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Abstract

Digital optical phase conjugation (DOPC) is a deep penetration technology of scattering medium
developed based on optical phase conjugation (OPC). Because of its efficient use of scattered light
and considerable penetration depth, this technology has great application in deep penetration fo-
cusing of biological tissues. High-speed wavefront detection is an important step in DOPC, the
core of which is to accurately obtain the phase distribution of the wavefront emitted by the point
light source of the biological tissues (guide star) within the decoherence time, so as to conduct
penetrating focusing through subsequent phase conjugation.

This dissertation studies the wavefront detection technology based on DOPC, and mainly
studies the difference frequency interference wavefront detection combining heterodyne hologra-
phy and ultrasonic photon tagging tomography. Among the high-speed wavefront detection tech-
nology, heterodyne holography has the advantages of strong anti-noise capability, accurate phase
shift, and fast speed. In addition, its optical setup is suitable for coupling with the DOPC setup.
The ultrasonic photon tagging tomography can be combined with DOPC to realize the ultrasonic
frequency labeling of the ultrasound focus inside the scattering medium by utilizing the good pen-
etration ability of ultrasonic waves in the scattering medium.

Starting from the primary optical experiments, this dissertation realizes the heterodyne wave-
front detection based on ultrasonic tagging in both continuous wave and pulse wave conditions.
We explore two pulse control schemes (normal pulse and ultrasonic inversion pulse) with good de-
tection results. In addition, according to the experimental results, this dissertation has carried out
in-depth research on the efficiency of ultrasonic photon tagging. Based on the interaction between
focused ultrasonic and optical beams in the focal depth, a macroscopic model of ultrasonic-photon
interaction is proposed to guide the optimization of the pulse width and system numerical aper-
ture. A follow-up MATLAB simulation and a corresponding experiment validate the model. Then,
the microscopic mechanism of ultrasonic photon tagging based on planar pulsed ultrasonic waves
is deduced, and it is qualitatively extended to focused ultrasonic waves. Through simulation ex-
periments, the validity of the microscopic theoretical model is also verified. We found that both

ultrasonic intensity and ultrasound-photon interaction distance can influence the ultrasonic photon
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tagging efficiency. The research of this dissertation will promote the development of ultrasonic-
tagging-based heterodyne holography and increase its application potential in DOPC.
Keywords: digital optical phase conjugation, wavefront detection, heterodyne holography,

ultrasonic tagging tomography
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1 Z#®

L1 BRER

HURARFERBREABECFOROS R, EEMETF. MEEMF LR ZNA,
Al—EZH AR R FHBHTENREALAE S, BRERELM. 2 XTEM
FEeaENtFEAN, FABREFRRNAE, FEAEBERES AN FREL
BT, MUK B Imm 8RB R T CF ARG ME A —F 7o A A AR OB EY
BA, BEEIT 4mm GHAWFERE, ELR 25um, AT, &TFFRERMEH
TR EF IR EA, BRI B A E [ BT RE, EXREFE N7 ERF
R AT HAEXERE, FAEARTTRT HFAFAMETERAL, ZEAE T R
W RN R BOR T AR GL, 485 2 18 6 R R R AT R E AR AT X AR AR A AT 7
LUK A flosk R A AT SN B, RS E R FHFREZ. HE, Haowen Ruan % A E
ZRBTCFAMEIEASLILT 2mm & AN K R &0,

ARAR R EZETRFTAFAMAEAETRMNEA, ZEARESSEZLEEA
BEXTHICRANE &, FUAERFEFEMLAEANT R EERNF . @ THF
RETRERIE, BRZETRERDNBATAFHLAERANEELA RIS .

L11 & FRFAMARFTREA

St AL B A (Optical Phase Conjugation, OPC) £ 1970 £ R FF 46 A 52 Hy . | A
ML ETAETTREAN T BESAN—FHEA, EEETEEERNIATEHLE.,
fr 50082 RS LR BT B K 4%, BEASRE S AN EREN

E(z,z,y,t) = E(z,z,y)e ™" = Ay(z, x, y)e'lkteEaul gt (1-1)
Hobw AME, o AL M, b AEHK, Ay A ERE. WEACEH LA
E'(z,2,9,t) = a-E*(z,2,y)e ™ = a - Ag(z, x, y)e FreEeyl it (1-2)

AR HE LN AF S M B AT R R ey R S 2 B3 DU E AR, K
AL AR T LUE R BAT i B L, R EHREEAS R Elt, Boxsan
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FAR#EHAE—ANEAE, BEFEME K EETHSN RGBS E, K HBATHLE
B, BTUATREA, RSN RAHHRE,

BT AL 4 H A (Digital Optical Phase Conjugation, DOPC) £ 7£ OPC 3% A £ #l
EREAR R F REA, FIR CMOS A8 ML A F 3 % & RIS A KA ST R 8K E AR A
A, BAIA SLM P £ 8. i SH OPC AR, B TR L EEEE N T SLM,
DOPC Wy LR A B 2 IR T4 2k B, T B ¥ DAAR o bR fRIE S B oh R o A ah | A R %
RFHhE, EFHATRAEEWERG AR EFR BT,

112 A2 A KEAR

HFSERNZ BT ZRNERTNE, FALFTHEREM, Ak ER
B B RS BB R B Z A B, T LB R R R UM B R B . A LR DG s A
EEHRMTAERN, LFAZRNEEEUBE. THEAELIERE FTREFHRME
ME. AEFHEGEMRLED, SZLERARERFIIZRNEARAGHT 2 ERANE &,
W 4 2 BB Z 5797 BL N MHz K25 % Hz %%, DAEA CCD. CMOS A8 L ATl

IELRBAERE RS EZ N Z B E—MERAS, FENT W E LA M
T A AR fL o A7

o(t) = 2rAft + Aep. (1-3)

I FAEIWIE N AAS, EHEAE L =m/(4Af),m =0,1,2,3 BB 2| 3 BUH 7% E 4,
FIGERRad T T WS HBEENRESH. AAEEATSEE L REE + L RNHE L
ERABAREE, KA UKEHEES M. TR, S22 EERMNTEFRHEIT 875,
ARBHAESH, FRRE, THRMNERMEERL. Wi, IZ2RLAFTRERENR
Mo FTULNM R A E S TARC BT, kol e AR A B RO,

1.1.3 EEAFRERA

BE T ARCBAR R T A B B AR, E A E KR EE A
PR, G SNERE N T O B AR, DU BT 3R B A e 3R B B A A
NRATat %, EREMELERNETHE — Mo MERLERE, NTEIXN LT HRMEFT,
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BT AR E M R A B R R A BT RN, T DR AR E R R B A B X AR T G T AT

BEXTRHILHRAWRREFEEE RiLSE, EFARFNEE, 8. MEHALEZ
EATIER B SR, EEBE. Kk EEENEE A ETANFIEAERMRNRE; W
WA RBEEEEETFILRANZS, PHEFLETHRNERL. BEHRNTEHA
A PMT #HATHRM, EEvm R E &6 TR MHz AR E @BEET; 8T BAEE,
MANRAZET FIRH CCD #tATH M 7 %, KB AREETIZRN, R HEL
RAATE WG], H 8O0 5 5 & £ 88 % 2% L %l & (Acoustic Optic Modulator,
AOM) #HATHM, ERFILETESEEITNEANARAMLE.

1.2 EWRAIFRIAR

AR 5 B A T T A F AR R TR A R T EE RUEABE 6 (1)
AR E S S Bl sh 2 2 B EUR (2) AR AR & 4 Bl 88 %0 8 F #AT M EATIT M & #7718
B RGEHEA ., XMETHEEBTORFAAFIT R ERUEAT UT 2% 68T RFAL
HEEAR, ERBEERAFNAEERFANHATENEALRERNRENEZRA,

121 AAZELEER

HFIZE RN AR S ZHENE A LT B — F 8 REEHFEN AL,
1991 4, Toida % AMVBSR T K4 25N AE 72 RSN TR & F B, 55 L AOM
Y& 8OMHz. %% L% 81MHz, 7 /A PMT #ill IMHz e £ 15 5, & XY 7\ # &
BRo MATZ IS ZHNA R TR A R, T AR B RS A N #1998 4,
Yoshino % AR T — A RIS ZHM A G, & KARAF BOL B RIRIME, WIE
RN E fmAs 1 AR IR 2.

2000 4, Clerc, Collot 1 Gross ¥ X F /N Z W ZM & £ 6.25Hz, 5E#HHEF 2 EHEA
4, REFIRFES £ 2 AT IS HBEHIZ L LD, 2001 4, WIIETHZLE,
BRARIAEWFE KT 2 AR g HEH#AT T ARAEATY, 2003 4, M.Gross F A1
S ELRBARMBEAFLEARLE S, AT & IEENEF L FARLEN; 2007 £, M.
Gross f1 MAtlan X B 7 £ THm A A= HEENIIZ4 88K, BB T 240K
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MRGE, TUETHEREZENLTHETABRE THTL2ERN. BE, M(1oiz
S HASH K ET AN EMKEW Z o, 2008 £, Atlan FALET 24 B EH
BA, FIRASZLRNE G EZIT LR K AN &R TR EHERE. 2010 4+,
Marim % AUSIER & TR R A AW 2 2 B R B AT E G ATE Bt %5
NBERE S ZL2BFEN, EREREEETERBHFTER, TRIEHEER MW £ 4L
B EE RN ELRALER LT —3, 2016 4, M.Gross X ’] 15 4 2 X B4 =
ARBAH#MTT RN, FwEBHES T RE, Fom T BB LRE 55424 80K
MMEHFHXR, REEXRBFEMNLATELEE THAZELAE8 K,

122 AERTFHRIEEA

1993 4, Marks % AR i F] ficod 48 7 0 3t 6 F 4% 90k SCIUARE £, 3THF UT Bk
BHESRENT UT e S5 LR B AL E N AR MR Bt ti1E6 L4 %
GRBEARATRIMFBORN S, TURRE ARG EAME, SHEHTTH%. A
M, AMIREZIAF H B, 8 E—KF A8 L B AF ., 1995 4,
Leutz 7 Maret® £ T A S HA W ERR B T BE R ELHEERANER, FEFHIIN
B A B AR R — MRS T, HE R R e g o O P AR R T AT
RBE-LTHERANBELELTHEE S LWEAER, IMHEA S8R LTS
WRMME R, AIEZRPNE T #Btry B X @, AR THEFKIIWKE, 7
il Fabry-Perot f7 /8 AL Z T BB X EMME LA, TRERSELFEEIT. 2001 4,
Lihong Wangl?!1%f 1995 4 Maret i AR HIWHE = X TAH LA H#ATT H R, ERAHAH
Eah LR T A EERRANRITEE A RADE, FERWE R E R BN R
T E RN T KA E R KA S IER. 2002 4, Selb #u Boas? A H 48 % ¥ # 4 A2 %t
REXRTHREERHEATT BE, EREAH#THE TR,

B mmzs, ARARHETT KEREZRBIEFE AL H 5 6H. 1995 4, Lihong
Wang % APVE R T & 408 7 #1008 F & I8 R & F 89 5L A # 7151997 45, Kempe % ARYA
S ZARMIIE T 1995 4 Maret 7 AR, FH R E M ARBAT T L8 . B4, Lihong Wang
APV R EFRIDE AL E T EROHEANT Sem) , HHAT CEZREH 2 HE,
1998 4, Lihong Wang 7 Geng Kul??l42 ) T = # #8 & X FARIC EAT RN 77 &, EZ 848
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FARCEFREM P AR HATEY, Re T REEE. XE5HM OCT HAF —
REABZ A EAEE LY, FARESNARLE - MRES LR —NRE, &REHE
B R R E AR EANTEEE R, 1999 4, Léveque & APTR W HATHEAE, &
KEIT Bl CCD K PMT £ M. 2 oI 9 A S F PMT (£ 4y W7 £, L&
MHz %y # % B %16 5. CCD Mt PMT H E AW #E RN TR, # A2 H N 2 0y #3e
BT, TUAMERESRL, XRT CCD WAEXHRNEE, FHREEBLRP
WR BB R E I — A ZRN: EFAAEERBNEFRE, XHEEFRAFESSE
MEFRERI, CCD % LAEM T . 2000 4, Gong Yao #1 Lihong Wang?1 % Lévéque %
AREAATRNGEM G BERELFATAN T HNEH, 57T 2D BR. FF,
Gong Yao % API4E & T §I 48 B9 33 R Fn AT BOR R B A, 523 T E R 2D o
o HBARBSRIEIATHITIRIN & 19 L IR B 25 5 = 4 3k KR F 2 AR, 5 A
HlE S BN T EEAT WFAYE (EHTHRENF, ARBATGES, FEMNAEL
EHFACET). WEEX—F, Lev FALIT KA Z X TAFI0HEM. 2001 &£,
Lévéqueue-FortPOiE i & XYZ = A7 mE## F B E A LI = FHRN . 400 34T Hr N
FEMAFTIESHE A, Jun Li 7 Lihong Wang £ 2002 EBPEW T TREBMHEF E (=
F.ZF W) WEBREFRE, FHATT ERIE. BE, 0785 R0 R8s g
B A (speckle contrast imaging) %4, ## 1 T & BB L B ok #HATHRTK R A
MR . ATAE R Fu sl il T BORNF AT, B = iR sl 2 Ra st E T,
BB FEESETREERADN, ATTUARFRRNESFEIRUAEEL. &
R T 2002 4, Selb £ APARBAFABFFILFHELBET (ZKBHEST) BREFNS
HEE, 2003 4, M Gross % AV B EFTH AL & AOM S ZE A BB AL S, FER
M7 £ #ATHE, RETERNERL., MNIEE SR P XTETZHA, WELA
18 B AT B 4L Eh B AT 32, 2008 4, Rousseau % AP3IR ficow 48 AR B AT R G #AT T —
RAERHER, SYHBETILRENIERTT 0N, AEBFE~ENER (BIEF
WERED . HBE foF i E . MR e RO R B fu s R AT UL % . 2020 45, Bocoum %
ABIFI B E gt BT = £ WP E A5 BT W, FRLHN —EHE 2 AT
THEEZ, 2021 %, Nowak % APIVE K AT X2 F AL RER R T F & A5 Bk
FIAR R A ot B AR
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1.2.3 HFRFHARTEA

BFHFHMLEE (DOPC) AT EE T LB LA FHLETRABZ L,
FIF SLM # AT A AL 448, 2010 4, Meng Cui 77 Changhuei Yang & & #& 1} DOPC # &, &
7~ 7 DOPC WEARZ G, TRBA I REUR AT OPC By REEFM 2. 2012 F,
Papadopoulos % A B DOPC fz Fl 2| £ 4 Koy R R E L. B 4, Ke Si % A X 2011 4
Xiao Xu % A$2 H 80 % 6 #8 7 #1100, 412 4 K f1 OPC i # 7 Jn A5 B 8] RUiE $% A (TRUEBR”)
BATRHE, R T E T F RAH DOPC H AW, 3@ i fiodk Bt o ik 18 = 435 = 19 4%

N
=

] o

# JE #2742 DOPC # A X B P HNE & £ /1. 2015 4, Daifa Wang % A & K Al 7 [
5| %% (Digital Micromirror Device, DMD) £ X SLM # 4T & 3 3% W A8 L £ 4501, 3444 —
TCARfL BT 3B 5| FPGA LU R A £ A B S AmatT#%, LT 53ms WA
FLA A, 2016 4, Yan LiuB¥% AF| B AR KA L An FPGA £ & ZH, Mk T HE®R
B 5 15 5 PR SR BT 18], R AR A 4 R B9 % B ER U B 18] R/ B 0.3ms BAPY. 2017 4,
Yan Liu % AUVF| A8 G0 8 ] SR ME, 2 B 2 T 4% SLM (FLC-SLM) #y — JoAd AL i #1
Bk, LIT oms By F GG AT R BB E . 2020 45, Zhongtao Cheng % APIE H T —F#
BRBEGEEEHTEEREACEIN T %, RARS T R @R EE.

