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Abstract

Information technology has deeply impacted human daily life. As well known,
electrons and photons play a very important role as information carriers. Since the
invention of first electronic computer, electronics integration technology has achieved
great success, such as labtops and cellphones in daily lives. Furthermore, the rapid
development of information technology needs information carrier with higher speed
and larger information capacity. As well known, photon is the fastest information
carrier in nature. Therefore, photonics integration technology has an important
application value to the future information technology. However, compared with
electronics integration technology, the development of photonics integration
technology is very slow. That is because the wavelength of photon is very larger than
electron, and there are many challenge works to be overcomed to realize photonics
integration devices. According to Huygens ’ Principle, the light propagation in space
can be described as wavefront of light. Therefore, if we can shape wavefront of light,
we can manipulate light propagation on chip even realize some kind of integration
photonics devices. Furthermore, scientists provide many different artificial materials
to achieve integration photonics chips, such as photonic crystals, surface plasmon,
metamaterials and so on.

On the other hand, the successes of Einstein’s general relativity uncover
cosmogenic origin and the movement of celestial body. According to this theory, the

propagation of light in gravitational field follows geodesic line, not a straight line.



Therefore, if we can control curvature of cosmic spacetime, the propagation of light
can be manipulated as wills. However, how to control curvature of cosmic spacetime
goes far beyond the current level of human science and technology. But scientists had
found the good correspondence between macroscopic Maxwell’s equations in
complex inhomogeneous media and the macroscopic Maxwell’s equations for the
background of an arbitrary spacetime metric. So instead of controlling curvature of
cosmic spacetime, we can use inhomogeneous and anisotropic medium to emulate
gravitational field in curved spacetime. In recent years, transformation optics is
proposed along with the development of micro/nano technology, and the basic core
idea is equivalence relation between material electromagnetic parameters and metric
of spacetime from the point of electromagnetic material constitutive equation.
Therefore, we can fabricate an inhomogeneous refractive index distribution to
emulate optical analogy of general relativity phenomenons in laboratory environment.
Especially, some general relativity phenomenons has been theoretically predicted but
cannot be directly detected by experimental astronomical apparatus at the moment.
Furthermore, transformation optics can also design photonics integration chips, which
provides an alternative way to achieve next generation integrations chips with higher
speed and larger capacity.

Although transformation optics is very concise and provides a strong method to
design kinds of optical integrations devices, there is a huge challenge to fabricate
these devices in practice. In conventional transformation optics devices, the variation

of spatial refractive index is obtained by varying the structural parameter of metal



resonant unit. For large operating wavelength, the fabrication is feasible. However,
how to fabricate the metal resonant unit with nanometer precision at short wavelength
is very challenging. Furthermore, the metal loss in conventional transformation optics
devices at high frequency is very heavy. These hinder the progress of experimental
work in transformation optics. Even the reported experimental work, the working
frequency is in microwave and infrared wavelength. And for the visible frequency, the
theoretical works take the most proportion. During the period of pursuing doctorate
degree, | have tried many kinds of fabrication process to find an efficient
transformation optics device at the visible frequency. Instead of metal resonant
structure, the slab waveguide is used on the basis of previous research in our group.
Given that effective refractive index of waveguide mode is varying as the width, we
use photoresist spin coating technology to fabricate variant thickness in polymer
waveguide. Through this technology, we realize effective refractive index distribution
as analogy of central symmetrical gravitational field, and mimic some general
relativity phenomenons. On the other hand, the conventional transformation optics
measurement is used by near-field scanning technique. This technique has good
detection effect for operating large wavelength, but image resolution gets obscure as
decreasing the working wavelength. Therefore, we use quantum dot fluorescence
microscopic imaging technology to measure transformation optics waveguide on the
basis of accumulation technology in our group, and succeed in characterization of
light propagation in various kind of emulated curved spacetime. The thesis can be

divided into the following parts:

\



1. We investigate transformation optics waveguide to realize a central symmetric
effective index potential as analogy of black hole through changing thickness of
waveguide. In our experiment, we observe light deflection and light trapping
caused by strong gravitational lensing of black hole, and study light propagation
around the event horizon of black hole.

2. We investigate transformation optics waveguide to introduce the concept of
curved space into wavefront shaping in waveguide settings. We experimentally
demonstrate light focusing through Einstein’s Rings, and obtain collimated narrow
non-diffractive beam using the tidal force of gravitational field, and theoretically
propose shape-invariant beams accelerating on arbitrary trajectories though
emulated curved space.

3. We investigate the dynamic beam control in transformation optics waveguide. The
central symmetric effective index potential is generated with aid of
thermal-optical effect of polymer in the pumping of outside controlling laser. The
trajectory of a second probe laser beam propagating in the waveguide is then
continuously tuned by the controlling laser. The reported method can provide a
new approach to achieve active all-optical control transformation optical devices.

4. We investigate structured surface plasmon polaritons (SPPs) waveguide to realize
SPPs black hole. The structured SPPs waveguide comprises of a sliver
microsphere embedded within sliver/dielectric/sliver multilayer structure, and
allows for adiabatic, deep sub-wavelength focusing of SPPs. We also study

microsphere size and working frequency on the influence of nano-focusing by

Vi



full-wave numerical simulations
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JEEC A, TR TS B 23, NI A0 A A AT AR B R S o B R T AR
(Y FEEAL A B At I8 B S I 38 B 1 b B B 5 1101 (LI 5(dl)), B Sl ok i 45
50 T A 5 A8 BT IR RS S BE G B BT 5 14 58 T S A 1R 43 AT o R B
A =AU A BB R SR AT LA DA K R W' i B R B K B [11-14]
TEGRFH PR AL 1) TAE S [10], ARATTIRTT %248 SOl (silicon-on-insulator) [ -
RAEE T HR(FIB)ZI i LEm 3 AN 1 (LI 5(e) 1 5(F))e BEAFE M4 A A
i85y, CL AR RS B RA L1, MRIGERIIEIL, 64 = ey Pur +E5Ps 0 T
T p SRR B b . DRI ORIy, SR 3, s BNy, 4%
WA K. C2 M LA, bt — AN SRS it %, i
BOE BB BE, 7 AR K 5 il OSSR S 2 i) o0 Ao 1 TP aXph sz 7y %
FIE A AR AR SRR R, P A AL 1400nm 21 1800nm (4 58 ) T Bt -

fE Lipson 41[12]H1 Park ZHL[13]F) 5550 /7 2L T SOI i, (HZARATR A —A
HAMRGH, HIRZ St M FA RS AL, [AFEAEIT LA 58 e B S L BE R
G o BAVEIELL ST TR (S W, AR RS, 7
AR A L. 7 2010 4, Wegener 41 FHHERL G T i A4 45 A R 5
BB — IR = A (R O HLAE AT WO B B 5 23 (15) 0 il TR R R
R [16-22] (metasurfaces), it T R kBa & 2F%[23] (UL 5(g)-5(1)), AHLL
B AR5 2} i) R R T, LRSI ) TARR K+ 22— BRI
$6 5 ST DL BEAEAT SRR = HE WA 2 i L, A 0 ZE AR 0 S G

PAVFNIE A2 (VA I e 28 H bn iz Q] SEEAE n] WG B ) 2 M,
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K 6. (a) 7ERAEIME LA AR BUL R [26], AR AR5, &
& 1.33, AGKERSS, HAT9Ee 1, WEOMRRYE, Hirghe 1.78. (b) SLHRrEE.
KN B 2R B e B S S CE T /KA. (0)-(F) AERa St M Ses . MK hiEsh ) L& id
5 R DOR G B o () SR LRE D X IG5 AN ER R s (d) A2 A LRI 7 X A
B AU Sk s (e) A fh )Lt e B SR D, AR ELAE SRR DM T SRSt B 5 (F) 72
e G SHEX I K

YRR o AE BT B R R TR, B A T OR(FIB). T
WERG. WO HEHOR, Sy Wt ZoWP RS &, AEIE A b B 46 R I 1) e
A LG, FEAR FRANATRESCBLN . X0 KA S5 K BT RO R K U, B
SEEYNK UL RS PR 20 2he Bl — B IR AR 30 27 WL, 1y HLe i R a2 vl
WG TAEBAC T 1000 2452 K. BT LA LERF 508 AT 5 B T KRR 7 il A
dr A, R AR AR 025 1) Sk, SEBILES B RSS2 T DG TAR B LA [24, 25],
FLR SIS T B E Y BE B [26-28) 0 B UNAWTIT R 7 B PR 2L DR ST [26) 41 ] e
P 2RI BRI T AR B AROGIIREE B NIR B A B & (LI 6).
S IXFP ORI B B S b M T YRR ES 5, RATTER € I B SEE A fie
W5 2 B 5 IR, B XA 7 00 R A AAAE T OGBS 5 S 3R it — R Bk
@At. B TGRS B AN, FET RIS, AATTH A AR AL (B
5L %, By mis it ke s 2], RS (30, 31). RPEECHE(32].

