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Abstract

Ytterbium-doped silica fiber (YDF) laser is a very appealing technology to
implement space communication, laser radar, space trash disposal and space laser
weapon, owing to its reduced weight, size, high electronic-optic efficiency, high peak
power combined with narrow pulse width. However, the YDF will suffer from a harsh
ionizing radiation (such as proton, electron, X- and y-ray) during their space mission.
The radiation-induced darkening (RD) effect can lead to an obvious increase in fiber
loss and a drastic decrease in laser slope efficiency, and even no laser output in severe
cases. This dissertation is focused on the mechanism research of RD in YDF. The
ytterbium doped silica glasses (YDGs) co-doped with different elements (Al, P, Ce, F
et al.) were the main research objects and prepared by using sol-gel combining high
temperature sintering method. The fictive temperature (Tf) of YDG was changed by
thermal annealing pre-treatment at different temperatures and atmospheres. The
effects of glass compositions and Tt on the spectral properties of YDGs before and
after radiation were systematically studied. The RD mechanism will be revealed from
the dynamic evolutions of atomic level micro-structures and defects by combining the
pulsed and (.:ontinuous wave (CW) electron paramagnetic resonance (EPR), solid-state
nuclear magnetic resonance (NMR) and other modern structural research methods.
The aim is to obtain the optimum glass composition and pretreatment scheme, to
establish the radiation induced defect generation and annihilation model, and to
provide theoretical basis and solution for the development of YDF with high laser
performance and high radiation resistance. Based on these researches, a super
radiation-resistive double cladding YDF with 20 pm core and 400 pum inner cladding
diameters was successfully prepared by modified chemical vapor deposition (MCVD)
combined with high temperature drawing. And the laser behaviors of this YDF before
and after gamma radiation will be compared.

This - dissertation is constituted by six chapters. Chapter I is literature review.
v
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Chapter II is theoretical basis and experimental methods. Chapters III, IV and V are
the main research contents of this dissertation. The summarizes and prospects are
given in Chapter V1. The main contents éf each chapter are as follows:

| In Chapter I, the literature review introduces the research background of
radiation-resistant optical fibers, the factors affecting the radiation sensitivity of
optical fibers, the methods to improve the radiation resistance of optical fibers, and
the mechanism of RD in optical fibers. Based onv the drawbacks of available RD
mechanism in active fibers, the research ideas and primary research content of this
dissertation are put forward.

In Chapter II, the network structure and radiation induced defects in pure silica
glass, AI**, P>, F~ single-doped silica glasses are preéented. The basic theories of EPR
and NMR are introduced. The preparation methods, treatment conditions and
‘charactérization methéds of glass and optical fiber samples are described.

In Chapter III, the effects of single-doping or co-doping of aluminum and
phosphorus on the structure, spectral properties and radiation resistance of YDGs
were systematically studied. The results show that the ultraviolet absorption of YDGs
primarily originates from the charge-transfer (CT) transition from 0% to Yb**. The
location of CT absorption is assbciated with the local structure of Yb>* ions. The CT
bands located at 6.3, 5.8 and 5.2 eV correspond to Yb-O-P, Yb-O-Si and Yb-0-Al
linkages, respecﬁvely. Excitation to CT bands results in the formation of Yb?" ions
and oxygen hole centers (OHCs) pairs. The cbrresponding chemical reaction can be

expresSed as follows:

Yb3* —0—R= = Yb*t + (RO ——ORHi),(R = Al Si,P)

The structure and radiation induced color centers of YDGs are significantly
affected by the P/Al co-doping ratio. When P/Al < 1, Yb** jons are primarily
surrounded by [SiO4.2]° and [AlO4n]" groups, Yb** and [AlO4z]" capture electron and
hele during radiation, respectively, leading to the formations of Yb** and Al-OHC

color centers; when P/Al > 1, Yb** ions are primarily surrounded by [0=PO3.]° (that
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is P® groups). The P=0 double bond in P® group is easily ionized during radiation,
resulting in the formation of phosphorusfrelated color centers (P1, P2, P-OHC); when
P/Al=1, Yb* jons are only surrounded by [AIPO4]° groups. [AIPO4]° is difficult to
gain and lose electrons during radiation. Therefore, the radiation resistance of YDG
can be improved to some extent by co-doping aluminum and phosphorus.

In Chapter IV, the effects of annealing temperature, annealing atmosphere and
fluorine content on the structure, spectral properties and radiation resistance of YDGs
were systematically studied. The results show that planar three-ring (D2) and planar
four-ring (D1) are the precursors of Si-E° and NBOHC, the four-coordinated
aluminum (AIV) is the precursor of Al-OHC. When the structure relaxation of
Yb**-single doped silica glass reaches equilibrium state, the fictive temperature .(Tf) of
glass equals to its annealing temperature. The smaller Ty, the less Dy and D2 groups
and the better radiation resistance in Yb**-single doped silica glass. Annealing in
hydrogen atmosphere can promote the structural relaxation, reduce the content of Dy,
D, and AIY groups, increase the content of low-valent rare earth ions (Ce®*, Yb*"),
and significantly improve the radiation resistance of Yb*'/AP**/Ce**-doped silica
glasses. Co-doping with fluorine can also promote the structural relaxation, reduce the
content of Di, D> and Al groups, and improve the radiation resistance of
Yb**/A}*/Ce*/F--doped silica glasses. |

In Chapter V, the effects of radiation conditions, core compositions and
pre-treatment methods on the radiation resistance of YDFs were systematically
studied. The results show that the radiation induced loss (RIA) in YDF is very
sensitive to the total dose and dose rate of radiation, but not sensitive to the type of
radiation source (X- or y-ray). Under the same radiation conditions, the RIA values in
Yb**/AP*/F- co-doped silica fibers decrease step by step with the addition of P>* and
Ce**. Loading with hydrogen (Hz) and deuterium (D2) can significantly improve the
radiation resistance of YDFs, but the disadvantage is that H> or D, molecules can

easily diffuse out of the fibers, leading to the failure of the radiation resistance of the
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fibers. The thermal annealing in D> atmosphere for the YDF preform prepared by
MCVD can significantly improve the radiation resistance of YDF, and has no obvious
negative impact on the optical loss and. laser slope efficiency in non-radiated YDF.
- After 700 Gy y-radiation, the laser slope efficiency of this fiber decreases by only 28%
(72%—>52%). The radiation resistance of this fiber can fully meet the total dose
requirement for the YDF laser servihg in geosynchronous orbit for seven years (< 500
Gy). '

In Chapter VI, the main experimental results, innovations and insufficiencies of

this dissertation are summarized. The suggestions for future research are given.

Key words: Yb>*-doped silica glass, structure and defects, radiation resistant optical

fibers, spectrum and laser properties, structural relaxation

Vi
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Figure 1.1 Schematic diagram of Low Earth Orbit (LEO), Van Allen radiation belt and

Geostationary Orbit (GSO)
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Table 1.1 The altitude, radiation environment and uses of the three orbits of satellites in

space

g R FER BHE B R

(km) (rad/min) (krad)
Low Earth Orbit <2000 <0.027 5-10 K ®FEF R W
(LEO) B rE
Medium Earth Orbit 2000~36000 <0.272 10-100 X ieRH FMALKL
(MEO) w ITE
Geostationary Orbit 36000 ~0.135 ~50 BAFHFH BALE
(GSO) %
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Figure 1.9 (a) Cross section of hole-assisted carbon coated (HACC) optical fibers; (b)
| schematic diagram of deuterium-loaded and deuterium-locked HACC optical fibers; (c)
Comparison of radiation-induced attenuation among HACC optical fibers loading with
(HACCwD?2) and without (HACCwoD2) D; and radiation tolerant acrylate coated

(RTAC)

1323 FALHE
EEAEAS G SR AEEFROTR, LTS BIEREA S

(1) HEE. 1981 4F, EEMELWEE E. J. Fricbele Z NI FIRIK
FH 0.85 um 92 S S06 SRR v R AT R A T IR BDRA R A =
PEERE AR AR T, XHREHRANEAD. HRBEEES, BAFR
HF, HhRRREMBIRE AL Tm AIGANTIAXNER, 2015 FikiE |
TSRA 793 nm FE4E (LD) BORBATUES (72.5%) EEH Tm A KRS
FESWEE, AT T e 2018 4, RFWT AL REHIE Tm

13



B YO R EBEA N E SRR R BB LA R

HAFHEAT BT BALBE AT LLKAEE 1 RO R 2 96% LA EPOA1,

(2) REH. £ BBEEEN, FIREXSIEOLARERSSBFET
B, HZEREREIBAETFRIKT, SFHARBARESD. 1997 4, KEEHK
UK 210 A. T. Ramsey S5 APIBT LRI 0T LUR BRE S R ROE 3064, HiR
FERRR ARCRMGT - BHFTRY], HEETHER 625 °CHY, AIEEEH O
% YOORA, R, BRAGEAXNEENEEAGRERRE T AR
PN: 057 288

1324 A%k

FEBERZEE A. Ladaci 55 NP5 BT 0 7 BB R R 7 2 it
HHGIGHEIS ECORL O ES (EDFA) &S H (Ibe &R, RaKE.
SBEWII TR E5RThE. FHBEKSE) X EDFA fEMRGT RSP EOCRE (n
. B RED MW, FE5RNSERMNE. SRRHLREREENLER
FIRZ/NT 10%, B 1.10 (a) Fizn. G RREX T REES EDFA, &1L
JCEKCEES 8 m, BEEHE A TR B3 I ARG A B RLAR B4 4, 4R &9 300
krad I, RARIEEFKIERN 6 m, WE 1.10 (b) From. MRS 52 B S0 22 3
EDFA HRERE IR/, FRFZHBRIRZ, REZEHEXY EDFA KRB L
MR, WE 110 (o) Fin. B 1.10 (d) SERSTHMSEE ik (6 m,
AR FARMAL (8 m, FIEZRME) #Y EDFA BRI, S5E5FIE N 300
krad B, fLILAT EDFA 392540 T F% 3 dB, iR t4k EDFA #35 T % 10 dB. %
Tkt #BE i K. V. Zotov 55 NPCIfF 55 R B 980 nm tb 1480 nm BOEXTHEBIRE b5 1
% ECORA BAERmMEARE, IHARFEA 980 nm BOLEME EC AT —
FEREIE b AT DL SO A 3R

14



(a) s~
K
%ony, ., FIHZEDEA
Wp TRt
~ e Ll e e
" &Y “bngan T
o 0 &
ESQ £y
= i . — B~ imulation {no H))
] FI-EDFA. N
A kS - M~ Experiments (no K}
b ‘g = A~ Simulation {with H,)
[N — A~ Exparimants (with H,) r'e 4 : o
“x, Optimal Jength 300 ke
. ot ¥
s . PN P . N = N . : . R .
] 58 0wy 150 00 250 300 ] 2 4 [ 8 10 12 14
Dose {krad} Doped fiber length {m}
© - = [
% K\A . FIHLEDFA % —‘n“{"‘;'mc-.“.,._\_.“ nsm,nsuhbpumping
Wi o v, al g s
PR RAETS " Dudke psing 3
3 - mE e sk o~
) ;= *a Feeng RS mz -‘i-..‘
e : E 52 N
- LR Ty c® R
£ i Tel Co-propageive - AN :
= 18 e Sl "n_‘g‘n:,cmomahw
016} L AT 16 T,
FAH2-EDFA ..
bl wopsgiie "o e wl -
; e o e 1 ek i : P :
¢ % W 1w 200 2/ 300 0 50 dp 1S 200 20 30
Dose (krad) Dose {krad)

B 1.10 () EBSHEMLSREML, BEDLAKE (b) RHLEH (o) X ECOL
WK (EDFA) MW, () LI SHEETRIML (6m, AR
kAL (8m, FIAZHED K EDFA 1 & 0

Figure 1.10 (a) Comparison of experiment and simulation results. Simulation results about

optical fiber length (b) pumping structure (c) on the gain of Er’**-doped fiber amplifier
(EDFA) under radiation. (d) Experiment result about EDFA gain variation under

radiation of optimized (6 m, double pumping) and un-optimized (8 m, co-propagative)

optical fibers.
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Figure 1.11 A schematic diagram of color center generation in pure silica fibers induced by

different types of ionizing radiation
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Figure 2.1 Schematic structures of SiO; crystal (a), SiO2 glass (b), silicate glass (c)
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Figure 2.4 The relationship between the formation energy of a Si-O-Si bond and
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Table 2.1 <Si-O-Si> angle and total formation energy of Si-O-Si bond of n-ring structure in

silica glass
n o3 <Si-O-Si>$A 6. FERREE Ex
2 70.5° >5 eV
3 130.5° 0.51 eV
4 160.5° 0.16 eV
5 178.5° 0.80 eV
6 190.5° 7 1.08 eV
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Figure 2.5 Raman spectra of silica glasses at fictive temperatures (T¢) of 1500°C (a) and

1000°C (b),{(c) effect of Tt on the frequencies of six Raman peaks of silica glasses
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B 2.6 B T BARE R XA LR R RIS (FTIR) JGERme,
TEAEIETEN FTIR 4TS, 1125 cm' XHR Si-O-Si 2M4atkzh. 05
9 FTIR Wigiieh 2260 o) %4 Si-0-Si BEHHREN I — (. B, 1125 om!
- REFHRD 2260 cm! IRICH SRR AR 5 <Si-O-SEMA S AA R, W UARRTER
B EAREE .
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B XA RRR A T RS, YU BB <Si-O-Si>& M 4 i T
BsE, HENBEEEELRN1200C.

2.6 (¢) Al (d) 435I 1125 em'! RAFHA 2260 om™ HBCHF FIARR FEIE
KA. HPERXEAREEENBEEE (T SiRREAS, @k
WA, ATURHUTREREA:

VU115 = 1114.51 + (11603.51/T;) (2-5)
Vyz60 = 2228.64 + (43809.21/Tf) (2-6)

R, 11250906070 MR 1125 om! JRAFHF 2260 om! RS IRIAR BN
F, TN REERE.

Agarwal %5 NBAGFFE R 1125 em™ AT 1100 om™ IRICH 2 A A7 £ 30T
KE&:

V1100 = 1.362 + 0.978 % vy 135 \ @2-7)

B Devine 2 AUIHISL 1100 o -5 15 T 3534 0 <5i.0-Si>
Ty 0 EAEM TR R: o

V1100 = @ * Jmi (asin?? + Beos23) (2-8)

Hrhm, NEETFERFE, a=600 N/m. =100 N/m. a=5.305 x1072s/cm
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2.1.12AP P FEARWBNEN

K 2.7 (a) R—AFEE ALOs BARAKEPIEN Al MAS-NMR #5059, JEgH
43 A xALO3-(100-x)Si02  (in wt%, x=0.4, 1,4, 5,7, 10, 12). TEALZELIFEN+50
+30. 0 ppm ALRFLIRIESHIARFPU. i ANEAE OHERA AV ALY,
AIYD. WEERIEETE-100~0 ppm 2 [AIF SEIES PIHRAZ 2TAL (1=5/2) B[ DE{S K%
SEERAE %, RHBARE T =8 TMHTHA (TOQMAS) AL
% (1>12) 5P,

B 2.7 (b) RARIEE ALOs B4 A HRIIHK — 4 YAl MQMAS-NMR &7
FrFEELERE (F) MR B N+73. +44, 13 ppm KEHIILIRIE
SAAEF. . ASEhisE.

L5027 (ab) ATLUEH, X ALO3< 0.4 wt%, FEUNEMEANE; X4
ALO3 7E 1~7 wi%Z [Alf, LAY, ANTAEENE; 24 ALO:> 7 wt%hit, L. N
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TER4E[AIO] B T TUBLALRE[SiOmn]s [AlOun] Hi[SiOw 1 B A EARTHENE
B. 4 ALOs> 0.6 wt%hf, BINHEE BT REE ALO; & BRI, X
53R, NEMEHHERER. I, ARMMEEELSEAEFEIYNRALEERSES
FPRRHE .