R 77, @F DOPC A4 %1 OPC —# 7/ FI A T #Atk, AEMHLERE, £
AFEANRERE, X LA OPC H AR LI+ & H: £ 2011 4 # TRUE # A+, OPC
EAHMERAMTILT /£ Smm BAR T R E, 423 EH 630um; 2019 4 Zhongtao Cheng
FANBLHYAATERRAEHEA L, BREARAT 446, ZIT F 4mm A 4
25um & B AN RE, AR, & TG EEFHAMIA, DOPC A B & 44 5L A 52
B 2017 A /3 2| £ FL . Haowen Ruan % AV 5 T # 7 %5 8 5y DOPC % A &L Al 2|/
Bt Rk b, AT EAR A A 2mm AR E, 2B RRA 27.4um (fE A A,
2021 FEE N AF LA TFHEANENREDERARERE N 0952mm, & & AN 15um).
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13 HREWEREX

AR KX E DOPC HAF BB K ERMEA, §FAEBL S EERMNEAGF ], E
A, #t—F %z DOPC HAH K E.

ARABRLSPZF RN ARBEE, HUERORE LA ELA, K7
AR BEA T BE G, EBMNFERT UEAETHEERDHCFAMTILTIA
(Time Reversed Ultrasonic Encoding, TRUEP) oy = AL &5, =@ R Ao ¥et /1. AR
MAWRTHEEEAT %, FURAEHEUENTENAETREEZTLEF, ARRET
ARGWHEMLIERE. &5, ARALHEF — XL TRICHWERINFHT T HAXHE,
AP TH—FEBEFRTHICHWEE, 585 LT/HI0RE, EHERNHE2LE
2|4t

ARG BN EHEA: sk, BFRER. ARBASH. AR, EEHESE (UD),
= E A EF E (SLM), ZAEFE (AOM), WRIFLHEERH L, WEFETRELW
BERUIZTYREMEE—RTHIEAARES, HEFRE, EFMF, M. LB
BREMBRARTAHESHREREENETR, ABTHRAES 68 MR,

14 ZRANEETHE

AR EEF R B ZEIAETE AT NRHEZFRERN, £THERF, KR
FRLEN £ B TR A AT LA 4

(1) A SLM 323 E A W0 5 A5 E RN B A, DK E AR SR e i 0 & & H ko
T8 A BOA H

(2) #&A| K AOM An UT StATHIMEY S 2 W BRI R G, KA E LR H =677 %5
() BAREWER TR, EIETRoOFERGETIHOP LR E R, &EEREI
ZHMNA G

4) MEEXRTHELERA#TE LN, BREEEFFTATRENZHER, HFETH
AT AT B, MAEREH.
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2 WEHFHEBEEEN

AFENFETZELAEGE (SLM) 89S AR R mHRN, 7 TR P REHE
BEBY, RENFGERLEEFEAERUNHEUMEET Z, HYEENEFEFILIELE
HH R AT %

2.1 WOER A= E AR BRE

EHRTISEERBTRMNZA, FEATEMREFHEE T, B TETHER, F
EHRBHLETHKE, WEESEHLEE; Wb, AFF SLM #ATHELH N, ©F
B HATRE, URBEIKEESHEMER LK R

211 AR THRERE

SZE{# Fl 532nm B9 44 A0 ot % (Explorer One 532-2), A T #HEETHKE, KLk
BRT ML FBTHN, BRABHTHEAAE T FLANHERIRAEHTY
KE. TRABEFRE22, A2% SLM h—MRAH. TR EZRALELHZE ALD,
Bt —MIB e THE, LB eHEN 0.0lmm, /G MHE—{L,

REREF ENEFLETHRER, EEFERAEUALERENTEFL. HibEH
EABHEEY, EAFHNRNE, #HRE 23 F SLM AW RHF. (L% e L0 K%
M4 50 REFONEFER -, KERTHIMTHEANLEEILESHFETH &
5, WER AW

I REVEHE: ETZFRHE, ERELNRA LRSS RE; ERTELTHS
ZRH KA, TUAABREE, REZRARERLRALRET 7 RA5R
M3MESANGFHES, ERTAEEEANAKTFEZERAE M B, TLUESRE
FRAGZ A — AR AR, FAEEEERELFTE, T UERIES X
BELRANELT, FHFAFKHE M3 gL BERT.

2. RAEmEE: MMz s, TATHEMN, AEAEKEZER L3 ERAWALHE S
Bi. Er22ES, WHTM2EAMIEGLHES, HFREERWENESEL;
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£ Y7 A8 {3 48 AR 5
EEAMBHRUES, NRARARAE —ZEENTFTL, FREHNERES XEWN
RETACEEFFALES,

BREER LETHLEE ELYAECHRGER, ERTHERKERY L EHAES
WELT, TRBAETEEN. HATHFLLE, BB EFEEF X b ERKEIM L E
mA, BEAE R, CRALHCEE K TLUAA, AN ERRE B EHEY
BAETHKE, wE2100F, SSRNE b E KRB G 3H AN 18.140mm, & = A
B G P 3w 4 A A7 14.910mm #7 22.790mm, # 68 T K & | &~ 2x(22.790—14.910) = 15.760

mmo.

14910 mm 18.140 mm 22.790 mm

& 2.1: BOLSTHRERELER

2.1.2 2= 8 KA R B AR R

FERAN S EEE RN LR A5 LN R A T, #FEA R SLM #ATH
V. 2% K A PLUTO-NIR-011 B! 5 By 48 o A 2 8] B VA& 28, , I A Fnogok B AR vE K L
W5 /R T B HATRE, KB wE 220R. SLM AR LR A &, Lk v Ak E
FBA:

(1) Gamma %% & . SLM B gamma i 2 ¥ | & EE A8 [EZ B By X £, W& gamma &
KUK EEREANSKE, #MKE SLMALET YIS E, @ SLM # RS232
BOREAIEM gamma B &, T UR EARCRE TR E . (RIE SLM B EE 5 AR T
VA % R AEROL % 532nm K T A RS M SEE

Q) FBIRET . YONH AN RIRASEE A SLM R4 T HaRERE (518485 m—
B, SLM X ASt KW EF R E R E. U KA LR AW SLM W18 577\ A 5K
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LA AR A Bk b X
My, ETEE — IR £, T LA SLM kinE— R LA, AT iR
B3 B AR P A BRI SE A L E B B, BT LU A kR B2 A Bl SLM &
BITE BB .

mmmm BB
. M1
1
HWP1 PBS
== L1
=== SLM
=—

— = HWP2

i -
BS

CcMOS L3 M4

N /o

B 2.2: SLM Btk

() FEFRETH AN, BEE 22N HE T /ABRTY R, FENLERFHTY

Y, ARV SIM B HGHA, EAXKEEFHEE. AXFEREF, BALE

I A ARk o R A B UACERIRAS A, DR T HOL R, ZH L REE 22
B,

4) HEREERMECATENS N X%, 5 MATLAB # /7, 7 SLM £ B 7K
EEM 02| 255 9B &, FEMAY, FEEES CMOS AAICFE & EE xRy T
WES. w23, NETHFUABESL, BAENMKEESLANEML. KREXH
HITHEE, FRAEE LGS (H24F8 15 2),

B) FESLEEHMNATEFRMSNAREN AR L. BIAEEALEEZF 0~ 2r H o
W IE, FLMAMNA B A& EHEd &, BREH K LUT ( “Look-Up Table” ,
Kl 2489 FHE 3),

(6) WREREKE. £ SLM L B R FRF BB EXKBRIAH 0 ~ 27 FBY K EE LUT(9),
EASR (3) - (5, BHMANSEMAEMLNE L, hlhd iR gtE, g
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AT 5T b F A A R B AR

40 60 80 100 120
A bR B

ABHR HEER
B 2.3: SLM BefErH (R R SR E A S A AL IR

MBI 1, AUE R? MBI 1, W SLMARERR BT, CNFERERZEER, &
R

RELER SLM tiEL Rl 245K, H P FHE | RACER AR E B0 X R # 4,
FTHEH2ARERHNKEE IR FE S, TUFAREECEHHALNAFEIEAT
EHAE, FEH3ERETHINKE AT &R FHTLAAMNEG, BHO~2r 5
MAR - K EEd sk (BILUT), THE 4 BRAWRELER, TLAFEFELL, HEH
TEMERZER, FRTHAN L A REERE (REM, RP 1 H. EENIHEBEE
oK 1 AR RO BB LUT,

RESNMERE SIMBRARBEFFIFLRE, AFUREEZNERB S AP LT
WEHIRs, PRI RENE R B THEROTHE, #MESECRELARE. A
®W =, SLM. XA 5% &8 A AR, Z8T AATHERLE; Tk
LN BEFLLERT AN LIENNEERELLES TY AR E LI
WEREZ.

HBDEE, TURAFH 6 ROREE K%, F4E SLM KL L wRE
WUEF IR ARAZERAT, TUFER-BEAELEFeRE, BEAD BB
BATSERY; M TAHAWME R AR, EEARAHEAD, 2HEREUMNETHEL, MWH
NBEBETENHARNERE, FEEEMEEN—MIEREMN,

EARERBEF, WEATHENRZSEREN, ERREHL I WA, ARDRE,
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WL A AR A B i O

6 T T T T T 8 T T T T
1 2 original phase
4 unwrapped phase unwrapped phase
Ik 6 I
4 AN
2 " o AT
ok 4 dMith
mo {m h i A
"o AN i Mo W I :
= N = 2 f\ M
H o4 I &Y
g - g )
% b,
\'W‘MW
8 ‘"\A
A -2
-10 \\W\f%\»\ 1

1M
VI,

o

o
W o2r
=
L=
o
o
s &
= phiaseGT
00 k= 0.97928, R* = 0.8736.
a O
i 60F
K ot
20
0 L L L L L L - -
7 5 5 4 3 2 4 0 1 NS EE
HALEIEE

& 2.4: SLM B HESE R

A LUK R BAL T 8y ik, XA SRR BN, BT 8 893k 30 7 LAEKUE . 5% Bergeron
FNRR X, RRAHAATT KM ERe, FRETRABBARELSR. ML T RRT
WO ES —BWAE, 2R RN T -2l &R#1T, FEFHEAENILME
BE A A /NULPE A B AL, A B SA AR SLM b 3 — By K B AB AL

WALBAES

SLM ik i %%

AARELEE
\\‘.
\S
‘;;}
3
e
5

E AR o
: 7
2. J;/
i
REE

B 2.5: SLM XFLE

TRERFERWE 250, A RZREFERIANESILER. READ, RE
EREBEERCEHEEEEFE (R?>099), EamfERE,
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AT HF ARS8 E R AR R

22 WHFHEBELE

T RO & Fe SLM R f5, T AR SLM SEH R IE AR, #HATIE SR M AEHE
Sk EREFBAERH S (D ZBEBEE Q) AEBEGYRIGFEZRE.

22.1 £ ARG L F ik

LI KB E 2207, ERET SLM 5, TERIFATHATHEL LR, FAKESE
A& EER K, %E MATLAB R&#ATWRHAE, 24150 0,7/2,7,37/2, RET
KB R B4 Lo, [, L, I, BT THAESA [ ~ L+ I, + 2/ I cos(mm /2 + Ap) (H
F 1, L R RASHERETRBESN, Ap =9, — o, NETREEFHNMUI A Z,
m=0,1,2,3) , FIF A=K

In—1
Ap(,y) ~ tan™" ( - [;) , 2-1)

BUR REBUEMLZ, MEFHXNFEHK, TUBRENER, Ap BIFTAAEE T AWMLY
Ao

2222 RHERER

SERK/AELEwE 2.65 R, ¥ FTREEHNEEIF. TR, 2 ESHEE
EMAROAAMECRLE, RAMKELT ETRRENR LT REFETHHE
w, EEAWEELAMNE, TRERFEL .

I [

R
r Do
AR @EIARR (20) WEIARE (3d)

& 2.6: PIBHBRMEER. HARNNEEESR
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LA AR A Bk b X

MARAEREELS B A2 aREEE, H T REEENINEL AR,
RAAR R AR E AT I, WERTEERE. BERNBEAE. REXH AR, B
BT ARG AR D B R Ttoh H &R 4 W AR B E RN bk (8 B et L0l
FEH R ] S et Toh Bk, ARGLR B K. R PR
WEr Tk AR R B ERT T L, BT AR A R i
AHERGENG, KAREGAETREESIMAFELENREELH,

pped Phase Itoh (col first) Itoh (row first) Phase Itoh (col first)

I I
il

Itoh (row first)

FPU+ltoh(row) FPU+ltoh(col)

io

Estrada Filter 7=0.3 Estrada Filter 7=0.8 SRNCP istrada Filter 7=0.3 Estrada Filter 7=0.8 SRNCP

E

m
-

1

Itoh (col first)

Itoh (row first) Wrapped Phase Itoh (col first) Itoh (row first)

istrada Filter 7=0.3

& 2.7: HALRCRNFEERREXT

FPU+ltoh(row) FPU+Itoh(col) FPU+Itoh(row) FPU+lItoh(col)

Estrada Filter 7=0.3 Estrada Filter 7=0.8 Estrada Filter 7=0.8

Bl 2.7 BoR T A B B ik 24 I 25 A8 A% 52 00 3R 45 0 00 AN 1 [B] A 22 09 0 Tl AT R B R e 4
R, FEA1E 438y, BLAHMBARAETAAEA TR RAAKLZ N, TUFE,
ERGERERGHE L, MARAFENERZREMERLLE THE.

