®

o o X

AR A
D Vit

(B MRIEE )

i F
(1FEEE)

SRS | % B, (. Saakikey | PLET HAR, B R

HATRRFHEE HETRAIKNLE

miEshmyl_ 1 E  tysm BREME
WXHRZEHS 20074 12 A 3 H WIXERHE 2007 5 12A 2 H
S i T 25 2 b om k% 007 £128 5% 5
smmasym JORT  H K
A KT I
ZAE4 B
kAT #H OB
A& #H %
R K K

2007 £ 11 f 27 H



%
=

MRAFBELRX: RFERBTICESNMNA T ERA

Study on Optical Scattering and
Photon Entanglement in
Optical Superlattice

Author: Ping Xu
Major: Condensed Matter Physics

Supervisor:  Prof. Shining Zhu

National Laboratory of Solid State Microstructures
& Department of Physics,

Nanjing University
November, 2007

II



B AFE LR fé%ﬁaa%ﬂ?y‘ﬁ%ﬁ%}“x&ﬁ\“%ﬁﬁ?f%ibﬂ

&

H =%
B B ettt et re et as et s et b e e eaenre e sas s ene s i
A DS ACT ettt e e et e e e e e e et e e et e e taaa e e e e et e et s 11
g1 OO OO SURUTUPUOTRTOTPROOOR 1
LB ZE TR Y oot 6
BOE CENRFEEBREERANRSEIRE 8
§2.1 BT ettt 8
§2.0 THENFRBRRRHIEEAIEIR o 10
§23 BE FEB, BIATERIET oo 12
§231 'f;:r//J\ .................................................................................................... 12
§2.3.1.1 FEARBIABALITET oooovoeeeeeeeee s 12
§2.3.1.2 AT E BE T oo 14
§2.3.2 BRI oo 16
§2.4 BB T EE B oo 16
§2.5 BB B B oo 20
§2.6 ASEE/INGE oo 22
D2 IR Y oo e e 23
BT YR R T BRI oo 24
83,1 BB e 24
§3.2 MR SHER OB E RPN o 25
§3.3 BAMEEIGE A IR AR LI T oo 26
834 ZREE/INGE oo 31
D2 R oot 32
B S R R T BRI B LI oo 33
4.1 Bl B e 33
§4.2 5 FRRAGIUTTHL B BET oo 33
§4.3 HESEA TARABITH B BUR FI SRR o 34
§4.4 BEIEF FARLETH S AU FIEER AR .o 40
§4.5 TLEETT T oo 43
§4.6 5 oo 44
(€770 [OOSR OO U USSP PP 45
FRE BRI EPR TR oot 46
§5. 1 EPRZS ovoovoooeeoeeeeveee e 46
§5.2 FUHTET AT EPR KB T2 oo 47
§5.3 FFFEFEAE T EPR BB T 2R oo ceeeeeeresesseessiscesescns o 47
§5.3.1 EPR XU F A RIBS TEI (A D) TRER oo 49
§5.3.2 EPR XL F BT BI(ER M) IRER ..o 52

I



BRAFELRI: HFBRE TS ANAE T YEHR

§5.4 774 EPR XULFXT LA E A IEL L FE R BT B 55
§5.5 AR BE/INGE oo 57
DB ZE0BRY oo 59
HEANE BFBEEFHIAEFER EPR BUIEFA e 60
86.1 B oot 60
§6.2 A EFBEBEIMEER e 61
§6.2.1 LUIEEEFE I FHIZSEREL oo 61

§6.2.2 B A SRR BIAE I oo 62

§6.2.3 BB IR IE A BT oo 63

§6.2.4 —NEEMNA: EOHETHZ 65
§6.2.4.1 ZHIHIFRIE T HEZ oo 65

§6.2.4.2 ALEEEFE U TUEIEZ oo 66

§6.2.5 ABE R RBIIE B oo 67

§6.3 BRI EMT R LT 70
§6.4 ZSEE /T e 72
DB ZETTERY oot 73
FEEE BFBEBTAIEPR S8 e 74
A8 = =0T U OO OO OROPUOPTO 74
§7.2 HFBEEFHIEPR ST 2 oo 75
§7.2.1 EPR S XTI AETT T oo 75