I BR 5 2] (33-35].

11



®,

-0.8 -0.8
-1 -07 04 -01 02 05 08 -1 07 -04 -01 02 05 08 -1 07 -04 -01 02 05 08

K 7. (a) ZRHOLA2 I BB 1 FL LI e 12 P (3610 (D) AT INEAE A2 45 I RIUASL A I T
AR[36], (c) JEJBCE L P (b) oA R FRUBREAELIE g 90 Ji2, [R]IN (2% b g AR s ot (P o ] [ 34
(AR5, 2 (M ECH 5 B (b) T A AH A (R BAR[36] - (d)-(F) 2 4562 7R B K [37]. (d) /i)
TAENG e K EE E[37]. (F) 2w T IREEE[37]. (e) A7ES A il 2ot 2 Bt
K02 B IN A e pl < e A 1 [37] o

IR, ARHOEE NN AR F i, AATTIE T BUR AR #0627 (1 )i 2L
KB LIS AR I o IR MRS PR 2 [36] 41 FH A Bl 27 Js B
BEVERE AL RER K3 0 A HEA T e 1R w1 B8 ops O ) O TR e 1 90 [ (AL
B 7(a)-(c))o FEIRIN AR 2 Uz (1 AR P 37 A4t 28— 2B RIL) 5
*# Clllusion Optics): A FLANKIS FCRE ) A A S 1K) 52 AR BRI LA HH 55 Ak A
BZIBEseE LB 7(d)-(F). BRIbZAt, AATAI IS A0 A S IR E T RE Y
Je a4 Rahm [ T4 (38, 391, FHAZ#I G (K ik AE B Uk I n] LASE B
WAL W §RELRES A4t (LK 8(a)- (d)). JIF
HIX 2 S AR S A5 LS [40-45] 0 S, R Anipk st B S B L pk I8 1) 180
JEH#5140] (LK 8(e)RI(F))o AE AT WA BT T, BT SEHL LT 3AT fig
AN 90 P75 [45] o T BTS2 4 SE HUR R4 [46] R FH A4 622 (¥ A AR

B NESE L RATIE M S Rl LI 8(g) (i) » BRItz b, DARIHAE
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©  Normalized Electric Field

m,=3

3 4
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"’ 0 E:J "’ llo
Fav = |
» -2 =1 “' -2
3210123 Mn-500 32401 23 Min-500
X/R2 x/R2

8. (a)-(d) HEFARHE 2 LB A5 1R (38] (a) JBAIT 90 FEHIES . (b) S
W (€) YRR, (d) YR . (e) & MAHIG R BB T RIAE MBI B 180
JE S B AR e S B S [40] o (F) I 48 IR, Sl NS A PR 180 JiF
(401, (9)-(h) FAARHOL Sk A A FIE A SR I [46]. (9) BT
IR AR R LR AR R AMER R, ARG (1 M AR e
M RI46]. (h1) F (h2) 2Tl I B Bl s T 2 1) 4y A 46] . (i1) F1 (i2)
JEJE AT S RAG 1A T AR e 2 T S IR ) B £ 3 (B4 K [46]

H AL G(Surface Plasmon Polaritons:SPPs) i, ‘&2 — Bl ATAE 52 J& AN A i Ft 1
IR ARG . £ 2010 SEPIALRLESK[47, 48] RIS J HAAT. (52 i AR I AZ O
IR, B U < AR T (A TR A SPPs A% 3 1) S5 Ty 2
9(a), (D) BE #1211 SPPs AL FFIB BRI, JLAR A IRIRIBUR A2, W RAERRRS)
RN I — 2 4% A 36 2 SR B VI A U, SPPs REAR 2 By B kg4, LT
AGHERARADGHUN, 4K 9(c),(d) s HE XM g Bl kPR [49) 4 H] 2K
J5 P A I P D7 VA AE 4 R 28 THTE 1L A8 15 PMMA SRR B2 0 6 13 SEB A
8% (Luneburg lens)FT I n(r)=1-(r/R)° , i R EBEINLAR, r 2B+
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OMAIBE RS o SRS BB AT, SPPs 3 i B 2 R AEAE B BLil 40— Ao

T T 2 AR AR E LR AR V), SPPs &l FUR AR, LT A RE R M8 (I
B 9(e).(f)) o BritzAh, WHICE RIS RN TB, Sl 2R R

A, EUO i —AE[50],  FLRAI AL R B T R e e 2R [51], D6

B Iz S A [52-54]

(b)3s (d)s.s =7 - N
3% 25 STl
s Els Ll /
% 0.5 N %0.5 N ‘“‘“"“"«‘

.0.5 LOE -0.5 o
-3.5-2.5-1.5 -050.5 1.5 2.5 3.5 3.5 -25-1.5-0.50.5 1.5 2.5 3.5
z (um) z (um)

9. FIFAH G 3H] SPP 451k . (a) SPP A% 1k 18 B i 4 I, A5 1R 98 ¥ B 1 s = B (471
(b) FIA BRIC I =R @) R T 1R 45 (471 () TERERSMIRRE | — BB G214 RN, SPP
AL R REIR B I B34, L TAS S RATAT RO (4710 (d) A BRICIK J 2 Bail (o) 15 TR If 45 -
[45]. () SPP WIJEANIZEEE[49]. FEAHI) SEM /REE . 754 8K H K E L& PMMA f
FORSEDRMEBE TR AT R0 A1 (F) L% LR SPP SR AL HUR[49]

AR, BB NS & LB AR BT B AR HO - 3T m MR, B
AR 3 AR ' 2 IR AR A [ AT HR A, 5 O I R SR A ) RS
AR sl Jensen Li #2132 4 (1 )57%5(55] (ILIE 10(a) (b)), L7
PR (1 BELATCRI R e SR 42 P B e 1) 4 o 3 75 32 e ARl PRI Bt AR A, (TED
BRI (TMD JEHUREMIAE B4 (LI 10(c)-(0)) 2k TX Bl e fidds i1 A5 46
JIE, SR B O T IR, SIS LE B 1 B e R AN [56), [
I DG TAEIL T IR ) AR Ry DL SR ) AB M. BRILZ 41,

VR DR AR AR e (22 (W) 1k — 2D S S A bR 2 (1) [57-59] . 25 FE RIR R 1 2
ARFER ZAR I LA BB AR SR R (60, 611005 FLIEE 37 28 4% (1 5 i
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B SR

(@) Coordinate Transformation K"muy— S ﬁmly
\ (08) r— m‘n‘:s,'Z,m T —
\\l\'\%\'*w% e Y, - I

S

In
(b) Field Transform e

< s 4 Tn” i R
\“ 4 &X\\}\ﬁ‘ \\\®|

= "

0
X

4 -8 -4 [ 4

10. (a) AARAZH I AR A IR RS R AR B (R AAZ[55]) - (b) I e it i e ey
(KT BLBLAT i fie R P A2 R 5 S (550 () AEMEZIZAS AR, K FU A M (KR B (TED 58
SEEEHIN UM IR (TMD BB g% LA A 5e 6 L SR B 5 23S i [55] -
(A)A(e) 73 IR FAT K AL HA JFOKE FLRED M SF IIRO IR (TED 585G AT
it (TMD B IRAUIEI[S5]. (DAI(G) 2052 RE XD 755 18] FHoRs L IR R AR S (TED
SEREE N T RTE (TMD BB [55].