Itoh Bz B —BANMAREE, ¥ T EZEFEECARK, EERATTI8IR
FarRBMarszRNAE. a8 NFFRAANTEHY, F—#H%F2. 34 MTEHEREA
Itoh H W @R, col first K ZFHATEGT WA, HFHATTHEE, row first
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AT HF ARS8 E R AR R

WRZ. %—H#H% 1N FEEARREEE T %7 E (FPU) MG ERR, TUEEH
MTEREHENFAERRITER, RLEIRHIER. B4 4 FPU H kA — K Itoh &
%, [ LASEBLAE b — 0K Ttoh Sk E AT A A FE R (4m 2 B, FPU+toh(row) = LA ik 7 ##
BFE, T ltoh WA FRAFEELE). F=1T1. 2 FTEHEEIN —£ENT Estrada £ A
REWRKEEYNER, EXRERXALBOERETRREMR, &5, ETHEH
FLWE 77 % B SRNCP H W £t il iR P E B R R, M TE&MAEW S HH
REBURRAT MM B R

200 10
Itoh
180 i 9 ‘ FPU
i I\ Estrada
160 [V -
A\ \H'M N V ¢
Mo A A
140 [ VAN M/ NAEW VAV, 7
\ WA \
g 1201 ! 2
= E 6
= 100 @ I
Itoh |
@ 8 FPU % | [} |
@.tgf Estrada @ 4 | /\‘ | N
60 SRNCP ~ I M [l
[ | |
3l ~ I Al A N
40 | AN N INA- NN VANV,
20 2! VALY
ol = —— = =———— 1 L n
0 20 40 60 80 100 0 20 40 60 80 100
EERH EERHK

& 2.8: FHALAREIRIEIEE B X

B—FE, I EEEmMaErE Lt wE 28 r. EEEMRE FEBERLT
B9 SRNCP H i A it f K (27 0.14s), FPU ik #Em 48, A AFERA L FEAEEFEM
BElE 2 B HEAT A b, FREF —EEH0, EEMNARENECEL %,
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LA A A A Bk 8 50

3 BERTAZEEHRN

30 SELEEEXEREE
W HERFEERETAEL A fo, fo, BED B A 0 0sr BIRIES B H E(r,t) =

E,(r)ell2rfriter] — B (r)em/rt fo B (r,t) = Ey(r)ellPmlsttes®l — [ (r)e2mfst, 8 Af =
fs— fr Do =@ — @, MF RN TH 72 0958 E 54 AU,
I(r,t) = |E,(r,t) + E(r,t)?

= Ey(r)* + E.(r)? + E,(r) By(r) [(e/®raltae) 4 o=iC@rafttaem)] (3-1)

= Ey(r)? + E(x)’ + Ey(0)E, " (0)e™™ 4 B (r) Ey(r)e
WAGRH T, EHFARYT, RN3-1E +Af N TEET AN ER, —Af 5
BB 2R 5 B AR AL R HR AR

ESNEART, AZIAMMLLANRIR, #EFEXE CCD/ICMOS ML R A fo =

ANf, ESAHE AN KEK, N e Nt RAENBRKEE R T, 10 Te =1/ fo, N EIT T
—RHEE I, A

1 t=nTc+T
I(r) = / I(r,t)dt
t

T Jour,
= By(r)* 4+ E(r)* + E,(r)E,(r) (3-2)

x sinc (AfT) [ei(AW”’T/ HTAST) | il Aptnm/24mA fT)} ’

H o sinc(z) = sin(mz)/(7x), FEHEGRERELH. 7 UEEME S HRTNREE X B
Bt (B A Z MRS, BRI — AN AR AT, REHWAEEH X

| v
- S,

AN = (3-3)

= sinc (AfT) E,(r)E, (r)ellA¢m)+mAST]

RHFRENEHNTFIEMESF: Ap(r) =Im(H) — 7AfT. FTUEEEZ
%#ﬁﬁzé]\ﬁjb @s(r) = AQO(I') + Spr(r)o

S 2 BRI A v DL MR &, = AN FERE L TAFCEN. R4
RMEME RN FAL, AR 328 sine TH T UF H, HENEE W T 2 AENEN
et B) B 20, T B O B8] B A T IR o

H(r)
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AT HF ARS8 E R AR R

32 HERBABFERRHBRAE

ENLREENRGT, EARWEERG, BT X OHRORMAOL RS, TH s,
BERAR. HENAR. FLEHE. BFAEES, FENUI——40k, TXAHH
HEEMRGEEREET AR,

321 HERBEZABRAE

IR ELRFBAEEFREBEFTEOREALANEE, MEFREBNE £
mE SVEEE, DNFEEENERABHTHKA. ATHREGENHARH, FEX
R A B AT R

RETEF, BETRERMBNINEEZENGERAE, AEAMETNESEK
ABTRECHRHEES IR HEE), HEERELREBERATHERAENE
ERAREHK. B THERABFE TR, EETFEMEEETWEEHOAFH %1
B, SCHe oA € o kA& SOMHz 25 = T M K 4.

F3ETTRESGZR. TRFERT W E XK A% (Amplifier Research Model
75A250A #1 Model 50U1000U) , 4 Al = G B H A F kb s, T UFEE, %
TR 25 B B R K R 47 8 R4/80% A4 B FT LLIA 2| 800 7 £ 4, HMtH A 100mV £ 130mV
AW ERAEZLEE, RTUGARERGEFABHNATREE. EAFEMET
MR, EXEERRERAEET, R WERAENMERZESHEL 0.1Hz,

75A250A@50MHz 50U1000@50MHz

BERARGE (1)
BERASE (1)

%:1* 40 50
s B ()

Bl 3.1: SRR SR fr—re i Hh 2%
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AL A F AR & Ak #

3.2.2 FOCAR B AR

7oL G B (AOM) EAZH ML + R B EANIER . &£ AOM K, &7 K| R
NIRRT AE R — A E M, NAESE BT &K AATE (Rarig m BATa), RE.
MR, ETEHLERET., BHERE AOM WIS E EfE THME, 7 UEH EE K
WEFIE, HWEIFARNEE T F . BERAEH A,

AOM KRBT WH IR EJE, KE AOM MATH K E, UK RENRABE, £
| BATHAWBERA. REABAIRRGET X EEMBEEHT, X EENHYE
WE, TRAE G E A B A AL, fF A AOM M N\ Efit. Bl E AOM
TFRMEEHEFTT GG +1 FATH AN E, HETHEE (+1 TS A E/ R ED,
RN E R FE AOM M AEEZEETH +1 ZATH AR T RELRWE 320, 7
WAFEI 100V B ER, AOM W +1 ZTHUERE, ZASKENGELRIWE R 54,

80

65— Amp Gear 1 [107.8xG50MHz]
—&— Amp Gear 2 [147.8x@50MHz|

~
o
T

(4] (=]
o o
T T

+1RETERE /%

0 50 100 150 200 250

ENBE
& 3.2: AOM Hi E-ATH3ER ik

33 ETHREWPWAERITHZHEEN
BB BEMEE, TUFBILZRERNLE . BEIBAH LTS R,

(1) #ARBIZEA S, KB EWE 33F0R, BFATF AOM A UT, DUTIEE%
HBIERS, EFALSLELTE, o T UGS WA RAT S £, HuT
REEHTEA
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ETHRT A H AR ERNHAT L

(2) BEBIIZFNEE . W AOM f2 UT, HE+ AOM WM E % E % 50Mhz-
10Hz, # 7% #8k% % SOMHz, T AOM WIATH, +1 RATH LA A, WHEE
FEETHTHE, £ (D WER AT ABERS, KETHLEN (FEKR, &
SO BT o

(3) A% CMOS AL Hfk R, RAME X 40Hz, ELHF WG ZM T 5 B .

(4) AR B AR AR, RAT R R — /N EE R, AR T K AR AT T HY 2R E R

A o

331 XZF R4

ShZ TR e s E A 330K, MR ERRAF R AN KE A3 AT XL
HAERA RS RERBRAEDE, REER M2 XBL2AFE., KFFE—BXHNE
EH, EHENF REFEZ R F — A ERE 300mm WESE L1 #AT% R, URIEE AT 5K
Z, FAEGEESE LI SOMHz-10Hz (5% & A HF L), KEFRFT L LEET
FENTHF KSR, FA Bomm-f150mm WEFEKA S, FELAHELEREHEL
B, RGN RBEEEATY. RE—BANETE, £41L B30mm-80mm #&
FHAHKK, BTHBEER UT WAEGERREA, HHEAWNESTAHANREAE ML, M2
BE. MM EESImMm ZRERCE, URGEFGRESWARNE, LT —4ER
ST M3, M4 EE MR E .

ATFETHEEY, NWEEMAELHFRMARENTHETKE, X833 FTOLE A
ZHERKESLI, EERFLAGSNREAENEKRAHIE, RIHEA 1.6 3 1.7 2,
KON Yy 40mm HOEAR; WA, TFEEFTAFERILIWERSUTHWERES, U
RILR A E AR KR, ZAUBLPEFT LR UTWEBE XA, dTEERESAF
MERTE, TEEHLEE EWAEEHEA

BT AOM WATH A EHR, 5ELNAEBRLER. A TRETHLEXWHLE, &
BIRANG KB RZHHE W — ARk A, UETRECNLREME Y, B H A
HWP2 R # % A ¥ &5 — B
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AL A F AR & Ak #

L/ O {] N 1% 9%

BD = |2
= L1 AOM BD Beam Dump
I PBS == 14
BS Beam Splitter
=3 HWP1 E—— HWP2
HWP  Half Wave Plate
;g,'é = L5 == L3 L Lens
= M Mirror
8 PLM \/ M
— M P Polarizer
L6 L7 o .
’\? : \ PBS  Polarization Beam Splitter
I
L1:f300 M3 PLM  Path Length Matching Arm
L2, 14: 30 = BS
L3:f150 uT * uT Ultrasonic Transducer
L5: f80 M\ y Nk '
L6, L7:f50 M1 p CMOS VA Variable Aperture
s BD

& 3.3: ShERUARGH

332 HAEWNER

ETEHEGEWIZHRBERNERWE34FR, P E—HVBHEER, $_HHH
BB OFELER, EHBENIAT T UERLANES, ERERRFPARIALNE
BETHRE, dERK. BLWFIEBEH AR (KX 2-D TLUHKRT R, FEHHER
BHESAEL L, ERX BN ELEUFTRANBEE, TUFE, dTHLS
A AAE 2.335 ~ 2.275rad 2 [6], MAFEHETEER.

ARG EFRDEATHLRCE, FERGLEFRTATHRE. FLXHRHAR,
RARFBEHABEFTUAURGFICNE, LFERGARGEE. MEEEEFHK
BRT, B ELAAZSHEF HI AN, HRARRBASEERET b 25 K
S 2 E I

3.4 T B B E AT 2 BOE R

8T Rlod B A Z B E RN T, E IR R b AR R B ko Ot (E E R LA B
200KHz, it 58 & 20ns 24 ), KA for ot a8 e E SO0 R BIROLE gt s
o Wb, BEEEXFAE S Mr LERMEWfiorE TR, HILESOLT DU
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AT HF ARS8 E R AR R

iEpzAvics EEANES %180/ H#270%

SR ARAL I A it C B AR AL 0 A

Bl 3.4: ETELFEIISZFEHRNLER

R EEEE, NTIRAEFRBRE. RELTHEEFICHE. ARALEERT EF i
R A RO Ron R B TR TR, AT WA R RIS R #AT T AR
o

AT Fiow BB A8 FATIT A Z I E R R B A LT LA R

(1) AETESKOEFTCKERIEE F BB ERFOU— 2R EEH TP
Y. EESZEFERT, THWEKBF ALY, HRFELERL T FXFHEKMK
W, WHEZKEABRRLME., UTRHNERAERE.

Q) EEBEMFRG, WREIER XA FRT . EPEERROERETILANNT 3.4,
G ERE XN % 3420 B 343, RIBLRER, RIFHA UT 89 ko it
8] LL4% w5 A2 5 AT e B I AR T KO

(3) W HL A fioF R[], HRIIETHEAEN . BFOLE or LRI B 435, DL
WO oR ] DA E flod E R B R AR, SETW AL EIA.

(4) % E CMOS ft &, HEEHRI KA.

(5) *F 3k BURY B R 2t AT AR oL 4% B AR (o0 AL ZR
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AL A F AR & Ak #

341 BER S

LI FE A R ¥ VLB RS E B du 4R (Stanford research systems FS725) 4 44, H
WA i 107 s, Busri it I0OMHz AR /ES E MR B AMEF X £ & (AFG31102 fu
AFG3102C, & R EEEHL N 1GS/s, @ MEH A 100MHz), 5 % £% 1 (AFG31102)
# I E A Z (Model 75A250A) 2 CMOS A 4L (Photonfocus MV 1-D2080-160-CL),
o K 25 % 3% AOM (IntraAction, AOM-402AF1); 155 % £ % 2 (AFG3102C) #
BA— A EHAE (Model 50U1000) Frgh 40 # K% (Explore One 532-2), I XA &
% # UT (Olympus v3330),

BAERWE 35N, L EiRE L EB,

Gl
( Stanford research systems FS725 )

S5 KR4S
( AFG31102)

SEREER
( AFG3102C )

v v

. CMOSHEH - ST
SRR (Pro SIS S REE
( Model 75250A ) D2080-160-CL ) ( Model 50U1000 ) ( Explore One 532-2 )

\ 4 \ 4
FCATIES TBFEIEEeE
( IntraAction AOM-402AF1 ) ( Olympus v3330 )

& 3.5: SCIRTEAF RGL4EM

3.4.2 A7 Bt A FARL

ARAE LA T EENEE RoPRIE b F A, EESREEEFICHERLE REH
Ak A RO 2 e M IR B ko i, AR B B B B RO 5 BRI R T
XHTiE
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ETHRT A H AR ERNHAT L
BB 5 AR B R b B 3.6FTR. Bt & (Laser) FfE FIRE N
100kHz, R @MW EEMEEF AR A% E, AT UERRNGES KX £ BEREERS
THMESRNRBEEE, BLEATRAEIHNEETREN 2V, KEFH OV, UT
AETEEBARXER, M MNKFREE N AMEZR (LR FH N =10), §NMEZK
WIS 50M Hz, BN 20ns 89 B #AaT1E] . UT BWE ZIME SHL &5, 9 100kHz, #
REIUT RHWAEE KB EATHY Smm WES, W FEETHEE B BRSP4
A 1300m/s, fio St B34 48 7 & By B[] U P] DL e, [ O TR B 4 ik o O AR B2 Y e R
R, 294 5e-3/1300=3.85us. SZIF X I, 7= 4 A GO E AR B[R] JE R AN
[ #UT flod K B % AOM B3 £ 1% & 7 SOMHz-10Hz, /5% X 5L E S
HAE R B £ 10Hz WX £, AWET ¥ = £ WAL 2% H 10Hz B9 AEE B AR 8
EE, 4 FH UT 2 AOM 45 7F 4fs, 4 20ns/4fs=5M B HR4E T — MK, T 0.1s &
100ms/20ns=5M A~ B #, BI& 0.1s o — A K, 10Hz AEFEEE),