§7.2.2 EPR ST oo 76

§7.2.3 EPR =6 FAAIBTIAISEEE oo 77

§7.2.4 EPR ST HIBIEITEER oo 79

§7.3 EPR = FAHIDE P TEB oo 80
§7.3.1 B T B oo 80
§7.3. 1.1 EPR XUHETF “RRIHAE” oo, 80
§73.1.2EPR =T “HAUE oo 82

§7.3.2 BT T oo 86

§7.4 EPR =X F oM EMLFF AT ETTZE oo 87
§7.5 T /INEE oo 92
[ T0ERT oo 93

B NEE BETIRIE oo 95
AR ARILIL. SMEARSWRETEETF e 97
S SO OO OO OO 100

v



BRAFBELRI: AFEERTIEMN AN TAUEGR

R

R F R (CUREMR AL ILECHED RIBTRBUS TR KR, — 77,
HEFBEECEERLRE, FHEFESS, 2T ERFRRRNEOE,
R &R RO, B, BEE M FERBTT AR, B
WIEPNRHAT, AR FTRIAT TR . AR ILRGHBTR T 4t F 8
SAETEMMICAEESELRE, EAMETAEEEBRTER Tt ¥HER
Wt BRI E TRRN, B T T REFRNE L e EME TOLF
TR RN . EEERUTIIN TENTRAE:

I, BleFBagBRRA—Er BE "%, BV T _EFERRT
FIAEE AT E TR, WP T AR LR R B . SCIRART T 24
NERUHEREEEERTRNELASELR, WER. 28 TERLUFZFHE
SEIRE., BIXNXEELASELENTA, ASFEET FEEERNEMEREE
TR B T 24k,

2 RILT ¥ RisHHER R ZGEBHOGR, IFHERICRTE T A
5 BB BUT e VAR (L T AT 454 T BRURIARALAY. - 1 I P 20 AT & 1 A
VLT AV B SE P4 2 vT OB B, R L SR B OB FE SR AR N RS (8] 7o A
X — REA] DR AIRHRBOOER, R HARE M oA R AT 1
o

3. MRPHAIE TR A8 S BB RS TR MR EIT, SEE 2 U AT
SEHTAI R S AT E S R A AT T O R A T 4 2 B AU HEAR AL IR AC
MR . SEIRIIRA BT EBEHE SHIER T5~6 MBS, & (R&EE
1 B 8BS RE BRI RE, AR RRE AR 0E. E—
g AT TR A S WO IF AT EIA TR & kb B R R IE R R
flSR BT



PR RFETIR: F@EER T ICRET RN A T AR

4, BT HeFEHE &G EPR XUL TR E R . ZREFE. SRIE
BT S E T HE R AR EPR S FX R B RFAIIEE SRS [E
(B8 8) XREFHFASEE AN TE (F18) REFE. B TERBREERNERR
ei2 55 EPR SR FRIRIFAAE, I AT UE IR @b P M R Bt IRIE A 4EL
F X RS (B RO [B] SRR I, FFHR 06 T 2 ZER 7T 0 3T S

5. ERHA T R ¥EER T UM RO T, BFMUEEBIOLTE,
BIEASIROE T A R ENBRYEIETE. FRRY: MTREESSERE
MEBETEL, BRI HAERRENUEIUCT W ECZIDER, K2k
REZHAZIE 4 5. FIFBEEEC RS EXEARIFKIOL TSRS EER
TS

6. HEIWHFR T HEEBEMETF=4E EPR =00 FXIHIRBEEE, it TR
FHEKLI EPR =X FHALHERGRRE. ESHRAFHSEBAIIE~E
(] EPR =& F X BORT 25 < B P . M EPR FOLF 2 EPR =X F AR — MR B RIIE
T, HBREOYEZENENNY R, BEETRENE TOCL SR FHINA.



BMRA¥ELR. AFEREP N RN TUERR

Abstract

In the past decades, great achievements have been made in the engineering of the
functional material called optical superlattice (OSL) or quasi-phase-matching material
(QPM). Now optical superlattice has stepped out of the laboratory and played an
important role in the laser industries arising with kinds of new laser sources.
Meanwhile, new phenomena keep being disclosed from the optical superlattice and
bring fresh ideas to new research fields. This dissertation is an attempt to address
several such new phenomena and utilize these unique properties to provide potential
applications in the fields of nonlinear optics and quantum optics. The main

contributions are as follows:

1. 2D OSL was thoroughly studied. We expanded the wave-coupling equations

from 1D to 2D regime and investigated the main characteristics of optical frequency
conversion process in the 2D OSL. Experimentally we explored some basic
parametric  processes, such as second-harmonic generation, parametric
down-conversion and other cascaded nonlinear process like high-order harmonic
generation, frequency self-doubling in optical parametric amplification process.
These studies indicate potential applications of 2D OSL for novel laser devices

developing.