Bt AR G (A, A2t AR R X AR A 3k B (g2 L K
TR T SHATIAT J R4, R AT 5 I AR 46 22 1 S B, AR 38
KRUEZN, o] DABCTE e AR 45 A 8 35 BUG A G e REAT SRR Bedti%n
TR RSP IERIE B Jm 4K R, TR IS B HoT i3tk B35 HrE i
AT AR SR R S ERIBOL o (R MR R DGR A 1, Sl fEAE ot R &e
SR 58 B BOR ORI I — FLIT IR R A 1) o AT RTE XS T B R A
KL S B HOURSE, MWH AREAT IR R B LR IR 1
JE IS B AL B, B RS MESERDEIE . SILRI, WR—A4
& B AKBURLAE D) B 45K B BAT R 3 s IR TRIAPR A R 2 AT R ) 98 e B
WA 5 o DATIEE G i 3 T HY LA 9 DG R B A i ) < Jes 2 K R, B ATTRT LA A
FOt IR, KA BAREERFE . RO ERRORAE BEHoT A R AR — M 2
FOTH RIS AR Al I DR RR 0GR P SRR 2R

AN EURERA T, Bt 5 n, N, T80 T — D IoIRRSE B
JuR R OB, N R AR 62] -
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(a) x=a , x=a+d (b) x=-a,
y

A3

(C)
) 04
dipole
08 wlwy,

x=a
WI

-D,=g’/a, -g/’/a, o :;

uniform clocmc/

K 11, JtspAesile2]. (a),(b) 20Xt N AMERFICE T AT IR B AR i LA P )=
TEBRER I m A (8] 2 id CRAN A, AR AV TR, A7 RS 2 11 < o A A 4 P AR
(RIBRE A, 4 J2 0 B PR < Ja A A ol A B8 A A RS IR A AR [62] 0 () XA TR A
20nm (RIHT IR ATIRAE A, AT A4 L AR T AR IR R ANAN [F) 8 AT LA SEBAE 865 0 BRI WA AL 48 5 62] o
(d), (&) XL T2 20nm (K53 B AE RS i K/ BB AN R R B4, 200000 - X i di
Ay fhidedos (KW [62] o

D, -g’/(q +d) D,-g’/a

uniform electric field

7 =" (1.24)

Tt g RHH, BRI, 2= x+i-y ARHIAIAER, 12 —u+i-vif
RASHUR RO AT T 21— AR T HOE T A =4 TR A A —
R RE 1 BT 21 5T A TR P A2 1) LR 10D, P %
S5 TR T AR 0 % A R AR NS P TR [ (R
(ST A AR A4 F b 0 PTTRI03 E, (2)= /(27 - 0°): HILFIN,
SEBRAC I FLAT— 2 JE R 1 A PR PR 0 R 0 10 P2 R 1 e F
B B PR 5 35 P 2 0 B RE . B 15 A b 2 A3 LA —
S IS 1 T 0O 85 T BAAS BTN AR 52 4% 085 IR (0 IR e
ORI 11D, %5 TR —FRR A At . )R 348 0 74 7 B
P50 = 24 15 B WOT K R 63-65), T s RO MRREAE B KO R R, A

16



o

Co

fih FA) <5 o TR AEF2 it ot AL 5 I8¢ B v L A PR PRI (Y 98 i ) AR 0, < e vt 3 FL
kT T R YA PR I3 A BAR SR N 55 o B B (R A R 5 k48 N33 —

Fflp e e vt R AT R0, 98 BB OB IR AR Ei R IR TR

1.2 2 e i | SCHI 1R 280 RIS

T2 R4 ) SORIXHR B T I 28 SRR R OC R, TRHBT a5 1
[t 2l R I o AT AT 400 T 2 Y6 K38 B 7 I 25 R A B A (g sh .
1911 4%, RIRWHALE (10t msgm) —3Chistie T /e g & 1 KT
I E T ORBAM S 4 R A M, BG4 02 T 09T 2 A I B L 1919 4511 H 4
£ I ) BT A ) S50 T LAIE 2 66] 5 MK RIS, 77 1920 4F , i[RI 4 3 %2 5% Gordon
TR RIS 5 (1) R R T F R R AR “ it ”, Jf$2 i Gordon
JERL. {E 1960 4, Plebanski[67] A\ 751 )37 I sl T el ik 22 s i -H 77 %, JF e i
B RS MR L S RN DGR o EABII LR, B2 vd 5y R
BT S AR R

7o E, +%%:0, %&@Bi =0

. aDI . (1.25)
nijkﬁij—EE:O, ﬁai\/EDizo

:/H\:EF‘ g :det(gij) ’ g'J {f%%*ﬁ%%)ﬁ%ﬂ’ ﬁ%/@ dSZ == gijdXide ’ ijE_ \/anijk == gijk ’

Al & & Levi-Civita 5K, 21 K AJE e

1 ijk =123,231,312
g =11 ijk =132,213,321 (1.26)
0 At

M SCARBR A A, BRATT ) AAS B PR AE A AT AR B 281 TR TGt 10 2 i 2% 7 R
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—ié \/Egjka Ei+ia \/Eg"‘a E‘#iGZEi =0 (1.27)
\/5 i k \/5 j k Cz 8t2 :
A I AE 25 s e, BRI P AR J7 R 2 [68]:
D=geE+oxH  B=—t H-2«E (1.28)
c £,C c
FEH, AR5 n) e PR R A 1 FE I S A0 S S il s 1) B BRI R R A2
g:yz——“_gg”, wi:h (1.29)
gOO gOO

IEREE T IXFE AR R R AR AARNE , ANATTEE LS 23 8] b 31 1) i i3
3% F LR L ELIN 25 X AR 2 50 3% 1) S Mo ot o [ R B3 O A 3k A2 — A 10
M, JRRD “E a7 SE T AR S & SR AR

-
o

> beam width

£
°
=
E
®
@
o

Kl 12, HEAENAE = de AR LD T KL (72]. () REAERRI L, Homirih %00 k.
(b) SEAESHLIT L), JER AT IR A, (c), (e) ALl oy IEMBRIE DAL HE. AR IL
BRI IS JEATISC . (c) A SRR AR, (d) Joxd M2 00 it RO I 5 18 155 A H 8 1 5
Fo (e) AARRTH TR, (F) AABDCH TS ARRETEIIIC R . (9) Kt ml 5 H ) D
1 E e, DAHREUR AT . (h) AR A 58 5 5 AL R R

7F 1981 4, Costa[69] M\ & 1 2= MEe 15 T e &, &R — /R4
MR E—AN i _bizshi, k2228 h TR R 2 R = A 83z e, I+ A

HH THT PR30 40 i3 Peg Bz P iU KN e SREERDEAR R, i AE A PR/
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T SRR