CMOS 40Hz
20ns+4fs

delay F pulse width
Laser - 100kHz

" d

[ “ ...... _ 100kHz
il I

/N‘ZOHS\
P gl
WN\N

A 3.6: IEHABAEIRCH BB E

BERNER FHfor 8 E X TARIEH B BRI @RI 4 KB 3757~ B THEA
T Rior UT, EHEESESEETEFHHEARRRK, ATEZLFHNENEM LA
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HFIT A 2 AR 2R B2 L i
T AWM E, AU ELSE R UT 249 100V IR Eh 8k, ERoFEIERAN A RERERT
27 320V B I IEAE EL R

A0 B 90 180/ {270/

fir L LRI AR L A7

adit]

B 3.7: IERBkrE bt R 4 R

MERLFTUES, THLASMLEAR LA, HUBEREELEUKRTY . HARK
MEET —ARTEEE, ZEETREEFELABFILH LT 2T ETY, BARRZ
CMOS & B 8 By B 2 VB B /5 B9 FE R, H P AT Bt T4 T 3/ 0 F B3R E
Bhe WA—ATERE, RIVESTHRMET BF E AW R OCREL B R E R, X4
KEEAHUEXRZERTURNREEEFER Y, SHFHFMAHTE AN R
REE,

3.4.3 B R A8 Bkt b F A8
BERMEKTHERNTEEERSARMELRE, XM FRCESL ELXFFEAN,
ElEHFEY, UT WEREE AN BB ART— KR ZBWASREFEN w,, H 1A
s HTFBEWBEIRE R w, WA @, WD (5EFREEMR) kT ERIBM RS
H
E ~ cos[(w £ wa)t + (o £ )], (3-4)
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AT T F A AR E RN BAR R

ERIGEHEATFEMT © WAL, 55 HN AOM &I AMEMF 24T RAF, M

EREMAEFHELAE, Z—FH @, MuE UTWRAE, E5HNAEMERES RHE, AW
o A AB LR 4 AR AR R

BFERBY M E ko KA 6 7 R B AR E 38R,

CMOS (TLTL  40Hz

delay W F pulse width
Laser 100kHz
|

A

uT

M\ 'WM} ...... 50kHz

M
_ N - 20ns | N - 20ns
N gl
|
| W/\W\W
20ns 20ns

AOM 54,999,990Hz

A 3.8: RAHMEFE IR ICH K

FEIIER RS, CMOS gt B0 FE5 5 EH lormicHAaR, UTEEMWE
EREAD LA B A BT, Bl TAHSHA A HTT KA, HEHWE. EEHAERF,
BI %9 50kHz, 1RIER 3-4, KAHAEZ AL JE R 2 AT D K F AR A, H T EH
# AOM ML LL#ATAME, EH# 4 AOM % £ 50MHz+50kHz-10Hz, BF 4 50kHz 4,
S m AR, DR AR B FAEAL, BB E W 10Hz 2T HA.

BEENER S for 2B = AR ID W BRI 4 R 39877, UT IR 5 o, JE 14 4 E 4,
H147 320V,

LB R, HEFENE RGO E f B E A E RO AT TR R BT TR, B3R DUk
HATHELMR AT, Wi, RN T EEEKEFNERN LR AREERER, FTrEW
BEA=: (1D UT WRAEWNKR, ERAETRFH#TEH RAELTAMZN AOM 41 F £
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WL A SFAA £ ik X

MR 90 #5180 #2700

B 3.9: KRBk PR TR E R 4R

HEEMME, UEERAE AL AOM BEFAR A UT B —2. XTI ARMEEZWHNEH
REEMIRE, XMEZTWAMCTRT THEAAALEN TR, (2) BEFILKEN %
B, AEUYRRFBET XA UT AHWAEERES,

ARERT L] E, AW T AT MR E A R (1) 3 AOM #HAT B SR X 6y #%
f, BIERUT REAFE T WHELRE, IMRALTENFELREITRXEZXHENW
FR#%I, BRXIMEH 50kHz 89 AOM ¥, ¥ FAHMAAT—KRM. (2) #EHEFFiL
AFHmE, TFETEFHATHFHER
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AT HF ARS8 E R AR R

4 BERFRICRELSN

EABZEE. ETAEF AR LN, BFREERE BT B L THEIM
FIRREREETH RO IR REEE, ARANPREATICHERGER LT T 247,
FEEAFTNFE: (D) BERBE A Q) BEESRELRWERARE L/I. £F, “f
RABE” EENLZ5EEANAFRER S EREERNE 2 Vip/V 20, B0 LKk
B IO RO L T E A R R

BREERTFRCHEREN n=n(A, L)), EF ANBFEREKE, L ABFHEH
FTHHILERAES, | ANFHFHEEE. CaBFRSRELRELRERANAER
BE ny AR AR N AEEFATIDKE g KT

n(A, L/l) = nv X (A, L/1). (4-1)

ARBELT —NENBRER B gy, AEeRBF AT HIEHNHIERER
B 7 R A AR KB AR A FATID I g W, R E AT 7 RS RE
EREAE LR

41 BEERSATHIFERANWERELER

AT HRAEFE KL REAREREEN T ACRENDE, DRSS fos ot An ficod 48
PR FESRAATHRMN, ARARNEBFREGLTOELERNATT ZU LWEE, BIF
REFEREREAREERTENWHEE(ER . £ Lihong Wang # W By il & w21, &
R E—NMFEEEE, KHNMRKE LXFEHEREE DR, AR ZHWHER 8
NRKEL#EEEEXTHEAES, B L 2 REMLE EMERAEBERNHAER
BT Vi BRFEBETLEHTRAKREN, LEKT ToRBEEMER, ATFE
EW LR L. #WEE gy B9HEF,

4.1.1 FREANERER

W 41N, EEREUER S, KIHRELRPRELE KEBREEANEF
T S B B AE R, AR 4R B AE (R B9 AR SR AR AT AR AR R R
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AL A F AR £ Wit

v/
T‘

Afp

Feplid
& 4.1: BRAAEFEE SRR IERREE
REXXERERBFE FTREHEENRELR (KK N, BRANEZFAWERLA

D, HREEN f, BFEROKEILEN NAp=D/(2f). REERAKXKREZN dp, BE
7\@ AfP, I)‘]\]Jﬁ:

L2 A

P D T NAp 4-2)
Apa_ M

P aD? © 27NAZL

REFREBETEBFHLRNTHERAN Dy, KEWBEEREN F, BFEHEAEHF
A RFREN ey, BERESEEN fu. BF A —MIME, REXHEEAT 24
T—RI B ARESHIE, RE-IMRAENCERR AN EERKHLTESE (Near field
distance) Ny, AFEH T HEEME ., FRM T EZTH:

D} F
Ny = -2

dey (4-3)

AEEgEE N EEREFEE TN, TURAE—NWEE Sp = fu/Ny. BFHiEE
REFAWEBEER dy MER Afy Tl TRITH:

D
dy(—6dB) = 1.0222C PV _ 9568055
; (4-4)
Ajy = NS}
YT 140588

R UE #HIE NAy = Do/(2fy), TCREBIEKH My = co/F, NAE & AR
HT B RAT A

51
dy(—6dB) = ON5A>\U,
v (4-5)
Ay — 2\
Y7 NAy(NAy + Ay /Dy)
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ETHRT A H AR ERNHAT L
EEBRMEER LA RESELRSGESBFRWHEEEAR, BTEERNE LR F
RERAMIZGEEE, KENEE Afp, Afy, BEHR Mﬁﬁﬁﬁﬁdﬂ@om%%
FH LR P TREAEANFTE, HIEAERTLUEELSFLGHE RN R

d = min{dp,dy}, BXBLFEEUT W R ECEFEHE AL ER. U FHEAERHEER
K e T2 LI KE):

d/2 dz d2
Viap = 2/ min < Afy, A/ —— — 2?2 ) x min{ Afp, — 22 5 dux. (4-6)

ETREGEMAFERATHEFEATHRRE, RXEHEE- LT HRERERBEL
RAERZ I

Vi 2f d/2min{AfU,\/j372} Xmin{AfP,\/j} de.
ap

= —_——_ 4—
W= T EAT,/ (4-7)

Fe B A AR X T o Bk An ok 4 U, AR AR AR RO — 2 % B B R Bk
R (oREHED #RE, WHOP LR 7, RARE CERmAT) A wp,
RN P, EEREN fp; RAFEFEEN, REABKATLE (FHLF) Hwy, E
EREN fvo

S ERM, HUESZATRAETENEEKE, FERX 4678 Afp &l
min{A fp, wp x ¢}, Afy B# A min{Afu, wy x cv}o FHIMHEA A RRE A

d/2 2 d2
Viep = 2/ min | Ly, ZU — 2% X min q Lp, Z — %) dz,
/2 (4-8)

Ly = min{Afy,wy X cy}, Lp = min{Afp,wp X c}.

5 I8 fE AR I AR TEOEFAT DR, MRAEN

v 2 [° d/zmin{LU, % —xQ} X min{Lp,\/—2 —332} dx

lap
_ — . 4-9
LT T Lp/4 +9)

BEFRLT, CRNELMBERLEE B, g =1, R+, Hgy <1, UF
BRA gy R IAX#ATHEARA, FREENEREE K ESHK.
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AL AR A A X
412 2T EVMANKEAEEHFR

HREAR ARAREZDEE, TENERETTHE, FREELEEFELT AT
T A, MR gy BROFECRAS TR RAREIL, BERoF. EROTRER gy B4R, &
G F B EAE NAp A F FHEIAE NAy MR RE gy 1.

0.7
I 0.9
0.8

107

0.6

0.5

106
0.4

NA,

105

0.3
104

02 103

102

IO-1

0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7
NA,

B 4.2: MEEARKERBERGTRLER

FA2hfF B4R, TR BAEEFRMRELHAESLKNELT, A 0.001 = 0.7
K& NAp M1 NAy, WERLW ny. ERETE Ay, B, BT FFREAEILFET
HEAZ Dy, AR FEEN 6mm (F Olympus HAEF HBRERASH, THEREAS
B R # 6mm, /N A 3mm).

Bl42%, BleRRFTHEREERE, TIEFREILRE NAp & gy FHREF, N
R gt m v FHELZEE gy > 0.9,

ERER RNECEKLENIZRFRITHERNNFE REER EHATT kat, BE
AFEZFEHENAE, TUAFRTHILEANNLE, TRERWE 4357,

L% NAy = Dy/(2fy) =6/(2-5) =06, BEKERELEEFEHEANHARBEK
¥ NAp L 0.08 (FE D BH01 (FE2, TUERFTHEAANLERHERE, THE
QEZAMUERTH AN, BRALFTITIEAERARRA, GEHA2MTELER T
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NAp === =10.08 Nap=2 -0 _ o4
P=2f 250 P=2f 250

Bl 4.3: BEDEFHE AR SLI S BT H

4.1.3 £ F ZHEE W ko K EBHFR

ANFETHXERBOENER, DR R S ks RE AKX &, FRT fior
T A AR T ALK R W R

Rﬁﬁ&ﬁﬂﬁﬁﬁﬁﬁﬁ?&&%%% ARSI T, 370 IR D B 4 AD ik o

. BE RO R wy, THNWEREEZEHDRE; EREEF R o
wUﬁ THEAUWMHEAETRKERHARR A, AEWE, ERXEMTHLALTRL

HWAILF AT, BIHE . B2 LT AT L E 2 AR LB 8O fleors B[] JE R K B A 48
FARCH R E AT KE Ar, R ZIAEFC T WD ERE, T AT =wy.

2 4.1: IR AT B R R R A
AN 98 BE wy | BOGKKITTERE wp | BRI AT AT
200ns [50ns,0.5us,1.5us] 200ns

lus [0.5us,1us,2us] lus

WA AP, ERAEF, A e flos 5 4 10 A~ 50MHz B IE 5% B B Bt (200ns)),
A G0 B B ot B ot S wp AT 3R /NT 200ns (B3 ns & 48D, B Bt 78 18 Bt
8] %4 200ns EEGEH, £ 200ns N THEFLTRELL T LFAT R, AR, JLF
FA AT ATAR; L85 K fkor 55 4 50 A S0MHz 89 1E 52 B B (lus), A8k ik
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WL A S AR iR X
AR A, M EATICHE B K E A lus.

o, EE ns BOtllorE R T, #AEFTHE AT KERETEE OFKE wp.
Rl T AR E R T WO Bk & 7] DUE A8 = fiom 238 2 8T i B A FLE o 3 308 fior
ERPETREN, IHWERTRHRAERE.

Bk BEABERICREHEE LR AA, ABns 5lus) AL TEZR, T
FETLERAAREM, ZHAXMERT qv W ne MELHTA, FERTRER
BAAL . REARFTR B EEERAEE A LN, LBHOF T E TS ps. fs 2%
o, BERICHER IR YA LS. FRT IR EM LR, KRR TERE
BATA K LR E R, W& T X#HATHE 5.

Jc v 5 JE 2 B AR R RSB LR 0 T — PR o S R FATID R R
B, EERENEXN py B, KRRAZAZHRSH, HFHHLHFAIES ps. fs &
%, FIARXRENEAER#TTHE,

HEBEARKK 532nm, EREEZHWNASHEE N Dp = 5mm, %% EFH 50mm,
BUEEFLE NAp = 0.05. T HAF AL REEANAH dp = 10.64um, BEE Ap = 33.87um; R
1 # 7 #6052 5 (Olympus v3330), A X FM LA B EH THEE Dy =6mm, £
fo=5mm, i+ E/BEEHEILRE NAy = 0.6, EFE d, = 22.26um, EF A, = 143.41um,
&R W F N C, FEERWE 44F7F,

Bl 442 — A E, F7 NAp = 0.05,NAy = 0.6 B, R K E ny 5 HoF FE wp, wy
MxZ, BEBE. B, p B,

HEEBRELI: (1) bW kFEREATET ns ER. #EEKFFEE ps £ ns
ERE, MRBE g MEE EHFRENEATEA. XE5LRMEFE, FAEZRF K
R OE fiow B AE 20ns Ao, AR ko B9 fiom 5T 7E 20ns E Tus Z ] (2) B b Bk
B Eps B, BFBEKETEAE ps £ ns BRET, HHE ny BE R L oP T E
B RN T2 A . X2 i T AU F AR S AT, B BB B RV (~ BB F 80 BN
Xy R EE R

MFEERHERRE, ETRRBF R REZFENHEELEERLT, RATTUE
HEEEFE R REHEEE ns BER, MBEEBAEKFTEE s ER, THARIEERZKE
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-07
—106

63ns

249ps o5

wp [fs—us]

31ps 04

—03

494fs

62fs 0.2

8fs 0.1

4ps 16ps 62ps 249ps 4ns 18ns 63ns 158ns 251ns 1us
wy [ps—us|
B 4.4: XS BRI EMRRTEER

v TRIERT, RE e XX THBERFTLELEEE, 7 URKRR T mknyis
EeE, REHEEFEORE, HTNES g (FEBETTER), XEHTH-—FRE
FARLRE 0 B %,

i, RNCLBRAFAZTRT RAESEK (BELRE. HorrED HEZHE n B
B, ERPNAECENRASH, ERRIL n RANEILT, RAERER .