ALY, AT, ATV

=

f\f\

'2 /\/\
J«/\ ﬂ

. 1.482
-3 o

d - 1.460
? 218 // %
p 41.458 2
5 216 9 // ° £
2 /s {14s6 8
2214f WE G / s
] Y4 Vs 11458 §
L ys &
g 242 A\ ~ S

Y g 1.452
a N /,f; x

2.10 ]
P P N P . B _ 11
TALNMR Frequency (ppm) 2.0 05 1.0 15 20
AL, content (wt%)

& 2.7 ALO; & B3 L3 27A1 MAS NMR B3 (a), Al MQMAS-NMR ¥ (b), 2

i, B ESCIRES (o) KIS

Figure 2.7 Effects of ALO3 content change on 2’A1 MAS NMR (a), ?Al MQMAS-NMR (b),

density and refractive index (c)

Bl 2.8 (a) (b) 43R 2°Si. YAl 19 MAS-NMR %87,

B 2.8 (c) &3P
static NMR #2871, 40 4 xALO3-(30-x)P205-70Si02  (in wt%, x=2.5, 5.0, 7.5,
10.0, 17.5, 20.0, 22.5, 25.0, 27.5). & AP Highn, »Si MLSEAIRZHTIE .
XULE Si ) EEREIEW A Si-0-Al 1] Si-O-P #4825 AVP =1 B (Bl x=17.5),
gm b EE P ALY POYE, Y7A1{3'P} REDOR FlI *'P{?’Al} REAPDOR JlUlif#

B, JXEE ALF P AHELEBTE B AIPOs Z5H. AUP>1 1Y, ALFI P fLIEIE AR AIPO,
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Figure 2.8 2%Si (a), Al (b) MAS NMR, 3'P static NMR (c), Raman (d) spectra.
(e) Schematic structure of P single-doped and Al-P co-doped glasses
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Figure 2.10 Optical loss spectrum of pure silica glass

Bl 2.10 AaUA R i DY A SO A0 15 R 32 B EH B R
WA R T S8 ERAUSRATEERI T, RS (Rl EEEE )
TERS, HBSo A e s S R i S W A E S AR AL S
BT A TR S 8000; % 4MI H Rayleigh B8R Urbach R IsA LRIz,
b Rayleigh SOHX SR ELT BY E OB A4, mdila s
JEFE IR J VIS BB rIZEmEdE, w433 Rayleigh SR ZE R 3 BldB/km]

5 TFREENEEXRAP:
B =0.322 E* 2-9)

T Urbach "R UE R E o 38 % 8 IETE 3 Urbach JR
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= @-10)
A Eu#4 Urbach . 7EEE AR HE, HIRHMR, BE, = E; + Eq.
EREF, E,=E, ERBTSETRERE, X2 MEEMERKT:
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h, h,
Ef = 2> coth(D) (2-11)

20

R hofloHf R E5RETLXMELR. SEEHFNE BT Urbach LRERE

rosTER, HUBRRREEE BEETI U TFEHE SRR RN S HE K.
| BhAh, BEPFIAFLEFENRE (0 OH. ODC %) LLRERFE AN
R B th S ) 7 BB A e SRR R AR B o TR SO SEBE T R LB — R R
TUEZ Y

2.12.2 SRR RGP

PHEL G 3 T 40 G . BRI RIS . 387 R R S S
BB LSRG BT RUBREE RTRIOE B AL T S 40-7] W B, &I
E, FIHX S tOE E RO L .. AREEEE R &R, BTFH&K
BEAR, THESIIAREREME. fln, EETHERESIAZATHENE
B P AT A I AL ERKE (ODC); T RS SR T il & A JE 33
hAT RS I E ARG (POL); FEIBERRMIAM Tl & MASEIEE TRt
IR B EEE GRS (Si-OHD. th4t, ARBIBER I maENLEER, dT
FEF R B, SRBEESEE, XEARBARN SR E
BT IEF T R A XS FEH O EIET B IRIE AR DI (E < TR 5 9w
3, BN TIoREE GEBABA) FBEEEE URBLSREE) . LUT 2 5I%d X —F
Brba B ENA:

(1) BB2EFUERME GERGEREE) .

B 2.11 A R =R e 2 B, e mREE A (ODC, =Si-Si=).
AR (POL, =Si-0-0-Si=). [IFRES T (02
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Peroxy bridge Interstitial O,
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() si
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{"Si-Si" bond)
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B 2.0 g O = e B A A H RS,
(a) BN, (b) &0, (o) HHEHE, (O HEESTF
Fig;lre 2.11 Franck defect structure model in silica glass:
(a) Ideal networks, (b) oxygen vacancy, (c) peroxy bridge, (d) interstitial O;

A. &7 (ODC)

FEAEPEEHE TR, WRES BRI, Wike SECAR B MEEAY
2ERE B SiO@x), TE RS L BRI (Oxygen Deficiency Center, ODC), H:4h Myt
N 2.11 (b) FiR, AR N=Si-Si=. BFAKRH, ARG —RA R,
RNTETX S, KW 5 Lo E s i ODCO)AHERTE A 25 A ODCI).

BHEAERT, WRESMRNFE. EAREEAZ R &EBZ T,
ODC(FT &5 LEBIBIK, — B2 PR M AR IR, B35 P o Hu 4% R £ 203 . ODC()
F1 ODCIT) P T B B IR L 43 AT 7.6 eV F1 5.0 eV fifir, H 7.6 eV O
W RS- IESo— S1), 5.0 eV FRICHRES-ZEFKIESo— T). BHTF
ODCIMIEL TSN, FERAHANITTIE. FH 5.0 oV I
K ODCAD AT MELRIPANKIGH, AT 2.7eV M 4.4V k&b,

FEESART, A ODCs) AT AT f5 254 R H B R St
BagiH,

=Si-Si= + H; — =Si-H + H-Si= 2-12)

AP, =Si-H W% FTIR R4 (2260 e 4b), R —FEE WK E
DERARIRTIRGE, BOCIREY, TERFEIREMT, h=Si-H #HAN B LI
PR E LA TG (ODCs) BN EES. FE H §ERE N AT

o, =Si-H 2794 B O 10 F ERTIRE
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A FEPIEAE 02 R P RSB (R E AR K, ATH BRI 8 S AL EREE(ODC),
H R ML K
=Si-Si= + % o; — =$j-0-Si= (2-13)
B. it4EH (POL) |
iF EE B (Peroxy Linkage, POL)HIZS M RIINE] 2.11 (o) FR, ZERIEER
RESS BRENHEEZET=4E. BATLERANERET R4 (NBOHC,
=Si-0 °) WAMM, WF¥FIEXA:
.=8i-O © + °0-Si= + 2e” — =8j-0-0-Si= (2-14)
SR EEERRBUEALT 6.4~6.7 eV Z[8]. ATIHT 6.4~6.7 eV
MR e B4R T TR BE TR AR (£102~107), IBE 1AL T A S W EH] 6.4~6.7 eV IRUIE
AW ANy POL BRI T 3.8 eV 4k, ‘
C. HEEST (02
FMBRES T O MR A 2.11 (d) Fiw, ZBRBERESELHET
AR RRR SN, ERIIEAT 6.5 eV 4y HEGIEN T 0.977eV. HE
IR A 5%10V7 em™ B, AT BURA A B GIEERRAE: ERIRIERAT
Raman 3% FTIR J6i¥ 1549 em™! &t
S0 T EUERE. RIS TX =R B TAEEIT BT, #SEfI#R
AEE N, A B IR SRS (EPR) RRIE, EEATE RN
RS TR IR o |
(2) BHEAGG (TR
B 2.12 ZAEGFIE T E LA UM BEEGHED, B2 5R2 SiEL (S
BEBE). AERFRLACHD CRUREERD, LA (5 REUBHED. Tt
WA EH A T, BEIREE, 7T LU A T ARRIALR (EPR) AT
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Intact silica Generic E'-center NBOHC Peroxy radical (POR)
network (dangling silicon {dangling oxygen
bond) bond) -~

(d)

Bl 2,12 7 B h B I S F R 0%
() BAARIS, (b) TR, (o) IFEASICRD, (@) HEE

Figure 2.12 Structural model of dangling-bond defects in silica glass

(a) Ideal network, (b) dangling silicon bond, (c) non-bridge oxygen hole center, (d) peroxy

radical

A. EEERE (Si-E)

Si-E Lo —FhrE Rk, HEWBRE 2.12 (b) FiR. H 1956 £ Weeks
PAEIRIRIE Si0: Z B A ST IR IR & 7= Si-E LB LR, AMIXHZEIEM T
KEMPI. PFARH, SIEOHWFSFAM, XA R E N HGR K 3)
HERARERAEZER GERSTRD, EREANMEREREM. — T
BHEE— Si B sp® HUHE L, % Si BT RN X555 = Fpkd (H 2.12(b)),
AR EIR R N=ST. Si-E L[ AE BL N Fh 7 2072

D B E AR T AR, R RS-

=Si-Si= + h* — =Si °Si= (2-15)

2) ET AR R A R, N
=Sj-0-Si= — =Si* + °0-Si= + & (2-16)
=Si-H — =Si*+ H' @17
=$i-Cl — =Si*+ CI' (2-18)

RS AR IR O DE B IR A, S LG Si-E LRI A T 5.8 eV Ab,
ZREEERIES, EEAWERINEEES, "R EPR SFEBCRELE.
B. JEHFE SO (NBOHCs)

M 23700 (non-bridging oxygen hole centers, NBOHCs) & — & B4
36



%2 % EREMALRTE

BEEG, HAMBERINE 2.12 (o) Fim, ARAA=SI0°, BH=ZRikE,
HA SRR s T A B 4.8 eV 71 6.8 eV &b, EAH —ANFHRYIES T AT )
BB 2.0 eV hbo SR 4.8 eV DERUR ZBRIE TS RILLE, FAtIEALT 1.91
eV &b

ZHE BN B AR R BUR Si-0 R TBA R, HERMEN:

 =Si-0-Si= —=Si'+°0Si=+ ¢ (2-19)
BRERESTENA LI, SRBERSTE, HERMAN:
=Si-OH — =Si-0° + H' + & (2-20)

SRTH B T SRR RS HUERE 1 4 T 24 B T 200 K B LR B3
[, ‘BARZ 55 NBOHCs Bl 44, M55 NBOHCs BRIGHAEE, KB
BRA: |

=Si-O°+H,+e¢ —=Si-OH+H’ (2-21)
=Sj-0°+H' +e — =Sj-OH (2-22)

C. &&&E (POR)

SHEHE (Peroxy radicals, POR) 53 5 —Fhg B bR f, FLAEHIBR i
2.12 (d) FIR, AI&RRA=SI-0-0" AHEIEHRMA K POR GREGTHOIIEN T 5.4 eV
b, HEFIH Y POR BLaRIIEAI T 4.8 eV &bo HI T HIRFRERAK (~5*109,
A D E MR, (L% BT, & BPR MERE XM — MR
ST |

D. B#fizkz G (STHD

.13 f& 370D (Self-trapped holes, STH) HIFH & LI 7 5
57, STH; £ — 2 UERERARE T2 WA L, STH £HF— 572
PAERTAFFART 0 2P HuE L. STHi Ml STH, 7E4EA SEIEF T BRI T
563 71 1.88 oV &b 4T, 7EAUE B, HAGA KRS I 2.16 1
2.6 €V 4. STH HRRATE SR SRR A th (WK W B AN, X SRR B
SFEARIR RER A 2075, REWF AR STH GRIA IR . BRI i
B 5 B AR IR B A 260758,
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(a) Self—trapped hole1 (STH,) (b) Self-trapped hole 2 (STH,)

B 2.13 AR N0 (STH) KPR HRRIET
Figure 2.13 Two structural models of self-trapped hole center (STH)
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(1) FEAHZKH G

DL CLER B B4R AT S B b 32 B = ppl685%.100, ALLE” >, AI-OHCs. AI-ODC.
PLF 43 BIE T A 48

A. TEEHER (ALED

5 Si-E 0L, ALE 02— Al BEEREG, BI—ANRFRERE A=
FOAL AL BT L, BEMIER =Al. ZBRMEIIRIIERL T 4.1 eV AL, AR
J6{ES, AR CW-EPR ERAE, HMNRAMFM AL, FERMBThEM
SR, T AZEH CW-EPR i{CREETRIBER, B RRRNE AlE’
e

B. BEZ 7RO (A-OHC)

5 Si-OHC HrtFf241L, 85458 70 Aluminum Oxygen Hole Center, AI-OHC)
B—Fh5 Al MRS BEEE, B Al GIUAEE T8, P =R,
HUANERE T ERESZE AT, GHERY =AL-0°, 1ZERIEA PRk,
AHNLT 2.3 eV 32 eV &b BWERNES, HERWSKINEES, XM
CW-EPR ;3R 1E.
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5 Si-0DC iRl BEEMH L (AIODC) EHAGESFM T BIEM
S, BB Al Si=. ALODC UREUSET 494 oV 4b, K
LT 2.6 F13.4eV b HBFETREGE, NAERA CW-EPR REALE.

() BRI

EEWEEREH Griscom SAVIRLTHA T REBLHRBHTERES
BB SR . CRARBIHECEHRIEEZES LM : P-OHC. Piv P2y Pa.
P-ODC, EfIIEMERIE 2.14 Pir. lUFESEEEHEAIREES, TR
Fi CW-EPR KE1E. P-ODC F¥Rid 1y, AEFA CW-EPR RRIE. LLTF4M5]
X AP BR R  EZE A4
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Bl 2.14 B335 BT B X BB 4 M 0
Figure 2.14 Structure model of phosphorus-related defects in P-doped silica glass

A. BEE& RO (P-OHC)

I 214 FiR, BEEZS/HRL (P-OHC) HFFAH: 1) — B RIBRIE
— AR, HEMBELR =P-0°, XFhZHII P-OHC R A KR T4 it
SEFETE, FEIINN 1-POHC, BIWRBIEAITF 3.1 eV &b 2) —AERRHER
ANEFFE I 2P U L, HEMERDY =P-0,, XFEMII P-OHC W LMEER
TRETE, FikidH r-POHC, ERIRIBIER T 2.2 F12.5 eV 4b.

B. P ikE 4

nE 2.14 fiR, PLEGEKSEM S Si-E R, BI—PDETFHRE-I=/K
PR P EF L, HEMBRDY =P . BHREEAT 0.79 eV 4k,

C. PR
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Figure 2.15 Absorption (a) and CW-EPR (b) spectra of point defects in pure silica glass
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Figure 2.16 Absorption (a) and CW-EPR (b) spectra of common point defects in Al-doped

silica glass
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Figure 2.17 Absorption (a) and CW-EPR (b) spectra of common point defects in P-doped

silica glass
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2.2 FiAHRERER

PR — MR F ISR, BINERN THRES A m, BEERAN
IHRER EELF. B8 (Raman) AE B4 4h6iE (FTIR) &%
T HRBIE ML PR S E R NIRS), £ AEEEMN Mg HFER. M
B SZHILR (SSNMR) M -FIR#ILR (EPR) FTLAH T# 5 € R 71
IR RS . T XX PR R IR R B AR B R H R F ST EN A

2.2.1 BEHIREAER
BB T4 T AT R T 00 W B AR A A VR AR B R 7 AR AR e
HTZERNBESZEE TR, RSB IRAREEFRERZUEELSZE
el R R, BaRRRI.
i = hy,l (2-23)
AHh =h/2n AANEHREE. v 2lERNEEL, E5R P&
Bt 5, kBRI

o= 9n* g (2-24)

K eflim, DRI AR TR B MR E, ¢ ANE. g, KA g BF. B,
HHFEN S 12 B IR (6 R T Ll — 2P R oA

he < N .
~i= InbBnl (2-25)

2cmy

=g

KRB, = > = 5.0508 * 10~27J JTRR IR T

2cmp
WIS TT A 27518, TESMINBSAERY, WA 21+ 1) Ef
FEESWATH, HAER% S5SNI 2 M)A EAE FI AT LR Zeeman 5245 H, Sk
iR

ﬁz = —liBy = _hYnBoiz = _gnﬁnBoiz (2-26)
B, NINMEIZRE . B, EET LERRN:
ﬁzlll m) = Emllim) = _mhynBOIIz m) = _mgn.BnBolL m) (2'27)

AF I NERETFH m NEETFE, BB 21+ 1 4ME L -1+ 1, -1,

D,
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R NMR (355620 Am = +1, BIMAASEE S M RER2EAE TR
[107.108],
AE=E, ,— Em = hynBo = gnBnBo ©(2-28)
FESMNBEG R T, BPLRTR (1700 RIBZPREIR T EHesh, BN
— A DU T SR L, R VB IRR A BRI 33 e 5L
on SHVBEARBEBORIE H, T DL 0000

n, = 20 = YaBo = gn + 2 Bo e
AP HR /R ISR, 7T AR R
'II,B n n
vy =120 = g« LBy = go B 2:30)