TG HLIHALRE, IF HAZO06H T e A =R dh 2 b, [RIRE i i 4
Fh P T IR O  RIEAAT A . {E Peschel S8 NI LAEH, ELE
F[70, 705 I i 0 1E SRR ON F G A e, I HAESER - [72]7 LA
UESIE e M PRI AT v 0 i 26 04 TE R BRIAT DAL R INE, BT mT LU 5 380 r e Jo3 T )
RAERE AT E AR, IR T AR AR EE CILE 12) ¢ e
HN R S Y it B AR REIN, WS DURRHOR 20RO A AT R
(WK 12) o Segev 55 N[73VWTFT A ILARRTHT H SN 1) HL R . [74-84] FEAK Y
P M bR e B AL BRI, A R A AR AL B, RS AL 3R %
LA IR RIER AT o IX ST A EURR F AR AE 1 ) 25 ) AR, 25 ol = e T
HUBEBOR B S T — AN IR, A58 505.

e Z MR s AT AT DARR R AR 30 27 A 38 AR 1A - i) Sk (R R AR 25 i
23], NIRRT DG SRR IS o IE /&3 T IX RN, ARG
T B R AR B PR [85-93), LML HLiA[94], 51 ) 414495, 96), i 5%[97],
4R 4 [98-101) HE 28 521 KMRIE[102, 103]. 4552 i B T 4F K g in TR
(R Je s AATTRT LATE S8 3 (PR R AN T4 10 T B B ARAUAT G SR i 1Y)
Mo I HN TR B AR A ) “ 3307 . 78 2009 4, Narimanov[87] )\
W UG 2 R BV LI BT UM 25 1) [ 1 B 2 A R AR 3 L AT 5 2 70 A
REAG SR —AERDCHEAT 207 1Ak (UL 13) o WS AR B R S AR B 4 U i
ZH[90]/E B e Bt i N T B A S5 A A1 S50 177 LLSIZIIL . Genov[86]45 At
MRS BT D27 R, BT 3t 3 e A 36 25 1) [R] 1 B0 006 2 R R S BT R A o
() FE o M K27 W e B 2082 45 N [BB] AN S FCPG BE R HH i, Tevl 4% 1) S P 1 FELI
SHOFE RS E3R A HDE M AR BERU L PU v PRI o JA TR AR AE [ B b
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OAER] WG B Bl 7 N TR [92] o ik N TAA e i) PR SN D' ) v AL
HAHAR, T LA R a0 S SO BAE IR 5, e SRAR A R s, Sk
BH E (2503 LU G LRI 25 IR R S5 5 THAT ¥ AE RO N o BRIEZ A, dl AAT
AR UL SRS LR K R 42 ) B A SR K38, P R A R e 3k T UN

AR5 1 S I A I PR [104]

8
6

B 13. (@) 7ESGIR IO R — R e TS 2 A A AR, R A 5 T #R I L i T 2E
T[871. (o) AT BRICH il i e A 7 1) 1A 3Kk [871 . (e) A T ILHRBE 2434 fir iy 1& 1 1k
PPk BN T JIR[87], (d)RiI(e) S 1 STIR IR LE A BERIEIR I, 43I AT Y6 A a5
NSRS E[90]. (FI(Q) K5 4 a 4 1) 7 VLM, 2 75 I ST 75 1 1 # [104], () &K
LSRN [104], (g) A& SEELRUHE RN [104].

BRULZ AL, A7) SCHX IR IS i1 H TR SO M S T B IR G
FEAESEY E SR, JATTAT DAAE S S AR A I SO R ISR
40 Smolyaninov 45 A [102]7EX ith )R K444 FH[105-108] T M HI 22 se i F 7 fE
S SR - 13 G T BRAE B E TR X B A, D63 R A B ATA I TRV AR 1R 7 ) 2

BRILZ AN, AT R RS B ) < A (1091, X 4 A it W SR I AN UM AR 5
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T SRR

WA S, ) o e A S 1 2 MR RRCRE B, (PR S i SIS A1 5 i 2
B ARSI, DR SR E RS BIARH KA. E 1981 £, Unruh[110]
& RSB R T SIS LE B S 10 7 B0 P S8 5 28« 28 1A A e 3 s
TSNS, RS B AL YU P8 200 3 S TR0 v 7P B A 7 o St RO % T3
AR B ) P AN e kAt tH PRI R B VA, SE R0 AR TR ) AT o RIS
fE “RGL” MHES =R I, TR . BImX AR IT A0 %
i FRIES[111]. FEGEAA R, Facco ZH[99]7E S - H bRk 5 I N B W
BT, T R R AL R A KT S AR IR B RS LR By “AS 7, AR5 3
ARV SAR AT R R . AR I EER R, flt Steinhauer[112]7F

S8 A P SADUEE e ) 1 52 S A o

1.3 AR EEMRAAE

JUEARWOC A RN NATT PR R A4 TR, (B AE IR R i B
AT RHR Y, BIAE H A AT 2SOt A RS0 AR, K8 AR E D B Bl 7
TLLAN, A ] WOEHE BARE AR D o R IX 2y T AR CHRRE e N 23Kk
BERIA B 26T S A I Ak o IR S5 AR A5 S 5 U5 02— M3 4
BRAZ 7 FORSEIUR, O iy RS AR o X 1< S5 A4 Fe I 3 I S L 4%
MBS, Tk ) e . o T iR R R, B 450
BTG IRHIUH SEDL N 8 202 B R 2, e 2% AR AR 46— MK I Pk il 1o HL
FH LA B, n] WG BUX L8 ) il o AR A3 RO ™ L, (AR KRR I BT 20
A EAAE T WGP BN SR TAR . AEASCH LA, FATRAIN B 4R,
ML A IR A T TT R BPE R R IS REARGS I S IR AR 1) . 3
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T SRR

7L, BATTR S s T v R e ) R R AR SR P BN AR 5 4 1]
SRR R R L AR AR, JRED s e 7 A AR
B SPE AR 3B, FASOE A I T B RSOt A1 i BRI
HORSISRRI 51 13595, TR0, 28 SCHIXS 18 I ISR

ARSIy H LR JLANER ) -

FE, BAMEI TR SRR R, RIS eR L2, iy
A IE HH BEREARAUIR A 5| T3 B 28N AT AR I S A A 22 s o AE SR b, AT
MR BRI TK T, AER A LIRS RS (PMMA) )i
P V5 BEESRATAR o MR- /0 I 3 I IO R BRI ST i R 2
Bt J5 L RGN Mo G0 o BATIAG 2B AR I 3 ST B R W A, a2 A2 7
BB R N(r)ocl/r?, TS0 oA o AESEH LS A )
G137 R B I 200 T R AR AR IR S PR X A, St A
WEATER: 206 T AR R AR AL I A A2 00 A DRI, 6 iR e I 712
e BN AR € I LB IE 3

= EE, AR SORDE 25 il 22 18] (B 5 N B ARG A R 4%, A2
- SE R ESEBLARRTSS DG : 90— 4E 1) Bessel DGR LUK H F-AINE ) Airy
TR HET, ANTELHITT T AEA R R BB Eez, 1andE B 2w o
LG Airy J63R. Weber JH. Matheus o 42T 5 3028 s () E AT S U
W, BT Airy B, BLURESEEROCD R ESCBLRA AT KD . AR
1117, A A SIS G AR R AT I P 02 AR R AR TR R AR SN R AT (14, AT
FESCHS EAUESE T 206 AR S i 20 6] BLAL RN, 4R34 50 (072 0] [RI A BEXS 6 A 3
BEATIRLE . HURRII, AR R EA RO IRAE S IS ARG O, 88 b
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WL B — 452 PRI 3E

IR, WAV TRED BA R D REE, PN — ROt ™
PEES AR, I BRI AR RR . AIEE DRI H 1. e, R
REW (PMMAD KIS T Z AL Z G B 0], TEGdAn -1 s . R PMMA
FEIEWIR, AT DLE R e B A R R L, AR S RIRO A - %
JESAREW . BT PMMA BB s OIS on/oT =-1.15%x107 ,  RIEW e
e AL LR Iy B B0 TR 3T 3 AR 20 7341, TS iR AP AR R
WRTBIL . AR Z B AR B33, — B HRBUE DRk Al
S ftt— SIS A S T AL ST R AR