42 BEESEFHIFERARIAEER

BEINY, MU LAE R THEIFERE R =AFER: (1) BF3 28N
Tk REE, AENRNEA RS, TRAKE. () BE5 LA RN HHA IR
), HTFBOLTEAR AL £ HA R A S (3) BE B RN AT A R
HEH, BRTRBALTHARLZLARE, AMPHTRAEELT AN TS HRE
E .

Bl (D) FEAEMETRZETH, EXHPHLRME, #UAN. Leutz Fo
Maretl? 3¢ 3 F % (2) F#HL#| B9 48 B ARIC#AT 7 2 #, Lihong Wang?U 7 fiu 1189 £ A + 3|
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AL A F AR & Ak #

ANTHLE (3) By®me, ANTIEREBFESLTHEERANHIAERGE ZE.

421 BAERE LIRS

A F /24 Lihong Wang?' 32 HE#8 &= ot FE R B NAER, FH8 T EB X FH
o nAEF

WHIF A Re[E(t)el], BIXAH —ANTFEAEEFKAZAGNGNRAEALGHELER,
MBS AT AT ERE (BMEE) W UULHIERRE r NG FHEHR LA G, &
TN

Gir) = [l Bz + 7)) . (4-10)

Hep « REEEW, B, R WA LT EAE s AT EE, p(s) METFELAE s B9
REE, ) RTHFHE,

EAXEE (E,OE(t+71))BA=Z"kIE, oA RAEHT), #E1ER 5| RS
MEERGIRAITHERT ., BIXFEHZEI R EME T (B TH) M E5 R EHEx
W (U THr) Tk, AgikiEy 2k, WAL

(BBt + 7)) = exp (—2—) ,

Tol
s/l+1 s/l (4-11)
Z A¢1’Lj (t7 T) + Z A(bdj (tv T)] }> )
o j=1

HPIANROTHEER, R PHERE - KREHEANKE, 1 TR T HIRAE,
WY AR D, REKEEE: 7 =1/(Dk),

R AL1E Ady(t,7) = ug(t + 7) — duy(t) 47 5 i 48 7 K B A2 A9 A0 (2 % A,
Aggi(t,7) = ¢qj(t + 7) — ¢gi(t) M #BF & REANB A MG LR E. 2 5% R
I, A ¢, B

(Es()EL(t+71))y = <exp {z

b
P (1) :/ koAn (rj_1,s;,05,t) ds;,
; (4-12)

An(rj_1,s;,0,t) = nonk,Asin (k, - rj_1 + kg5, cos0; — wat),
Hpk, WEERER, w, NBFFEINE, r; BF j M RAWNLE, 0, ZOCEEF K
ERJNEHREFTHRREA, A2EERIRE, 1= (0n/0p)pv) 5N FREHREXRK
on/op. BEE pMER v, H Ko
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Xﬁ ¢dj’ 7%:

~ ~

¢dj(t) = —nok}() (kj+1 — kj> - A sin (ka . I'j — wat) s (4—13)
HEhk A% RN EMLE R,
KL E&EXNEHERE, TF:
Gi(7) = /00 p(s) exp {—? [1 + (0n + 0q) (nokoA)2 [1— cos (waT)]} } ds,
0 70
(L/1)sinh | {=[1 = cos (w,T)]}7?] (4-14)
" sinh [(L/1) (e [1 — cos (war) 12|

H o sinh ANt EZ R, F S AMNERE T AAED 7/7 TR TR, HLMSE 0 A4

1
6n - (anl + an2)n27 6{1 = 67
an1 = kol tan™ (kol) /2,  ame = 2B8%/(1 — x),
s 1 1 —1
I S O 0 T 4-15
5 4 (Qkal) {2 1 [ a2727<kal)21}7 ( )
x = tan"(kql)/(kol),

g = 6(5n + (5d) (nokoA)2,

w

R R p—2q—1 B LT B, WAL E
A% Wiener-Khintchin =3, X B X% Gy FEE L7 UEE G REL 7,
H:
T
I, = T/ cos(nwet)G1(t) dt, T =27/w,. (4-16)
0

®E, AMEEEFILHTHET U

Thag = [1/10 (4'17)

RUH, EF L A+ ZBFHEIAEEHCRE, [o ARBETLRE.

4.2.2 E- T HORAER B8 = W R £ R At 5T

EBRER ETHAREBRESHNHRZ, ARIB T LA EE KHKIEHTEEN
RN E, RebRE LI E A R 4 5089 T3 3Tt B #EAT R 247
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WL A AR A B i O

B 4.5: AF UT WS ET BTFP &S00 H

SRR IESZEor ML E#RTERTY, £UT LB ILEWEE, LETY
£ S A L E

LR RWEASHN, TUALFRRH AR EF RO TH L0 LEW LA, T
Hafth Eryte Rk RBHRIEH . XIIUET Al ¥ S0y E R A fof B S50 00 30 2 IE#
M, B2 TER BB fo 2 io a8 IR, AR5 Y B Lk x B AT R i Lt
ATIRAE, BET XHATH AR

HEESFE BRAAFR 4-145F006 X220 B 4 i3 9 5 B8, %5 MATLAB R A
HAATHE (FERGILMFAT D), EE4 R NKEEZBEA F 8 E KL
FAEEEA

IRHESRANEERAREBEA, HERSAkMHE., F—28E, HFEH v, =
1300m/s, # 7 HME f, = 50MHz, 3% FEAHEREMUIITE E ng = 1.33, FE p =
1000kg/m?, /4B 2 ¥ On/op = 1.466 x 10~ kg/m>, EFERAT, Ko FHF
HERBELN 3107 mm, HWEHI=3x10""m, FELEBRENFKE L =31, B4
3T HEER, FHREKE 3 K.

AW XY, BEREREENKER, FE Snm HIKE A = Inm ~ 36nm, 7 HEE
Rt 4.6,

ERERES, LA FENGETENEMREE G, 27, i EAtE 4 200ns, &4
SOMHz # 7 i iy 10 N B, FTLLE R, MERIEWRE v, G RGWESEELET A, X
AR E R e, T FE AR o, BE T B R R AR IR TR A
KA. FTLLEMHEZ], £ 50MHz &, #FFIDESHREE léonm L F A, EAL
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1 1
08l | 0.8
n 0.6
06 i
) 0.4
047 ) 0.2
02 1 1 1 1 1 1 1 1 1 O
0 20 40 60 80 100 120 140 160 180 200
t [ns]
200 T T T T T T
1nm
150 [ 6nm |
11nm
—~ 16nm
; 100 21nm ]
26nm
50 31nm |
36nm
A A
0 | . A | A b |
-200 -150 -100 -50 0 50 100 150 200
fa [MHz]
Bl 4.6: AFEEERIE T RARCHTRER

21lnm, 26nm HEHRAMIK A, TEIENBIFTIFICHENHK.

]

70 1

60
&
X 50
=
X a0
=
[y
I 30}
£

200

10f

0 ‘ ‘ ‘ ‘

0 20 40 60 80
A [nm]
B 4.7: ZRAERRCAER PRI i 22

100

AHATIHER BN LR, BRNESFARKE T EEITEAERITRE, RAREKEEA
3R, ERWEATH T, FTULAFAE—A 50nm LW REIEF A, 16 F & FMAAFIDK
REMETAM, EFMNEARCEE R E 2 Z IR IR AT .
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HT R ¥ AR A B i X
4.2.3 T HORHE W B K BB 1ot 5

HE—FHRBERTHICAEREN T HE K, RONTHAAAKFTTHHE. £
REMAEA KB RRFEEFKHINGEKE L AR, MARAFARLE S A
BB ERARER, BAVE L g ARFRENFNERES, BRIWTHET T F
TEFKE THAREATITDKE N, UEFEITEERES L/I THRIOREREIRER N4,
W& 4.8FT R .

100

90 [~
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70 |

S
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(=}

S L/1=0.01
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T L/1=3
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A [nm]

& 4.8: NREIBGHRECT AR R R RE R

L)V T UL B R = E R BE S T o RO K2, g Ok ey g, # = B At ¥ 15 2
RakA, NIEFREREBEFERE AT, TULHA, £ 50nm RELZEHFE—IE
Fr, R R T MATE R A R IR AT . 2= IR&/DT 50nm B, AT 10
RN IR BAE BN B T2 LLA B 90% L EBATIE AR ;s AT 50nm B, AFIDEE M
BEBHBRRATESEH,

ETEE-FEHEARET, EF R mMAAFICRER A EMERTTEM, BN
DR R H R B E IR B R AT . B, T DUA KA — = E WA DR R B E R
BHEATHEA, BRlEFRIERE, TILRE2RXETR.

38



AT HF ARS8 E R AR R

5 R&EL5RE

51 wXIERE
AEBETERE TR FRT LS A ZHEERCETENEA, TEFET

e T

() EAAEXBH TR T EATEMEAES, AEKTLEHAEA. SFZ2ENFEA
Fod EARIT BAT R A, MR AEE AL,

Q) #ATTEL TS B ETENNTELE, =& T FH SLM #4710 % 48 % 5% & 501
BAERE, LBEEfE T E

(3) TR T HhE AR AT RN B A LA iR BB UL TR SRR, B R E,
tEEE, ERTREAMEEERE, ERFEEILTHRE T 2% HEE fios i KA
B ik vk 7 A B AR R SR

(4) $AT T BF ALK E HORALE A7 Fo 7 TR, FETHRH TR ENTHAEE
AFHEEAEZRREYTMMEIRERLE, FNTUNGERENAZESNT Z
H A E AT DR R A K, BUAEE 3R B A R BE

(5) #ATTHEERCRENENEE, NER LT REXTEAEENZHEE, £
BT —MERAWEE LT HEERAEZINER, FAAEZABEBE IR SKG R
ST Rlok TEMBELENEEFICERRENEE, &KL EFREILR
HYAE R SRR TR T 07 FAR A B R A

52 RAEWHASRE

AR Z B EATICE BRI AR HAT T ERMZRAANTEHOREANRE, ELF
A8 LA 9] 2R

(1) ZBERFHRAMIHERS, FERUFE LS THRTAL;
(@) ERERUTH LA LT EFER— SR
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(3) RH#ATT LU F AR &7 A o o 8 B 50 0, %R 04T B 40 RO BB op T 3R 52 35

(4) AHBEFCRENG ARG L2E, AT AHZHTEA TR, X85 H6 A
NREITE R, FHEaBFSRIER A HEE,

(5) ERERERTHIEANENER F, R#TTHESN, THEHAT S EXMF LW
5250 B9

(6) B K OWAR B A 22 AR R 44T 2 B Fo AR AT
AKX, ARANFHELZHUT LA E:

(1) RANFARAEERTFHEELERNHANG, TRAHEHTNZHEE, T EL
ERAEEBANX EABINBRERE N,

Q) REAREFATHEERANEZRAER, XA KDHARIEMR BN EZAER WA
WM

Q) BAFZVNEA ML, HAXLERMBEH M AHNESE, #—FRETH
B E

(4) St—F AR ZLBHA, BILBFZTANDN, HATZ BIREF 7 AR HAKE,

(5) #ATEABMHN MK AR LR, FERARANLF ERFAEFHALEREASE
&, MARRRBANFHERFERET,
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1 clc;clear;close all;
: % 7 E 5 H

3 dx=1le—9; % 4 |8 [& Inm

% t K H K
¢ D=Se—3; % W & AW E
7 £=50e—-3;

w

Imd=532¢e-9;

o
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w p=20e—9;

NA=D./(2x% f);

% d p=2%fxlmd./D;

d p=Imd./NA;

% delta f p=2xImdxf"2./(pixD."2);

delta f p=Imd./(2% pisxNA."2) ;

fprintf CAERXRREEHELE %.2f um, B X %.2f um\n”,d pxle6,delta f p

xle6);

% B F K54
D u=6e—3;

f u=5e—-3;
F=50¢6;

45



21

22

23

24

25

26

27

28

29

30

31

32

33

46

47

WL A SFAA £ ik X

c u=1300;

Imd u=c u/F;

w u=le—6;

% S F=f u/N u;

% N u=D u™2%F/(4%c u);

% d u=0.2568%D uxS F;

% delta f u=2%xN uxS F"2/(1+0.5%S F);

NA u=D u/(2%f u);

d u=0.51%1Imd u/NA u;

delta f u=2%Imd u/(NA u%(NA utlmd u/D u));

fprintf(CEEFREEHERL %2f um, B & %2f um\n”,d uxle6,
delta f uxle6);

% CW interaction
eta V _cw=cal etaV(d p,delta f p,[],d u,delta f u,[],c u,dx);

% Pulse interaction

eta V_pul=cal etaV(d p,delta f p,w p,d u,delta f u,wu,c u,dx);

fprintf (" & 22 A 2 A F %.21%%\n" ,eta_V_cw);
fprintf (" ik B AH 2 A E %.21%%\n" ,eta_V_pul);
%0 eta V_pulse v.s. NA SF
NA=0.001:0.001:0.7;

d p=Imd./NA;

delta f p=Imd./(2% pisxNA."2) ;

D u=6e-3;
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F=50¢6;

c u=1300;

Imd u=c u/F;

NA u=0.001:0.001:0.7;

d u=0.51%Imd u./NA u;

delta f u=2%Ilmd u./(NA u.%(NA utlmd u/D u));

eta V _cw=zeros(length(NA),length(NA u));
for 1=1:length (NA)
for j=1:length (NA u)
disp ([ num2str(i), —  ,num2str(j)]);
eta V. cw(i,j)=cal etaV(d p(i),delta f p(i),[],d u(j),
delta f u(j),[],c u,dx);
end
end
figure (Color’,’ White ")
% plot(NA,eta V cw);
imshow (eta V_cw,[]) ;
set(gca, 'YDir’, normal ")
axis(’on’);box off;
colormap(’jet ’);
colorbar;
xlabel (*$\mathrm {NA} u$’, interpreter’, ’latex *);ylabel (’$\mathrm
{NA} p$’,’ interpreter’,’latex’);
xticklabels({’0.17,70.27,70.3°,70.47,70.57,70.67,70.7"});
yticklabels({ 0.17,70.27,70.37,70.4",70.57,70.6"7,70.7"});