2. The conical harmonic beam was observed in the 2D optical superlattice. The

conical beam is generated by the sum frequency generation of the incident light and
its elastic scattering light. The near-infrared scattering light is thus converted to
visible light band so that its spatial distribution can be easily recorded. According to
this phenomenon, people may find new ways to produce the conical beams and other

special nonlinear diffractive patterns.

iii
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3. An enhanced phonon-polariton (P-P) Raman scattering was observed from a 2D

hexagonally poled lithium tantalate wafer. The QPM material is found to be a unique
amplifier of Raman scattering. In the experiment, we found the intensity of P-P
Raman scattering was enhanced by 5~6 orders and the 11™ order of Raman
scattering was detectable. The output Raman scattering exhibits a quasi-continuous
distributed spectrum with multiple frequency peaks and tunable peak intervals,
which enables us to develop a new kind of Raman laser. Besides, most of the other
electromagnetic wave (EM) elementary excitations can also be enhanced by the

QPM approach in the optical superlattice.

4. The nonclassical space-time correlation of EPR biphoton from optical

superlattice was investigated theoretically and experimentally. It proved that the the
EPR photon pair from optical superlattice behaves in a nonclassical way just like the
biphoton from the traditionally birefringence phase-matching (BPM) crystals. In
addition the biphoton also carries transverse information with proper spatial design
of the OSLs. This differs the QPM EPR biphoton from the BPM biphoton and

expand new applications in the area of quantum information.

5. Several novel biphoton states were predicted by the use of the optical

superlattice, including entanglement transferred state, spatial-mode modulated
biphton state and other high-dimensional biphoton states. It is concluded that the
frequency up-conversion process can be used as a reliable interface for entanglement
transfer. The entanglement-transferred biphoton could improve the resolution of
lithograhy by 4 times. Meantime, by taking advantage of the flexibility of structure
design, colorful spatial-mode modulated biphton states and other high-dimensional

biphoton states were feasible.

iv
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6. Several approaches to generate EPR triphoton state were proposed. Through the

cascaded process like frequency self-doubling after spontaneous parametric
down-conversion (SPDC) preocess, an standard EPR triphoton state can be prepared.
The detailed nonclassical space-time correlation was explored. An EPR triphoton
state will act as a powerful tool to reveal the fundamental issues about the quantum
mechanics and further bring new breakthroughs in quantum imaging and quantum

lithography etc.
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{552 Ll O’E, _ _Z-wzft/(Z)(st’) F2, (A )

éx  2ik, &y n,c !
S 7 . (2.6)
aEI 1 a EI = a)l/’{( )(xa y) T T i(Akx+Akyy)

+ E,E e
| ox  2ik, oy? n,c )

EANFRIEEEH, BRE O F@INTFHES. BNTRRES B ZERERE,

REZ5IN z BHET. KAk, =2k, —k,,, Ak, =2k, —k, . BUEKETT
FE(2.6), FATHLAT LA E AL 7T 5% 37 B8 8 40 {7 7E 135 ATURT 258 7E P 4 2 (R N AH EL AR
& RN, BRBATET UH—SE X NRE, UEEBFYWEARR. fE/
ESM/NAITEL, Bl ZBEKGEERFEF B REEEK SEERARDMIER,
M EBRAB H KBRS R . B AL EF KK FE
VIGF, )+ kGF, 7)) = =5 (F = 7) FIRS KRR R -

1 eikZ(F—F')
Gr,r')=—-——7r (2.7)

4 |r—r'

M Z BB A:
1 b -7
v
E,(#,1)= = 2.8

2 (721) I4ﬂ8002 F =7 @8

ER ARG BAREN G, BRTHRN P =B Ch0720 gLl Sk

BAHTUERERLEERT, TETES S REZEEREBER TEIZS
HIFBS MLt BN, RETTERE AT ZM, MBR T IREER IR



MRAFELRI: REEEET RGN T4 ER R

FI B RAE R R Rk R AR R B I E v, = ESW)

WA AR R @ FEESE W, L LREEE., ZERHEERN

o ARYE YO IR A E AR AR R RO E, E A1 =FER IR,

(1) v,=v, BIZVRER KA EFRACBAREAR R, IR R S (L B VA 2R [

WAL R T, A R e E AR T M e . PR RNIBBN TS
FAAZ VT ED 5
k, =2k +G (2.9)

Q) v, <v, BIZVCGERAEE D TIRACEARZE, OB SR EIRLET R

EEARATFRABEE TR, TBHO, cosd=22. ZHLIELME Cerenkov

Vp

bEAT, HABMILEAMHR:
j2]€1 + G]

cosf = ——
|

(2.10)

(3)v, >v, B ZYGE R AR R T AR B AR, K iR IR R AR E
BAERGETH .