IR, FAMEE T RIAF ALK IT (SPPs) IS, SEBLT SPPs [¥17H
T, BATXS SPPs Gele B Jo SR Ak LASR LW IR SR . AESEIR T 56
B, FATREANE RS < Jm BROAE W R B R W], BT mERAR IS, &
B R ERS T2 G B A TV S5 J5 B2 T80T 384K o A ELA A Jotipl 3 A A A
P AR B R 52 IR TAE LA AR FR AR IR 1M =, AE SPPs 3 Bt (]
I TR VS E Rl 5 S QAT R IR T O, Ay EBR PR, R 2%
BT RIS AT 5 5 AT 1 AT 5 M EIEOC R n(r) ocl/r? o AT
AN B AU TT 75, WFFT IR 0 RST LUBANRIBCA B AC R SPPs 374 35 (R
Mo

FNE, AR SRR AR K TAER 2.
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SR AT . 2 LB 1) [F) 1R A L OO BRI IR 2, R AT BL'S 1k [27):
ds? =e?'c’dt? —e* (dr2 +r?sin? @dg? +r’d 02) (2.1)
Hh VR AR, R TRmARr . 2x°=t , xX=r, x*=6, X’=9p,
PRT b B2 R 5 8 PR 70 20 il e«

24 2,24

0, =—r%e* g, =-re"sin’é (2.2)

O =" gy =-e
17 A R 5 ) A o MR EE R K, FRATTAT LATHSL Y AR 1 Christoffel 47
5
Fo =V To=ve™ TL=1 Tj,=-r(l+rd)
[y =—r(1+r2)sin®(6) I}, =T} =(1+r2)/r (2.3)
s, =—sin(8)cos(0) I3, =cot(6)
Hor o35 Zom R ¢ AT LT -
AT Christoffel 775 7H57 HH HL2F (Ricci) ik

_ o _ory

K= o o +T3 T =TT (2.4)

P 52 PR E 7 R
1
Ri _EgikR =T =(,0+ p)uiuk — POy (2.5)
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For, TATRHRAAE (82G=c=1), REZFMMIrEIIZ, U2 4-HLhri,
T, e E-shEIKE . L, 4 EARRN R u, =-e", HA RN

A
@[

I BEE-BEAE %, BITY, o AT A2 7 1R
eZ(V—A)

pe” =—[2r2 + A (4+12)] :

pe? :%[Zv' (1+ r/l')+i'(2+r/1')] (2.6)

(p+p)v+p =0

Hhp, paral e k. 4
p=r w=rv

_ (2.7)
o=pre n=pree

221

JifE (2.6) AT LSS
~5=2r¢ +4(2+9)
n=2y(1+¢)+¢(2+9¢) (2.8)
(+n)w+rp —2n(1+¢)=0

FATMHAL “25hzsin” B AR oS SR AR AR, ST TR

S et (2.9)

A n & A T T I R AT . REs A (2.9), AEH:
/1:v+ln[n ]

r(r) (2.10)
-y =20= .

Bz (2100 RN (2.8), Ffi1453:

—5=2rf +¢(2+9¢)
n=2(1+¢)(¢—20)+¢(2+9¢) (2.11)
(1+ ¢)[2q(1+ a)-¢(2+¢)-r(q —¢')] -0

XTI, BAMIRAR (210, WTUEE G, M EFIRRY
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EFIIERA
8.0 v
—
g 92.‘-&
260
Q
I}
£ 4.0
‘5
w
[0)]
3 2.0}
@
>
@
E 0.0 . . . .
0.0 1.0 2.0 3.0 4.0

r
bl 3. SRS TR R OB S 78 LB v HOK R
ERA IR R, T TR T AT M 534k ? (r) o1+ (a/r)" o F

MITCHE B AR I AA AR r/a— v, 7331 B2 RR 2L

e = _1+Ar4 sec’ (5 +¢)
s (2.12)
e” :—( Ar4)2 sec’(5+¢)
1+r

WA, SRBDHHL WL AR, Se(-n/2,7/2), p=15/2arccot(r?). [
I, 5T B 5 5 i) o «

B 65in(go+5)[5r2sin(gp+5)+\/1_0(r4 —1)cos((p+§)]
B A(L+r)

P

(2.13)
2+9r* +2r° +(2— 21r* + 2r8)cos[2(¢+ 5)]+4\/1_0r2 (r4 —1)sin [2(@+9)]

Ar2(1+ r“)

p=-

S AL TR AL, R A SR AT IR AE, Nk s =2 7/2 o PrALESTE N
P ARI0A0 ( HU R FR T LA ke

ds®

3 IR S AR M BRI DGR, w] LU AR JE PR Az A AT R AR, 105 ith 2%
Il A T H A o
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27 FORECE TR E R FEA R (2.14) Frflidk i m 25 (s, RATR
HILERL AL 0 = /2 W FIIE B, s3I Has B H 522

1 d 1 Y] 2 2 2 .2
L’:K:E(d—jj =Egoo(r)[—t +n (r)(dr +12p )] (2.15)
Hh, ¢ BUiRESHL o RIEEVHGBIITTALA, =170 20 A R ARG R

Fo XN TCE G T IIE sk, ISR BH H 7 R nT DAk
(ﬂ] :nz(r)rA_rz (2.16)

Hrbb RIEZH, X REEse 1 Rt AfMshi.

XTSRS n® (r) =1+a"/r* . 2 u=a/r, Jif (2.16) LIS

(du jz 2 4 2
— | =m?*(1+u*)-u (2.17)

de
Hehm=a/b, 2NHE. ZITHEH M
go(u):(po+(1+ut4)1/2F(arcsin(u/ut)‘ut“) (2.18)
b g RSB, F 2Rk s, M —RBMHRA ) . 17 R AR Ik
THAT R

-

o=t e | o)) | s

q

)

_

Hrpp =v2a, MWFE (219 ATUEK, Mb>b =2a, WErTiE. Wik
(2.18) 1] ISR NS D HAAFRIFDEEE A 35 b i, Hfw$r 5 oA

?, :ZK[U{‘] 1+u -7 (2.20)
Hodr KR —RMG R sR E R 4 . IR A CI L2 sl b > b i, fWdr ]
CLIT AL

?4 —>37zq“/4:37z(bc/b)4 (2.21)
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Hb~b N, WMl AR, ASDEEAC TR (r=a) 1 BEHAM
W iz g, s (2.20) AT AR ALK

—>i|n L -7 (2.22)
& \/E 1_bc/b .

Mb<b,, ANFROCTREL PR, RO RIZSEIE, iR R AT
(SRR AL A B s sh AT e MRIE A (2.17) Prot S Az e (LK 4)
RETE M LI i %5 | D AR S 0 4 A DUASER 2y AE A B2, BT e T
NIRRT AW S| 35|, & BRIz At . 5 B #ior, J6 T4y £
5115, ERMNIER C M HUEITER . (£ D #I L IR, Toik
el U DRI Ea ) SN (N1 v = e R S v pivas o K VA LT EfoL 9

3.0
; 78
20F—
= — C /
1.0F :
-g 0.0 e e SR S S B :
¢ 0.0iFD
1.0 X .
20 B
-3.0 i i )
0.0 1.0 2.0 3.0
r/a

Bl a2 AR o 2B R DAY £E A B2, BTG e
PRI A 51 Ja3a B s |, I HUN BICHRIZAL . 7E B #7306l
251G, RIS C HHUEITER. /£ D HIE 7Hdl
AR, JCERR G AR 6T ERIEARRT T A 2 (A TR o

2.3 BB BT H R TOL TR SL R 5047

FERATB SR R, FAMEBD TR E W s s (LK ), AR
125 B 0T (SPPs) IT» 1A AR BeAT ™ HE K KKAHTRE » AH ELIBOL 1 4 (Photonic
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1.5

air 14

PMMA Ih §1.3

sliver < 1.2

SiO2 11
1.0L/

5. () “FAR¥ECPIIRER. (b) T T MRS OO R SR a2 n, S rpia] iy
Ji)Z PMMA R RZh IR &R AETHSE T G R A t = 80nm, 3T HISUA B K A = 405nm .

