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ERE D am A FEIRICE EN DML 23T 2 FEICIIRA 2 b0 D 5. —
FEAOICIE, ARAE TBEMET (SEM) [1], ZilE FBMEE (TEM) [2], 1) Baisss
(AFM) [3] R EOFEPHWLND. LML, ZTNHOTIEE, ki 28T 5729
IZ, 2 FERZGRISE DO THEROREZBEELTCLED. 207D, anA
RIS ORFEZFHH L TVB L IZE VR hoTz. 61T, EENEMA L, REto
Welifi 72 LB DB 057 EFOMBER D o7, £ T, 20 NEFREIFMIE T
TAVEHIITE 2 FIE~OFERE E o 72, FADNIE (FT-IR) [4,5] OUTARAN 3 ik
(FT-NIR) [6,7] 72 &%, mmA NEKOWILENOWRICEENLIWEEREL, &6
2, TOBEEERFET DI LEDOTELFMIEOFFIETH L. ZhHDOFIETEHIT
v FEROWEEICITBELOFEN G ENH -0, REBEMOY T L
PLS {£ [8] e EDT N A Y X L% W THEDOKRIEZIT O BLERHVEL Ie> T
5. Fio, WELOEEE DR THEOIL, WL b an A FEROBEOTY HFu
[CIXFARIEENLEL Sh, aa A FERN TOID FEEEOSHEIRRE T H 2 FEEHK
RaBETOILERDD.

M OIFIEOFHIIFIE L L CiE, #rEEELE (LLS) [9,10], BIREHEGELEE (DLS)
[11,12], ¥EBOE 7 Y6iE (DWS) [13-15] 2 EnH5H. ZibDOFIEE, av A RERIC
HENDWRL T DR BN ERET 2 FIETH D, FRRDEBELEIX, WK ORoki1-
IZE D L= =D - BEL ST — 2 KOOk TR E2RDDHFIETHD. 0D
T2, BEEHELEIL L — Y — BT - BELE L BIEENR D, BRUCK LT, BER
SLIEIL, v A NIRIRICE ENDIKFNT 7 7 BT 5 2 L2k - TEL L
DFED X LV RL B2 RD D FIETH D, HIEHELE L BIREHELE & big,
DRI AIZ Ko T— BT BEL SN 2 BBELTEIR T2 v A FEEIKRIZE £ D0k 0
K287 EOMBEME ZRETE S, LrL, BiRE v A RERPTIE, i3k
FICE S TEEBMEILIND D, ZTNODOFEEZHNCRIFREZNET 5 Z LIXTET,
MR A e v A R UDIE CE otz EDIC, #ERTIETE, AEEan
A FEIRIZR A R 7 EOBIR ORI A ET 5 Z LIREEThH 7. 2T
b, EIRE 2B A FEKIZI T DML OEEBLRITIR O 5 & 72 0 el 72, Bl 213,
FHICEEND D EA & T RAPRLF DEEE A 1 = X LIZOWTHR % RAFFERT b
T&E7 [16-21). £/, @REan A NERIZEEND T T v 7 AR OREA 1 =
A LAZDWNT hERZ e 3T T & 72 [22-25].
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[Z7poTo. ZOFEE, BIREEELE L RRRICan A RERICE Eh k07 70
VBN Ko TA L DBELEDOFE D X X VR854 & 3R 5 FUETh 5. i /o
5 L BRYEBELIEDGE O U, BELEDRL I Lo CEEBELES N TRiEn s 2 &
EEBLTVWDRTHD. I AT, MBE oA FEKICE SR Mk 0
Wi FR%, anaA NEROTHREI VRO DL ZENTE D, MREEan A RAKICE
F DR DKL TR ORI ZELOBE LV, WK OBREIRREICE U TR T b
TW2 [24-29]. UL, $EHOE D EIETIE, SIREO a0 A RERICE 50601
DRLTE %R D121, BRI 3 E TN DR ORMEN NI & 72 5. BHERIRICER
WTIE, 2uA RIEERORENET D 2 ENH D70, Y tEE AT A
RIRIEIZ & £ DRI DRI A % R 6 B ITITIRIE O REME & RIS FHE L 722 < Tidre
B2V, BT, IR HE TR TEEREL S NI NOWUEEIT O A, LEK
T BIRIRICE EN DRI DT T 7 VBN X D HELEORE S &2 08 L T
THZEDRNEEICRD.