§2.2 “HEeFBREBIELRER

-y m + x(‘&
E21 (@T@tEERENTIEE ONNEZEREE
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MR RFELRI: FERRET RN AN FE IR

B 21— MBIt EEEN AEEY, HERN ZMEELER
B DR . N AERRER RS EAN AN, RN EAEEE 90°, I
& 2.1(b), . LhE Fie, WER, BIZEMHRN: G, =meé +né, . FAEFEKS

FEXTRRPE, ARSI EIR R 2 EN G, BIEH R 8L R EA R R A AL L
MLThEE. USRI RECRIR

Jl(é rr) -

- (—4 —-—*“-:n‘i"‘—, m.n ¢0’

o (Gra =3 / G,.r :é L 2.11)
U-—Zf’ mn| TV

HA J (x) &— Bessel 572, QINREATHEN _4EM. r ERERTIL
FERE (XERREENEER), f2REX S ITHEARFE M YR T E R

a |- 47r\/(m2+n2+mn)_r_ _ ot 2« 2z ry
m.,n \/:)_’ aa \/ga/ \/'
2

HIEE. X TFNAEH,

Fh g—iéﬁwq.ﬁ“%tt, RHBEHERLRERENYEE. B 22 2R3
R EEST T R HBEE H S 25@%‘5%%‘%

0.35]
0.30
0.251
0.20-
0.15-
0.10-
0.05-
0.004

-0.05-

Fourier Coefficient

00 01 02 03 04 05
Ratio r/a

Bl 2.2 JUAMER EH& R B E L RERE 5= R AE R
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MEARFEELRL: AFBERBT BRI FAUENR

RN (B RIS N BB S R EORK, IX R T Bessel BRI RAR E .
G,, BEHRAFHENEKR, £5F ttf;:% R ESLH REUA SN R K(E N
MMGﬁﬁﬁﬁ%b?*ﬁ%%%%¢%%k%@ﬁ%%ﬁ%k@%,%U:
HEEERTANMEMCLEIENAEA G T —HEN. AN _HEMERE
=R B RAR N, T4 R T 2T LR A A 2 SN ER RS SAAILE,
FE THLEEUT. FHEE e RE SR, EEE—ESHT AT
RESEILAT

§2.3 ZE bEH: FHMEIKEK

§2.3.1.1 fFHmpAEAL L ED

A R R B SE A B R R AT LIE S & S R A BT E R e
Bk, 23 @EZEEKERERTELE« BHNEMBE, REXRE
BEK. ZRERBH N EEER L ESEME SR, 551033, &

a

HEEARET 0% LG, BHEMOAESEN a = 9.05 Bk, AR
15.5mm(x)x 15.5mm(y)x 0.5mm(z) - BRI LB 5], D HEBEEFIE. B 2.3(b)
R EHMEA, f+c MMNHRERBRE=AR, =ABN—FLEE x #,
FE Tl S TR R B 1 E R R AR S E R ERT. ()R IZE M RIATAIERE
(DEEBITREHHTER. Bk THEQ)RBN A MHE R FHFE L
Gb, BT T EMERREI M REGRERNEHIREREE.

TR IX R = 4y O T 8 R P B YRR I A A R AR AT T B A

k, -2k -G, =0, (2.12)

|

R, 5P BN EE M UGS R, k. &, AEREG,, TUEEB AT LR
gk Bk B AT S B4R % 23(PL9010,Continuum,Santa Clara,CA ), z f# ¥z,
P AKETFE 200nm-1700nm T8 EAIELLIEE, 2% 0.075em™, K3 3ns, EEM
# 10Hz. &I FEREZNTEREA, KEL 100 UK, XMRNLEKE 60mm,
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BRRFEE R OB R T RS AN AL T2 27T

T AT A R A R A R BT 2

(c) (d)

K23 (NAREHREBEENc 28R (b)-c BEREA
(c) FEahRISERIRTETERE (DR rEE

XA A DR T O] R 7E FIE(20°C) L 1064nm ¥ x FHOTILEL 540,
FFE A K 800nm F| 1400nm J& Bl N — B HLBGRR — X IE BT, K
JUTF B T AT IE X8 Z IR R & B AT 803 AR B BRI FR
o, HEMER R R RE, WE 2.3, FAMET R R N MRS R,
EATUL AL KRS AL 5 A L E W S BTt EEH AT S5 R, WH 24, 3
RIXEAANIFRERE T, FEIRTS5ER B RIEL RERIKD.