Crystal), %Ak R &A™ H I EURHFE, 8 AH R BAL S 02 S4K L 2 (CMOS),
AR R EA RUFRZRE, o DT SR 3 S AR - AR TS PR S
i 5Ca) TN, £E SiOp 3k A L% b — 2RI, ek L — 2 A VI (PMMA).

FATTHEHOE TAEZP P P AR R AR I E RO R -

1+ 1,1, exp[ 2ikyt]
r12r32 + r12r43 exp [2|k3t]

exp(2ik,h) = (2.23)

Kb, = (g —m))(ne+m) R REL CREBEHEE, D2 PMMA 2T
JERE, n RHPUREL 3 THOBBIR (TED, 5 =7 —n? , BB (TMD,
7,=n20in] k=27 n?—n? fARBRIEIESS, AP, n, RS RIS
PP, N TR SRR IR, (1D R, (2) B PMMA, (3)
KERIARIE . (4) XIRE SiOp). MEEERE (K 5(b)) LA, THuk FH%
AT G A PMMA AT S R RT3 e K O O3
FERMREE 0P PR, (R RERE A, BEEE PMMA (0 R0,
ST N, A IR 2 1.0 S K8 0 £ PMMA A% 5 P 477 i) 2
1.49. DHILEAT AT LIRIF U IR PMMA RS, Sk Fsis S b ik a5

PO R DSBS 300 A s TR 0L — 28 SCHDG 8 ISR
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6.(2) PMMA ¥ igeR T Z WM . (b) Rk psesl: iRk, 75
R0 5 7 T 2 (AT 2 PR A o (C)RIN(d) 2 5 SIRTOR /N BRI B T PMMA (1) 5 1R AN
AT LK A5 JE TR I 46 8. () A& FOEIRMI B2 T, (d) R BOLIAT T &SN () 2
FIRT 73 BB RAE I SRR LIRTOR/NERIIZ 1 PMMA R K22 4K

PATEAEA T T AL )[R PE A L P Do R IR I 2, T3 S ot
PRSI 20 0, U n(r)ocd/r? o ARSI 26 5 R BEIOCR, WA
AT S PMMA [ J5 24 o BRI AR 3 548 48, Al mT RESE IR S|
T A . A2 st B, 22 PMMA Sl ieis T 2 s L (L
K 6(a)). BRI B AP A — B PMMA G AE3E b, AR i B A e
BLER ORI (8], SR 35— RIS RN PMMA, SR ZAERHLA Ht T pe
TEFEAN R T2, BATT LA PMMA SR« ST e TR 5 JIR 1)
R H] PMMA B2 o T R e J P Lot R 1 B2 Sl 5T 1) PMIMA
WP R FERATSER IR, AT NN 32um TR LI (PS) oK/
BAIAZ] PMMA 0, FIRA R R BTk 0y, kil 32X —H .
IEE 6(0)FT7R, 24— W 7K V& (A I IR LT, Pl R S 1 1 5K ) £ A 75 W ¥
T Z )T R R e A o TIRRIRIE B, S R CIROK /BRI PMMA
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7.(2) FERIKRERE . SO, 3L E4% | 50nm (KA, ZEAsiZli BRI 310nm (1))
b, SR 5 ievR L&A PS SERIY PMMA T 20 66 (1057 Sk N S IR0, OB It A2 405nm,
Pl 1 A RR U ST B o (D) K/ INER TR BT PR 38 3 1) A5 2050 T S 36 18 40 A, S s H 253K
Yot 2 5 /BRI ) PE 2 R R MR OC R o () SRIR &S R ML IR O &0l /N ERFHE I
FEHR S R AT o

WA Y, Sl TR D IER, R SR, 78 PS /NERI
UE, PMMA [JEBEANFT RIS . BATHS T —RIFES, AN,
11 BIS5 IR T 440 Uil T PMMA S R4 LI 6(c)RI(d)). 3%
ATEEL T Ho AR, AT BMEE (ARMD SRR ST R, &
PUBSEIL PS /NER, PMMA (SR, 1iiiz B PS /NERAE, PMMA )5 52 1)
SR FATH ARM FTl ) LA R T SE ST 7 VAN HE ) PMMA & AR L
IR, A A AR b TR R, AR LAV S PS ANERIFHIE i T
PMMA 5 FE AR B S AR T 5 B 258 S 3 1y o Ao 11 7(a) 2 SR 1o
R, FRATH AW 310nm Sl K A 405nm [FEOE R R S, e
RAEB T A AT 80nm JEMRE E20 =k . I8 PS /NERINIX I, PMMA 2
(RIS, 20k tum o SR FR E1um JEK) PMMA )52 0 2 AN S
B, R S5 b H ORI T ORI M DL BB A% S 4 1 11 T3
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M, ESeB T TME BB R (LI 5(0)) 1B 7 ()i /INER el FBl S 247 5 2 £
oA 02 el (L (afr)'), Joa=285um, nZ, =11, FERASE AT T

XTI B NERTE 5530 R AT AT 0041, a2 SR T ERI R/ o 24 i
NER, S ST S BEE T PMMA TR B (35 3. b T BORTR7ED,
SRR, BATRINTCHRI . FEATERBRIE R, 75 PMMA
FLH% 22 1 FARAR LIS DN 1 1) CdSe/ZnS 1 5, E8 IR 281 A AT LA L 405nm
WO, FIRFRG 2GR 610nm AT, IF HLE 7 AR ST HR DL
BT, SRJS1E CCD AINLELFTR. B (7(c)) i T 4k Mk G it /)

Scattered Field Intensity Profiles

sphere sphere

photon sphere

Experiment

B 8 MR AT HIUN SR . (@) SEIR I ZE R o (b) AU 4 R . BEUIT R A S8 DT 454
SR AR .t ERIR, WSO AL B SR O R BE BB ARG A M
P EEZURIIE N, 295 /NERE LB BN T S, Mt T BR, Jekgaz s 3da ik,
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BRI, SCHRS AT, FALT 52 P HH B 705 Dt e e K BH B 2 & 2k
(TR

AT EINA T FOE RAE N RN R ATy, AESEI T JATTE LA T
WOR RUAT B STRER O Z TR B 8 S T AR 5] 43 A (R A A AR
FEAREIEEN : SERAIEREATAE N S AR, 20 5 /BRI o0 AR 8 KTt
PRI, ARG B M A R S KR BN ERE O B EE
Tm AR, SEHRBNERI S R i3 IF HAEm A EARAL, SaARAEMA
R IEIZ S BRATEIR AR 2 615K (Photon Sphere). 4 T it—
DEAERATH B, FATHPAIT (COMSOL) MYk AT Biq, i
([ 8(b)) AT I m e BG5S 55 - (B 8(a)) FTftas R iR Lr. XA
SR T R B BRI 51 BB N, a1 2eid R LT, Wb
PR O R PR R D T RO, i e Bl FE LRI Ol A R P
A, MRS . I HAE K A ) J B e AL S, SR B A 0 5 s e 1
BEES . RN, FRATPE S Frl5 AR (2,200 Frit S r AR T /AT T L

20.0 : —— : :
1000 | . Rt b
50f | % o |

A" \ 40 )

<) 20¢ N %‘\ 50 50

© X ¢ \% % + [um]

10} PG RS

D § 4:?\§\ +\ 92
05} . 2

0, +‘
.'{K =
0.2} 2

20 25 30 35 40 45 50 55
<r> [pum]