%0 eta V_pulse v.s. pulse width
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close all;

w p=le—15:1e—15:5e—13;

w u=le—11:le—11:5¢—9;

% w _p=logspace(—15,-9,10);

% w u=logspace(—12,-6,10);

D=5e—-3;

d p=2%fxlmd./D;

delta f p=2xImdxf"2./(pixD."2);

D u=6e—3;

f u=5e-3;

F=50¢6;

c u=1300;

N u=D u"2%F/(4%c u);

S F=f u/N u;

d u=0.2568%D u%S F;

delta f u=2%N uxS FA2/(1+0.5%S F);

eta V_pul=zeros(length(w p),length(w u));

% NA=D./(2 % f)

% NA u=D u/(2%f u)

for

end

i=l:length(w_p)

for j=1:length(w_u)

end

disp ([ num2str(i),’ = ,num2str(j)]);
eta V_pul(i,j)=cal etaV(d p,delta f p,w p(i),d u,

delta f u,wu(j),c u,dx);
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figure (*Color’,” White ”);
imshow (eta V_pul ,[]);
set(gca, 'YDir’, normal ")

axis(’on’);box off;

ylabel ("$Sw P$ [fs]’, interpreter’,’ latex ’);

xlabel (’$w U$ [ns]’, interpreter’,’latex’);

xticklabels ({ 1°,727,°37,°4",°5"});

colormap(’jet’);

colorbar;

%% functions

function eta V=cal etaV(d p,delta f p,w p,d u,delta f u,wu,c u,

dx)
if nargin<8
dx=1e—9;
end
if nargin<7
c u=1300;
end
c=3e8;
d=min(d p,d u);
x=—d/2:dx:d/2;

if isempty(w p) || isempty(w u)

w_p=inf;
w u=inf;
end
| u=min(delta f u,w ukc u);

I p=min(delta f p ,w pxc);
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V lap=2xsum(min(l u,sqrt(d p."2/4—x.72)).«*xmin(l _ p,sqrt(d u
N2/4—-x.72)) ) xdx;

V p=pixd p"2/4%1 p;

fprintf(”V_lap = %.2f um”3, V total = %.2f um”3\n”,V lap=x*l
el8,V pxlel8);

eta V=V lap/V p;

end

D ABEHEEETEAMAEY G ERDG

% * B E K

Fs=1e9; % * # # £ 1GHz

T=200e—-9; % X # B [/ 200ns — 101 & #f
t=(0+eps:1/Fs:T)’; N=length(t);
f=((0:N—1)xFs)/N-Fs/2;

% B F ALK F &K

¢ a=1300;

w_a=2xpi*x50¢e6;

k a=w a/c a;

Imd a=2%xpikc a/w_a;

Imd=532¢-9;

k0=2%xpi/lmd;

A=(1:5:40)%le—-9; % # 7 Ji k@ 14
% A=(0.01:1:100)x1e—9; % # F k183

% I~ & %
n0=1.33;

% L=30e-10;
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1=3e—10; % F# 5 &2

% F 5K
beta=pi/4—-1/(2xk_axl)xhypergeom ([1,1/2],3/2,—-1/(k _axl)"2);
chi=atan (k axl)/(k axl);

alpl=k axlxatan(k ax1/2);
alp2=2xbeta”2/(1—chi);

rho=1000;

eta=1.466e—10xrhoxc_a”"2;

del n=(alpl+alp2)xeta”2;

del d=1/6;
epsl=6x(del n+del d)x(n0xk0xA)."2;

Gao(t,L) (L/1l)xsinh(sqrt(epsl.x(l—cos(w_axt))))./sinh(L/1%sqrt(
epsl.k(1—cos(w axt)))); % 1T & H 1 % & 4

% it &

L=[0.01%1,0.1%1,0.5%1,1%1,3%1,5%1,10%1,30%1,100%1]; % 1 [E /& &
E (fEAKED

Gl=cell(length(L) ,1);

I=cell(length(L),1);

for i=1:length (L)
Gl{i}=G(t,L(1));
I[{i}=abs(fftshift(fft(Gl{i})));
end

%o WK

leg =[1];

for i=1:length (A)
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leg=[leg; sprintf (”%dnm”,round (A(1)*1e9)) ];

end
figure (" Color’,  White ")

C=colormap (' jet ’);

idx=round (linspace (1,length(C),length(A)));

subplot(211);
for i=1:length(A)

plot(tx1e9,Gl1{5}(:,i), Color’,C(idx(i),:)’);hold on;

end

xlabel ('t [ns]’, interpreter’, latex ’);

ylabel (’$G 1(\tau)$’, ’interpreter’,’latex’);

legend(leg);
subplot(212);
for i=1:length (A)

plot(fxle—-6,1{5}(:,1), Color’,C(idx (1) ,:) ’);hold on;

end
xlim ([—-200 200]);

legend(leg);

xlabel (*$f a$ [MHz]’, interpreter’,’ latex ’);

ylabel ("SI(f)$°, interpreter’, latex ’);

Wo FFIT M F i &
figure (" Color’,” White ")

C=colormap (' jet ’);

idx=round (linspace (1,length(C),length(I)));
idx tagged=find (abs(fxle—-6-50)<0.1);

idx _zero=find (abs(fxle—6)<0.1);
eff=zeros(length(I),length(A));
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for 1i=1:length(I)

eff(i,:)=I1{1}(idx _tagged ,:)./I{i}(idx _zero ,:);

plot (Axle9,eff(i1,:) %100, LineWidth”,1, Color”,C(idx (1) ,:));hold
on;

end

legend ([’L/1=0.01";"L/1=0.1";"L/1=0.5";"L/1=1";"L/1=3";"L/1=5";"
L/1=10";"L/1=30";"L/1=100"], interpreter’, latex ’, Location’,’
best ) ;

xlabel ("$SA$ [nm]’, interpreter’, latex ’);

ylabel (’$\eta {\mathrm{tag}}=1 1/1 O0\times 100\%$ [\%]’,’

interpreter’,’ latex ’);

E MXEEERNITHE

(a)
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N ]
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FREMAXTEE, WZFF @A ER, FAEAEL AT URTA

A

P

x+y—47
di;

x+2—4

(E-1)

FRAEFTN -y #E, EXNEE, RIEdy,dp, Afy WRAZFOMHEIL, w0E
(b) im, LA TRBFER TR B R, TUER, EOMHERLT, o,y WHRLAFR

v € [~ min{dy, dp}/2, min{dy, dp}/2),

y € [~ min{Afy, \/d3 /4 — a2} /2. min{Afy, \ /3 /4 — a2} /2.
A, o 2 RE LR BN

v € [~ min{dp, dy}/2, min{dp, du} /2,

z € [—min{Afp,\/d% /4 — 22} /2, min{Afp,\/d} /4 — 22}/2].

B d = min{dp,dy}, EWitHEEFERER, FIF L TR TE:

d/2 min{A fy,/d%/4—x2}/2 min{A fp,\/d? [4—z2}/2
Viap = / dx/ d / dz

Y
— min{Afy,\/d% /4—x2} /2 —min{Afp,\/d? [4—z2}/2

d/2
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HERXERGERME, Ekewm. HH. BE, FEBFE, BeHEky, THER
SMEARBENHAREE S 7, 2RELEOCHAR BB AR L,
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AT HF ARS8 E R AR R

—. XM&ER
1 ¥4

EEMEFRERAREFT, RELNRERE— AR — I A, XEaTENE
AT NE R E—FNHT, ERAHEAREENE R A., YALNEFELT —
ERER, RELALHENERRAATNALARABRE FLALNWREET . MEXLFE
WMHEAWELR, ERELHME. S L TIMESAITHEEART LT EL, #ET
BRI BEERFE, EENTHEE Imm FWALR, T8k 0EH LN,

AT REAERARFNFERE, AMIFHEARELES AN E. ST
TREHHIN T, BT ARk, AN BETEFRE, HEEHEELT LS
2R, AMIZETREEREA, UBERFEAW DA LKET, THSR. KEERH—

SHAB LR BEN Y (Adaptive Optics, AO) # A, i 3t = & J 8 %] % (Spatial Light
Modulator, SLM) = # %k 5 % % 42 '+ 7| (Digital Micromirror Device, DMD) *f A\ 4f 3¢ 8% &
HATEREE, ZHPYHHALRINERCE. KT, 2RELEERAEHE, AHE
ERNHAN T FRURBLRREFE, XEFREEL L FHAEZFREN. £ 2021 £
NalJi HE TEFN, G =X FEMHELE S BE A FHEAHATHEHE, EURHE Imm
W B & SE I R K o 7 — & R B 4= o F AL AE 29 (Optical Phase Conjugation, OPC) #
K, BERALTHEAWEFEHS A, OPC HINH SN R ST LH K E, KEKZEEH
TR NS E EHAAMSAN . BASARRE L, HEEIHSHAEH &
FRNFRARBGHNR LK ZL. WA OPC HAF A LMK F B AELI K EILE
BN, ETHEEELFHRTHE LIS ELABRATEWER, THTHRENERK
StEE TR, AT RHEXEHE, AMIKET HF ¥ aEETFEA (Digital Optical
Phase Conjugation, DOPC), | # CCD = # CMOS #ALiCFK K@, itELE TG, #id
SLM =& DMD ##l, SLIEE N RF ERE, DOPC A BRI HRFHEF &R
B RE AL 71, 4m 2017 % Haowen Ruan ¢ A 4§ DOPC A N H T ik th%, LIT
2mm JE AN B A R AL B B E A 800um /N ROA U1 A AR E vE s 12



AL A F AR & Ak #

T Z AO I E DOPC, K T8 2T $ A H B R /e d oy  E 4R I, 322 #EAT 0 A7 1 2%
Hipey R, Hi, HERNEEEEDRAS R AU A R 2 A 05w R EA 2t
T aMFEE, @ THRANZEERT DOPC RAWEERMNEA, FHESERT &£
THRBENTYREREREGECE T EERAR.

2 EWMERIR

21 BRFEEEHR

WREFEEEE—KELWEE, ML2ETRNNE —FEHE - EFRI/ AT
BUHEMEHTEMEHRGIRE, IARGBTURKKERE., #TTH. THEFE,
X AEHY S R G/ B % L% Shark-Hartmann (SH) & RBLS | & 5 AR 4509 4
FIFEEETE RGN e AT RANT %,

AT ERERHENRELHE, T—PRENXKGTHAKEER, WHEEZ. X T
TR AFRGE, FAERNEEREST—HH, ELNRRARAL: NeER, E4E
THESWEEXRERS, ARARCEEERTRN ZFNE (KHEE, zonal) H# £ HK
WA (BEXiE, modal); EEERE, EATHT THHNHEARELRS, BHWALKEHET
BRENEER —NEARER, TEERETHEHEEHEL) T, EEEZNAEEM
A, NUEERAFNM LW E. AFk, REFIRERE, ETREFIN
HEERZO B AR S AERTEANEMN T &L,

2.2 BEXAE

221 B EFRAE

ETHENHEOXENENRERBHENRERGE, REAARNEEZRREESX] 7
FEREBHEEHATRE . RIEFEFERAGEHEXEFTANTE, YU HET SH FRE
WEBEN, ETAFERENEEREN, ETEM TSN EERENSE, wE 215 7.
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wavefront
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Lenslet array

(a) Shack-Hartmann % 4"

Two diffracted cones
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plane:
Two-frequency ‘Two sheared
grating placed images of exit
near focus. pupil of system

\ under test

Quasi-monochromatic
point

lens

Longitudinal displacement
of grating changes
reference sphere

for interferogram

(o) B BT R (d) RT3 R

B 2.1: BRERKRSG

Shack-Hartmann £%t #F 2.1(a), SH %l & & & & — M & FE 7|07, 47 DLF ik —
FrAE AL MU, T SH &R B HEERMNANA €K BEE SRS THREFREENTH
HHESR. REREAMFI TG ZHNELRESMEIWAA, TURSHENTHE
o fny FEE, ARG E DA .

SFERFERE ETLFERANKERNEEZNA — N FERRARE S EEH
AT, RERECHORGEEENEBHRTERRE. wE2.10b) fir, 257
BB R AL T — A 4F R SUHE B AP, 78 25 (A A S T S AT AL . B e T
ERFHATET JLFOLF AR S 2 TAT AT R py Z AR, 7T DUG B E 5\ AT 35 T B9 98



AL A F AR £ Wit

HlEHK. REGERINNCES W, LR F T UE TSGR EIECY A £ T
& FERFEMMLREF B EE, Akondid F AR LR T KT & FHEFE, BIF SLM /p#
& FHEAMM, EEAIEREmERE.

AL Z T SH % R BT B RN, T & 5 3540 57 By J50 T $R I 3 K T8 A AL B9 L U AR
ft (pistonmove) +4 R&. HEl, ETEFERGTHNRARMNEENLATABRCE
FEUS, (B A B3 MOE S R ST R

WUTHRE FUTHRIBEZE L FEFRNG KT E LTG0k E THR, 1
ETTHHEMLL A, af T UAARFNKENSEL T, BT THREZRE THR
Meypd, ETHTHIHEERNT % AFESEL, XARNTMEAEERE, 7
DI R ln B R R AFF R

BT ENET N TH AT UL ARMET Y THRERTTTH. #EHT8 U
WA AR eI F B I, w B 2.0(c) Frors BEETHREENA-AZ
TERG g RBEH. 2 RXBEFREAXLIANER T HHENEBRFERGK, — MK
Ko =MD, BREHRSQREACRTETY. BRI THH RS0 B 2.1(d) Frx. 18
WEEI TS FENERAAN AN THEE, BRI THEAERFTENE — KK

o 1985 £, Kothiyal®? % AF| Al e ¥k T3, @ iedemik 4 23 T HE 0 W F HEAEBE,
2020 4, BianDian % AP R B H —ANFHITERIT W THEH T E, EoRiksRE
Fofmdk CMOS MAL, SEIT 2R 40 a % @R M.

