEWEXND, F7, Fig.6.612F U TS25CLL L THEDPHEERIFVII S - T DS,
CZTIYy-TIVIFD6a-TIVIFETOREADTIVI FEOHERND - { DEAT
WBHDEEZOND,

CNSDRBEIBEICHEINTELR—<A M Sa-TIV I+ % TOMERICEI
5HDEELHUTNSEY, BEENITIV I FHINCEIT 5 BEOE SR I1226.5%12

KATZ,
TG -0§
:
-20\
R DTA la0 =
S W b
-g 82T o
5 l 460 leo B
200 400 600 800 1000
Temperature / C

Fig.6.6. DTA and TG curves for alumina sol used as the starting material for preparing the
activated alumina samples.

Note: Before measurement, alumina sol was dried at 120°C for 24h in air to form alumina gel.

BT, TIVIFTIVOHERHEE X SIS L CRANSHIC. XBRETIZLD#
radT -7, Fig.6.7ilain e TOSEEDY » PNV O X8y — v amR Ui, Th
LEEEDDEUTDEHITNES,

300°C 500°C
boehmite; AIO(OH) — amorphous alumina, slight amount of y -alumina
700°C

— 7 -alumina, slight amount of § -alumina
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900°C 1100°C

— ¢ -alumina, slight amount of 7y -alumina — @ -alumina, ¢ -alumina (6.4)

o TIaldBIEEEMES . FRETIVREBOR—< 1 POMEEL T 5, 20H
BENENS T &L BkEEBIZTY I FHENEILL T, 7220, XBEY/ Y
— UG, F T SAE TIRY U Il N B SRR HEMENZ Eb D, 1100
C. B OB R XY L FILeTIE, 8-TIV I F Ea-T IV I FOHLE LTINS D,
ZHEe-TILIFNSa-T IV I FADHERETTH S I EARRALTNEY, Zhod
BEHERI2. DTA- TG FIRE, COMERBE L L —HERL1s

Intensity, I (a.u.)
E

Oo X0 Op X O o ><<>
N MAWW\
20 30 40 50 60
Diffraction angle, 26 /" '

Fig.6.7. X-ray diffraction patterns of the activated alumina samples a to e.
O: 7 -AlO(OH) (Bochmite), A: 7 -ALO,, [J: 6 -ALO,, Ot 6-ALO,, X: a-Al,0,,
a: 300°C, b: 500°C, c: 700°C, d:900°C, e: 1100°C

6.2.3.1.2 FEE4AEH
Fig.6.8|Z1EM 7 IV I F D4 o Filah sed bR EEL K CHABZHOE /L ER LT, H
EERIL 50X 10°H & 168X 10° m/kg OEGHH. HIFLAR T 0.220 X 10° 7 5 0.435 x 10° m’/kg
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DRI E > 72, WF & BITY T ILadp SDITHF T, K& {BMLE, hERRES LU

MABEEIY VI E O TREMAR U2, 0 Flelo it T, OF ) BULiE s
DS00°CH 51100CAD EF & & SIHA L% HFIZH ¥ 7 Ildh Sec it T oA 2
BMTH B, THIFI00CITB W THRLONEE S B OEITIZ L B b D EBHA S,

&Y U TIVOMARS A A Fig.6.91757 Uiz, Table6. 7|2 (2 MIAL S OIME L & LT
S L7 PRI & S0 70, BAKIRIEDI00C THIMI S 7o 7 LaRIALEDS
—HOH TR /NS LEEIC G L, 20— 7 HId43mTH - 70 2 LT, H°
7 baip Sl TRIREEASTICON T MHLEMEIC B 5 E— 2 24 Inmo
MR T & O RE/ERAEHAIITEIL UTce BLEE D . BULEEEE A C 15 212 LI
T MBS ORI Z L I~ T b5 & AR X e,

Heat-treatment temperature ~°C

- ‘T‘c[)
2 300 500 700 900 1100 %
e 200 - - - ; 2
o 104
T 150¢F N

)
:
§1m- e
& 102
5 )

Q.
o VT 2
= =
2 9
(,Q)- 0 1 1 1 1 1 0 (2-

a b C d e

Sample number

Fig.6.8. Specific surface areas and pore volumes of the activated alumina samples as a function of

heat treatment temperature.
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Fig.6.9. Pore size distributions of the activated alumina samples heat-treated at different

temperatures.