& & 4% & 8 Gy, (1063.8nm->531.90m, 6,, =0° ) ®l G,, (1351.1nm~>675.6nm,
6,, =432)EHRRS SEHRHE ML EER. ERERNE: G, 2B TE

ST I B 0Bk R L RN . R BB XA R R RS 5HE



R AEH IR RS

s A% 7R 6 BIUR R AT T 2 S

VIBORES ol

THEM IR AL AR H Y AR 2,

40 T T

TS+ Bpeimeia b

&~ 32 n + Theoretical data
. 244 ; = 3
Cm i | ’*’ ke ]
ol Ta v > Q1o |
R M G0 *

&=
% 8 : ; ¥

g
é:: -16; * & + 4 =
T -24- . - :
ot .
g 32 ¥
0 40
800 900 1000 1100 1200 1300 1400
Fundamental Wavelength (nm)

B 2.4 7N AR O BE R R A B 2 (R T

§2.3.1.2 FIEIIAERE S

TR A LR N EERE R LA

g, E2.s,

10000+

FWHM: 1.5nm
8000+ /
6000+
4000+

2000+

SHG intensity (a. u.)

0
891

892

893

894

895

896

16000
. 140009 wHM: 0.13nm
S 12000 N
& 10000 —>—=>8 |
% 8000+ ‘
§ 60004 G, ,
£ 4000/
€ 20001 J -
[92] 0- =
'2000 T T T T
1061 1062 1063 1064 1065 1066
Pump Wavelength (nm)
K 2.5 (a) L2k LA £ 40 o

B 2.5 (a)2 G,, Bt R 5 51 1064nm 4T HIHIEE 5, (254
SR ] B2 9 — 4 J8 A AR AL 1 6 2 6 AR AR TR A AT M B S AR (B

R AR H R BRI AR RS 5 R

CLYER

R ACTE R A I

Pump Wavelength (nm)

() S ILRE (47T 5

AR, AR LAY

» FFHBEE R R SRR AT R, FHRHIE

o4 0.13nm.

IR Y
p=lsiescyl i)



BERAFELR: SRR P HUS A FAEHA

HpE %, W25 (b) FIREFTING, S EEIERE, TRP.LEKE
893.5nm, ILEEHHIAE] 1.5nm, TR THELNEKEHIETE. CHNEBHEF
RIS E VSR A5 - 4RI IUER# 5 A s R B 6 R A & 80 R ~F 2%
B, BUMESEM, BEig birE o SIRAE TSN (2.8) Rk, B3,

E,(F)= E,e"™7 [d'e!rtm207 (2.13)
EEAMIRERT:
E, « sin c(kz" — 2/;1" — & )sin c(kz"' _ 21;” — &y a)sin c(ﬁ"———_;-g-—iﬁ—"—b) (2.14)
FEFFARFR R T
E, « sinc(kz“ _2];“ Ex Dsomb(|k, -g,la) (2.15)

=M >>a,b, FrUMEHEI LA 5 EE BCRBE E R T, B R,

SRR REEA, BRERFHR 7”7 LK, FHRRZLE, RITH
A R3E Lt Cerenkovia S 5B T AL EL 7 K11,

BANTE B R IR LM B A A R T AR A AL T FC RO ROR o ZE B 3RA TR
R RRAGHEN .

(1D “0 E"ZBRG, NN “FLMULE”. EREAREHG=1EE
HIRSTERMR A, RIRSREE S, AR AT M EE SR A AL UL A . Xt 2R
B X ERBEAILES, ED

k, =2k -3=0 (2.17)

(2) “1 #ZRALE, N “HBFLR”. WaHFRETFHES, BRL

WERSEETT ABHEAKRE, TTRARERSENEZICEENT . X5 2 T
SHI AR Cerenkov 551, B

(k,~2k, - 8)- 5, =0 (2.18)

(3) 2 ZRARG, M EREILE”. MHERELHES, LARAFE

BN ZTR S HEBE A R RES, TR REE SRR RN . R
B E R Cerenkov 551,

(k,—2k —g)-é,=0 (2.19)