TR EIERNG, IEBOEE WT, HELDEORE D £ TIEZR < HEELE O TREE O SEHEDN S
ERE 0 A RYEIR O FREZ JE T DB AAT DTV S, 580 FIRIT,
AR DOWRILER L & HELSR B A 2ok o L AR O E i & B4~ 5 2 L2 ST
5. HEBOEOIRE OB L 0 R SN L mIRE 2 v A FEROFMBEAREIIER LT,
TR ORI DRI R L BB 2 R 2 FIERIREIN TV D [30,31]. ZOFET
XA BCGEL RIS T K 0 b+ ORI 7R L BB 2 R T 272012, /RT A— X &R
THBICHERENANETH LT D. 22T, HEEOWEDONFEZ AW CEEE =
oA NERENET D HEZBRAL TS, LhL, SiREa oA FIRRICEROMKE
FREENLHEAITIL, HROKE S IO THENL D RIENREEL 72 5. S
aa A FEIROFEMEESREMZ TRIREICER 35 Z LI2 L » TUEIRICE £
DKL DRI & BUE L2 RO DL ZRIERIC Eand Z Lnifsshd. 2
FCITHRHOE 2 O TR = v o RIAIE OWRIAREL & SBELR S & SR, i E
F D EEOWRL T ORL £ & BB L & [FIREICFHI T 2 FIEITRES LTV, &6
12, ERE o v A REIROEERSG L, WIRICE 2 OMRL 1 ORL 188 & $og
DORFRIIZAL £ 0 FHI L 7Bl 3dds S v Tunau.
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ARBFFETIL, IEBOCZ AW TRIRE 2 v A FERICEEND T/ A — P A X
5 I U A= LA XOWRLA ORI & B0 B 2 RIRFICFHIT 5 FIEERET 5. 2
DIERZTIE%, RO B W 4y Y61k (Diffuse photon density wave spectroscopy) & 44 -5
5. YEROG TR G, PEBOEE W CEIRE 2o A REEROWRIEREL & S hEL
SRS A KD, ZONFRHEE b AR S E AL D0kl 1 DRI 718 L BB L 2R D
HETH D, £, IEBOLZ WD O TELHEBELFEN TRIENMT A, SiREa A4 Mg
BRTHHNT DMEEN . £ 1218, ER LR ARBHEFIEIZONWTE LD, §
FINHGELIE T D L— P —[E4T - BELIE T, R & 5 v —F —JeoEldr - #iELX
2= L0 DR TR Z RO D120, [NWFIH ChL 2 EFRETH DH. L L,
RIAFE75 10 nm 2L T ORI FIZBI L Cl, BELEOEET « HEL X & — o O BERAFE D
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LTI, W07 7 7 L EENZ K HEEDETRE O S 2 MET 572012, RN
Bonm ORI THHERRETH 503, 210 um LLE ORI EEDOPRL - O I E 13 A # &
2% . AWFFECIRET D ILHOG T3 I 0 GIEIE, WSS £ MR FI2 K 2t D#k
ELEOSEHHE L VLR Z RO HDT, L—P—EHT - BEED X O ITHEL Y — v 0
AERAFEN 1< 70 D Z EDRE L 72 B2 E 70, BIREBELECIREOE 736k D &
DN, PORLF DRI A DR E L 2D LEEDGREZEOR S ENHE LI < 2D 2 L b
V. RS, RO TR ER CEE R VIUE, S A= P A X I U A— KL
P A XE TOMRIRNERL - ORL B ZHEFTREL 725, £, WIETE LmREa A
RER DB S FHEIZ L - TR L. FRDEHENUESLEIRDEHELE T, Bl Tn
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B LR, MIREOWRLIET S 2 ENTE D, JEBOETHBER S EETIE, oI
BEL SN Y2 R 5 72 OIS EELIE SR O EIRICHIBRIZ 22 <, 2 CHlEDSREETH
STIFHICHBEORELHET 5 2N TE S, an A REKRPICE T Dk 0
L7220 100 nm F2HEOHA, JEHIE /3 HE TIXHIE T & 200k T OB &R E O LIRIT
20%FEETd D DI LT, IRHOLT BB 2 GE CTITEERE O EIRIZZR <, 40%0
EREO an A REFEREET 5 Z & I2Eh Lz,