Table 6.7. Preparation conditions for the activated alumina samples®

S Heat treatment Heat treatment
ample .
number temperature time
/C ~h

a 300 20

b 500 20

C 700 20

d 900 20

€ 1100 6

4 All samples were dried at 120°C for 24h in air before heat treatment.

6.2.3.2 FEHALTNIFIZLBYFILLF VBE
6.2.3.2.1 VFULLA U BEER

40gDIEMET IV I ¥ T oba Hex | 1000ppmFERED ) F 7 LA A VREAFFD
NaNO, g 440em™|Z 2 W 2R LT, 453°CTI0A RIfRFF L 72, Fig.6.10iTi3, &4
TIDY F 7 LA REEDOHBEER U, TNTOWRERIZ. I0HHERTHE
PNEIMBE AR LU TE D, TRLS FEISEL TV, Ut > Ty BT IIEF8
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FTORBIZDWTOEETH S LICHEELZET 5. WHEREY L TFilah Selc g T
T OLEMLEREAHB00CTH 511000~ ERS B 12 > THAIICED Ui, &2 Th
fiid, BT BY L FINORKEEOENEEET S - L THRTE 3,

[\

Pepbdo
oo o

Li ion uptake 1073 kgkg'!

0 . . . . . .
0 2 4 6 8§ 10 12

Adsorption time - d
Fig.6.10. Lithium ion uptake by the activated alumina samples vs. adsorption time.

Weight of the activated alumina is 0.04kg and the initial lithium ion concentration in NaNO, is around

100 mass ppm. Adsorption time period: 10 days, Adsorption temperature: 453°C

6.2.3.2.2 MBEICLBZFEHTIVIFOWEHE(L

e R el U 7ii 7V 3 > OMERIEAE NS 1 dIc . BB ERETHRO £ Ek
HEME L7z, Table6.8IZ, &4 L PO HERL L CHAAEOE(LA L Lt =
NNSDDDB LI, ¥ U7 Nall B TRERO LE TGRS L CEASED & &1
LTWB I EEBRNT, &Y U FIVOREREOBEMHEIZIZIEAEED S - 72, Ih
KO, S00CL FTHMMBEXNIERETILIF. 2Tl 5eDREMIT453°COERIE
FICEWTI0B MR XN S 2 Ehbb- 712,

YT INaDERERHEHDOEIIZRD LS ICHHI N5, ¥ 7 )va T DEALE 5 FE300°C
QRAREASITED RN £ S, WEFITK -1 P SIERET L I F O
BERI Ulc, ZOMERIR, Figt 110 XKEWT/$Y — TRENS L5, BEED
YU TNaFERETIL > TN B S ENSHERI NI, Lichio Ty BEKOBEES 2 |
KB S DK E S B DR, 42 7 LaDAcH1) 3 L E B L 094
HEOWMMNRE . - - LR XN S,
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Table 6.8. Changes of both the specific surface areas and pore volumes throughout adsorption for

the activated alumina samples

Specific surface area Specific pore volume
Sample /10% m? kg?! /107 m® kg
number Before After Before After
adsorption adsorption adsorption adsorption
a » 128 166 0.270 0377
b 168 166 0.435 0.406
c 139 132 0.418 0.420
d 111 112 0.387 0.382
e 50 49 0.220 0.226

X 51T, Fig.6. 12|89 & 912, H o Filail i BRI ROMAES 2 K L1,
WEZRDSHIE. 2ERMICKIYDRELGHANEBNTHEIENE-> XD B, ZHid
WK DRiBEdD 5 U IKEEED S DBKIZ &L > Ty HIADHERMEZ 570 2 2R L TH
540, BIAIZ, YU T INallbi) BRERDOFEEMA R, Yo 7 IbD3.0nm & b i
AR E L T/hanhnEd, BERIO2.1nmH 52.5nm | THEHN L 72,

Intensity, I (a.u.)
D>
od

1 It 1 1 1 1 I 1 1 1

20 30 40 50 60
Diffraction angle, 24 ./

Fig.6.11. X-ray diffraction pattern of sample a after adsorption.
Ny -Al203
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Fig.6.12. Change of the pore size distribution throughout adsorption for sample a.