B R AR S R PO B RDE T 4 R R

§2.3.2 EIRIEH

THEANAEEGMEE EENASMEERR, FTURE S =R EE
IR BRI ELAn7E SR 1353nm P UL R BB ) 5° (5500 FIRT, BAE4
3T AR B 1353nm B =454 A4 F] = 5 F2 RO A A7 VT R 2 B e 18 4% 4%
G, FIG, TER. BRILLIAN, FERLe KB F B35 M 0 VoS I A B

$2.4 8 FHE#K

N
————— _’h\
.
\
LAEEN
\
Moo

R------q—
Y
SN

R0

PSR

AY

K 2.6 _HEE RS ELENIEL Y Ewald BX

5k AR ORI EAN, 2B THETER T RGN LAY
56, EATAEILEMTIRILET. W8 2.6 Bim, Zilfse s S e ms e maA
WAk, WRAERES, FR[E +F| W E MR A A B
Bb, BAREFHRET SE FHRROLRES. KITELTRE X 58K
STERE) Ewald B, SR IERIBNC B RE, + F| RS R E, KT,

FTRARR G FREAE Ewald Bk, BATVEEBMNEMEB R ARHT T

k, +/€,’ PN
Ak ik ETUEREREXR. SRESENAESERE, FUSEL
LR 90 B2 3 T 15 ANEURI AN SE 1% Hoid R A IUBC 47 5%
ML T RERR LS E T R ITE LA, X F 4N Ak
HWHERE e BN — R RIS EXT I, FRKE. SHARBER AT
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F RN R0 SR R S PG RUN UM A T R 5T

HiENS EHRF 4 OPO (PLY010, Continuum, Santa Clara, CA). Bk 3 49F>, &
K% 10Hz, M £=100 mm MIESRHRIFEREIN RGN, DUERERIERE
HIREE., FARBRRTESEZH REERSNBENREE,

(1) FELlifc

k, S
———>——>
k k; G

K| 2.7 H&EZEILEJLA & CCD X%

Kl 27 FiRiIR G, B RS 5HE&ES R, IRIE§TE A% 5

HE, WRFEEH 5320m =R FPRAEGHSE T RAE. RHEKRERTT R
T, ZMELHSELANARESEHS, BATSEAROMEREEH. Mg
ZZIEM 5320nm F 503nm A LB RELETES B 700nm e 1.8um. T 2.8 AR,
SERRIE R KA EY S ER . REGEKRBUNET, Hin 30nm 1281,
FLATLABE] 1000nm 24 BT IIE S &tk .

B 2.9 BIFERE KNG SRR e, MEnit 2 2. &
RIEFEL, SERAEFRRETE, SELEH FTEARA KM

B, =3(7”ﬁ1n2)‘/2, (2.20)
a L
dk, dk, L e o b e e e e o et o s
Hia= Tl T BRESHMNEAPOMENHECNHZ .
T o,
8o =2 |—=2—d (1) RESERANEE, L REGNKE. SBS8E7
n,nNE.C

BRI RIH A B RMEAE 0.012m]), WIE 60 BKkAR, XMNIBEINRZEE KLY
TOMW/cm?,
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Theoretical
Experimental

Signal and idle wavelength (um)
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Bl 2.8 THEYESA s R I S B LA AR I R

8 1 ——— Theoretical

=  Experimental

Bandwidth (nm)
I

500 505 510 515 520 525 530 535
Pump Wavelength (nm)
2.9 4l P IS B ILE R 5ok 5 B e K 2 (i

(2) ARFLL TRl
FH=ABILE LA

K 2.10 FE=FAF (8FEK) 2E0LE {7k CCD %4




BIR K 1000 RS R P SO S Ok T2 S 5%

AT S BRI, MRRN TSR LR K KT 532nm, RULSE .
FANEE=A® (BER) LRHR. MELBRKEL, SEHRIASA.
EXEA A E BB,

\\

b, — B =FRILE L]

&l 211 k=S &ILE /LA K& CCD Xi&

i B R Fead 90" A R BB @I y TS, BATH AT LI R
Fr— M =MAILE, B TRHE R GINEEL MEE, EERARE LT
AFTFRBETE RS, XL R T ER, KRS EEESRA
WELILE ., B 2,11 PREHEKN 5170m, EEREERWN Bk K87
680nm A1 2.15um, HEAN 2 AH., XEHEHFEBEYS .