RTPhE YR HE. WRESHE TR AN B i BEE, B
v = v, B RILIRAME, BT TR R AE B A 2E B AR O BRAT
I 2.18 fin, XELRZEIERIASR

4 E‘“

m=-1/2 1

E=— ‘h-B

2 },n &

0 — AEZ},n'h'BOZha)

1

ee— E:-—_.}/n.h.Bo
m=+1/2 2

Bo=0 B0>ﬁ

B 2.18 I=1/2 %1 Zeeman ReFnEHE
Figure 2.18 Zeeman level diagram of I=1/2 nucleus

RIMAEERRMERT, BMERAN SN EAER, 58 &R e
VERZ DA B A B T P2 A IR By (< Bo)AEBAE M [Hik, MARRERAIRESEN
ZRN:
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# YO R ENEEH . S RERIE G R R R

AE = hyByo1q) = hy(Bo + Bint) (2-31)
TESZBRA R SRR T, BRI I E S RIZ RN A:
Hiotat = Hz + Hyyy = Hz + Hog + Hp + HQ + - (2-32)

R H, RAEEMEM: H LU ERBNEM: Hpy RnlBER-HBEE
YER: Ho Rom I> %I ERMEEAEN . X H, 900 EEM, Hes Hps
Ho 339 WA TLAE F Hyne o T 45 BN R B AR BE AR T 8 3 LI =R A A
e/, RIEBRARHEEER KT,

22.1.1 EREIER (Hy)

TR s T AT 58, B FIERIB, T EISR T 2B, XT3
TEHR. WIEFREE, FERSTAE M5B TR, K/DIEH T B, K
RiRE% Binao BFM, JEFAZEBRERRF]HIE BB g T LR R N

Begr = By + Bing = (1 - 6)B, (2-33)

RPCHUFRTKE, TRBTZI BTN EOFERIER, HRSETEE
FEVRSE, SREYERZFT IR B V)M G . 7E EFh AL bR R (PAS) ok & 7T LA
R0 R

o, 0 0
G(PAS) = [ 0 o2 O ] (2-34)
0 0 o33
1
100 —5 @+ 0 0
= Oiso lo 1 0]+ daniso 0 __1.(]_ -n) 0 (2-35)
1 2 .
00 0 0 1

K 0350 MO gniso 7 AT 18 FIPERTS Ry e E B 3 0 REAXFRE T, A03R
STk B fm B A TR R KN, BT EE TR T

i
Oiso = 53 (011 + 022 + 033) (2-36)
Oaniso = 033 — Oiso 2-37)
n= O11—022 (2-38)

FE—BIE AR FRBERL (n = 0) Z4FF, REMERAILIRITE Jyl108l,

® = YBo(1 = Gis0 = Oaniso(3 €052 0 — 1)) (2-39)
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IRl — R AE R E A F I T (IR o SHR VIR FEHRIFE @ e AT
frEE UL RS, WA,

8(ppm) ==_"x=lx 10° (2-40)

AL S5SNI TER, B— N LENIIE.

Riﬁﬁﬁé‘%ﬁﬁlﬁfﬂ%ﬂﬁﬁﬁo TERARA B, & e vl DA
BN, EEBERRBERT, 5T EREVLS T, FLAY-T o L 49 7
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FEERARR, SEIRHRENL. BHHRRSHEZRSTRRER <.

[ 2.19 (a) RBRETITRR Q HHIN static NMR #. B 2.19 (b)s (o)
(d) ZHRSLTTER . BRI AXERES WRETER I static NMR 3. BT
QC RS I KL, NMR A8 — S8 (miso). Q' F1 QF BHIXIFREH, NMR
WHERANLRES (0. o), EEEE. QRMFXNHEH, NMR iEF=
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Figure 2.19 Static NMR spectra of different Q groups in phosphate glass (a), static NMR of

magnetic nucleus in cubic symmetric (b), axially symmetric (c), and asymmetric
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2.2.1.2 HBR-BREEIER (Hp)

REAR AR~ (R AR ELAE R R AR AP A% B = AL 1 R Bt 3 5 el B L e Y
RESEAEAER . XFMERSRIER/D. REESE (. UURZIEIREMRXN
Bo A JEA K

EXZ B RGH, BT RETAH RN T ESMEEMN, HIEmK
HA—M itk E e E R IE, WHERKRHMAE T (Hphomo) SARIRT

(Hp netero) 2 IAMEAR-BARAE F AOWE 25 15 1Y LA 43 55 7 9Ol

Hoomo = — (1) 22 (30701 (372 — J2) 241)

47 i}

2 yivsh? 3cos?0-1, /5 &
HD,hetero = (f:_;) %(%)(Izsz) (2-42)

ELRETHRRSGT, Wl EER- SR FE sk, Hik, @EXH
ZHrEiERM R AR RAE AR KD MEETE (Mypomo) SARET
(M petero) 2 TEVE R -EHRAE F (¥ B s & AT LA Sl 27 1Ol

3

2 1-3c05%6\°
Mz,homo = Z(%) 1(1 + 1)Yi2 h? Ziij( :55 ) (2‘43)
1 2 1-3c0s29
Manetero =3 (52) i) + DVEVF A By (5 — (2-44)
3 \4n iy

TR Z EFEa T, BT A U T RECFIME, MHE 1 — 3cos20 = 4/5,
J7 R ] faj 4k gt
Manomo = 2 (1) 101 + Dy*h? Sy @)

4 2 -
My hetero = = (52) (L + DYZyFh2 Tomis® ~ (246

BRI TN E AN E R PR 2 B AR TR, e A2 SR et Al
IR (REDOR) FIAZ XML (CP). (HEZE A% H, XA REDOR HiE
YR AE B R T 4% 2 (8] A B AR - (B AR R FH EE B . 2012 48, AFaEE 2 A1

KRBT —Fp ] DL & AR RS T 2 B ARAE TR 7% (DRENARD.

22.13 MBREEIER (Hy)

PR S, JEEM =172 b, A SRR, IR
Q=0; X 1>1 W, B EMEE DA, Q£0, HILFENEKINE Q. XFh
1> 1 BEFRERRIURAZ .. DUARAXTE T NMR FUREAZ P & EER T 74%. X
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£ 2T BREMALETE

FHEER, HRURE Q N, SHITMLERRIR. SR HE
RGBS, L7 ERGBEE (EFG). XM MG K VI EHREIE eQ 58
Bk BRI B, BD DU {RARAE A o UfRAR 1 F 2 R ma B DU AR i A SRR A

. DB AR AR F A A T AR s

F eQ o . e . a
Hy = (21,—1)hl V-1 (247)

R BVRT LGB, MIIRIEI| > [V, | > [V BRI AR R
(PAS), MU HBCy SRR S Hing 7T LR A:

2
Q
Co=" (2-48)
_ |V |"[Vxx[
0=t 249
eq ="V, (2-50)

Kb og FRISHEE MY EFG K/

oy F D B RN 2 2 PR, TR DU AR PR T B 22 R PR RO PR

S5 B 4 BN (Elz ~ KHLz BOSEEP), ° DR — MR BB Ak
DO AR PR BB, S 0,

- 1 a . .
AP =~ woh[312 — I(1 + 1][3cos?0 — 1 +1g - cos2¢ -sin*8]  (2-51)

KPR 0F R AT R AR T LR AR RIKA.

1 TEARAE R HR R (Co=>1 MHz), Mgy BEIZk. BIRsRE
B 1) —W DB R S AT, T W DA AR P 5 R SR A AR
B, BRSO, W IUERRIEFTRSNEN: 2) — M DU E AR IR RS
W B VU [ OB, (BN ERE HBURR: 3) “Kr @ik A s
N OB IR o B & S BRI AN B, R R R AR
o A IR AE F S U 50 i 3/ T — B DU AR AR A

22.1.4 BEfahed: (MAS)

BEfa s (Magic Angle Spinning, MAS) HBH Andrew & AURIE, &
FAZHRETREE AR ZM AR —FEAR. ERERERST, SHRREMT
{’Eﬂ%%ﬁ'ﬁ%ﬁm%ﬁﬁﬂﬁiﬂi’ﬂ’ﬂ%, FIHA 5P 0 PRI NMR . 7EBEARE
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# YO R EEENEN. bk ERE A RS LYLBERT A

H, FEEZMEARMEHEIIERN, bERBIEM . BISRHEEER. NEHR
FHEAE S X L& o) R R I AH LR -2 B NMR 5 B ™ 5 2 58, 65 3 LR AT
T B S K1) 34 H B4 9 Hamiltonian AP #HEE— (3 cos?2 0 —1)
KRETF,

i 220 fras, SR oRE LS5 AN nuis 1k 16 = 54.7356°0F, W2
(3cos?6 —1) =0, XK NMR WEH ZFr &\ FiE el DIE R, RIORE & MR
fEF, NMR 4284, HPFEARIRKIRE. 54.7356° B BHRNER. 4
BT IiERE E R BIR, B SAS I IRERT, £ NMR B H A EEE]— 4
IHIRAE 5 - BN, 405 B Mg A E R AR AR AR AR AR A & [ AR A Be i 58 & P 3 B
FE R OEROT P2 IR T, BRI B W R B S e R IR L
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RT N,
B 220 BATE (MAS) REE (BFkAME)
Figure 2.20 Diagram of Magic Angle Spinning (MAS)

BRI LR, AMMER AR MAS 318 = 2985 NMR iE: 1) ffE
R A E M EAER . a1 MAS F R84 Bk PO AR A% i B DU AR &
{ER: 2) TEgitkz. 10 MAS ARG R B R (LB PR e IR T 4%
KINMR {55, R R TCRE T G50 (K8 [ R 22 A B R B AR AE — I 43 AR

2215 ZETEARFE (MQMAS)
XFURZ (=10, BTSSR RFLIRTNES, MHLERERSE
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F2E BREMANLRTE

— N DU AR e, Rt R % EE B DU AR AR AR . B DU R AR o 28 T B
HEH =B W BILE S AR, (cosO) RA:

Py(cos6) = 1 | (2-52)

Py (cos8) =>(3cos?6 — 1) (2-53)

| Py(cos6) = (35 cos* 6 — 30 cos? 8 + 1) ' (2-54)
R, W — AT LLETRP, (cosO)RIP,(cosO) FIF } % . ik MAS A

5T 4 TH R DU AR ) — Bt DU 1A A F B 25 [ e

HT SR M IUERERAT ORISR RE, ERARE R XRETAR
e (VAS). SIS ANEHE (DAS) LLEIUER (DOR) FELBH A, XLk
B RERE S, HEEAR LERWEHRZ, HFERKRORL. Bk, X&75
BTV 2R - 1995 4F, Frydman 2 AU PHRH T 2 B FEATEH(MQMAS)
7 e B B OB AR AR F o X R R R R AR AR LB 3R E R E £ B T4
FRIAFLBHIIRAL I D PGS, FHR A Bk, WS TE
R .

B 221 (a) (b) A HEEBBEHED YAl (=5/2) MAS-NMR & i
MQMAS-NMR i, 7 MAS-NMR i A aEH B #IK r thI0. h. NERAHEEE
2., T MQMAS-NMR 1, ZErIUEREABIEE, TTLUFEME 2. f,
NGRS S

YAIMAS AA

GSPN “‘(}
~ippm i .
A ¢ £ 0 awm
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“ o 40 @ AY)
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A 6 N
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' 80 ) Aavy
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Figure 2.21 Al MAS-NMR (a), 2’A1 MQ MAS-NMR (b) in aluminosilicate glass
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2.2.2 B FIRfEEIREAEL

2221 HIRFH
REETF /1%, KB 710 B e A3l ESH 8 IEREDR, < A< R AT LR
i ) S E A Sk
fle = hyeS (2-55)
K h = h/ 2R QAT L 8. v MR FROBOREL, E5HTRf Rty
%, B

—e

Ye = Ge * 2mgc (2-56)

Am, fl—e s HRF B FIMFERNER . ¢ k. g &P EENNE
Fo BN CHERT, Hitk, EIERMASIESHE REHER, 2 MK R U D
RIRN:

S =—g.P.S @2-57)

e = hge *

—-e
2mec

Kb, BHB, = oo = 9.274 + 10724/T, WAWRET. ASEREFH

2mec
E e A ESH B HERER AT AR R, JRE R BT .
K AN INBEA JT kN 7 Ji, B4 BIEHIER, 5 SNINHE B o Z (BRI ELAE
HRH Zeeman S H, Faidk
H,=—fi, - Bo = gefeBoSz 1))
APSESTE Z s R, BERAMEERGHA, M+1/2 M-1/2. 235
FAAE SR 8| o) R BYR S B e A H B R, 15 |

Szla) = +=a) (2-59)
$21B) = —518) (2-60)
XPA B e EEE N
Eq = (a|A ]) = +3 geBeBo (2-61)
Eg = (B|A.18) = =3 g.B.Bo (2-62)

4B, # Olf, PN EIESIIREEZEN:

AE =Eq — Eg = gefeBo - (@263)
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2% HREMMLETE

SIS T B TRk B, 77 I S v R, B PR ey 5 S 8
RERZAEAIILECRT, BP
hv = AE .= 9eBeBres (2-64)
H— WA R R I L TR T oA BRI BUR ARE, P, IR
FIRBFR (EPR) BLR. A B ARSI KRS, 8%, EPRSEUAR
R SRR S 2 I — s i, W 222 .

feE s
@ - AE=hv
, 5,
asonn [\
— KT IR
®)
: B
By ’

B 222 (a) S=12 BFHIESER, (b) CW-EPR WU HEFT—BA o itk

Figure 2.22 Zeeman level diagram (a), CW-EPR absorption and first order differential

spectra (b) of S=1/2 electron

2222 BEETF g
NFERH, ¥ (2-58) REJTENEFHEN, WH:

xx  9xy  YGxz

Hz = Begegogl = Be[B,. By, B,]|9yx Y9yy Yyz

Sx
Sy (2-65)
Sz

9zx YGzy YGzz
b po RBURBET g B 33 4. — BB ARE RN AN RE
B, BVRAENMATLE g gy M gao
2,23 SR Matlab BEUEISLATXIR (v BIHAR (b, o)\ BT (0
G R R H T AOSEHRTE (D R (Do ST, gor g
= g FEMRITREATH, go= gy # g 3 TERITMTREEIN, g gy # guno
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e
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o Fage Y 93 g4 g, 93
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B 2.23 S AXRR (a). HIXFR (by o) RN (D) SR HETH g KE,
Horilh sk AR, B4R 11— R ik

Figure 2.23 EPR absorption (I) and differential (II) spectra of unpaired electron in cubic

symmetric (a), axially symmetric (b, c¢), and asymmetric (d) structures.

g KETHRIERHESIEFER. THRIMBRE—MERAERL, B go= gy
=gno HIRETHR, BT (L-S) BMEGR, g WRRN:

JU+1)+S(S+1)~L(L+1)
2J(J+1)

g=1+ (2-66)

XPETFLANE T RAPIEASE L MG ERAIE S BWREM. i b
A, IR T A B T BRI (L=0,J=S), W g=2. XFEHLXT R E
HH T SRIG R, BB T RIRIER T g~2.0023, B IR g HIFH T g
EE%QE%%?%Q%%E%%%%@&9%&U&&ZJ%ﬁ?@ﬁ%ém
BT RIBPUERE T TR (S=0, J=L), W g=1. HMFEHA TR, T g AIMHEA 1
522\ P,

g TRERIXSRRAEA BT b S S 2 T B AR o RR i, E gtk ET DABIE TG
RS, b, g BT AMNEETHAPIEGR, &5 THIERERE
Ko B g ERINHERE IS, TURTHEETNE.

2223 HBIEMESEH A
LT B AN 77 A S B AR B, 2R E B (150)
BN BRI e R A R AR AR Ay 2 . SRR AN AR A A B AR -1 AR D B K A Y
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KR B A A (Aaiso)o AT LRI SRS RY I DL R
BRI EREE A E VERE A R B SR B T . TESMREIZ B, bR BB
BBl KB LT, BB T 2 A K A B R A

__ HogeBednBn % (3cosf—-1) (2-67)

Agniso ==, =

Kb, poHESHEE, h HEPHES, g 0. HBes fu P HABT g
F. g BF. MTHRHMT. BHT, @ AET SR ANES, o NETS
Wi IO EL 55N B 2 IRIIRIJEf .