6.2.3.2.3 FmAFH L REHEDORR

L UBHIT, Fig.6.7%H % 3Fig.6. 11D X#RAHr/ 3y — VR SINIEH-T IV IO F
IH LRI DM EFig 10D ERDRBIZEILE LT 5 & HEMEIRETH DY T ilak
bOMBDIEHET IV I FH o TFILED @I F7 LRGN AR > THA T Edbh b,
ZHUIKBBIE T IV L =7 LBR(EINC L Bk S DY F77 LA AV D BRI E DFER &
F—HLt, oI &y, FEHETIVIFORBOMMEIL. KAK T EERIE P
WKBEHLST, VFTLA A OREIZEL TS EHEINS,

ULINLIEDN S, BMEEDOY o Fibaly o FIbFEIUHERE TRH LN EL, o7
JVaDBAIEER IO DY) FILREEIY o TIIbE D b OoMIKREREENL 572, Z
NIEY U FILaDREIIBERET IS O THREEOBMA M S HE (L EE LT LD iEH
X, HERELTUF LA ORENMHEINI D EHEE L,

“OHOBARE LT, EHILTIVIFOREREE Y F U LA A U IREZDBGEE B
TH 5, Fig.6. 100 EEZ AL & Table6. 8D K mMBEE LA LK T B &, FPHILIZ LS, &
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Fig.6.13. Lithium ion uptake and lithium ion uptake per unit surface area on the activated alumina

samples as a function of heat-treatment temperature.

Adsorption time period: 10 days, Adsorption temperature: 453°C
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"The study on a fabrication of a gradient index rod lens by

Li*-Na' ion exchange"

Gradient index rod lenses mass produced by ion exchange have been widely used for imaging lenses
of copiers, facsimiles, and printers in office information or information processing fields. Ion
exchange in glass is currently the most common technique for the production of such gradient index
rod lenses. Glass rods containing Li", Cs” or Tl ions are immersed in molten salt at a high
temperature, in which the ions in the glass are exchanged for K* or Na’ ions in the salt. After the ion
exchange process, the glass rods have nearly parabolic refractive index distributions caused by
interdiffusion between Li", Cs” or TI" ions and K" or Na" ions. In the office automation field, color
information processing, instead of monochromatic information, is potentially required in recent
years. To satisfy this requirement, a fabrication of a new gradient index rod lens with a high
brightness and a low chromatic dispersion was studied by Li’-Na’ ion exchange. This thesis consists

of seven chapters, and the abstract is as follows.

In chapter 1, "Introduction," gradient index lenses are grouped into three general ty pes
and fundamental optics in the gradient index rod lenses are summarized. In addition, practical
combinations of an ion in glass and an ion in molten salt and interdiff usion behavior were
explained reviewing the previous studies. The structure, objectives, and significance of this

thesis are indicated.

In chapter 2, "Prediction of optical properties of gradientindex rod lenses by Huggins,
Sun, & Davis model," a prediction of optical properties, such as gradient constants and
chromatic aberrations, of gradient index rod lenses mass produced by ion exchange was
studied. In the past, glass compositions for the gradient index rod lenses have been chosen
experimentally from a large number of glasses. However, it is obvious that such an empirical
method (trial and error) is not reasonable for fabricating new types of lenses. The Huggins,
Sun, and Davis(HSD) model was applied to predict the optical properties of the gradient index
rod lenses and was found to be effective at predicting the the refractive indices and Abbe
numbers from a comparison of the measured and calculated values of all the glass compositions
except for those containing Cs,O, T1,0 or B,O;. Consequently, the prediction method based
on the HS D model proved to be useful for estimating the optical properties of gradient index
rod lenses for Li'-Na" and T1"-K" ion exchanges prior to fabrication, e. g. it was confirmed
from this work that the Li"-Na" exchange attained a middle numerical aperture and a low
chromatic dispersion, while the TI"-K" ion exchange did a high numerical aperture and a high

chromatic dispersion.

In chapter 3, "Gradient index glass rod lens with a high acceptance angle for color use by Na’
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for Li" exchange," relationship between the characteristics of the gradient index rod lenses obtained

by ion exchange and their mother glass compositions was studied. Approximately 40 glasses were
melted in the system of SiOz-MgO-BaO-PbO-Tioz—Lizo-N a, O for testing optical characteristics. It
was observed that Li, O content, R,0 (Li,O+Na,O) content, and the Li,O/Na, O ratio in the mother
glass are important factors in attaining a high acceptance angle( § max) and a small field curvature
(AF). To produce the gradient index rod lens with higher  max (>14" ) and smaller field
curvature ( | AF | <504 m), preferred range choices are

(1) Li,O content, from 11.0 to 13 mol. %;

(2)R,0 (Li20+Na20) content, from 18.0 to 23.0 mol. %;

(3) Li,0O/Na,Oratio, from 1.3 to 1.6.

Furthermore, it was confirmed from the diffusion experiments that the glass composition dependence
of the lithium-sodium interdiffusion coefficients were effectual determinant in the regulation of the

acceptance angles.