® 1.2 FEHAFEAEAZE
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1.2 AXHEDEHH

AHFFETIE, IEBOEE AWV CTEIRE 2 a1 RERIZE 200601 ORI 778 & 308
A RIRF IR 2 HIETH DR T B ER S LA RET 5. ZOFIETIE, &R
FEam A REIROWIREL & S BRI 2 ILBOL & B 2 W TR 2 [32-34].
ZOWE Liza A FEROWIRE & ZAMHELRE K v, WIE G & BEELERRR 2
THORL - DRI R & BB FE 2 FIRFIZ R D 5. M 11U R T L D ICEIRE 2 v A REK
HCI, TS EHELSN THEERE K-S TLE S . 07, EEGELEE OWIX
¥ L SRS R B L CTRIET 2 Z L IIREECTH - 7=, 22T, K LIOITRT
L OICHELRCERRE A RIRRICARSES. 25358, BERMICAT, =



E— L MR TFREDT XL X T D IHOL T B S &R = v A RS
THRAT L. OB TEERIL, ERPRWIGEIITERE = v A R 2 5K
Bl L Tatlkd 5. miREam A PR 2ot LT & 72RO 2 BRI O R EE DGR
ENAZE LD SIRE 2 v A RSO RELZET 2 2 LN TE D.

Laser beam Diffused light
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b Attenuation P)hase shift
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Number of photon

Number of photon

(a)

1.1 A FEERDEHROB S
(a) BEBEIOAM FARDPTORFDOLERIDKRF
(b) BEEHRL-L—Y—3*&
(c) BMREIOA FBRP LB L Tk

PEBOE B E Ry JEE ORI R 2 LU FIZ%T 5.
1. @BBREOaaA RFRICEEND T A— VP A X5 Y 2A— kLt
A ROPRL - DRI E BB E & FIRFIZ Y 7V 2 A AFHIITE 5.
2. EHREanA FERICXILTY, WRE AT 2 0E3 72 S WRORES
Wi+ 52 L PIETE 5.
3. HIETE HREDOELIEL cm 7> HEL 10 em & FEFIT K Z 0.

YEBOCT B L DB IWELHER T D 72018, mIRED a v A 2L U IEIRIC
BEND VY BRI DR EBBE L RO L. DX, JEHOCT Rtk %
WY, RIS E 0 I DOTEIA ORI DRI F-F8 & BUR B 2 0B S rTRE D 2 el 3 5 7
DI, BBA IRV ENRIIERD 2 BHOWRL 2 2 miRE = v A N TH 55
ZMET D, RIS 2 FBEOWREZ MWD Z LTk v, 2 FHHOMRKF DR £ & H0%
EZFFFCETE D Z L and. kRIS, SiREI oA FERICEA 2RSS~



IR EN DRI ORLF8E L BB EE ORI AL LV EE&MICFEHicE 2 2 & %
R IEBOLFE B OB R OV IUE, F oI B EOAIKRE S RO E ) TV F
A DTFHT 52 ENTE 5.

1.3 BRXDEREHME

ARG SOOI A X 1.2 1R T . RiaslE, EECLE AW @mBEE = a4 R
HRIZE DRI ORL TR E BB 23T 2 FIEZREL, miRE v A1 NERIC
KA R EBLR & MR 2 v A RIERICE £ DRI ORI & 808 B D IR RV 28
fEXVFHET 26D TH 5.

F1ETIE, AEOERE ARICOWNWTERNS.

B2 mTIE, WIRE e A FEROWIRE & FEMEELRE A KO 572 DI vz
JEBOE T W O FEARFEICHOW TR S, K, @EELEYE N T OILBOL 75 Bk O
B OET &, DRk Z 5 LI SR BRRIC O W THT 5. S 61T, mELa
HONFREDRD FIZONTIRRD.

93BT, SBELEEE OIREBE LT EERREREIC W TGRS . m L
B ThDEEED v A REROBIERE & S MBELREARET H121%, 2 r A RE
e ANDEHTRIROBGR DO BELER T LINERDDH. £ 2T, SMEGERIE L &g
EEHWT, BEHRBREZE Lo Ro 4 2 g2 8 L. 72, 2
DEFTRTEAR 2 B & LT IEBOT B UK T 2 T ik O A 20 2 iR T 2 72012, E5
(RFEIR O B E 2 -V CIIE 21TV, AL O SRk & sk 7.