(T FEEEN=MZELEMER, &F B EEFITEtEs 5
Ao LRFHAFEE AR FER . BRI CE BT REME R, X0
AT XA RS, HRESZHSENRERS, FhTHAEE (& 2.9,
B 2.10) MAKE (F 2.9 FfE2.11). HRFTLUH OPO HAG LEEE.

ARERIL, LEFIFNZELR UM ESHAE EBEREEN, T—4%
7B PO P sl A P R P TR K BT AT AR BT R 9 DT R 7 2 SR T AR 2>
HIXTTHARE, RERA, H=:

(1) SESURRI RIARAL LB (M RIS EOR —HE, NSRS B RE —%

K23 18, BREFORIRLNTE, TEELBRET, FARAISE




MRRFELRI: CEERB PR RN TA SRR

EWHAE.
@ AEMHHHRABRENAEST, ERALSGRE. TETHE
AR E AN NS RN AR TR, KSR — TSR,

§2.5 ZEEEH

EPTR e FEEET NS ERMER, RN 532im FE S 0E
BT BBE SRR B EIE, AEREIRE, 5 ERELEEESHT
EARILEC &1, BRI GRERMGESD B (ESXEH) G
MZETREFREMNIRER NS E B Fiudrel,

FEEIRQ0°C), F 532nm ¥3E LR T4 B A0 x BIASTET, ATSEHT
532nm—>1064nm ME HSE T %, BT EEEER 178°C, R TIEERBETE
REIZETEHRI(ESI6(873nm). EF(1362nm), ERFIEHEM 5° 75 ML
IR E LRI 681nm KIL0E. S H5IRECAITRINEIKR KR G, , KMt

WHERR. BNMRHKSELER MM ITERR AN

k,—k k-G, =0

p
ko~ 2k ~G,y =0 2.21)
Heb, ko k Mk, hRRERR. F506. REAMRELWEH. B o
EMANEREERRNEIM REMNERKG, MG, . FiEA 1.36m] &, 1533
EFHHEEEN 1100, BEBEMRE 8%, S FHHRNE 13%. FFTEE] 190]
IR B, HANTRELHGEEEWERN 27%, JeFNE 14%,
XRIECHIRE B IR N 1.4%, HFHEN 1.8%. REREEKHEEE, &
EFSHARELIULHREM REEK, BEEEHRRESEMEA (OPA)
PFHE. & BEHMSEERERNE A LE 2.12.
W RERE, BRIEMBEHAJLAMEENSEBEFERE: 18°C i

G, , & 5N E R, 95°C MHE G,, 2 515 S MK 195°C HHEG,, &
5MESHEM. & 21 SHTRIAANSEGEFLIEN R IREE, FRE
178°C~190°C {EE N RATAMBE TOEXNE, BN LRHLAEREY, HEiE
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1400-

Theoretical data
B Experimental data

1300+

1200-
1100—-
1000;

900:

Signal and Idle Wavelength (nm

0 30 60 90 120 150 180 210
Temperature (°C)

A 2.12 ESCMAE K KIEE Y, AERERESREM (B
FWNESCEM (2006 M RIERR R .

M1E RGB —EBUGEE. XE—Ff I A GEgcErn sz, @it
IMEREM LR, IHMESREEREREENSER R, 58 A Gl iEs
A£— high-Q 7 OPO LB high-Q MERZHLIRE, BFAEREEY)
# RGB =24, BEASROATEHITZP, FIH—A Q-switched MIvEELE
532nm BUCK B XIS MRE G, BRTCREBOERIIERL 500mW.

T(AT) |3,a4) |Auan) |4@n) 4@ |anlGn |l | L
O hom | e |em |em | © (Exp) | (Theo)
90(5) 936(6) k68(0.5) [1233(12) 5 |G, fosp
112(13) [920.8(5.5) 1260(10) [6305) |12 |G, , [0.07p3 3
178(12) [873(4) 136273)[68126.3)f55 |G, 032p0  po
190(4.4)[8672.6) [33(1)  |1379¢7.7) s la, poip p

®21 WM BEEMZE BT, RETR. A&
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MARKFELRIL: CFEE BT OCEST MR FAEHR

BT A LA AR ESRIE S, anRF XU ST & KTP.
LBO. BBO RAFZNRH AR FRESHEXN &4, REAEEE
BREGESZ T . BEl, B LCE@BE AR —EABRNERREHNFSER
BEARAE R, BATRIL: E_EBE%T, SEARMUFMIEL
ZILER TSI, B —CENEENME. 28 8FIRER TRRFEELE
E=ERONE AT LU £ RO KA AR T, RERl R B A SRR B K
fs Bkrr#Ot. b, FEEEN—H: 8 8L ESERBEM M ICREEAL
ETAFIESEHNNA, HInge% = EAEHN 2 e FASE £ L B R
EXES. REFLETEFRAINL.