AR BT L1 | |

R — % I PE AR AT TR (Aiode XA R BE MK
BEH, WAZRIMNE. T EORMHA TR DE R SR, %
Sl R s BUBEERTAE TR B . KREENRE S MR TE
MR EFENRTERE, MRAEHYE (b, d D BTRAER LA A, i
5, BAMER EMATFERERNE. BT s UERE RS AR, EHikk
KB AN TLAE 1 R & B A, HRBRA:

Aiso = 7 GeBegnBul ¥ () (2-68)

KPP REET O AL r FBIEEE

1 2.24 RS0 F IHAIZH IR T EPR R0 . B 1H #94% B e 1=1/2,
MUY 21 + 1=2 Zik 4k . W ZH WIA% B E 1=1, a3 21 + 1=3 K4k thsh,
HT1H(g, = 5.59) LKL ANZH (g, = 0.86)IK 6.5 %, MIHFAFEIMERER
MR E B (Aisoy = 507.6 Gauss)1)92H (Aisop = 78 Gauss) ] 6.5 .

ARG EAEFA = Agniso + Aisor M A FRTIRAG I B 7 i Bl REME A
RRhZE. BE RESRES . HFEER ., BT EREESAERER.
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Figure 2.24 CW-EPR simulation spectra of unpaired electrons in 1H(I=1/2) and H(I=1)

nuclei, it is assumed that the natural abundance of 1H and ZH nuclei are both 50%.

2.2.2.4 ESEEM #A

H - [ F. 4% %% Celectron spin echo envelope modulation, ESEEM) HiAR#
VI A ST B R e B AR B s TRl A es 2, ] 225 (a) &
3-Pulse ESEEM ik 5 51, B (tp)—t—(tp)—T—(tp)—echo. B 2.25(b-e) & 3P-ESEEM
BARMEA . A 225 (b) BRI G T RE HEBCEANRIR R 1
BAGEMEE O . BT RTFRESAEZIEREBRAMEIER, BTRER
[ 9% T 52 o L A A T ], IR RSE S, W 225 (o) FiR. K
F—A =B 2 TR A % 08, X 3 e T AR B R RIS S, Al
2.25 (D Fimm. SHZRHESMEREMER (FD BIEMEEES, ZESY
JSLNE R 5 1 F B VE R R B, I 2.25 Ced Fims
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(@ . | i%?,, {Q ®)
1o e R O I G, S(T), -
(€) l @
g - g g # :
% % % gg%&v

& 2.25 3P-ESEEM H ARk 75| () FMELRFEH (b-e) 123

Figure 2.25 Pulse sequence (a) and basic principle (b-¢) of 3P-ESEEM technology

& 226 & 4-Pulse ESEEM HRZE, R 40 BOHREE (two
dimensional hyperfine sublevel correlation, 2D-HYSCORE). 7E (++) KR, dExt
RS S1E X SRR R SO AR S H AL B ALESTELE N A
LR IRE SRR vie 76 (- ) BIR, FERHALESE X HitBin
A1 Rt S BEE A BRATER v, JEST MR AE 5 ER B X A RIS A MR R A
B A MBEZHIE (++) RN, SRR T 5 FRE 2 17 R 5548
E5AF, B> A2, REINEE TSR RAA— BN WRES
WIAE (- +) KR, PO T A PR A2 I R SRR A A Efuol <
|A2/2], ARRIMREES TSRt o) E R
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B YO RN, Otk SRR R R B YLER R

(++)

2.3 LA

2.3.1 HmiElE

2.3.1.1 PIEklE

ST AR BAZ [ B0 T KB TTE (Sol-Gel) 44 RiiE B2 B A Vb & T 28
BT, SIS MR 1 (MCVD ) AL, Sol-Gel 3Tl & #5241
SIS R~ A ST, R AT SR TR R 4 A e 54 S R R s AT

& 2.26 2D-HYSCORE =& K

Figure 2.26 Diagram of 2D-HYSCORE

L, Sol-Gel ¥l & HIARPIFFT R EE (W1 Fed) HAR. TIED.
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2.3 VERBEB SIS T R AR

Table 2.3 Chemical reagents used in Sol-Gel experiment

B4R TR 4E &

SEREBR U B TEOS FHH(AR) HERLF KR ARG

- RKTE C:HsOH S H(AR) FFERALFE XA RS
AR E: (NH.):SiFs AR B 25 % ALK A R 6]
FAREZAMAE  AICL6H0  99.99% M3 T XA A R 8]
SARAZ A4S | YbCl3»6H0  99.99% M ETRA A BR8]
LAREZFMA CeClzTH2O0  99.99% M7 45 T 3K 0 A PR 8
B H3PO;4 85 wt.% RT3 SR AL S TR A 8)
E HCl1 37 wt.% RN SIS A IR E)
E&HTF K H:0 — RBEAF

% 23 Pl AR RE RS R HT AN BSOS, BARE
EE SRS ARAE TR ZEE R VRN AT IR, NN — B B 58 T /KA ER R UAZE R AN
WAKAR S S AT « ¥ EIRIB SRR ZR AR B 20h, REXAREE
£ 90 CEE T HEEALIE 16 h FEITERANBRER . RAEXPEEIR
SUF SRS HHT BK BB AL B, AL ERIR A 80 “CE] 1100 C, fHEIT IR
B, BB R A4S, RARRBRESYE 1750 CHEE TS 3 h
2% FIE B P e B . PR AL SR BT, RETHERIERN 0 15
mm x 2 mm BEE fr, FHT RN T

VEREG ) & e R T S AR A 2 BT R R A S 21,

23.12 REFHIE

K F o B AL S ST (MCVD) VR85 & SR b 22356 % 20/400 #UkE
(1% Yo R IEH AT - SETE Heraeus Quarzgla 24 7] £ P IR ALA SEE (42 19 om;
AME 25 em) FHRR—EAEMFEHEMRE (soot), FFREETE 1100-2100CZ
A, BT A R ERIBER LB RERT, RN 2~ 10 M. RES
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# YO R ERIEIOE M. Stk SRR IR KRS LB R

Ch K. GFETMERS . WERE. B, BRA\LGE. REEDSERE,
KA mER R L. CRBRANRNIGERNE.

2.3.2 HmALE
2.3.2.1 FIR XA

KAERPAE YOI R BB AT R Kb, RKIRE. 'K
SR BRI TR S A FTRE. BT ASAEE RS (100% 0.
FIAEUT (100% Nod« BEUE AT (95% Na + 5% Ha) FUTUR AR (95% N2 + 5%
D2)o IBKIEREA 900~1200°C, B KA R g 2~500 /i o

2322 HEMMETLIE

WA 227 iR, R RERTHUES A IR 7 1 & B 5 B At
FRMBITHRALHE. SEAEHEARS. RAMS. SARR. BN
8~12 MPa, #H i)y 80~280C.

KA 2.27 PR RS FEAT DAL IR ST RS

B 227 HAAMETEE

Figure 2.27 Gas-loading and vacuum-pumping devices

2.3.2.3 fEETALTER
& 2.28(a)(b) 2 B2 BT b dE N H Y ERHF AT X 5 2648 iR YR (MultiRad
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%2 % HERFEMALRITE

160) 1 Co M E4ESHE. Hd X HAERBENFERMaFETT LEBEMNMEKR
WA EEE. SRHE 2.28 (¢ Fﬁ%ﬂ@ﬁﬁ%ﬁﬂ%ﬁ (E2044562), *xxE %°Co 5
BAE. BE AR SEA N AR AR TR,

B 228 (a) X &H£24EMEIE (MultiRad 160), (b) Co I LiEHE, (¢) WERTE

F (E2044562)

Figure 2.28 (a) X-ray irradiation source (MultiRad 160), (b) ®Co gamma radiation source,

(c) alanine dosimetry tablets (E2044562)

B 220 REHMEIRSLIREE ., EBER 193 nm K AfF S TGS
(PSX-100, MPB) . 3K HI#F2E 62228 8] 4272 9 Maya 2000 PRO Je£FGiE AR IAR
5% S B B Ko |
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¥ YO R EBIIA . il SRR KRB LERT R

A 2.29 RAMRIELIOER

Figure 2.29 Ultraviolet irradiation experimental device

2.3.3 it
233.1 B AR

SXH ICAP 6300 ! (Thermal Fisher A7) HUBRFA S5 B 74K R T A 5161
(ICP-OES) Wil A BE i BT »

KA IXA-8230 BUHETHRET BT (EPMA, HAH T JEOL HIRAH]D
MRTER DTN F S 8.
2.3.3.2 i s

BT EORAEHEK Y, R T 2RI EE p (gem’).

p=—m"(1-0.0012)+0.00112 (2-69)
m, —nt,

Hr, my A me 2 BLEFESES S RZEEAK TR E; 1R 0.0012 g/em®
S BN T KA S S .

BEIIRE S AT B R i AR B AR A AN AT s RN 0.5
mm PP
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02 ESERASR T

2.3.3.3 i B
| R Fi Perkin-Elmer 950UV/VIS/NIR 24436 6 B TR BREFE i B BT . 42
P AT Yo B R IR O TH

_2.3030D(A)
O-abs - /VOL (2'70)

R, LGRS R, OD(M)AIGEE, No Cionslom®) Jok LB TIREE,
SREWTF AR

N0=ﬁxwt%xNA (2-71)

Reft, p (glom®)NBTRER AT, M AT wives BN F LB T OB R R BR
EBE4H (H ICP-OES JRIKE). T Yb*, M=173 g/mol; Na NFIRINFEZ
EH 6.02x10%5, |

3%F Edingburgh A 7] FLS920 R/ 5 66 R B e M 2O .
% FH Fuchbauer-Lademnurg (FL) AiHE YO B F 1 Kk S &k -

4
P A"’;’ x el 2-72)
8zen’ [ A1(4)dA

X, n APHE, IWONREEE . And 8 ETHNEEEN B KRN ILE,
AT AR

32men’
rad = 3 ﬂé abs

(2-73)

Rf, o AR RSB, —REUIRIELCEIBK. X, AR R
M, " ARHHE:

Zabs = j O-abs (ﬂ‘) dﬂ' (2-74)

2.3.3.4 5K

%P Renishaw /A 8] Invia 25 B fdr 8 61 AOUHEAE dh b 2 061 . NGHE0L
WA 488 nm, JIRIEFEA 100-1500 cme

%F Thermo Nicolet 2] Nexus FT-IR B4 47 S5 AR f BT LL A6
BEEERE IR A B B IS, AR R AP B AR &, WRTEE
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# YO AR A b SRR LA R R BRI

4000-2000 cm'. BEEERE S RIS S5 IIRCR ARG , RE G R Bk A 5 KBr
BL 1:100 B ELGIRE B 51 G K R i, WG 1500-200 cms

nE 230 (a) FiR, FTARIBESZ#EILSR (SSNMR) KHEE Bruker 2
&4 7219 Avance 111 HD 500 MHz (11.7 TY{X 8893k K DMFIT K {453 Al
4 NMR £ #0124,

IF ) MAS NMR R H 2.5 mm £k PR, P7A1.°Si P £ MAS B static NMR
B 4 mm FLMER L I T6ER SRR 5 51 470.54 (PF)L130.3(PAD.
99.3 (¥Si). 202.4 (*'P) MHz.

9F MAS NMR HIjieiEE %A 25.0 kHz, 90°fkrf& Rt B 6] 53 )4 2.35
ps fl 32 s, F MM H CFCL EFn, AlF; (-172.5 ppm) IKEHR.

27A1 MAS NMR I Fe8 % )y 12.0 kHz, 30°fkobK B FIsh & 18] 435109 1.0
ps A1 1s. YAl AL BIRBAER 1 M AINO;); I BUENT -

298i MAS NMR (e # A4 8.0 kHz, 90°kyh-K: BE RISt B A1 435314 6 s
11000 s. °Si (LIRS E R TTMS (9.7 ppm) 5EFF.

31P static NMR 2% FH Hahn spin echo J5 i3, 180° kK BE AN 5t 4 it 18] 73 731
4 5.8 us Fl 300-s0 3P HIMLEMRBHFH 85% HsPO4 M E S, NH4H2PO4 (1.12
ppm) IRFEFF.

W 230 (b) s, BT B9 TIRESE R (EPR) SR #EE Bruker A w4
PeB X B E580 ELEXSYS (S8R . FIBKIMEN S M5 % (Echo-detected
field-swept, EDFS) Ik 7 514 n/2—t—n—t-echo. —Jikph ¥ [l 25 ] (3
pulse electron spin echo envelope modulation, 3P-ESEEM) Kk 751K n/2—1—
n/2—T—7/2—echo. VUMK yh —4E G4 EEHAHK1E (Two-dimensional hyperfine
sublevel correlation, 2D-HYSCORE) #fik #7511 4 n/2-1- 7/2-T1- n-Ta- n/2-1-echo
w2 e T B DR A B AR PR AN R SR BT A A . MR R AR R
SHF 4K, 10K, EiR. XH Easyspin HA4Hl& CW-EPR #1127,
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F28 BMpEMAERITE

laboratory

Bl 2.30 1= CMWSER NMR (a) 1 EPR (b) (X scnE

Figure 2.30 Physical photos of NMR(a) and EPR(b) spectrometers purchased by our
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# YO RSB0 A . il SRR G KRB LS R

83 E AP, PHBASHS YOO AERIRGH, SEERES RN
L 200

SINER (AR SimE (PS+) AICMEE LB T (RE3) FEARBITHIB R
W, 44 RE*BREBEFEIRLAMEIRMAKE. SNBSS LREA LA
PRI AR, HARE AR TR R . I AR B TOCAER TR AT,
AT SR EE ALk REFBZTEME AT 1000 £ 5L L0621 JL R BB 15
HEOCA RGP A KBS BN (i RE3, AB+, P5+45) HXELAE
Ko BRI, EORIATT. RO, TERHLEL B w1 AN

VEVTH A 25 TR R oA R, AMEZERER RIFIITURN TR, BERE
A RIFIOCERBEeERE. Hitk, A3 REH AR RS, BNBELSx
Yb3+i5 2 A SR RIS M R A R A M R R0, 455 Raman. NMR. EPR
LT BN T N R R T2 L .