FA4ETIE, RBEaoA FERRICEEN DML OR R EEEEZRET D5
BIZOWTIHRAD . £, SiRE a0 A FEROWIGRE & S MEELRE 2 K 5 71k
IZOWTIRRZ . &, WINERH & BELEE R 2 WV, JIE L2 ImR o YR L 0
WOk 7 DRI T8 & BB A R oD 5 T IEIC DWW TR R D . Z ORBEFIETH DIEBOL 5
BEWR O SED A INELHER T D 72018, @IRE O a2 v A FEIRIZE EN MR8 1 ff
HTHLamA LNy ) BITOWTHIEZIT > 7. SEBOL TR OGIEIC L VKR 5
NIV DRI ORI & b — Y — [T - §ELIE 2R & CRIE L7 ER TR & &
Wl U7z, & BI, SR T BN B L > TRO B> U b ki - O3B &,
WIS DRI EKRD T U DR DE BN OROTBEE LG LZ. £ L,
NEBA I 'NVERIERD 2 FEOWRL TG EN D ERE a0 4 RIEKRTH 544



DYPEZAT > 7=, JEEOE THEER S EIC Lo TRO BN EA > 2 v & ENERD
R LU & BT BAMSTC I E R L — T —BAMEE e & & F TR O TR 12 & 4
BEOREAR LR Lz, ZAUCX Y, ®IRE 3 v A FERICE £ 102 BHE O Mk
FORFREBERE L L CHIETE D Z &R LTz,

S ETIE, ®EEaaA FERRICE SN DM T2 EHET 2RFE %, ORI 1~ DkL
TR & B FE DR HIIZEE D HEHAI L 72/ RICOW TR 5. EiRE 22 A FFRTH
DAEFUCEEND I EBA ¥ BRI TIE, WO KFEA A L PRE DB L > Thitk
THZENAMOEN TN, LMEONRBNEEZFH LT, FHLOKFEA 4 REZ L1
SEDHZ LRV IEA IR ORE A R Z ST, AR OBELUS DR T,
HEBA BN A DR L BB BN RIIC LT 2 2 L R S L7z, T Dk
FOSDHER SNT-WE, BB A > 2 B T 2SI T CHE SR DD BRI R L E IS
RVEBENKEZDE INDIKFEAFTREL KL TV, RIS LT, FHICEE
N5Y 9 1 FEEOME T CThAIENERICOWTIE, BENEZ LW L 2R L
ZOMFRIZE T, R THO TEIRE 2 m A RERPIZE N DT/ I A ZOWRL T
DRI EBEEDOEAE ) TAEA DB TEDZ L &R LT,

BT, RiSC TR NI OV TRIET 5.



B2E HAATFREEROERFE
- AR RER

\/

E3E HEAEE(BRROBREFRE L FRERE
- REBRE LA ERICHT SBOEH
- BIE YR T LDOBEER
- AFRERER

\{

F4E SREIQAM FBRICTEEND
FRHLF D HLF 1% & H E O BT
- HRERE TR E IR RO B E R E
-HBAoBEE@OAZLT) h)DRIE
- SOBUIEE (FEL)DAIE

\/

FS5E SREIO0AM FBRICEEND
WU FDORERICEDHUFELHEENEL
F EOBBEEGIL)DEEDRE

v

F6E
i

1.2 AFmXERE




F2E HEETFEEROERRE

R 2 A YR O WIAR S & Al LR S E B 5 72 12, IR TG
DGR OFEZ BT D20 ERH 5. miREan A FRRIEEEEREE TH 572012,
HTFITHEANTELEBIL SN D, ZEBEL S NIOLTFORRIR S|V, RAry <>
Dk IR A2 IEBOT L L7 IR RN CTREE 972 2 &N T& 5. ZOETIE, A
Y= v ORI A SOOI R A OB 21T 5. £z, IEEOLE W TRl E
ZHET D FECOWTHIAT D, B, HIEOTIHIC L 2 WETEDENZ SN Tk~
L. 2 LT, SR A FREIRMEZA G LIRS, SEELEE P TRAET 23— Mok
T = ROV — O BRI T & L IEBOE T8 B O SEARRIMEIZ SOV Tk~ S 51,
HERZEFIPCAAET D M BELBYE OO 2R E O MIE T IEIC OV TR 5.