§2.6 RE/NG

AEEYT ZHCFBERNBEEE R, I T S LA E
RFFE. SERHIR T HEANARUHEREESEFHEM. =G0, 28T
F AN B EAE AL U BT 5 I RE RO RRIE FO R F AP 3R

INARN R E R RS TR S R E BRI E E A E A . JER & A
FIUCECE SRERE J), BRATX— RS A EREEARN “RTZR” %N, /N
ARSI RNER T =40, [NEMMEHE.

NERUKEREEZBETNSE TRBEIRELR LA EEEE. h %8
FEFEH) OPO U EEE T &M, WSS T U E T ERETH

-

INFERA BV BR A B R % TP BE W P AR BT L B 2 VA AL VT AT A2 o BA T4
MR THT-HEFRERENERSELE: 288 /MdE. REHT RGB
BOLER. BRKAT I EREE FFET AT RN A,
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F=ZE AFEBEETEGAEHS

§3.1 3|3

VR P B I S B A AR AT M e M RO B B PR BT, ) A B AT B B B
1871 &£ T. B. Rayleigh Z I KA &S . FEEET T OBRE /D ToeE K ryfE
WL, BB R R TR KDL . JE5 G Mie F1 P, Debye BB
%ﬁ%ﬁﬂ%ﬁ%%%;%ﬁguwﬂwu%wa%ﬁﬂ%?ﬁ%¢®%ﬁﬁc
HER L RESE AT, =4, SENTRANBRES, Mado Rt
ERTRKN, BUEESOLHBERABKEET, o=0; BEELRIAT
FEKTHAE, oe (04), BANEEEBMSEFAN RIS EER, &
STHHRERTBA O . B BEN AN EE . — ki, s
RH BB E AR N BT E R, REEN, R EIRL A4
ik B BB BT B AR T

AELE I Bk ch & PR EE S TR B SR PR M BB RS AT ST IR 7
tE, XH IR S B AR G T — A BT, B g

B, LFML. ETCFFIL, = E 8B mRs T A Z R
i

AFEBLEWIEY: A¥BEEBRETEHRALEESEZERE, HEARR
E RS MRS E S MAS Y Z 8 /T LASE IR, TR AT, X
FRATHLRE B MR SRR SE Al BATEE R T IX—H gy & 305, AN —
BRONARALE) 40 R AR Th P AR T R R 2 (R 4 B4 TS — IR I R o X
BRI HE T R B /NN B B M B e B T oL, ERTR SR IE L
TR CRITRE . MAZRMINERANTE RS T 2580 BT 7 R & ik 10 43
i, BE-MERK/DARS, ARERENHMEMRRIERE T —MHERNT
%, FIRTX AR —ANE B S AT P R R R i
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B R0 0 RS E AR P O U R RS T A 2B BT

§ 3.2 BRMEEUNE SHE TR S A B L
{E S AR A T — AR OB P AR R R A AL IO A A 1 -

=0, (3.1

m.n

Heh G = L o N A (S PR ) FEIR S, TR mon

man \/ga

FRERENNEL SR 3D B, 2F FRANEE, K, £ G, L

HELaH A, XMERNGERILEE RS EhCEFHEETT.

SLAE A IR B A2 R 1R A RO SRR B B W T RE AR R BRI Y RiR
WM EE ORR R A k' BT 4x SR RNEE M, kR RS E T A
[, SRR 6 5 BN A 1 A8 20 R A A AL UL AC &% 2

ke, =k —k'\-G,, =0 (3.2)

mn

AR RS RANKT R B ST AR A 25, A
(1) fIRRG FIEwite

TR G,, MERLLNEE, CORMLEEKERT (3.1) ML

RO i, walZa ks —MER RIEBIILEC S5, BInER K, etk
PERIU et & MEE PO ML, 43 TR B I e IR PR BRI K —
DIEIN, SR A RS BN O R AU AR AR AL IL L A 1, S O HE T
BORBIHE AR, BB RERRIUE TIX— 4.

3.1 SVEBS e S AP AN FLEEIR RIEE
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