QLR A SR A CA0 DARIE TR (2.18) (MBS (Lot

gD o BTN IOCHA IR, AR I A i A (75 30

Pisi O, M6, , LR A FA ok N T 54 1 b B B 1 R, o 72

() =(r, +1,)/2 < i, SRtz e S ER . 46T, ~a=285um

I, AT AR 075 57, ORI T SR P TR
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BOOLE 9. S PR BOEARAT B, BIREATE XASHER Y
ok ORI b, =y 2o, e by 0 MG s R AR FRATT S
Wil 5 B AR 5 AR GE, D] T BA TS AR AR E I A5 (2.14) P
A3 P Hy PR I 5 5% 1 ] 0 o S AR PR I 22 v LB 90 P S 3 B DL A ke
T ERIN LA AT A o

2.4 AEING

R, AT A BB R, SRR R WOEEB, AR AR
SCHIEE I RAR T 5 DRSS il 22 (8] i 5 | 0B BTN i PITsR 0 22 DA HH 5 R (R G
BRI, JRATT 0 A ] DUAR S (AU T BAT I 2 TP RS I BB X AR IR S AA i
AN S o ARSI, 513 M R AR SR ) B A3 SO R A B R o3 A
KRS o JEH PRI AT SR AT LA 9 6 g (1 SN 2 [, Al
(R ARSI b3 T R P R AR B T B, JXM 7 AT T e 28 i i e i 1
s R BRI LR A8 o R AR Rk 25 18 ) A 4y 1) R ROk
s BEARDS IS S AN AR FAE ], B A AE S oK BH RE FL i AR« FAm s
RE PR RN R E AR N 78 HATRISEIR T, B U R L
WOt QORI B AR SO, AN IR B — S I SAT 15 T HAT Tk
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TG AT R (0 N MR R ' T IS By, AL AR I A 5 I T
WiEgh—HF, TEEOLTIREw Al RN iAh iR it ge v 7
He T KZ S o AT AT L T 6F €0 5 0 2 P 4 ke S B e (L e T T TR 2 1 2 (a)
I 2 NSRS R FE A50 2 1) 1y €0 2 PO AN ) 6 (38 20 BT, S AR A BB 16
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¥ % ‘6 SN (e) == 10
/ \ /o —— 19 28
(b) s (c) i ofi— 3 E O
lens case incident light collimator case —_— 5
€6 - q 6 —
N p— — —— 0
4 = y — 4 -
= = = =
=3 = =
0 —_ = 0 —
-2 0 2 2 0 2 -2 0 2
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2. (a) T IRRE B R € B R F 50 T ASDESIUR FIRThAE: AL #4928
MEEL, A2 M SCILERL. B A SCOUMEELBH25]. (b) A1 (0) TEXE TR, ARG
[ St 4 0 S B0 R BB B 0 FE IR e B O R0 1R T [25] . (d) 7E R H € i A R

(g,=46, &, =86, & =-3.62) Lis IIRHR RN - 1EAE 4T . AT (R At T
FEFEPEHROIT5 N =23, N =19 FN = 2.8 4 5UETH. MELUENTEARB4AL. () 43
RAE R E T, IR A U T, 8Bl [34].

AFIAFEE[25]: (1 MR R m) N a2 (AL, 6T
e AR NSRS G AT M2 B PRI s (20 24700 1) €0 5 o 2k o =3 1) L Fg 98 2 I C
A2), SRR T ARDCIFE BB (3) A A S h 2 4 18
iy G B, e iAot ASHC RIME BB BT i8S a) i
A3 TRV RN AR, 2SI 50 HHORE R 0T AR AN R R (BURE A RO gl 2R S S
A M RIANTR] R 5 AT AT BOBLER BE A b K9 TR AR DR AN A2
&4k (WK 2 (b)F1E 2 (c)). Rakich 25 A\[26]1) TAF M, A 46 7 F K HI7E
[1,15 1) LR R £k, ARSI B SCBLRRE e EDOE AT HAE B ik 21 600
R ER M o MHDZFAE FOCA, AATFE 3SR 8 7 B SEBDE AN 70 A LA
L2 90 FEMIPATS[27] o 1y H=HEE 1 AR (K ARAT AR 1R 38 A I8 i 1 47 [28] e AE Tokind
P B B Y LISl fdln, NATTIEEE 142 1 i A 10 e Aok G L = e 114

i th 2, =hndkdroe (Dirac) #E[29], #h/K (Dirac) FA[30]. i ilAdigk$r
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SO THURAE G 1 de AR AT L R Loy, AT ST A IRAE AR 3 s Ak D' 1 (1 552K
I HUHBORML 3R B 0 2 [29], R AT IX et ae s BLHE ELIRDE A [31]. BR 1oL
T a R s NATTER AT R AR B A BT EA T IR 2, S SR [ e B i i
[32], BAK S i 324G HEK (Cherenkov) b o s, 5K IR [33]BE VT [H I A
A TER (O R AR, XA R — P SR REIARL, F50R I
FESHFI TR R A B0 S A7 A B i AR B 0 41 ORGP IR R TR, TR
T AT AEIZA R (O Bt Ze AT B 0] o [RIAESE I A4 RS EURE , AT EA S
Bz A 2 il 2, 76 Gao %5 A [3417) TAEH, WFFUA I i /& — e WUl €
KRR (6, =46, &,=86, ¢, =-3.62) NI EAEANFR M FIALTH, AR
R ATR I EAT M R R DU A G2 L 2(d)), AR
BARRTES R4, B BURIMDE BT R I3 (LK 2(e)).

(a) (b)

0 s 4 3r/e rz sr/g ri4 8
X

(c) (d) (e)

¥ |i1,., [>< |

3. () &JBAKEERIN NV TR L Be BT NS (B RT (ARRL3E4T O ~ 270 AT 235 [35] -
(b) I 2l TR )R A 2R T SRR AT S 18 DUBE /RO [38] . (c),(d) Lhist T RIS iE i
FEB A FE T S DL RGBT B ST o MR AR GBS R F, B R AL TR T
YRR US> 2 —[38]. (e)FI(F) F3 Al R FH ek (¥ B A 4 1T 1) L B8R 6 sk IR 7 43 A1 5 14
JiT I /3 A0 [38] . (9) (ERIMIZEEHOT, FIHIAS XIEHE, 5231 Cos-Gaussian Y 171k
=R, (h) TEEmAR T ZIAS SR EA A S B [39]. (i) ARAT SR 1 2R T A5 25 ios 1)
Cos-Gaussian Y3 (1 5246 25 5 E[39]
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Z [um]

Kl 4. () SEBGHE B TR S BT 1 4 B TR BUE & s e i i 45 4 o n 2 i
e DI PP A 45 A [40] . (b) P 20 A i T B3 2 46 T 2
TCIGIR S0 B 7R 2 . (C),(d), (€), (F) 73 Il A2 SEE 6 il 4 1 45 35 e ' IR F%
My=az’, y=az", y=az", y=b[exp(0qz)-1] mHuzmt[40].