FH Sol-Gel ¥E45A MR RETI & YO /AP /P AR LGRS A 3
PrE. XRAESHSERRER S YO BRI (PG MERE (AG) IH.
LRI B R4 43V W3R 3.1,
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3 & AP PHBEIS YO RSB, il SRR R R

#2301 @A s . SRR P/AL E/RE (inmol%)

Table 3.1 Glass composition, theoretical and Tested P/Al molar ratio (in mol%)

Sample Si02 Yb203 ALOs P:0s CaO Theoretical Tested
P/Alratio  P/Al ratio

s 100 0 0 0 0 0 0
SA %6 0 4 0 0 0 0
SP 96 0 0 4 0 - w
SY 9995 005 0 0 0 0 0
SYA1 989 0.1 1 0 0 0 0
SYA2=SYAPO 959 0. 4 0 0 0 0
SYAP0.25 945 0.1 4 1 0 0.25 0.23
SYAP1 0.6 0.1 4 4 0 1 0.91
SYAP1.5 899 0.1 4 6 0 1.5 1.34
SYAP2 879 0.1 4 8 0 2 1.88
SYP = SYAPw 959 0.1 0 4 0 © w
AG 0 0.1 36 0 64 0 0
PG 0 0.1 0 50 50 w

3.1 AR PSRyt YRS R ARIIELEN . Kk SR 1 FRAIFNT
311 AP, PSSR YOO BT RSB |

& 3.1 (a) BEA YOEFEER-PUERS. REGTRSS =M% EH
THaLE. B 3.1 (b) £ YOP'EE (SY). YO*/AP'XE (SYA2). Yb*'/P5*
X5 (SYP). YO /AP =15 (SYAP2) A L BB I ki E1 5437 1 (EDFS) .
HATEXT, Yo BRMBRE (AG) MBI (PG) BIEH) EDFS i tain
ANE 3.1 (b,

AP S0, YOI i B TR B 43, AT BAEEIR T A=8/7, B H e Eh & S=1/2,
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B YO RERBNEN. ik SRR R RS YRR

RPEANE L=3, BMAZNEI=S+L=7/2, X% 'L =2F, BHEIEW °F
1 M-I A E R T A BN A G 2Fsn Al 20, BAIKEESER
4 10000 cm' o ARG SN 2P TEREHIER Tl — 208 AN ER
- 314 Stark B8%% . BATHORE RS BE /T 500 om '\ FERESIE R T ZE Fi3FA Stark
BB — 5 BTN Zeeman i, ENIMEEEER /T 1 cm, WE 3.1
(2) FR. B1F YO BT Zeeman 4+ ZLE8 AL BV, FILEAG EPR # (X

Ri Zeeman B54%) ¥ 4MFEREEASLMIWIRL L i 6 (XFRE Stark B4 T IN4K
=

ST SR EA YOO B FIEAE (TR R o B B T ¢ B 2A%M, 3L
A BEET A=8/7, RANENRE M=7/2. Hit, YP'BFH g —ENE
SIS, B—5E, BF YR S=1/2 ] Kramers BT, HERFEES
AE IS >1). ZEBETATMS. Sen ZAVSESHEM T 2~4 4 Yo B FH
BT EPR i, K YO HIERE, NE#ZAT EPR 55 (2>8) ik,

ME 3.1 (b) ATBAEH SY FEMTEIEZ WA AR EDFS {55 &5, i PG M
AG TE3E BRI AL EDFS (5585, XU Yo T4 SY Bemlic i Asia
BRI HE, ML PG Rl AG B MBI EREE & 55 . AHX T SY #£4f, SYA2. SYAP2
i SYP # G IR BB 4 19 EDFS {5 S #8 FIRgs. X303t APE P Tl
BRI Yo B T/EA S i AR |

B, B RS EDFS S7E 100-900 mT Bk Py 48 S BUAE 3 S b FEnt
TRUe, 3X 53BN TE R 45197 2 . EDFS I AURIERL 5 Yoo B Ti1 R 45 .
PG Al SYP 4§ 1) EDFS #2000, X VAR YO  FE B B o i R B 43 B AR L.
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B3 & AP, PTBANS YO URARKEEN. LSBT ER KW

(@)

F —< 10000
EBRF

A .
fi@/om’ *
—

EIBE-Shii Magnetic field (mT)

B 3.1 (a) Yo*ETEBRNERS. &5, HAERATRREE: (b YO EAR
R FIEHEGE (EDFS)

Figure 3.1 (a) Energy level diagram of Yb** ions under spin-orbit coupling, crystal field and
external magnetic field; (b) Echo-detected field-swept (EDFS) spectrum of Yb** ions in

different glasses

B 3.2 4451 SY (a). SYA2 (b). AG (c). SYAP2 (d). SYP (e) #1AG
() # 5 1 HYSCORE & (Bo = 3500 G, tau = 136 ns). 7/£ HYSCORE & &,
REVER B R B R v, S BeRE Gy, R AMNINREA BoRIELE , Blu, = Boy,/2m. 7
350 mT B3 T, H0F 3.0~ 3.9, 6.0 &bAIILIRIGE S HIXS RIAEVERZ °Si (BREE
NA=4.7%, ¥ B 1=1/2). 2’Al (NA=100%, 1=5/2). °'P (NA=100%, I=1/2)
IR R, ARG R HREE—SE=RR CRER), Brait
R EEEPESALEXER, BENZZENALNILRE. ZBEREEEE
B (A BAATEORERR (V). XANERRBBMERZ PSis YAL PP A YD
(9 4f PUETIR T RAAE T BOBBAREHEIEM, EaTUHEN 2si. YAl
Sp X BT YOS - EERRNEE. BT Yo' E—RENERTER
WD, XEFAEERZ 70 WERFEE (NA~0.038%) ZfkT HYSCORE

BRI IR -
£ AG 1 PG BEH) HYSCORE B F, RMZR 1 EBERK YAl H
3Ip ({E S (LB 3.2¢ 1 ). B7E EDFS i 4 JL & B S 2 A #%E 5 (LK 3.10),
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% YO AEBIENEN . ik SRR R RS T A

AL AT AHER Yb-O-Yb 4. XU/ AG FFSH LA Yb-O-Al iE#E A E, £ PG
WP L Yb-O-P EB A E . TR PCa M BHAFEIRMK(~0.135%), Hl,
£ AG # PG BiH5f) HYSCORE B A GERIM B “Ca 55 . £ AG M PG B34
t, RBEIEE Yb-O-Ca EE M AHE

fE SY B3, EREI A 58 21K EDFS {5 53R Bl BEAEAE Yb-O-Yb B (I
&l 3.1b). 4810, 7E HYSCORE i, RMEB| - BHMK ¥Si 55
FHITEAE Yb-0-Si iE# . A RN E] Yb-0O-Yb iEH XS YO B S E([Yb]
<3000 ppm, in wt%) AfEHE xR (JLE 3.2a),

FIXTTF SY BEfh, YBIHIRRTE SYA2 A TR, MAE SYP B LR
HNBFHEES (LA 3.1a). 76 SYA2 I, WNE—58 BERR »Si f
—AN55 HEF T ML R TALES (LB 3.2b); 7E SYP BdhT, RIEME]
—NEBEHERK P ES (WE 3.2e). XUAILE 4 mol%H) ALOs Bf, XE—
# 4 Yb-0-Yb 1 Yb-O-Si # Yb-O-Al BUX; Ti3E#E 4 mol%H P.Os if, BERETE
R ANEFFEWE YO B FAE, BJLFRAN Yb-0-Yb 1 Yb-O-Si iEHH
B Yb-O-P EBATHUR. HILTTRUEH, PY #1887 I o fk s il T
Al

E SYAP2 ¥Edh, Z7AL R0 3P #yEERME], H 'P KE Tk YAl KI5 555,
B¥EH 2°Si 1E S (LE 3.2 FIFHEES (B 3.10) B2 X UHH7E SYAP2
BEdh R, TEERKER Yb-O-P FIZLEM Yb-0-Al, {HAFFTE Yb-O-Yb 71 Yb-0-Si
.
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3 EJE AP PUBRAITS YOORRBEEEN. it SRR R

SY SYA2 A
@), ®) s —— (© 5 AC
g 6 6} i _6
: ; zp) - Al
4 2si Sl ] -3
e ) g
3 R
2 2 o 8 2
% 2 4 6 8 % 2 4 6 8 °
w f21 (MHz) w 21 (MHz) o 2 oy IanMHZ) 6 3
(@) , syar2 i () , svp ‘ M . PG
3p 3p ) p
— 6 6 _— [
, ® . ® .
S z7p1 = z
E 4 : T 4 T
S, & g
3, 2 S 2
°o 2 4 é 8 oo E 2 4 6 3 00 2 ; 8 8
w,/ 21 (MHz) w2 (MHz) ©1/2n{MHZ)

B 3.2 #5 SY (a). SYA2 (b). AG (c)~ SYAP2 (d). SYP (e) F1 AG (f) [ HYSCORE

HEE, BEIZEE Bo=3500G, Bk iaFEET[E] tau = 136 ns

Figure 3.2 HYSCORE spectra of samples SY (a), SYA2 (b), AG (c), SYAP2 (d), SYP (e)

and AG (f) with Bo = 3500 G and tau = 136 ns

Hal, XFILBRILUERARREWaEAEFE IR LEF (RE) 1
W O e I N1200, SRT, SLBR R AT AT R A A K
B REF S LS. Sen 5 APIF LR ATE AIVYb=3 A FEF I HYSCORE
B T LT EIR PR B FFHEN S A SR AVRE>10 1, Al AT DL
B—NERREEE REEFEE, NAEFEETJLFHER RE-O-Yb Al
RE-O-Si HE R RE-O-Al EEFTEUR . A. Saitoh & AMSHET IR EXY/AP 3t
BRI = Rkof T B IER AL ESIE (3P-ESEEM) JF&SHIEH4A
W 3 AVEr<20 B, AP'REEX EX"BFHME%E. F. Funabiki AR
3P-ESEEM 4 MW R ABEE AUNd FLBILEREIN, NEHFREBARER
AL BB MU ELAL RIS EEAE, B AP REE A HUR SiYxt Nd B F R R aE.

B 3.3 (a-c) & SYA2 FEAH 4 HITE 3500, 4500+ 5500 G 3% T 9 3P-ESEEM
. 7£ 3P-ESEEM ', RIFANRKrPIEIRGES A (tau) MSMINEES (Bod) Xt 27AlF
28i MESEREEREREM. 7 Bo= 3500 G Ml tau = 176 ns £4E T IRM

71



% Y RRPFEEN . Sk SRR RIB BB T

3P-ESEEM H JLFMEARE] YAl {55 #E Bo= 3500 G F tau = 96 ns 25 T i
(4 3P-ESEEM HJL-FME AR E] 2°Si 55 ; 1£ Bo =4500/5500 G F1l tau = 96 ns 5514
TR AT 3P-ESEEM H AT LLEIE AR ER B PSi 1 YAl 55 . XEZFE Ak EPR
MRS R RS AN ERA 2.2.2.3 FASTEIPD ., WA 3.3 (a-c) AT
PAE H Y tau=136 ns Y, 7E=AFEIRE ST ERAT LA R RIS 2°Si 1 27Al
FMES, BUIEE tau=136 ns {3t — 22 19 HYSCORE .

3.3 (d-©) A& SYA2 B &4 7I7E 3500, 4500, 5500 G W% T 9 HYSCORE
W% (tau=136). A LAFE ) Si #1 Al B{E 5 8 E 5% K/ANEY)MHK . M. Chiesa
HNBOE YO/APY/C BRI T MR R XM IR, HANXZE T
LBF (REY) EAREBETIRSEAREMEOL: BN REEAEE APYE
T T, BH REEAAE SITEEF.

(a) (b) (©
B,=3500G ° i B,=5500G6 s
;? fau= N\ 7a ‘; - tau= " A
A 3 '
£ [N ES s V,\?\""\f/\—v'\/\n
.-:-' 156ng/ / . =>' 2 \ ;
g ' | g E 156ns )
136ns/ « : ;
k-] v 2 [ \ T
= M § E /\1:6:\,_/\_/\
%6n ' ' 116ns : .
. 96ns 1
] 2 4 3 8 o 2 4 B 8 0 2 4 6 8
Frequency (MHz) Frequency (MHz) Frequency (MHz)
(d), SYA40-3500G-1360s (e) a SYA40-4500G-136ns (f) s SYA40-5500G-136ns
: a1 .
. ok 7AL o )
N N & N
x T
£ L7yl z £
p 4 T ~ 4 gt
3 Si X s 8
3 Fy 3
2 2t
% 7 4 6 8 00 2 i é 8 (] 8
w 211 (MHz) w, /2w (MHz)

B 3.3 i SYA2 fE AN Bo T 3P-ESEEM FI HYSCORE i K

Figure 3.3 3P-ESEEM and HYSCORE spectra of SYA2 sample under different
external magnetic field Bo
3.1.2 AP, P EIBIHE Yo ARIFIBANIL M RAE
B 3.4 2 AG. SY. SYA2, SYP. PG HAMFEMBIA—LIIL (a. d) Nk
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F3E AP PBANE YO REEEEN. ik SWEMNERNER

JeiE (b o), KHRNFa (ev . ME 3.4 (ac) ATLLEH, SYA2 HmHIR
WA ATE S SY F AG FEG VRIRAUR S IR EF FEBRZ R, SYA2 FERIKITR
KRBT SY M AG FEm R IEF A, AFTAM, B FrEiEt
- IERLBETHAKNBERIFEERARAR. £ SY H#HF, FEREN Yb-0-Si
AR/ B Yb-O-Yb B 78 AG BER:, L Yb-O-Al AT 7 SYA2 #%
mF, MFEKRKER Yb-0-Si 1 Yb-O-Al #EE (FERE 3.2). YO ERX =M
B REHAREEERRER, SEENREETRFLERKE R MEPG M SYP
B, YOUETH PTEE GENE 3.2), BIREE Yb-0-P &R, FEEA]
AR IO A 5T 1 DA R e AR AL (L 3.4 d-D).

@) o) ©).
-~ 10 3 1.0 3 e'f
3 e S « AG 121ms
i - ~ » 8Y 1.04ms
2 Z o8 ? + SYAZ 1.13ms
[
H L2os HES
E £
3 E o4 ¥
E 8 902 o e?
2 = ol N - .
850 900 950 1000 1050 "800 1000 1100 1260 Z 90 05 10 15 20 23 3o
Wavelength (nm) Wavelength (nm) Time (ms)
@ (e) ®_
-~ 10 -~ 10 3 o'f
:, 3 ---PG © | » PG 1.46ms
~ 08 s 08 - -S§Y by » SY 1.0d4ms
2 2 —SYP 2 + SYP 1.52ms
2 o6 g g
i B 5 0.6 8
= 0.4 5 =
g 0 T 04
5 5 g
Z 00— i Z 00 : S 5
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Figure 3.4 Normalized absorption (a, d), emission (b, €), and fluorescence decay (e, f)

spectra of AG, SY, SYA2, SYP and PG samples
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Figure 3.5 Lorentz deconvolutions of absorption (a) and emission spectra (b) in SY sample,

Stark splitting energy levels (c), degree of asymmetry and crystal field strength

parameters (d) of AG, SYA2, SY, SYP and PG samples.
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Figure 3.7 () Vacuum ultraviolet (VUV) absorption spectrum, (b) Yb?* ion absorption
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Table 3.2 Gauss deconvolution results of vacuum ultraviolet absorption (in eV)

Sample CT () CT (1)) CT (1)) Other

Peak FWHM Peak FWHM Peak FWHM Peak FWHM

SY - - 58 08 - - 00 24
SYA2 52 07 58 08 - - 86 24
SYP - - - - 63 08 68 06
SYAP2 52 07 - - 63 08 68 0.6

(a) Yb*IA”*  (b)YB™ISi*  (c) Yb*/PT" (d) Yb*IAI*/P*
CT() CT(in)

CT(Ill) CT(Il)

NN
PR w Bk
S \/ o
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Figure 3.8 Schematic configurational coordinate diagrams for the CT-transitions in (a)

Yb3*/ABY, (b) Yb*, (¢) YB*/P%*, and (d) Yb**/AI**/P3* doped silica glasses.
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Figure 3.10 Radiation-induced absorption (RIA) spectra of S, SA and SP samples (a), and
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Gauss deconvolution of Yb?* ions absorption
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Figure 3.11 Gauss deconvolution of radiation-induced absorption (RIA) for S (a) and SY(a)

samples, (c) Easyspin deconvolution of CW-EPR for irradiated S sample
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Table 3.3 Trapped electron color centers (TECCs) and trapped hole color centers (THCCs)

in irradiated glass samples doped with different elements
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STH STH Py P;
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(b) Easyspin deconvolution of CW-EPR for irradiated SA sample
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Figure 3.14 (a) 2Si MAS NMR spectra of SY and SYA2 samples, (b) Al MAS NMR

spectrum of SYA2 sample, (c) 3!P static NMR spectra of SYP sample
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Figure 3.15 Formation model of color centers induced by 193 nm lasers in Yb**-doped silica

glasses
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Figure 3.16 (a) Al MAS NMR, (b) 3'P static NMR, (c¢) Raman, (d) refractive index and

density of silica glasses with different P/Al co-doping ratios
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Figure 3.18 Absorption (a), emission (b) spectra, absorption cross section at 975 nm,
emission cross section and fluorescence lifetime values at 1030 nm (c) of Yb?* ions in
unirradiated samples. (d) Radiation-induced absorption (RIA) spectrum. Comparison of
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and irradiated samples
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Figure 3.19 (a) Magnified view of radiation-induced absorption (RIA) in the NIR region, (b)
CW-EPR spectra (10 K) of pristine samples as a function of the P/Al ratio, CW-EPR

spectra (10 K) of pristine and 18 kGy-irradiated SYAPO (c) and SYAP2 (d)

B FE SR TR EEZA T RN R, MESES-ERN Yo' BT
7E£ 200-500 nm FBE WA RZIAITM (JLE 3.18d). 97 HER YO B TFRUCKTEE
55 SEBEROGIE MR, EEURE Yb*H SA 1 SP ¥ SENIESH 5 S kG
RO IR AR A . BEAh, AT HER Yb*' I CW-EPR 15 5 xH4E4H% S B
CW-EPR 55 HF, BHYEIFERIER CW-EPR M= E TR,

Bl 3.20 (a) A1 (b) 7372 SA F1 SP £/ RIA IS Hi /&4 R . SYAPO
A SYAP2 #J RIA W4 70 HIMAE 3.20 (a) 1 (b) HTXTE.