(a) (b) '
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5 £ Y] 2 |

|_ [ | Binary Mask ~ Sensor Binary Mask  Sensor
— f Calibration (reference) Measurement

(a) HhHRPE RGP (b) —JoHmid RG>
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ETHRT A H AR ERNHAT L
HEEBERSL EXH (curvature wavefront sensing) £RIN K BN —_WHE, TEXT
KL EE®R, M%ﬁﬁ%%ﬁ%ﬁmowwﬁ-Hmwmmmm#ﬂﬁﬁiﬁi%#ﬁ
% (wE220). ARITFKEFES (WERENE) RAERKSERA L, &4
JUR A F B AR 4%, W LUR B — a4 i e 7 A2

]2([')-]1(1‘) . f(f—l) 0 )
L)+ L(r) 2 S 0UT/D0+ V2 o(fr/l)|

Edr=(zy), fEEFREE, | RRUAKXFERESERETHIER, o 2 FHH
B, NELLZLA A 1. 1993 4, Claude Roddier #1 Frangois Roddier xf & &t # 47 7 # —
oA, HEH T RENKETE, BENHATAXEZREHNGERL T,

AR LW, BERFEEETAEEL R FOATHE L MEEFH FE (Transport of
Intensity Equation, TIE0)) &y, R & 7[5 B9 £ 0L 7] LA 2 5] 19 77 A2 o

#2017 4 Congli Wangl?! % A 4% H 89 %% 25 )% @ # M # A (coded wavefront sensing,
B 2.2(b)) st /Nl RAWAFE] T Ko7 AR

H)_%G—£V@

FRFHAMER = ; FEHSEAGRERENRLZER L. FULETBEFE

B Az AT BB IR RBNWER I, URFNEEEML ¢ 1A FRENE — /N
B Az AN — g, BRER A TERSFEGN - MR EREEEG, 4
ERUEEITE HEEOEAAELLS A AA1E 2019 FHZ AR B EFEHATT FHNEL
aAT, FESEILT ARG E R AP,

2020 4, Congli Wang % A1 7 i 5 ) B R An G A R e A HAT T B, &
BT - MEEEGERA G ER RN EASY,

222 FH XA

THRBEZEETSE AN AN TY, REERSNEKERMNRAL, 7 2WT
WA R . AT TH R, KBNS RERATHEAM, DUIEES R E AT BB R,
BRWBHEAGH TS, WETERABENBTFLRMEERE. ETERTHAESE A
4 (R4 = 4 K, heterodyne holography). # TRk T ¥ ik 8 £ 4. £ THRMETH
FH A TIIEEB AR %,
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A\ . o=45 =90 / m
\\Camera Polarizer array Super / () Q
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- -7 SMP <
(o) fART IR RGP (d) AT TR R 50
& 2.3: THHBRE

B(FLREBRE ETHFLEMEERMNEAALTLEEA, LREFHMEEL
WTWEE, RERESHFANEET, kRETALHEAELE. AFLERATE T2 KR,
REFEAFRMNFEFERZN MR, AHTF 2R A RNEM L, - EeEE
A >

, BT LA AEAE (F 2.3(a)). 1997 4, Ichirou Yamaguchi #7 Tong Zhang!!'®) 35 7 3t 4
HFreRkE, ANFHEBETET KE.

EWMMEBREAE 2007 4, M.Gross £ AP 2T — A BH#4A L RS (E23(0b)), #HAH
AAEAXFAFRBEAEGAREES LR RZ ZAENCTFRRN N 2 —, LI T HE



AT T F A AR E RN BAR R
W E RN 1T T b ZEERK, FRIETRNIKECLEFHEEE K
FHETRR, ZETRMNASE B F e —REA, LI HEEEHRN, 2 Lihong
V. Wang % A2 1 BB (8] R4 B E At R E (TRUE) R 4%, Ke Si 58 A 4% i o 1 1 5%
R IRF I FEFAMLERE (DOPC) RAPY HER T XN ZAEHE AR,

REEBRE KT LRAWAREME e, FLRATSRTHEMAN T E, ETRETHH
AR & — M H K%k, 1985 4, Kothiyal ¥ AP ER HWwmm Ty TH A5+, &l
FomE Rk RET IREEEG, wREA—HERT IA 7 R IR A 8RR A
RRBEG, ML—kRERTURIWAEBEER, ©HARNHREEERN (snapshot
wavefront sensing, 1. & 2.3(c)). 2017 4, Yu Zhang % AP 7 B @RI A %, 7
R R IREERENMARZEREE . IR IRAE T EH#ITT £ T Jones K EW S
WAL ZE0H, RANFHBHLEFNN=L-L D=1, T4 (FFEw)
B, #TEMEEEAE, FURIEREZ. 2020 4, Dian Bian % AP i fb b B R 1R
HENAZT ARG TERaT.

BT IEEBRAE £ DOPCHAFT, FERINMKERZ T T FHA/ A8 5
RIBEEAKE. Hib, £T DOPC WK EHRMNFE TR E GBI EBRMNW F &, AT
|45 3 B  (Coherence-Gated Wavefront Sensing, CGWS) £ — MR A B S e 7 ik, #iL
FERRAAT RIEEA NS AERGH LR, TURRE BT FHA, RUE m#A LR
W

Feierabend, Rueckel ## Denk % 2004 42 7 CGWS 77 %P2, JF## T — M E A
CGWS x¥% (I 2.3(d). CGWS A F{KAH T ot IR IRl /5 1o B 6 B9 3R X 33 4 R B X8,
MR T EATFEERTEREREFZ L TR E A, (78 33085 M KA E
GEIATYHEWNERE, AEELFEEN SH £ & E (virtual Shack-Hartmann Sensor,
VSHS) iHE Fl B4 E, RAHE MK THE BN Zemnike RE. ARG M T (B, 447
HHNET CGWS FH vSHS 7%, MHEE, HERBAEFH#TTFALN, WIET
vSHS # LU R E 5L SH £ R EHATHE N A . A1 CGWS KL F £ XK F 5k B WA #%
%%, 3 F & M4 (Deformation Mirror, DM) # /TR ERIE, BE# & T R AEE, 7+
W T EEAE, BRET RESHE, 2007 £, fA1%F CGWS A8 F 145 AT IR 1 & i 48 7



WL A SFAA £ ik X
o Bl HAT T ALY, SRR R FE RSN T v CGWS RRWSHK, BB TKE.
BAFER. Rik*%.

2.2.3 A FRAE

B T RIOCER BB B R AR T R, SRR AR A T AR R KR A8 —
QT 77 i o 2 T G A SR RE Y J5 T AR N A T DUAR O o SR T R

2017 4, Betro F AP RE T — M AGH EONEEHE RN 7 %, Xd— A8 HA
(diffuser) fn — A~ Bl G & B K. A AT URE—MREEOHERD, & TIRITKN,
WCH B BURHE = O RO B AR AS . AR B BT T A P BB B9 AL A5 R DR H R T B
EoAr, XAl SHERERE T RKBKEN L HE, THNRGERYELEN, HH%H
MEHBREEHEL .

thin diffuser
—_ - e

—>

input
d camera

wavefront

L — 4

Fresnel lens WISH
(a) HUH RS R 50 (b) WISH &%
B 2.4: wIDKHFERA

2019, Yicheng Wu & APV 2 i T — M & 4 & 2 09 & 4 #8 2 09 3% 8 R 2 42 (Wavefront
Imaging Sensor with High resolution, WISH), #f1Z 7 —MaaEERER (RH). &
B KRB (SLM) Fofe REM A S (EH 2.4(a)). ETEERTAEHFLE, A SLM 4 &
ZkHENAACE, AFRLMATER DAL RITREZ, FEGITAEML. 114 WISH
AR T EREERY . AEE RN, FEEANR K, W52 T RFAELMC K&
BR,
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23 HHEE
23N ETHENBEER

Rk £TSHERBRBWERLF, TURBLELGEZS AN EEETH L1
FTRBEHAMN—EME (AT EORAE)., KErEHEZREANAGNTHEME
H B AR R, AR/ R S T kT AT E A

Igmw—ANV@w

Eb MEEEAACHEAXEHBELR, s = M(Ve) ZHENBEWHE, ¢ BEFMHT
B A 3L 2

1977 %, Fried fl /N FRWEGW T EMNZED B A EZ LY, FHHT IR
Z AP, £ Fried WHZ B2, BHEFENE T % E 5%, Fib M = Identity. 2006 4, Talmi
A1 RibakP! % T NERB R AR (L% B R A LA B 7 v . 14T, £ ENE
BERZWENT, o FEfy FEAHETELE, B 020y — oydr T~ HE, @ELFIN
BEBHHEBE, BAFAN-—IAFBERRSFEXRANG V, RET —AXTV WE A
MAR, HEXAFFHEFREERD, KBERIBER. MR/ N _REZNT %,
WHEFFREKRBERENE, ARANGTHEERE.

MEREFIWERE, wminwENEWE L NS REBENKEER S, 2020 4,
Lejia Hu % A [0 ] ResUNet #£1T SH £ & & R S0yl T L&« #1914k ResUNet P 4 4
NSHXBZAGRENERS T, REHERDRE. IHNTEHEBART BRHE N
KR ERBRE N, BRERATEANNERZONEL LA, RABIKE. XH5E
S TR R EE BN A0 BBV E B . 2021 4, Yulong He % A X & TR Z % 3t SH
EREFEERHIATT Rt, WERKESSPFTHRTLE, BWALPENEELFFH, Hil
TEE. 1L REATEF I FERENENEUENTAREFEE RGN E RS
SR NS



LA A A A Bk 8 50
BERE BEXAFWFIEERARUMEGCLIF ¢ RN —AERBH {2}, BEREEXETA,
WA ERHNRE o, FEHE:

(w,y) = Z a; Zi(z,y).

1980 48, J.Y.Wang #1 D.E.Silva % % 7 & Zernike % T = & 7~ )% T 48 1L B B Zernike % %
kg EM, M EEN BT EXETA &%, FEE4%HT Zemike £ AWML A,
% Ja 2 Zernike 1F & % T A& N K H AR AL - 24T T 1R £ 4 4. Lane A Tallon R 7 A
Karhunen-Loeve # & # # ¢f %42, 45 tH 2 % & Kolmogorov ¥ i 891 JL T 7 LA E 4F sl 4
& W& £, 2019 4, Nishizaki. Horisaki % A K E ¥ 3 & 68 kG it R Gk = 4]
Bx B —ANHENE LRI RLE, G-I RENFEGEZNRSR, RENFENH
AGRETFREHEAFEELRZRAEWHE 2% . F Zemnike [E X £ A K7 K & A
s, MU E R G ST BEH, RERELFLENERXRFEEGHTNEE S
Ao AR B 38 B A o LT Bk B8, vk R 2 459K & Zernike R ¥, [ 4,
Lejia Hu % AU R E2 S N F £ SH K ERHFER AN EEEZ P, MR A AlexNet
B HEH Zernike R, MANMEREEFIME A0 %, W Zernike £ X R H. X
FEAFENSH RAFBRINERS AT ERE LA, T2 EEWE S S A5 2| Zernike
ZHARE, TUARREHEEAEE

232 AT THHBHER

MNTTHREXHE, BEARBTHEKTHEGFREFNEKE. 1974 4, Bran-
gaccio F AW WNE® E ot T TWHRE, HERTAEERK. FIHAREEMKTHN,

TEENBEBASEEHTLZRMNERY, TELEETRAY, FRRETHEMC. Fi
RESFRNARATHEARARIBE UL TERT 2B FEHANECRRIE. BRAN
T2, XALSESE, REEANAEKE T EZHER T UGB AL

e (52)
ETEANTSHEREAE, FRXARLRET —LREREMBESHNKER
%o 2018 £, YuZhang % AUV A FEFE@MEAAE, "IN T ER =S HMAEE T

10



AT T F A AR E RN BAR R
DERKENT E. MOXAFKEEEREN M ERAREAMEZAT—AHE L, #
B 282z G F R gt e, BLOEMHE, w17 A EELsF, BR
FARGCL - R AR AN, TR EFERE, SHER, @IHEHT %R0 05 8%
HERMAL, ERAT ZSHAERE,

233 THREHH LR

T 9 o H AR L AR B R A R L F 35 (Synthetic Aperture Radar, SAR). % Tl
F.BMERNEFHLXRERGWXBESR, BATHHREXESE, KEEROAELTT
BWEMBR = ARKERFRE [—m,7) (FRAETEMAML. GEMECL. T EREERN
ML, FEXNAACHATRCE, BV 2 B

(7, y) = pulr,y) + 27 - n(x,y), n(r,y) € Z,

E¥ o RMBARGHEMLLTN, o, 2EEMAM, CNZEHEZEHLE n.

BRE HBAIMMUMEAFREREEN —BER, RENER LW TESEEHTIME,
1982 4, Itoh & AW fExt — g8 55| (AIERE) WBaFENREEHRTT o0, £T—
MNEMEFEE [-m,m) WK, RFHAMECEERZE S R THAEAEGE, MATLAB
8% L BB unwrap BLRET Itoh 6 I EARNK ., EREZ T EFERILEFFINZ4E
BAE—REE, THEMAZARREESESERHAEMLL T, 1999 4, Curtis W. Chen Fo
Howard A. Zebker!®! #2 i 7 % F W 48 3 16 B AR AME Sk, ¥ LB T ARG iy 2 0 E S R
®, HEE A SAR BRI B & 4 @ #2 & 25; 2001 4, Antonio Baldi®! #2 11 T £ T EH &
B 14 X #f o (Quad-Tree Decomposition) B & ik, ¥ B & 3TN XA, %Kt E—
BENRITRERE, XA THHCEGUE RN T EEMEHTHE;

AL & B (phase quality map) £4 % & F oy FHELMBEN—F 7%, BEELL
EMTERNGENmAELREE, HEREGRINTE X BaRENEE, FIFREH
fir [ 77 i 7 AR B JE & e A B B 42, 2002 4, Miguel Arevallilo Herraez % AP 2 W
T—MET-_NZoWACREEMAERLE: BEATEEMENTREE (ZHE0W
BIEO, #MHHAEFLNTEE, AGalENAHEFMANRT]; UNS SR ME N R
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AL A 5 AR £ Bk b X
HATRE, HHNERAFRHATT MBS K, BHES, REABEETE, 2011
£, Ming Zhao % AP 348 £ i & B B9 L & & X An B 2 o 8 JURR 77 R $AT T 4 A

ATRAfERA, BREBCEEAKRY., BEXN TRFAER 5 0EH,
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Fluorescence imaging beyond the ballistic
regime by ultrasound-pulse-guided digital

phase conjugation
Ke Si", Reto Fiolka® and Meng Cui*

Fluorescence imaging has revolutionized biomedical research
over the past three decades. Its high molecular specificity
and unrivalled single-molecule-level sensitivity have enabled
breakthroughs in a number of research fields. For in vivo appli-
cations its major limitation is its superficial imaging depth, a
result of random scattering in biological tissues causing expo-
nential attenuation of the ballistic component of a light wave.
Here, we present fluorescence imaging beyond the ballistic
regime by combining single-cycle pulsed ultrasound modu-
lation and digital optical phase conjugation. We demonstrate
a near-isotropic three-dimensional localized sound-light inter-
action zone. With the exceptionally high optical gain provided
by the digital optical phase conjugation system, we can
deliver sufficient optical power to a focus inside highly scatter-
ing media for not only fluorescence imaging but also a variety of
linear and nonlinear spectroscopy measurements. This technol-
ogy paves the way for many important applications in both fun-
damental biology research and clinical studies.