I AR (Metasurface) [35-38]6F A S I i (AR 36470 ~ 27
FEEERYE . Yu 25 N [35]4 A FH A i 428 VT 45 0 (1)K (1) 6 JB 4 K R 2 (L
B 3(a)) Mgt RTS8, nl LA il i s B i K /INRIAR AT o IE S JE T
AR IR, 7 Lin 45 A [38]1 LAt A TREMEB ML (WL 3(b)), SARAT
S DLZR R (LK 3(e)RI(F) o AHELAR G BAK R, IXFh 4l i (1 68
FEJ B THIAR R A T BFE o 1T FLAH LU AR G ¥l p i, A 21 0 RS T 1 LA
HP ALy 2 —, HETEN LB 3()RI(d)). BRI, AR IXH Hi i
R ITVEN B FAE G AT BT, R & 45 BBOT AR s o Ak
TN, I BHOT (SPPs) J&—Fh4xJa 55 A I S ¥ H H Rz 5 1k B B 1
DA MR TIRRAG I o F T4 a8 77 T 1) KA RE LA BB A B LA AT SRR
T T 245 AR RS B OGN EE 28 . 2Bl Durin AR sp RSO R0 10 57
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Cappsso B ZH [39]3d i 7 4 Jm e T Z ik b — 228 SCREME CULIEL 3(g)F(h)),
RSP AR T A T MIARHA Y SPP, X MUK KA 740nm F K
Cos-Gaussian &[4 B30 CE R AL IR B 2A 20 80um (LK 3(i)). HEHIM
S, Arie VB HE H T 1045 20T 10 A BT BOR IR E O = AR IR R T 45 2
WOTHIDGIR[40]: A =4Er A s (] rp o n 4 BTk, AR A5 B ot
YRR G A L T AR R T I ) SRR R LN T 0 3 T 1 i DL A
BEAE B VA ARG T 0] AR 5 R0 1) ) A 4% 3 T gl PR % T e o i 20 ]
XAR T VS AR T A O BB AR, DARAESE R YL T
FEAT RBOL I B R 45 A EOT LR (IR 4) .

SR SO IR A, JGAE2S i3 AR I O 2 HEk, [N AR AR 1)
FHA» BT 25 T I 2 [ F 00 3 PR 98¢ i HEAT 1428 o 7 Peschel 41[41, 42] ¥ Ak,
R = e 1Ry it 3 i 0 J LT RS Pk 2 DG B AT S 2 o FRATVANTE 72 R AR )
HAg, HBT[43] 55 B IR I I B AR AT W] WG B B R A i RO 1) S 21
iR . 7t Peschel 1 TAE[44], FIH T HBT AR BE FAISEES BRIFST T AH
A7 BEAL 3 A (R0 B A5 25 g 22 1] 45 6 B st (R A 3 7 35 ST B ORI R T 5
AT R (LI 5): (1) AE M=y S i LR, SRR BB
PARER B R EOB A MR ZAR N s (2) AR IE R ki _EARRR, SCIBORGT Bt
PAREE 25 IR DOREPE: WA GBI A K B 5 BT 125 il AR AN AR S I
RIS A AR TR B 9 5 J 301, [R) IR AERT S B AN T DK T BRI AR 257 A2 A Al
JEIS s SRR B KA AN I AL o 102200 4A G B TSR 5 BR T
PR AR, SRIBE ST B A AR ER B AN P R AR AR A o 1A AR A S i

Ry )t HBT i 5 ORI T R 45 R A SE I, UG 75 i I 25 Wi 2 i A0 )

52



S =B AR ST OGS R P 52 DR AR B R AL

o X FRICEP R EAT R KRS HE M. FIFEAE Rivka 55
N[A5] AR, WP T =N /e — e 1075 il 2R 0 s A Sk i
ST AR AL, Hhos T 22 80725 i S AT 2 T AR LA I

P 5. (a) MBI AT O YA 2 Sy 970 0 2 il AR I, SIS B A #6015 HUR 1)
JRIZISG IN[44]; (b).(c),(d) £ M IE MUERIT_EALIRIN, SCIRRT Bl 14 o ) S I 35 (R L
AR BRI AT RE S BRI 25 AR AN AR I, SRIBOST A AR IR 45 15 9 [44], (b)Ai(c) 73
ATRATETH S5 BRI 75 i A2 PRI I, RIS I s KA AT A RIS - (d)
JEAIAR TG IE AT A JSE 55 BT 025 1~ ARAT A5 I, SRIBE RS B A A% 8 B B B AN T R AR AR A [44]

3.2 BPLHPFHCRE AT IS F RATHI R

R R LA A O (46, AT SRR, AATTRT DURRSE 25 i i 27 4%
WA 525 1) ek (R AR B ke Nk BT i 2 i R A5 B S L S
XU A PR T VA48 o FRAT I S8 b iE 5 vy D s RIS ot =2 ) 175 | 38 B R K
7 AR AT SR ROV T IR o AT FH JEL 88 400 A4 A2 1 A SR 5 SR A3 — > T ok i
I 2) o3 A AR 2 [7] (AL 60 B 6(a) A BATTSE BT it 1 i
1L SiOp HIHEIE B4 I 80nm HOHLR, SRJGAEHE b BEHL AL b5 FF I A 0 1 P
(PMMA) fER, SR RS AR S A1), M 1um 2100m , I HARER

JERL UMD, DRAETICER Z 0] R BB A28 Ko REFE i SR 1 300°C (NG B, i
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6. () FEMIFIRER. EH A RETEMRA R B 457nm B0, (b) b
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RN TR FEE, RIS SEAITH R 0106,
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JIT7 o T ¥ AN TR0 RS & BT, FRATHID GRS & 0 7 20, R A3 T IR (FIBD
7E PMMA Y3030 6 B EZ20 ol L 1397 310nm RDGHE. )5, FoA TR i RAE
P B &5 — 2R L R 1um 24 10 PMMA I, SR 5 7E 70°C FIBEAE R 46T/
2. O T EEROGTE B T LI AL 5E, FRATEER IR T e PMMA
WHVRIN T CEU® ) AR 3o 7RSI ORI 457nm, 2 457nm %
JCAEW AT AL RRIN, Tk Eu® B9 1 B 7RO A I A A G R 615nm FI £,
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AR B AR S5 BB AR (VR L 0 A 2k o 0 ) R I S A 2R, T €6 P A e 0f I A AL
2. WEEKRL.

PLAO GBS A S0 BRI, U TM 3B R . 45 G A TH AFM I
ISR S, Bl IS ST AR 1045 n(x,2) = no+a/(1+(m r)j
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ST 20 1.49, 105 PMMA W I OZFEL2 Lum ), 5 TR I TM 345
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P FnIE 2 ezt KRR RS ihIN 2SI, PSR A7 i AN 2
TLER o BT TR S it 22 18 (1 5| 73 B8 0N AL AT P AU ASAT BROR BEA T A B o
AT SCHR[39] LA AU A SR el 0 F U5 AL 3 5 10 AT Bl M BTR
MRDCHR, JFEMARE R TSN, K 8@)e ML MR &, % &2
6(d) TR SR R 3T, R BAT AR A B I e i AR 512 e e A
ANTE T Ao H 3 SR A R RR A, BT LR BE Sk BRI AL 385 17 H AT AR
SRR X6k, =€ W R AR A = E, A
AU AT, AR A7 A 5 o0 Ar A T At 1E A ] 8(b)Ait(e) e 3K
AT A BIAEAR A RV B N, BRI IRFEA ORI ANAR 5 [ I35 2 ] (14 0
oA N AL RA BRI NSRS 2 CILE 8(c)HH KD . ] 8(d)
SRR DI SRR 2 TR M) A% 8 OISR ) SE AU 153 iy R 2 i AR 8 5945 )
Ja ARG DL DGR TG BEAE 200m AERREEES N, HOBRARIEARLRFFAAL,
FH R 2 BORRT S E R BRI TP RS, % RS HAT 20m
[N LA HATIRI S SR 45 2R, P AW A5 (ARG o 3K WA 25 it s 18] () 51 i Bk
J ] AR 3 AR AT S ARV LR

FERATI I AR T, B T SIARRT S RO, AT R I REWL 4 21— 4 52 A
WrdHIR o ARPES, 2 ITHIA S SCHDE 1R A B il [48], I HAER
PR EL R R SO TF B 2 g I EI[49, 50]: & MITE s IR & Hh T iSO R
Y R ARG T 5 | A 2 FB S, A £ 3 PR LA BB a2 A
PG| B BTN R TR R AR A 8 21— R 5 rOCI S (ILIE 9 (@). 1E
e, AT EER KOG ORI A RO 2 1% “ KRR, Wit wy ek
PEIRIPERT o R, FATTH INE T e MIHBA I 2 M, ST DGl J 92 310nm,
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