99



# YO A REEHEN. Lk SRR RIBERALER R

ME 320 (a) FULEE], SA REME RIA B MER AN EIE, E1K
Wefr 43 B T 2,154 2.96+ 4.17. 4.94 F15.78 eV, EAIHEETE FWHM 4514
0.66+ 1.15. 0.8. 0.64 A1 0.78 eV. HA 2.15, 2.96 eV T A& T Al-OHC R
K&, 4.17 F15.78 eV WU 2 BIAE T ALE R Si-E" 5RIf. 4.94 eV IRUCH TR
T+ Al-ODC Al POR 5.0 1

ME 320 (b) FTLABF], SP FESHAT RIA WM RS m i, B4 10 &
LAY BIALF 220 2.5.3.1. 4.5, 5.3 F1 5.8 eV, ‘A= FWHM 7379 0.35.
0.63. 0.73. 1.27. 1.11 1 0.8 eV, L 2.2, 2.5 F1 5.3 eV it /& T r-POHC,
3.1eV. 4.5f158eV W& T I-POHC, P, M Si- E™ (P)BAF .

320 (¢) AAFE P/Al LB HFINFRITIEN Yo NP =R CW-EPR
R, & 3.20 (d) 2K 3.20 (¢) 7 320-350 mT BEZTEE N RIECKE. o4
T (XS B, 5B 5T AT SA F0 SP A (9 % IR CW-EPR W INA B 3.20(c)F(d).
TEARFEETIT R SA F SP A5 HIRA M F B K CW-EPR 155 . A 3.20(c-d)
ALLES, DL P/AI=1 AR, CW-EPR EUHFHMHTEEARWLT. My
SA BERAEAL, FEREFET AlHREL: HH—FLRALS SPHEMEU, EHA
BT PO, FEFTE S P EERRESS 270 A1 380 mT #F T LAUMLEE 2 M S K
Lk, WAAREEEBRMEAE (AE) 45 110 mT, ZESEFETR
st F (BT B i S=1/2) SRt 3P (A e 1=1/2) MEREMMEIER (21
b 1=2), JEET P A Py BREG. B AT LR A(O)—Pe, Bl
FHRE-MURAKBEF L. o, 78 PA1 FIFER TR LUE 2IW 2%
PR (A 2958 90 mT) F/NMBIBML, ZESHET P AHRH PoklE, 7
W 3.19 (D). BHIZEWELT Si-E 6hFa, BI—NERFERE AN ZBA B
BT b, SRR LLRIR I (0):-Pe.

ME 320 (c-d) ATLAFEH, BEE P/AI LB LLEIM 0 303 1, M8 (Al
E’. AI-OHC) MTEARSE (Si-E'« POR) f.L B iR/ 3 P/AI>1 B, F8HC (Al-
E'. A-OHC) fa.0a58 & 4%, 16 P #HK &4 (I-POHC, r-POHC, Py) B P/Al
S35 LA 35 T 18 B

100



F3E AP PBANE YO CRRBERAN. Joilk SR R

Wavelength / 100 (nm) c value
(@) w0s 6 4 2 () T 2624 22 ITs  1e
5l—sa 8|—sa T
- - « SYAPO g |—svapo |, : shownin(d)
—~4f Cumulative Fit Peak Si-E' g —"-s_.Y.AP1 ' ! o 11
=5 Al-E' a . o~
© S ixto I %10
8 3t b4 [ =] ' ) e
S % t le ' H
Z 2} ° ! '
2 [—svars I
1t ® |—syapz ! |.
: 2 |—sP .
0 3 4 5 ‘ Q 240 260 280 300 320 340 360 380 400 420
Energy (eV) Magnetic Field (mT)
(b) Wavelength / 100 (nm) g value
olo8 6 4 (d) T 208 204 2 196  1.92
S s iC r Y .
sl " -SYAP2 : R Py
“?J = Cumulative Fit Peak ¢ 2
= I-POHC o
< o6} k 2
& S
<
& 04} C
o §Si
o 2 lz
o I E
2 —ll-POHc
0.0 ' % 5 & 320 325 330 335 340 345 350
Energy (eV) Magnetic Field (mT)

B 3.20 & SA (a) F1SP (b) HY4ESHAESBRUCE =S 4r&HE, FIE CW-EPR (o)
B FRETERE (d)

Figure 3.20 Gaussian decomposition of RIA spectra of SA (a) and SP (b) samples; (c)
CW-EPR spectra (300 K) of 3 kGy X-ray-irradiated samples; and (d) magnified view of

the central part of CW-EPR spectra in (c).

3.2.3 YDM/AP/PH S R A K IB LA STt iR ST E R B % &

3.2.1 1322 SRIFFFT P/AL LLXT YO 5 42 A S IR RS 45 #) 5 T 4R 5 1 3R A9
W, RTG E S E R YO APPSR A BB R R S PR A MR R R

Yo B R AR SR AL AR AR R R R P= 4 TR AL, ELHERS
P BT R

XtF P/AI=0 B 5 (SYAPO), fikyh EPR A NMR MHRR I Yo & 7 Eat
F A B [S1042]° FH R F M B [ALO4, ] ZE B IR SR . FEAB T TR, HEAUMERI[ALOwLT

101



# YO REB BN, bt SRR LRI TR R

KHHREART EUFR—ATTO BREETXHL (AOHC), ZHBETH
YO IR P A B HE R . HI R R R BT R AT AR AR A

- 0
[A104/2] | ypae P [A104 + 0¥ ] | ypoe 37)
(A1) (Al - OHC)

RAEEXAT IR A AT B AR RE R ORL (Si-OHC), AR 6L
CW-EPR S8R EEIRIME] Si-OHC 155 . X8 s AR R [Si0an]’ ZE B R SR ST IS
BRAESGRERT.

%T- P/AI<] REF (SYAP0.25), SRR SR H L ff R B[ AIPOL HLoT 34t
T YO ETRE, 22085 U AMERI[AIOL] BITIRSE YO BT M.
[AIPO4]° 5[Si04n]® G5H0250L, HEIESHLRP AR S F KB T o [AlOsn] M Yo 7E4E
SRR E BB TARE T 2. B THSEE Yo & 7 A E BI[AlOsw]
B P/AL S5 L) 18 BT T B, (R LR 5 55 S T Y YO2* 0 AL-OHC SREE X BE P/AL
FL95 E 451 3G 0T T BE

51T P/AI=1 BER (SYAPD), YO B8 752 2 4 e PR [AIPO4 BT TR
TERRSHTAET, [AIPO4]° BTl i SR S 8B LR, AR E RN TN
AT LARR 9

0 H [A104/2 + h+ ]O + [P04/2 + e— ]0
(Al — OHC) (P,)

St F P/AI>1 BES (SYAPL.5 A SYAP2), 48 KER /48R 56 7 B FB PR Y
[AIPOs® BB TTA T YO B FHMNE. MERNBEUREEFEN
[0=P—03,]° (B} POE[F) F/b &L A HERI[(0)-P-02] PPEBNF G Yo
B HE. EEHTET, [(0)2-P-Own] BB A TSI YO IEER Y,
TI[(0)—P—02n]” H S 1FIRZ JUR B 7L (r-POHC) o AHR AL 2 N TS
23R AR IR Y

2 # [AIPO,) (3-8)

[POBQZ]_ FRVRTSLIN | R A R
(P@) (r — POHC)

321 (a) BRAFRFIE X FHLEFIEH SYAP2 #M[K Raman &, BEER
SHFUBIGHN, £F 2300 em™ AbI FEUESREE BB 2 B8N, %P0 Raman R30S
5, EREIET P AISCHA M6, IRAE TGRS ES) 550 nm ff .
K3 488 nm BOBTENBURIR, FERIRIL I SP A1 SYAP2 b - AR T LR AL 2 i

102

(3-9)



%38 AP, PBRENE YPUREBEEH. kSR ERNEE

RMERFFLE, LB 321 (2 fEEFR.

B321 (b) £E 321 (a) $0Fk 2300 cm™ 23445 5 /5 #) Raman 3, BT
Raman #7E 800 cm™ #HATIH—4LEE, W LAEBIREERSFIEE M, 1320 cm™
RbRBNE R POEFN P=0 #R3)) BELREIRIS, WAL 1000-1250 cm™ )
BRIIRSNE (ZZEFET AIPOs FHENRS)) BEJLFAZE. XiHTE SYAP2 £
ARSI AR, P=0 IURRED W BHBEEIN, NARBHLEERER, W
[AIPO,]° TR B3 e B AR . Bk, 78 SYAP2 FEfhh AI-OHC .0 J1F
TP, TR BB

(a) _ Wavelength (nm) (b) Wavelength (nm)
500 510 520 530 540 550 560 570 495 500 505 510 515 520 525

Intensity (a.u.)

0 kGy

560 1000 15.00 20-00 25?)0 3000 260 460 660 860 1060 12.00 142)0
Ramanshift (cm™) Ramanshift (cm™)

Normalized intensity (a.u.)

B 3.21 NEFE X GHEEE TR SYAP2 £ MRS Raman 3 (a) FIHIBRELIHAE
800 cm™! 15 —4ki3 ) Raman % (b). & 3.18 (a) FHEERESTH SP 1 SYAP2

A B S

Figure 3.21 (a) Raman spectra of SYAP2 as a function of the radiation dose. (b) Corrected
Raman spectra obtained by subtracting the contribution at 2300 cm™ from the overall
spectra in (a), and all Raman spectra are normalized to the same intensity at 800 cm™.

The inset in (a) is the emission spectrum of radiated SP and SYAP2.
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Figure 3.22 Model for the formation of the P-related defects induced by X-ray
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Table 3.5 Major trapped electron color centers (TECCs) and trapped hole color centers

(THCCs) with their absorption (abs) in irradiated glass samples doped with different

elements
Elements Al Yb/AI/P Yb/AVP  Yb/AVP P
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Figure 4.1 Effect of annealing temperature on absorption (a) and emission spectra (b),
absorption cross section at 975 nm, emission cross section and fluorescence lifetime
at 1030 nm of Yb** single doped silica glass (c)

Bl 4.2 (a) 0 (b) 70502 1200°Ci8 KFE RO K SIS I8 25 70 1%, |
BEAT LA B YO 7R %A W G Stark BERLRESE, W 4.2 (o) Fm. HA R
WA BR=NBIL L, 25 BN 1-5,6,7 BEBRIT . K ETHEME 2 AR 0818
g, RIS 5—1,2,3,4 BERERIT .

M 4.2 () ATLLEH, 15 B Stark R ERE KAEH LIS, JTRK
W R STEIE R EWE (<976 nm) REERES]. 16,7 1 552,34 BRTRERE
BB KR B B PR T IRk 2D s 43 B3 Ri~915 nm RIS (1—6,7) 4085, F1~1030 nm
R (5523,4) B

42 (d) RRIEE 42 () ¥ Stark BEREEGOTBES R YO oA & 1R
YsRESH (N FEEFRMEREE . BRI R SE AR 3.1.2 MR
BRUSSIST, B 4.2 () ATUEH, YO ELRMREGEESE (N FEAERHR
MEAR B B IR SRR B R R R R

110



¥4 5 REBANEASEXNE YO RRBEEN. i SmEMERIER

a b
(@) ®) ——
3 454« » « FitPeak 1 —_ —1200°C
@ - - Fit Peak 2 5 - - - FitPeak 1
;’ - -« FitPeak 3 & - - Fit Peak 2
Q —— Cumutative Fit Peak] ~ ~+« FitPaak 3
c E‘ - - - Fit Peak 4
.g [} ~—— Gumuiative Fit Peak
: £
f(:’ E
1-7/
800 900 1000 1100 1200 900 950 1000 1050 1100 1150 1200
Wavelength (nm) Wavelength (nm)
(© 1200°¢ 1100°C 1000°C 900°C  (d) 4400
1.10
. __ 7 11187 11181 11045 11039 o >
2p 4300} @— 1105 5
s A, { 6 10928 10005 10742 10738 -— . g
S Z, U S R —~
% T 5 10277 10276 10277 10276 v'E J1.00 E,
O 4200} o logs @
= o
.
{090 3
at00} —
4 1057 1055 1028 989 *x* loss
o 3 648 648 502 568 o
4000 0.80
w A 2 481 481 397 345 1200 1100 - 1000 900
L1

0 o Y Y Annealing temperature (°C)

Bl 4.2 1200°CIR KFEMIRUL () FIREGHE (b) AIEIRIEIE, YOI Stark B2Z% (o),
LRHFE R RESHMIENREREE (D BEARENEL

Figure 4.2 Lorentz deconvolutions of absorption (a) and emission spectra (b) in 1200°C
annealed sample. Effect of annealing temperature on Stark splitting energy levels (c),

degree of asymmetry and crystal field strength parameters (d) of Yb3* ions.
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Figure 4.3 Effect of annealing temperature on the RIA of Yb** single doped silica glass (a),

and integral absorption area of various defects (f). Gaussian deconvolution of RIA

spectra in 1200 (b), 1100 (c), 1000 (d), and 900 °C (e) annealed samples
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WENE, 2 BIXTR Si-O-Si i MRRRLE. R FRIHLEIRS. 490 (D1) F0 603
(D2) om’! AbfY42UESy H1VE R T H VU e AP E = o g5 1), g R K
YR RFE, Dl Dy #9 Raman FRBHIEHREFFE . T . X 1 B3 1 U so3h A = Jo3h

112



F 45 RBANFRESEXNS YO REBHEEN. ik EMEHERNEN

SR KR E BRI . ok, BEERKEE TR, ol o AIREEE
Bl oq 18 R IR EOR Bl 3K B <Si-0-Si>F 2 58 Ay B AR A I BE 1 T P i g o 183. 1561,
4.4(0) B—AFNREIR XX YO BB A S FTIR SGiEfIR2MH - 2260 om'!
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BARIEL, ¥m%E (FWHM) 5 Si-0-Si 82/ 7041 BUIE L2157, T #ERiFRE
2260 cm™! AbLTAMRIKIE, TXTE 4.4 (b) HRLAMSEEEITAE. FH—AMER
B (D RREIR, RERERISSERFAASIE QLRID, A ig
I 3R BAREE. BKREXEIE I W ILE 44 (o) Fis. mimE
&AL R FWHM DL R SRR AE IR B T FEE KRR A 4.4 (D). Te 5
BT L1 VAT v R LG, FTHRAR LU R A s A7 188, |

v =2228.64+(43809.21/7,) @-1)

ME 44 (O TTUEH, EIBHEIEN T e KRERN TR T4, A
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Figure 4.4 Effect of annealing temperature on Raman (a), FTIR (b), 2300 cm’! Gaussion

peak III (c) and its peak position, full width at half maximum (FWHM) and fictive

temperature (Tg) (d)
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Figure 4.5 (a) Diagram of <Si-O-Si> bond angle distribution in silica Glasses with fictive
temperature of 1200 and 900 °C, structural diagram of planar 3-ring (b) and planar

4-ring (c)

R 4.1 FIH AP P 0 TR, WK 4.1 FRTMEH, T
TV TCH IR RE R D, FH =T IR . TR, HEwste. Fm=
TCHEIFERAE R K, REWIEFERIRE, WEFENBERD. FHENTHIT
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RIEEANT, WE 44 (@) Fim.
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F 4.1 BEIETEP n T P<Si-O-Si> f FE K Si-O-Si B ALEEre ™

Table 4.1 <Si-O-Si> angle and total formation energy of Si-O-Si bond of n-ring structure in

silica glass

n= <Si-0-Si>§2 4 6. TERLEEE,,
2 70.5° >5 eV

3 130.5° 0.51 eV

4 160.5° 0.16 eV

5 178.5° 0.80 eV

6 190.5° 1.08 eV

B XS ERAT I AN B R L R R 3R B R B % 3 0 <Si-O-Si> B A 1E
120~180°2 [A1A54k, “FHMELIN 145 FEU2. SR, BRTHE R H<Si-0-Si>4
9 150°8F, A Si-0-Si BHEMARR/D, X AIEPFER SRR EN,
mE 4.5 (a) P EBELFR-