The capability of in vivo fluorescence imaging has expanded
rapidly in recent years'™*. Despite improvements in spatial resol-
ution! and imaging speed®*, the achievable imaging depth in live
samples has remained very limited®~, hindering the progress of
many research fields*®°. The bottleneck arises from the fact that,
to date, only the ballistic component of the light wave has been
used for imaging, and this experiences exponential attenuation as
a result of random scattering in tissues>®. Here, we present fluor-
escence imaging beyond the ballistic regime by combining single-
cycle pulsed ultrasound modulation and digital optical phase
conjugation (DOPC), and demonstrate a near-isotropic three-
dimensional localized sound-light interaction zone. With the excep-
tionally high optical gain provided by the DOPC system, we can
deliver sufficient optical power to a focus inside highly scattering
media for not only fluorescence imaging but also for a range of
linear and nonlinear spectroscopy measurements.

Controlling wave propagation has been an interesting and
important subject in many research fields”!*-!3. In principle, if
one can reverse both the propagation direction and the wavefront
of an optical wave originating from a point (a guide star) inside a
turbid medium, one can form an optical focus at the original
point, regardless of the thickness of the medium; this process is
known as optical phase conjugation (OPC)!"219-2, For imaging,
the challenging task is to freely place a guide star at arbitrary
locations inside turbid media. Recently, it has been proposed and
demonstrated experimentally that a sound wave can be used to
modulate light to create a guide star for OPC*%. As the scattering
of sound waves in tissues is negligible compared with that of
light®, the guide star can be placed at a depth far beyond the

ballistic regime of light. However, for practical fluorescence
imaging, two challenges remain. First, sound and light are both
propagating waves in tissues. Even with focused ultrasound, their
volume of interaction is not confined three-dimensionally.
Second, given a three-dimensional confined interaction volume,
the amount of light that is sound-modulated within a highly
scattering medium is very small. Thus, for practical imaging
applications in deep tissues we need tremendous optical gain
(>10%) for the phase conjugation beam, and this cannot be
provided readily by a conventional phase conjugation system
using photorefractive crystals!®?%2,

Here, we report fluorescence imaging beyond the ballistic regime
with a spatial resolution of <40 wm. In contrast to a previous
report?2, we use single-cycle focused ultrasound pulses and tightly
synchronized near-infrared laser pulses to achieve a near-isotropic
three-dimensional confined interaction volume. The pulsed light
and pulsed sound waves are precisely synchronized so that the
light wave illuminates the sample only when the single-cycle ultra-
sound pulse propagates through its spatial focus. Accordingly, the
sound modulation zone is confined to <40 wm in the transverse
direction by the sound focusing element, and to <40 um in the
axial direction by the temporal profile of the single-cycle sound
pulse convolved with the temporal profile of the laser pulse. To
provide sufficient and also durable optical power for fluorescence
excitation, we used DOPC to perform phase conjugation.

Figure la presents a schematic of the operation of the fluor-
escence imaging system. A high-frequency focused ultrasound
transducer launches a single-cycle pulse into the sample. A short
laser pulse illuminates the sample only when the sound pulse
travels through its focus. The wavefront of the frequency-shifted
light is recorded by the DOPC system using heterodyne interfero-
metry. To measure the fluorescence signal, the DOPC system
sends out the phase conjugation beam, which propagates precisely
to the sound focus. A fluorescence detector then measures the
power of the emitted fluorescence light. To form a fluorescence
image, the entire process is repeated as the acoustic focus is
raster-scanned inside the sample. (For a description of the exper-
imental set-up (Fig. 1b), see the Methods.)

Although without wavefront control the input laser light becomes
randomized by scattering, it can still excite fluorescence, resulting in
background signals. To measure the background level, we translated
the DOPC phase pattern by ~30 pixels in both the y- and z-directions
on the spatial light modulator (SLM) making the DOPC ineffective
(Supplementary Fig. Sla-c). Experimentally, we measured the
fluorescence signals with and without translating the phase pattern
on the SLM, and the difference between the two signals was used
to represent the fluorescence signal at the sound modulation
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Figure 1 | Experimental scheme and set-up. a, Experimental scheme of fluorescence microscopy by single-cycle ultrasound-pulse-guided DOPC.
b, Experiment set-up. (A/2, half wave plate; PBS, polarizing beamsplitter; BB, beam block; BS, non-polarizing beamsplitter; BE, beam expander; M, mirror;
BP, bandpass filter; LP, long-pass filter; L1, f=35 mm lens; L2, f=50 mm lens; D, fluorescence detector; stage, three-axis motorized translation stage.)

The pixel size of both the SLM and the CMOS camera is 8 um. Distance from sound focus to SLM = 305 mm.

position. We define contrast as the ratio of this signal difference to the
background signal, which is shown in all the images measured
with DOPC.

To measure the point spread function (PSF) of the system, we
dispersed 6-pm-diameter fluorescence beads in a 2-mm-thick
agar slice and sandwiched the fluorescence agar slice between
two 2-mm-thick scattering tissue phantoms (u,= 6.42/mm, g=
0.9306). Details of the phantoms are described in the
Supplementary Discussion. Figure 2a,b shows the measured PSF
with a sampling step size of 15 um. The data were resampled with
bicubic interpolation, as shown in Fig. 2c,d. Gaussian fittings of
the PSF cross-sections (Fig. 2e-g) show that the full-widths at
half-maximum (FWHMs) of the PSF are 38.6+2.8 um, 37.9+
2.3 um and 263+90 pm (+95% confidence bound) along the y-,
z- and x-directions, respectively. The achieved focus-to-background
ratio (FBR) is ~3.7 (Supplementary Fig. S1d,e). A similar exper-
iment was also performed with fixed rat brain slices as the scattering
media (Supplementary Fig. S2).

To verify that the observed fluorescence signals indeed originated
from the ultrasound modulation, we performed a control test by
comparing the measurements with and without power on the
amplifier for the ultrasound transducer. We sandwiched a
1-mm-thick fluorescence bead agar layer between two 2-mm-thick

658

tissue phantoms (g=0.9013, p,=10.5/mm). As shown in
Supplementary Fig. S3, the signal was absent with the ultrasound
transducer disabled.

To demonstrate the fluorescence imaging capability, we used a
glass micropipette to manually create an array of 60-pum-diameter
holes, spaced by 120 pwm, in a 2-mm-thick agar slice, and injected
6-pm-diameter fluorescence beads inside the holes to create a fluor-
escence pattern. A direct wide-field fluorescence image is shown in
Fig. 3a. The fluorescence hole array was then surrounded by 2-mm-
thick tissue phantoms (u, = 6.42/mm, g = 0.9306). Figure 3b pre-
sents a fluorescence image of the hole array with tissue phantoms
around it. As a result of random scattering, the image diffused to
a diameter of ~2 mm and the structural information was comple-
tely lost. We raster-scanned (step size, 30 um) the position of the
acoustic focus and performed DOPC-based fluorescence excitation
(raw data shown in Fig. 3c). The raw data were resampled with
bicubic interpolation, as shown in Fig. 3d. For comparison, Fig. 3e
shows the convolution of the measured PSF (Fig. 2c) with the
direct optical image (Fig. 3a). Two-dimensional Gaussian fitting
for each fluorescence hole is shown in Supplementary Fig. S4. We
also imaged samples in which the fluorescence features were com-
pletely embedded in the middle of a 4-mm-thick scattering
medium (g=0.9013, u, = 7.09/mm; Supplementary Fig. S5).
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Figure 2 | PSF measurement. a, Measured transverse PSF through 2-mm-thick

tissue phantoms (u, = 6.42/mm, g = 0.9306). b, Measured axial PSF.

¢,d, Corresponding images resampled with bicubic interpolation. e-g, Gaussian fitting of the measured PSF.

In our experiments we achieved <40 pm lateral resolution with a
near-isotropic three-dimensionally confined modulation zone. The
dependence of the modulation zone on experimental parameters
is analysed in the Supplementary Discussion. For applications
requiring a higher spatial resolution, a higher-frequency ultrasound
transducer can be used to shrink the modulation zone. In the fluor-
escence imaging experiments, we used one-photon fluorescence
excitation, for which the fluorescence excitation was not three-
dimensionally confined. The background and out-of-focus exci-
tations reduced the achievable signal-to-noise ratio (SNR).
However, the background could be dramatically reduced by two-
photon excitation at the Ti:sapphire wavelength used in this work.
In addition, two-photon excitation can further reduce the size of
the PSF by ~,/2 due to the square dependence of the fluorescence
excitation on light intensity.

In this Letter, the observed FBR is 1.5-4, a value that needs to be
improved for practical imaging applications. Previous studies'*?®
suggest that the achievable FBR is proportional to Nii/Npode>
where N is the number of independently controlled phase
pixels on the SLM and N, 4 is the number of uncorrelated
optical modes at the sound modulation zone. An estimation of
the theoretical FBR of our system is presented in Supplementary
Discussion. By iteratively focusing light into the sound modulation
zone via DOPC, we can potentially achieve a much smaller sound-
light interaction volume, leading to better spatial resolution and

NATURE PHOTONICS | VOL 6 | OCTOBER 2012 | www.nature.com/naturephotonics

higher FBR due to the reduced N, 4. (see Supplementary
Discussion). Using an SLM with less pixel-to-pixel coupling,
higher filling factor and diffraction efficiency, and lower temporal
phase fluctuation can potentially improve the FBR by more than
one order of magnitude. Moreover, the sound modulation zone
can be shrunk by using higher-frequency sound transducers, redu-
cing N, 4. and further improving FBR.

In our experiments, we typically acquired 48-96 interferograms,
and the recording time for one DOPC operation was 1.2-2.4 s. We
analyse the dependence of the SNR on the camera parameters in the
Supplementary Discussion. Using cameras with higher full well
charge capacity and frame rate, we can potentially increase the
measurement speed by at least one order of magnitude.

For many in vivo imaging applications, a transmission configur-
ation is not suitable. However, our technique may be extended to
measure sound-encoded backscattered light?’.

In conclusion, we report fluorescence imaging beyond the
ballistic regime with a three-dimensionally confined sound
modulation zone, high optical gain and <40 pm lateral resolution
in random scattering media. With the capability of focusing
sufficient optical power inside random scattering media, our
technique can be used not only for fluorescence imaging but
also for a variety of linear and nonlinear spectroscopy measure-
ments. It is therefore expected to find numerous important
biomedical applications.
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Figure 3 | Fluorescence imaging. a, Direct widefield imaging of the fluorescence hole array without tissue phantoms. b, Direct widefield imaging of the
fluorescence hole array surrounded by 2-mm-thick tissue phantoms (u, = 6.42/mm, g = 0.9306). ¢, Image acquired with ultrasound-pulse-guided DOPC
through tissue phantoms. The laser power on the sample was 25 mW during sound modulation and 10 mW during fluorescence excitation. d, Bicubic
interpolation of c. e, Two-dimensional convolution of a with Fig. 2c. Tissue phantoms were aligned parallel to the y-z plane in Fig. 1b.

Methods

Set-up. Figure 1b presents the set-up of the fluorescence imaging system. The laser
source was a Q-switched green laser pumped Ti:sapphire laser (Photonics
Industries) with 778 nm centre wavelength, 10 kHz repetition rate and 20 ns pulse
duration. The laser power was controlled by a half wave plate and a polarizing
beamsplitter. The laser output was split into two beams, one travelling through a
beam expander and entering the DOPC system and, during wavefront recording,
serving as the reference beam for interferometry. During fluorescence excitation, this
beam illuminated the SLM and became the phase conjugation beam. The other
beam was modulated by an acousto-optic modulator (AOM). The frequency-shifted
component travelled through a beam expander and illuminated the sample during
wavefront recording. The sample was housed inside a water chamber with optical
windows, and an ultrasound transducer was mounted on a three-axis translation
stage such that the sound wave entered the sample from below. The phase
conjugation beam was filtered by a bandpass filter before entering the water chamber
for fluorescence excitation, and fluorescence emission was filtered by a long-pass
filter before entering a camera (Andor iXon 3 888 CCD). In most DOPC
experiments the camera was used to measure the fluorescence power by summing all
of its pixels. There were two exceptions. First, in Supplementary Fig. Sld,e, a wide-
field image of a single bead was taken through the clear portion of the sample while it
was illuminated with the DOPC system. Second, for the PSF measurement, the
fluorescence was recorded from the location of a single bead on the camera while
scanning the bead with the ultrasound focus and performing DOPC at each
position. The timing and synchronization layout are shown in Supplementary

Fig. S6 and the details are discussed below.

Timing and synchronization. Supplementary Fig. S6 presents a diagram of the
timing and synchronization. A delay generator (DG1, Stanford Research DG645)
was used as the master clock for the system. It output a 10 MHz Transistor—
transistor logic (TTL) pulse train to synchronize an arbitrary waveform generator
(AWG, Tektronix AFG3252) and the other delay generator (DG2, Stanford Research
DG535). DG sent out three 10 kHz pulse trains to trigger the Q-switched laser, the
arbitrary wavefront generator and DG2, which controlled the exposure of the CMOS
camera. The AWG output a 20 ns single-cycle sinusoidal signal that changed sign
with every pulse (Supplementary Fig. S7c) to drive the ultrasound transducer.

660

The ultrasound frequency was centred at 50,005,000 Hz (50 MHz + 5 kHz) and the
pulse repetition rate was 10 kHz. The extra 5 kHz ensured that the residual
interferences (aliasing) sampled by any two consecutive laser pulses were out of
phase by exactly 180° and were therefore cancelled out by capturing an even number
(that is, 100) of laser pulses . The AWG also output a continuous-wave
50,004,990 Hz sinusoidal signal to drive the AOM. The beating between the
ultrasound transducer and the AOM was 10 Hz and the CMOS camera ran at 40 Hz,
controlled by DG2. For every 25 ms, the CMOS camera allocated the first 10 ms to
exposure and the remaining 15 ms to transferring the data to a computer. The
driving signals for the ultrasound transducer and the AOM were amplified to 140-
160V, and 30 Vo respectively.

During the editorial process, a similar imaging approach was published®.

Received 21 March 2012; accepted 16 July 2012;
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