21 AHEEAEX & EDOMRE

I CELBEE UL, YEIERIOHGEL e E OB A Z T RN s 5. Z O, Jo
FEONAF RO T LE W, SOBREFRPEE L 2D, £ OEFIIHNERAND
TRV —DRAFEEZRE LRV~ o Ok 5 [35] TRtid 7562 N TE .

1L(r,$,1)

S VLSO + (y + )50 = [L0SL0 G5 dQ S5 (2D
v

Z 2T, L, 8, 0) 1T (radiance) TH Y, HDHALE () ITBWTH D I () ~H
N () 1Bk 2 = F L X —B THALE Wisrm®) TH D, u, 1 ZRIUREL, u, 1 3Hk
SRS A RS, vIZBEPOEEE RS, £(5,8) ITHH6) 2D (§) ~EEL S B iR
ERTMEREERER CH D, S, 8,0 1 300E O 58 B oo 22 8] 4 BE 43 A, HAALIE
W/(srm®) Th . xtR L3 DWUNER T O R Z X215

RV = v Olgik IR T DN 2155 2 L 138 LW oi el [36,37] & H
W, RO R A BT L. Ay~ ook R AT 5 — R HIER, P
TR EAWD FETHD. PEBE AR, BEHEE %2617 /v A (photon
fluence) ¢(r,t) &Y+ 77 v 27 A (photon flux) J(r,7) (2L VKR TRIBENS.
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La>

X 2.1 MUNZERIADEZER

Lﬁjﬁ)zi;ﬂn0+i%J&J)§ (2-2)

WTHAD L H IR T

¢mn=ﬁm@mm (2-3)

unnzjug@nﬁﬂz (2-4)

WA TN RENFT T v 7 R, ABIROFEREEN 2D, o7 R, b

LM (ICHHAE r CORMEREG -V ICHFETHIZIALT—THDH. KT 7T v

7 A%, HOFEHE (ICHDHAE r TOHRMEMOTZY DXL X —DRETHDH.

FTINELAENTT T v 7 AT Wm® ThD.

FERICL T, MFRICEALTH PP Z WD Z LR TE S,
mnﬁgzi—%u¢p—15¢n0@ (2-5)

4z 4r

S, (e, ) T PED IR, S, (r, ) 1T R IFVED IR Z R, EHGELBEE IS AR L7281

s ) B R TRE R R O B2 ok L CRGL SN D 72D IS D RIR & e d D .

T, BGMEOIPROIEILS, (r,))=0 L7 5.

RE-DIZRE-5)ZRALT, VEAQIZOVWTHEN TS &,

11



l%ﬂr, D+ u, ¢, )+V-J,t)=5,(r,1) (2-6)
v

RE-DIZRQ-5ZRALT, § 28T TEEAQIZONWTHEST 5 &,

10

——~Kh0+(ﬂa+#DJQJ)+1V¢@J)=SABU (2-7)
v Ot 3

2T, pTFEMEBELLR R A R S MEGLAR IS, LRI L LD R E T A
— X g HHOTKRAD LS TR T 52 LN TES.

ulo=u,(-g) (2-8)

22 1R T L DR GMERT A—F gliE, FHIsNoED s ~HELSn oieR%
T TERBEFERE 75,8 ZHOTROD L HICERTE 5.

g= j £(cos0)cos 6dO (2-9)

f(3,5)

B 2.2 MAFIC &k DHDEEL

g=0 X% FHHELE, g= LIXRTHEREL, g=-1 1 3% FBELE 2D, F-, AT
1%, 2=0.69~0.99 L7225,

FIRDZE TR WL 0 TIESZIRIBAR SN TV A AT, RO IR 130/0t=—jo
ERLRTH I ENTE D, £2C, 5,0,0)=0 X0 XQDIKRDELHIITEETZS.

D

J)=- -V 2-10

(r) 1_3].601)/V¢(r) (2-10)

712U, D=1/[3(u, + 1)) BRI A . B O = u A R CIRZSHHE o
3GHz LA FCid1>>30D /v 3 W LoD T, FQ2-10)FRAD £ 5 IEEITE 5.