AEFIEA—MLRESYR, E—CREFMAT BE Tg B, BN
B EFHALRAERSYRNEFHAAZISEE. EARIEHRIGIES, F
T 5~9 F &5 n] LA H # (Puckering) “FHEIFAES ) BAESF IR 54 B 77 SR K
BAREATRITE RGBS . BF 50 R W AP IR 4544 7 <Si-O-Si> 5B M L10h 150°, HUiXHh
SHIEREE. FHENTH (D) M= (D) AFEH (Unpuckering) ¥
FHERBEIREATRFARE, B 0TR LURS W e KR, 85 il
A AT T 4544 B 77 ZOR BRI E A TR TR B Re e

A FTIR O G g MR R B, 2 YO A S B ARIR M 1200°CR%
EE] 900°CHf, I FHIH<Si-O-SiEMAE KR, H<Si-O-Si>HM I MLRE,
JE 4.4 (b-d). Raman JEIEMIKFKY, FH=JTHMFH U THANIRELE Te=
1200 CHH RS, 7 Tr=900 CHETRIC, WE 44 (2. ML, B
MEARRERIE, BRSERELERD,

B 4.6 (a) F1 (b) 45 Te= 1200 CHI Te= 900 CHy Yb* BLIB A I TS
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RIS HREEFE Te1200°C IS F, YO B T T B R MR SR 5,
Yo B TR BRI AENREE R, M YOI B TR R SR LR, Tk
LB . TAE T900 CHERY, Yo' B FRATHREM LR —HFE S, Yb*
ETFEENEREED, & YO B F RO S BRI E U, Sk E AL
Bk

(a) T=1200°C (b) T=900°C

4.6 Tr=1200C (a) Te=900C (b) Yb* B HEPMM LA RZE

Figure 4.6 Schematic structure of Yb** single doped silica glasses with fictive temperature

of 1200°C (a) and 900°C (b)

4.7 (a) M (b) 43R = JCIRF [ PU Se IR AR S I AR v
DHREE. Raman JEIAELR, FE =¥ (D) MFEETH (D) K
W BEREMRARIR I BT R, W 4.4 (2) FiR. RIA SRR AEHESE
L FOVR B2t B AR R BE B BRI T Rk 2>, LI 4.3 BT &tﬁiﬂiﬁai}daﬁ%ﬁ?y%
BT LS T = e AP E VY ST R k. SRR b, P 5~9 L5 AT L
WA (Puckering) “FIIFREE M AR P IR M 7 AR KIR=E BTN WTE
SE 1 o 7T T DU ST 3R AP [ = S S5 M A R 1 i P SRE B B A 1 2454
SEME. Hik, SPELTHATFE =0 Si-0-Si BERM EETESHFITH S
E(Si-E'. NBOHC. Yb*&.Lr=4, HRMFAFLLRRAN:

=Si—0-Si=+Yb3* 5=Si—0°+ « Si = + Yb?* (4-2)
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Figure 4.7 Schematic diagrams of planar three-ring (a), and planar four-ring (b) evolving

into color centers during radiation
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1 NT100. EAEEHKE, M@ A LE TS Raman HEEHIEMHE, LK
s - HBE (S 555 NMR 52, KA S B3RS (4% ALOs + 96%
Si0z) P Raman 1 NMR . FEMHI&ITEMLEITES YO /APY/Ce 3t
BAREE T 28
4.2.1 RAXFFEIT Yb/ARYCe3 B A RIFIB L At 12 S 1 R B 720

48 (ad. (b). () RIBAEEI Yb*/AP/Ce¥ B HPFEMWWE |
RGTE, K 975 nm ALIRUELTED, 1030 nm 4b & S & T A e H A IR A

118



%48 ARKIEESEXS YO REIFEEN. Sl S mE R

M 4.8 Ca) R0 (o) BT LUE th, AR T JRAGFE 4 (Pristine), F/B K (NT100)
MESSR (HT100) FEEREIESMDE HILER, Yo> R YCGRAE TR 915 nm
AEHEIEHIA R . BARIBAERE (900°C) FBARE (100 h) HF, {HixFh
ARESSBRAKFES (HT100) FEARHAE.

- M 48 (o) ATRLEH, HEXTFRERES (Pristine), FASIBA (NT100)
FESSH (HT100) MR RS BT T . YOI (5 6H A 7E NT100
FEfm AR, TEBIARES PR |

4.8 (d) & NT100 F1 HT100 £ & H L SN 266 (A, = 330nm).
ALF 400 nm H 525 nm AL AIHE GRS FINT L Ce™ N YOH B T 5d—4f BRiE. iX
| FANBDGIEREEAE HT100 S, HMESBKSHmMEHHENARLET

(Ce¥ il YO f18 o XAt T USRS 78 . 01 4.8 () BT,
300 nm 1 400 nm &b OS> FIXT R Ce** A YO B T 4f—5d BRiE. X MR
AU 558 B 7E SR SR M R N'T100 #5 FRARZE AN K, {B7E HT100 B 5 B B3R,

Bl 4.8 (e) RIS NT100 F HT100 KRS Sk (RIA) . RIA
i AR ST R AU S SR AT AT R RIS« ARAHER v B4R, B A
EFIESTHI9 100 Gy/h F1 1700 Gy. TEARFAESTSHF T, HT100 ) RIA 38 &
ik, JIRFEMIY RIA S8E &, NT100 § RIA SBEN TR EZ . HEARGE X
P AR R PR I LR AT 1 AR, BAER SR AGB KT LA R IR A R AT
PERE.
| B 4.8 () =& 1700 Gy NS5 &R 5K NT100 F1 HT100 K CW-EPR .
RIEAIC 3.1 WHIFT LR, BIEEF ¢ 7£ 2.0 1 2.03 4/ CW-EPR 5 5 = E 5
HIKIET Si-E"F1 AI-OHC filre 7E HT100 FEfHH, JLFHRIMAZE] Al-OHC #Y
CW-EPR {55, X5 RIA AR —5. WE 4.8 (e) ATLLEH, 7E HTI100
s, RUEATF 540 nm &b Al-OHC bR IEEE L FETE,
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Figure 4.8 Absorption (a), and emission spectra (b), absorption, emission cross section and
fluorescence lifetime values (c) of Yb3* ions, ultraviolet excitation fluorescence
spectrum (d) in unirradiated samples. (¢) Radiation induced absorption spectra, (f)

CW-EPR spectra of irradiated samples

422 BAEEN Yb¥/AR/Ce® I8 H R IBM LS LM RIF N
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FHA— MR (D BREIR, 255K AR50 70 MR A E g (1R,

HrhmE g I g2 B EdE. B ACREX g I M2 LE 4.8 (b) fizw.
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KEFRBLIE 4.9 (o). WHERKRY, FEEMNEREREZELN 1340C,
3% 100 /NI BIEIE (900°C) #GB K, HT100 F & EREERE (920C) B8R
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Figure 4.9 Effect of annealing atmosphere on FTIR absorption spectrum (a), 2300 cm™!
Gaussion peak III (b) and its peak position, full width at half maximum (FWHM) and

fictive temperature (T) (d)
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Figure 4.10 (a) FTIR transmission spectrum, (b) Raman scattering spectrum, (c) 2’Al

MAS-NMR, and (d) 2°Si MAS-NMR spectra
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Figure 4.11 Structural evolution of planar 3-ring (a), planar 4-ring (b), four-coordinated

aluminum (c) during radiation and hydrogen annealing

4.3 EEEX Yb3APRYCe/FItis AEITIBLMN . K SRS 4 FRAF M
K Sol-Gel {45 A mB AL LEHI& YO /AP /Ce™ /F IS A S,
P sy Nk 4.2 Fis.
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%45 RBKARSEXNS YO REBBEEN. Rk SR RNER

4.2 FEEIEILHS (nmol%) FISZFRAS (in wi%)

Table 4.2 Theoretical (in mol%) and actual compositions (in wt%) in glasses

Samples  Theoretical compositions Actual compositions
Al203 Yb,03 Ce,03 F/Si Yb Al Ce F
Al 1 0.0 0.0 0 - 0.85 - -
Yb/Al 1 0.1 0 0 048 08 - -
YACFO 1 0.1 0.05 0] 0.49 0.86 0.20 0.00
YACF2 1 0.1 0.05 2 0.49 0.77 0.19 0.44
- YACF4 1 0.1. 0.05 4 .0.48 0.81 0.18 -0.85
YACF8 1 0.1 0.05 8 0.49 0.82 0.18 -1
YACF12 1 0.1 0.05 12 0.50 0.85 0.19 0.19

4.3.1 BEEX YbX/APRCe*/FHISARFIBNFE . SRR RN

4.12 (a) & YACF8 B9 Yb. Al Ce. F WUFTEKI EPMA &HH#HE
. Yb. Al. Ce MIEESHN 05, 02, 0.82 wt%, X=FTENLHEES
EATNER SEHMZEAS K. {H EPMA EH F WEREE (1.1 wi%) T
BERHBEE 3.7wi%), EERFER F EMKBREEU L ETSRESESE
RE, |

4.12 (b) Rt F/Si & A BT 5T R G LBR F S EME
Wi . FEE RIS F/Si FiE M 0 wt%E InE] 8 wt%, FIPIREMN F S EM 0 wi%
BINE 1.1 wt%. {EFE—SHEMER F/Si FEHE 12 wi%h, BT REKN F
HEETHIRE 0.19 wi%. XUAEBETERZREN F &BHF A ZEERR F/Si
REHIEINTIEM, MRAE—NRRBRE. XMARTHETCHWEALS
MERF), HEFGANL F/Si FEHIEINES KK E RGN LR, 2
T AR F-Si SRR BEEES F/Si REWIN, BRMBITHRET
BN, RN NS RE F S ERR. HEE F/Si RELN 8%
i, YO/AP/Ce ' F 3L B AR BB AT RIL T A A 53
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Figure 4.12 (a) EPMA line scan of Yb, Al, Ce, and F in YACF8 sample, (b) Refractive index

(RI) and actual F content in glass versus mean F/Si mass ratio

4.13 (a) F (b) 23R F S BN YACF RFIBHFECN K H 6 K
20, B 4.13 (¢) & F 5B YACF RFIFKFSLE 975 nm AL HCETH , 1030
nm &b % SRR AN SE 675 A 1 o |

ME 4.13 (a) Al (b) TTLAEH, BE%E F & EMM, P EIMU IS,
Yo B F IR SOR R S IR TR, H 915 nm MRS HERZL#, 1030 nm K4

HIEF

M 4.13 (¢) AILLEH, BEE F SEEM, YO B TR ASEm T
K, ZOCFEFamHEN. .

4.13 (d) £ F 5E2MNT YO B F1 Stark BSRBERMF . TLED),
155 [ Stark BER ERE KA Bk, T R OR & 5 5638 ¥ 3204 (~976 nm)
MBEERERTN. 1-6,7 1 552,34 BOTRERZEIME F & ERBEIRTELD, 7
BT RI~915 nm BRI (1—6,7) 4#, F~1030 nm KH7H (5—-2,3,4) B,

4.13 (e) RARYEE 4.13 (d) 7 Stark BERAELTHAR BN YO Bk 1 &
IR E S (N AEHENRERE . BRI EIETSHE AR 3.1.2 /NTA
SCERISSIM, B RREE YOO R T A B & RESE (N MIENREREE
HEEE F & &8N T .
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Figure 4.13 Effects of fluorine content on absorption (a) and emission (b) spectra,
absorption cross section at 975 nm (Gabs), emission cross section at 1030 nm (Gem) and
excited state lifetime (tau, Aex = 896 nm, Aex = 1030 nm ) (¢), Stark splitting energy

levels (d), degree of asymmetry and crystal field strength parameters (¢) of Yb3* ions.

K 4.14 (a) & FE&EX YACF RFIBFEN SR (RIA) IR,
RIA i85S 58 59 /5 R RIS 58 5 AR S RO = 3R18 - 4B STIR 2 v 5T4R, 71
BERMEFIESFN 100 Gy/h M 1700 Gy. AHELLE, APTEBI Yb¥/APR
TLBF K RIA WA 4.9 (a). ATLAEE], X T APPSR YO /AP L5
AP, YOAPCS =B R BERIE (YACFO) # RIA BEFHE TR, X

345 C DL B IR MBI IR Sk fe. B4, M TF YACFO ¥4, YACF
REEHEN RIA BERE F&ENMEH . XERLE FE—RELT
DL 72 38 O T 4 5 1 B

WK 4.14 (b) FiR, APYEIBAEIEEE RIA IEW MRS REEE, B

FIMEAL A BIALT 2.2 3.0. 4.1, 4.8, 5.1, 5.8 F16.8eV 4&b. #RIE 3.3.3 WL
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H,22 §3.0 eV HKIET Al-OHC HFf,4.1.4.8.5.1.5.8 eV T3 AIHKIET AL-E’.
POR. Al-ODC. Si-E'#tffi, 6.8 eV iy iIJA)E M AR
B 4.14 (¢) & F&ERtiRIT TR YACF REIFIEIIER CW-EPR 3/

B4 BRI T g 4175 2.03 2.0 4 ) CW-EPR {2 5 EZERIE T AI-OHC H Si- E’
Beffa . ATLAE B YACF RFIBIEAISTT APTRIBR YO AP S84 @ ) CW-EPR

=S BREE. XEHT CS @ FRA /AT LIS 257U AI-OHC b4,
Ce* BT R B T LA L 7/ Si- B0 4. 556, YACF RFIFIEH
CW-EPR {5 SBE% F & EWINZRH T M. XY ILS FE—ERE Ly ]
Al-OHC #0 Si- E L= .
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Figure 4.14 (a) Radiation-induced absorption (RIA) spectrum, (b) Gauss deconvolution for

RIA spectrum of Al-doped glass, (¢) CW-EPR spectra of irradiated samples

4.3.2 EEEX Yb¥APRCe®/FII5 AR

&l 4.15 (a) 1 (b) 732 F&EZMUX Raman J6i%H KBr £/ FTIR J6
R, TTUE R, FEE FE RN, 7E Raman M FTIR £ 937 cm™ ALITHEL
MR R IREhIE, FLERIERWIER, IEHB T F-Si BIMH4EREENO. 14, Raman
JEHETE 490 A1 606 cm! A IIRBNIE 43 X R T VU ST (DO FIFH =783 (Do)
S, EAIRSRERE F & =08 0EH T .

4.15 () A1 (d) 47l 1F 1 277A1 B9 MAS-NMR . F 1) MAS-NMR
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W BT LS A8 S N = 0, 20 AL F-137 F-146 ppm 4L« AR 9E Youngman 25 A (8990
BT, AR T XN S0, PI%%, HHi-146 ppm (155X BL[SiOs2F 12,
-137 ppm KIS 53 RL[Si042F 12 . Al £ MAS-NMR EE& =4 JEstFR it 3L 4R
&, BT 504 25 F0 4 ppm &b, BEAIAAISTRID. F. ASEAES (SRIER
A AV, AIVRTAIYD B3, AV AV E3 P& BN am, TIBEEt A Al
FERFEAL. XU AIVEEE F SERBINMED. KB AIE FBRN0
BRI R T IE  E S) AIY A0 AV B TS BN in, 2Al{'°F} REDOR il
HWRPXRZHT F-Al BB S S EEAB 0S8,

4.15 (&) & FEEZXT FTIR WOERE 2260 e #RahHFAIEM. KA
—AMEEEHIG YACFO £ ) FTIR BIBSR, HHRIAWS SHERFE S
Vg YU TN, e BT TIT B B ARSI . IXAMMERSRE Si-0-Si O FR iR
z, EREN K/ Si-0-Si BAR/PMRIEL, BH¥EESE (FWHM) 5 Si-0-Si
S A5 43 AR FRIE HE 1821571,

B 4.15 (O FEEZRUXTE 4.15 (o) Eliig 0 A FWHM R840
MR T I FEATHE AR BB ERARRE (T) HEFHIAR 415 (D).
WHER TeRAU T AR (4-D WHE.