In chapter 4, "Continuous fabrication process of glass rod fibers for gradient index rod lenses
using double pot crucible," a continuous fabrication of the glass rod fibers, whose composition was
56Si0,-12MgO-2Ba0-6PbO-5.5T 10,-12.3Li,0-8.2Na, O (in mol. %) was investigated. The reason
why the fabrication cannot be continuous in the case of a conventional process was the devitrification
of the glass rod fibers caused by a high concentration of Li,O. A fundamental idea of a new
fabrication process using a double pot crucible is based on coating the glass rod fibers with another
glass that has a high resistance to devitrification. It was confirmed from the fabrication experiment
that there were no devitrification regions seen on the glass rod fibers after more than 200 h indicating
that the cladding glass protected the core glass from being crystallized. There is little influence of the
cladding glass on the ion exchange of the glass rod fibers. This is supported by the fact that the glass
rod fibers after the ion exchange showed optical performance good enough to be used for practical
lenses. Consequently, the newly developed fabrication process based on the double pot crucible
makes it possible to draw continuously glass rod fibers that cannot be produced by the conventional

fabrication process.

In chapter 5. 1, "Gradient index rod lens made by ion exchange for color optical devises," a
gradient index rod lens array with a high brightness and a low chromatic dispersion for color use was
studied. When the three types of relationship between Li,0 and Na,O in the mother glass, described
in chapter 3, were taken into account, a glass composition for a gradient index rod lens array was
determined to be precisely examined. It consisted of 565i0,-12Mg0-2Ba0-6PbO-5. 5T 10,-
12.3L1,0-8.2Na, O (in mol. %). The intensity of the array exhibited the highest brightness in the
commercially available lens array made of the Li-containing glasses. In addition, Judging from the
MTF(Modulation Transfer Function) and chromatic aberration values, the array was found to have a

sufficiently high performance to be applicable for color use.
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In chapter 5.2, "Gradient index relay lens made by an ion exchange for medical use," a

gradient index relay lens with a high brightness for an endoscopic use was studied to make a needle
portion of the endoscope thin, which enables doctors to perform the non-invasive surgery at the small
joints of the human body. A relay lens was fabricated from a same glass rod fiber as the previous
one. It exhibited about four times as bright as the commercially available lens made of the Li-
containing glass. It also showed the almost same degree of the chromatic aberration as the
commercially available lens. However, the resolution of the new relay lens was lower than that of
the commercially available lens. Therefore, the next emphasis has to be placed on improving the

resolution.

In chapter 6.1, "Selective adsorption of lithium ions from molten salt by activated alumina,”
studies have been performed on selective adsorption of lithium ions in molten NaNO, containing a
slight amount of lithium ions, by various inorganic adsorbents. Activated alumina was found to be
the most promising adsorbent for adsorption of lithium ions because of the high recovery of lithium
ions from molten salt at high temperatures. Adsorption by activated alumina involved chemisorption
with the activation energy of 70.7 kJ/mol. It was confirmed that activated alumina showed high
stability when mixed with molten salt at high temperatures because almost no changes of specific
pore volume, surface area, or pore size distribution were observed throughout adsorption. The
adsorption of lithium ions by activated alumina obeyed Freundlich equation, and therefore it was
found that the adsorption can be treated as that of lithium ions in dilute solution. The enrichment of
lithium ions on activated alumina was much higher than that of sodium ions, indicating that the

selective adsorption of lithium ions from molten salt by activated alumina is feasible.

In chapter 6.2, "Dependence of adsorptive capability for lithium ions in molten salt on surface
properties of activated alumina," relationship between physical properties and adsorptive capabilities
of activated alumina for lithium ions was discussed. The activated alumina samples were prepared by
heat treatment of commercially available alumina sol at different temperatures. Amorphous alumina
showed higher adsorptive capabilities for lithium ions in molten NaNO, than any other phase of
activated alumina, y , ¢, 6, and « -alumina suggesting that its surface micro structure is suitable
for adsorption of lithium ions. The adsorption uptake of lithium ions increased in proportion to the
surface area of activated alumina. Since the lithium ion uptake per unit surface area varied with the
phase of alumina, it may be concluded that the surface micro structure of each activated alumina has a
different adsorptive capability for lithium ions. There is little effect of the pore size on adsorptive
capabilities for lithium ions. This is evidenced by the fact that the mean pore radius of each activated

alumina sample was at least forty times larger than the ionic radius of lithium.

In chapter 7, "Summary", this study was summarized, summing up the results of this study.
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