MNE 415 (O HEUEE, BEFEEEMN, 2260 cm™ H AR BB
Ba{EE K FWHM B/, U P98 Si-0-Si M A{H Si-O-Si #1114
T |
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Figure 4.15 Effects of Fluorine Content on Raman (a), FTIR based on KBr disc (b), 9F (¢)
and Al (d) MAS-NMR, FTIR absorption based on bulk glass (e), peak position, full
width at half maximum (FWHM) of 2300 cm™! Gauss peak III and fictive temperature

(Ty)

B 4.16 (a) & YACF RFIBIEMGKH BT (EDFS) #&. AlLAE 2
EDFS #£i% FE B MA R 7 mBsl. £ YoH 5 AR i sl s> s sk
P2 th AT UM R B FP IR . X PHARBIIAR YO B 11 R B 5 A4
TR

K 4.16 (b) & YACFS BXHH —4E HYSCORE %, ZEE | A ETEMNERT
KRR AN . 72 HYSCORE W B s, BEMEAZ M B3R v, 5 1% A ERE Ly, K Ab
L% B RIE B, B, = Boyy/2m.TEBy = 450 mTHi% T, 7T 3.8.5 1 18 MHz
RE R SEIRIE 2 BUXS BLRETERZ ST (BRFE NA=4.68%, Z B =1/2). YAl
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HIE (+) RIR, BIEXABAM. RA MR IEH AL M IRE. X3
BEHER Sis PALL BF 5 Yo (4f2) BRB T RSB AR, B
FERMRARS Yo B FEERE. BINZLT YW ETFHE-SEESE
REZHEHMAE-8A). LT YP'E—RENEREHNET, RRZ#MEZ "0
(NA=0.038%, I=5/2) HJHEREE KK,

1 YO B4 I RN BB A AR DL (0 HYSCORE HEIE1F, AT AN 2 5 75 i
KB VF FEU2), R R HIEM AR REOERES (AT,
TR Yo 5 FRESBEMEIER; B—H& TR AR XM —tit

PRl ENTHER 53 A EEE BN AL MPEB A, Easyspin BIF %
EERET Yo 5 FIOEMA MR, B YoF R, AT, BEMEE
SHME S, EEEEARARHIH MRS PR ERIE (1.1 wi%). ERE
BIRME (<2 wi%) 9 YO SRS aREE S, hEEENE Yo 5 F
ISRRE S EIE . A3 3.1 RS, APH PR TR ARAERLET
R, BISEHEEFEENER. 5 AP PSMERRR, FEMTRE
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Figure 4.16 (a) Echo-detected field-swept (EDFS), (b) 2D-HYSCORE for YACFS.
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(a) YACFO (b) YACF8
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Figure 4.17. Schematic structures for samples YACFO (a) and YACFS8 (b)

4.3.3 YO¥/APRYCeX IS R EIIBLEM . KIESWiIRSHE R BHXR

43.1 A1 432 FHHFRAT FEEXT YOI /AP/Ce /F A5 A 3 B 6 ik A
T 438 B P R M B B M R . AN TR B s R BT T AT SR R

19F MAS-NMR Ui B 8 LA[SiO4nF FI[SiOsnF 1B 0 7 AEAN SiO2 P, Tl
HARMEIUECALRE M HEAI ST, JEEMEIMER SiO) Z4EM S MIEM, I
Bl 4.15 (¢)o Raman JGIEMARYITE =703 (D) FV@EITH (DD KK
EREE S BRI N, W 4.15 (a). FTIR WYCEN R HEE R & &5
i, <Si-O-Si>FIJEAZWTIG K, B8 MADMTEEBEEN, ILE 4.15 (e, Do
XL A F R A RIS A MR ELE T M, BRI EIEEN =M
G A BT E B 7RG n TR (n=3-0) AT A TEsk
TG, LA 4.17. B2TUEERRA, YO &7 AR IR FRETE R &
I RIS REE RS BN R R, B YO R I ROSOR A A T R E R
SEMINT TR, FotEaliaa S Emmmgn, LK 4.13.

Al MAS-NMR JiRR AR E R & &30, AR, T, ANEA5a1
mn, WE 415 (D). Bk EPR MIXERY], #HAZRLEEFRRERERT, B
B 4.16 (b). SR, XLELEMBURFHZE IR T YO B F iRt
MEERR. YO EFRABNAERELNTREH YO EF SRR E
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HIREA, FERALE 4175,

RIA M CW-EPR XK, YO /AP /Ce™ /F 35 h SR I i 4 1k
FREE RS EEMMAEF. XFE/HETFEH=70 (D). FHEIUTTIH (D).
- ECAzR (AIY) SMERN S EMER S BT FRE. A3 4.1 RRHA,
FHE=7CH (D) FFEMNITH (D) ZFAE Si-E" Hl NBOHC .0 18T 3R
A3 A2 AR, NUEAE (AIY) RIE AI-OHC .0 BRI IRk .

4.4 KEINE

AREHHLL YO EB . YO/ARY/Ce? =15, YO /APY/C/F IS0 S0
NFAITR, HHEEHTRKEE. BASA. BEFRSE=FHTRAMEH
BIOBEERE (To, REMAT Tt BB, HIEMHIEST RN W. 5
HEA R4

(1) B YO R B TeAl/, <Si-0-Si>F- 382 fithok B2 47 Vi ik A,
PIR ISR ELEE RN T 8/, YO ) B 4 B k3% 5 B AN JE X AR MR RN
YO RN R BT BT AR, IR

(2) % YO A3 P HF T = J53F (D) FFE e (D) £ Si-E
1 NBOHC 0o ATERAE, DUERA74E (A1) B Al-OHC 0BT IR . Tek/h,
PFEH D1 Doy AV EFD, BEETiRSTE ReET;

(3) ZEEHB KA LIS Yo BB TSHMI Tr 4B IIBIAEIT
EAR, HEN TeFFREE. BXREBRK, FSHRB0ASPEANR A
K (15h@1200C— 500h @ 900°C), ZEHHTRE KRG,

(4) ERAFA T RIE KT UMES YO AP/ CE =B R R R A S5 E,
KRG P IB A M TIRAE 900°CIB K2 P IA BT A RIS ] (500 h—~100 h),
BEREWEAPESERE. S LA[Si0:20H]. [SiOsnH]. [AlO42H]. [AlO4»OH]
A% . A [Si0snOH|F[SiOsHfE48 D, R D) SHIBME, R
QW] QWEFEEAE . [AlOsHIF[AIOOHEFIUE 4R (AIY) M E. SHESL
Al AYD B, B, EERSER TR KT LIRS E 2R Dy Dis
AIVEEMEE, RE PR TR AR A, SRR B RN SR LB T (Ce™
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(5) BEEARRFTHBIAMERAREL, BRI Yo /AP/Ce™/F
V03B A SIS R AR G TR, 4R B BB TE NI 1R BRI A8 h S5 M S A 21T
AERE, BRI Tn REFEBMTEESIER. BLASiO0F]. [SiOwnF]
[AlO4F1 =F B AP % . K A[SiOsnF1 2 FE4F D2 Fl Dy S5 ARER
[SiO4FIFI[AlOF 13 B 43 Fil 45 43 VY Fic oz Ak 0 D0 Fic Aoz 48 1) T e o e AN T BC A 4R %
A5, FEk, EBETLURDCEZEME D Div AIY SGHER, REPEENTUR
SHERE. Bhah, FBREIET A ZREEBAIHE, A S REELEBER
FEL IR T

(6) FURKFILBRIMEHNG YO R RIEHNEHHEREE, SRR
() Te MGEHNRELE . RARZAAET, RBAR—MELEE, MEABRLI -
WEITAR . FESERRA I AR, ik S AR A 1) ) RGR S SR 8 0 AR BRATT e S5 A THD
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5B ¥ YO RIDLE WA R

B 5§ # Yo' ATRA RS 1 REMR

REXHTT AR AT A WENER S A SH. HFESH. NASH
AR, ERALE . RIXLEH R RS R RETFELL SIS Er 3oL

RITARAERE T T . XH8 YOI R TR A TR MERE BT Fo B

EANFE=2MENEHAEM L, FBRRAMABHFME FERS
TAAETTIEN S YO R O SR B B Ao A SRR M. FATH
B AR R TE S KPR B> X S SH O P RER I AT 3R 7, J@ I AL A S5 L FI T

RAERTT L R SR B AT O TR AT AL

KA MCVD 45&mihi 22 TZHZEERS YO BTk . ka5
W 4220 pm, WEE 400 um, SMIE 600 pm. F 5.1 AHB YOIATEN

R CH D .

£ 5.1 BYVCTRERFNAEHS (Ginppm)

Table 5.1 Core composition of Yb**-doped silica fibers (in ppm)

Sample  [Yb] [Al] [P] [F] [Ce]l [Ge] P/Al
Ge 0 0 0 0 0 200000 0
YAF 7500 16000 0 4500 0 0 0
YAPF 10000 18800 27200 4500 0 0 1.32
YAPFC1 6500 18000 25600 4000 3000 0 1.23
YAPFC2 5500 15480 23580 4500 4200 0 1.32
YAPFC3 7000 16000 26000 4500 3000 0 1.41

5.1 # Yb¥ RN ARSI RERN IO E =

5.1.1 ESHRHRHS YDO BRI AR B AR B

B 5.1 (@, (b, (¢) FHIRESBFE. FER. FHEIRX YAPF HA457
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FEUERIRE . B 5.1 (a) TTULEH, X X HLHFRIEREEE 2.5 Gy/min i,
JEET R ERRE SR I TN ARIE A HREE SG:

a) =~ lgee (5-1)

EAED, Ha(d) * L = 3dBE, 2 = 1003 ~ 2, BSR4 BRUREEAEE M 3 dB,

Pout

WO AR R TR — 3. Zouers RRBUEmE 21 dB i, LRI
SRR B 0.78% () 1/27), SO JLP AT LA SO B A ST BOG I -

ME 5.1 () ATULEH, 2 X SHERH SR EERBOLRERIYIE (LEO)
IR% 7 ERIRIK ERFIE (50 Gy) B, A HFEC IR | dB/m, XRERE L2
22 m AP DR ERBREELHH . 2 X HENEFNEED CHEHIRE S
i (LEO) RE 7 EM EFFIE (500 Gy) B, JeLF#HFEERIE 5.2 dB/m, X
EKE L>4 m FORA T ERERBRAROHL .

ME 5.1 (b) ATULEH, 34X HEERSFIEREELE 500 Gy B, JeEFrIiRFE
BEE AR AT E R AT 0. BRI, JOORAESCET R FR T R 55 S Re Tl 2 K=
FRA% TR, FESLU R P A R AT B BN KT R A I B KT E 2R (0.027 Gy/min).

ME 5.1 (o) TTUEH, HHFRMRAFIE (500 Gy) MFIEZER (1 Gy/min)
FER, X 848 (1062 dB/km) 'y #742 (1073 dB/km) X JGEF e HIRENT 25
K. HATE, RERA X HRERLKA v HERIPECA KRR,
REENPNAFIENFER, ERAERERFE 5 B ENIRERMAT AL
bt
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Figure 5.4 The end faces of irradiated YAPF fibers before (a) and after (b) laser damage
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Figure 5.5 Laser slope efficiency (a, d), loss spectra in unirradiated (b, e) and irradiated (c, f)

optical fiber
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Figure 5.6 Time-dependent transmission spectrum for Hy-loaded YAPF optical fibers, the
inset is the evolution of normalized absorption intensity at 1240 nm of H, molecule for

hydrogen-loaded optical fibers.
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Figure 5.7 Laser slope efficiency (a, ¢) and loss spectrum (b, d) of pristine fiber (P) and

thermal annealing fiber in hydrogen (HT)
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Figure 5.8 Laser slope efficiency (a, c) and loss spectrum (b, d) of pristine fiber (P) and

thermal annealing fiber in deuterium (DT)
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IRk, BRAGEKTUKRDE YO LB REHIEN Tr. URBENBBOLRTE
AR, WEK TS TIRKEE. BXEEBR, FHHEREBFEIRIR W
K (15h @ 1200C— 500 h @ 900°C), ZMBhBEZEG: T/, YO 3B
RGeS DA D, HEED, PURSTERELT. ARRR TR MR
Yb**/APYCe> ZB A TEIEEETE 900°CiB K IR R AL, K RAF AN
BOR BT R0RT 18] (500 h—~100 h), FERBEEN TeMPEE T Di. D F ANV 2
AaE, MMEmTEGSREET (C Y0 &8, SERERHENIE
GRS, MRS B LUEEE YO /APY/Ce™ F IS S B e MR R B B the g
AT AR T R A MR, BRIREEE N ToNZEE DD M AV ER & 8,
RRBBOPRA AR, 54, LBER MR KT, WEIRHS IR
G 3B O FE A H IS FE AT R S SR THT RO

(5) SEAHRAE, SFSELA . BULEDTHNS YO RO A B
W, P REE YOO A IO RS SHREE (RIA) SHES R AR
Tl e UK, (BRI AIER (X By ST40) U AR 41
YOI/ AP RIS R ENLT ) RIA HEHE PSR CSHUMNRBT K. A (H)
R (D) FAIUEERFS YO AT NmE N EEE, (HokR2E H 5
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B VbR, Sk SR RS YIE T

D T BT BEDRAS, SBOLSFHPRAIERR. i, B H 2P ERE
WETRTE YO RIS BRI RNE (83%—59%). # D WA Y
BB R R AT (84%—71%). X Sol-Gel 32l % HI
HIBEAS KA THTRBXTGE, 7R ERERA TR TR, HES
BAGTREF S ANBEEAMENSET (o FHR YO [EFEH LA RAER
BN, MORRIENCENIE FIE (37%—20%). S MCVD ¥4 B B M
SEATHTHRABUCHE, AURERFS YO Aot mbiEttae, 2
S0 4E S AT e AT IR RO A R B P A B R AW (76%—72%).

700 Gy I ZHEIEJE, %6 MR NTRE 28% (72%—>52%) . ZOLA KT
EGTHERE O R OGS AR E S HUE E TE 7 FREN EREER (<500
Gy)o

6.2 FEUH=

(D FEBFRPAHT: TR YO ET RIS BN, R
SEBIESETEMARE R, REFR T YO A IO AR EUE (LR
ML FHREIRES YO RIS TR LRI RTTR; (J. Phys. Chem. B
2018, 122, 2809-2820)

(2) TEFERIAFT: B IRCRHAERSSA FRB I NITE, B
il & B — i R HUR S B E N SO, %Eﬁﬁ%%&&i@}ilﬁlﬁiﬂiﬁ_iﬂ’ﬁ 7
FERRS AR ER; (BRIFHR KR

(3) MARABMARGRE: RGP T EBAS -G - E R ERZ
W R, UL R AR B - 45 - e vl A S 5 14 ot 2 [ I &R« (J. Non-Cryst.
Solids, 2019, 512, 53-59; J. Appl. Phys. 2016, 120, 153101-153108; J Chin Ceram
Soc, 2019, 47(1): 1-12)

6.3 FTRZAFIT—HiFREINL
(D) FFRALNR. AANBLEEAR— S PEELRE. FIRREAHA
BT, FZELET UESBEEA D TR, XATUE—ERE LRE
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FoE GwERE

BEALHOYGAT . MR, ZESEEREE, Gt AR HO A R TR A
. L, TR R SO SN R, FIRHAEBIRIR T 1SS G AL
SR TAERR S, B E A

(2) FFCER B EbFHOCARHERS AR M. Yoo i) 4 S T2
R Stark BRI A AMEBUR L B AT, SEBEEIIMN, 1ot RSB
RE I E AT RRE. ASHEREX (£2000), HUERETIELE
SHE YOI BB ROBO R AR B |

(3) ERRBEERNBERE, RIGFLEH. (50 RERIRRE S
BARE 85°C, HAEKMBEMTRAESE, THORK. KSHEEE
K (£200C), MizFEEiEAMERGREEME, WMERBEEE (iE<300C).
LRI TE (TIHEL <<400°C) o S BFHE 4RI B T UM B 00 40 h i Ho B D2 A1
IEAh, SRS IRE BN RE . G ST — R L L — 1R
BGLF RS AR

(9 FHFRNBEERNLE. BRI TA RO T
Sk, BAERZERERA. SHBMT L3 ARG, EMHEALRSIHE
BOLF IO RRRAT PSP~ B . WP AR LF 4R T WA I A R b, RO
B M T B BRI AR TAE BB AT . R, P RRTARS B R R
SFRI R K.

(5) § RIS R, 1 B (EDF). # Tm® (TDF) BIEAEE A
R BEABRIBA . BB AU EEMA. AR (FBG) 7EIR#
FOEEE. B, IREVAE BT A BRI . BT ARG NBEEAS . T
S B A L AT 9 5 M LA TR o A A O TR B YR E B
1 Yo A (YDE) FUiBSHERE FTIIRMA, AATTKE A 7EHR EDF.
TDF 1 FBG Hibuig st T R T A N frift— B0 7K.
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