J(r) ~ DV ¢(r) (2-11)

12



Bz 0%, ZPBENE A 3GHz & LT, R EE2EETDHE1>>3wD/v=0.01 & 72
5. —AZiE, 3 GHz LN oEREREEH WS 0T, R-11)THRuyBWVIEE L 7
5. RE-1D)E2RQ-6)ZRA L TEHT 5 &, BHEkic B 2 a5 2%
TEMNTES.

~ 22 )= DV ) + 11,400 =5,0) @-12)

7 ) = OB L 0, BRI 5 5 TR b BRI T 5 - 2 5 TR
5.
l% _DV2(r, 1) + u,$(r, 1) = S, (1, 7) (2-13)
\%

Z DONIEBOTRRNNT KT DT 2455 Z LIZ Ko T, mHGEYE T T oSt OYEB s
DERF DD,

22 #HEAZRAVEESHEEEDOREFE

JEBOEE O T2 @ AL E O E LT, SRR OREIC X > T 2.3 [RT XD
(CEECRIE, R EENE, EMEEEEE D 3 O FIEN B D . EEIGHIEET
WEE o fRBE D i <, BEERERR N S 72 EORENH D, L, K230 L1,
EHNHEAWTEGEIAE SN D ERITIEBOLOMRE ORI Th 2728, mBcELEE
DOYRINAREL & A BGELR S 2 [FIFFIC SR D 5 Z LN T 5. [ 2.3(b) 2~ HRRE] fEek
AR, BE UL 2 (CUV RN ps -fs) OMHIZETORRMZRIENAY LV, EEELt
B OWIAREL & SRR & RIRFC SR D D 2 L 3 T& . JEHOL S BERIA LY Y % £
SERHE, YT S EBELRIC & o THELS U THE % 22 6 % L > TRHBEHICEET 5729
Tdbo. RHEBIEE T, SO EREN/MOTFIELY 20N, EEX M E 72
5. w23 E A R B AT, RIS AT 2 VR A T o
BREE DT ENAHOZEAL LY, EHGELBE OWR IR S & S EELER S & SR 5 ik Th
% . A BEBGN E I, AR O Z8RE R CHIE AL T — U O BRIZ B W
TR EIE E R U RE G Z LN TE 5.

PEROE A D CRBELEE 2 E T 258121, G F 2 EEURIC K> T—EREL S
NTHBEICEEL SN D £ COFEHMERT 710 & - CEFRAMRBIIHIR S D, fil21F,

13



w<<l/t, =v/zy=100GHz &L7¢%. 72721, mHGESEOEIT=RIL 1.5, @ik E b
TRz, =1/ )X I mm B L Lz, 2 2T, EELSYE O S MELR AT 10 em ™ < g
<50 em ' RRE LTS, O, EHBGHLIEE T C TR Y B BATRR 2 (2SN EEL AR B
O I VKD HEND DT, SMEEAREA 50cm™ TIX 02 mm & 720, SEELLRE
2210 em” TiE 1l mm &72%. 72720, @EGELEE OWIRARECC M BGLA U, 290
JERE TR DWW RITUEFET 5. £72, 10 ps OV AR OV 263 LB
U CE & A UIEMA 1G5 72 DI1E, I S REefl i C 1A J 8 ¥ 10 GHz £ ¢
WESTL2NENDD. FEOWNEREZET D&, MHIOREERECKEIZ L > T
FHEMHOL 3 GHz FREEICHIR S D, JIEOBLED D B AUE, R SR & R )
SEIHIEIZ I, —EOBEHIIF= R X —n3EP L TRY, EEEticisn
TEN TV LR EDRIERSH L. e, HFESCHEROY 3 v ) A XOREZPIRT
ELREOFRbHDH. Fio, FEMBEEBRELEORELERE L, ReEEEREEIC A~
TR S 2R & 72 D . R 2VITHRHOL 2 AW IE FiE 2 i L 7o R &2 £ L
7-.
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O(r,t)
Source
Detected
> 1
(a)
A
Source
o(r,t)
Detected
(b)
4 S
rt - Source
o) lAttenuatloI}: Detected
. y ‘ b _\ ............ |": /
/ \ ¢]—|/Phase shift
>t

(c)

23 A ERAV-EHEAKEDAEFE
(a) EESAE (b) FEAEBGRE (o) BIKMBEEAE
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& 2.1 A ZRAVERAEFEDLER

BEFIEA i R WA
B AEDBEEDRETE IR FAYELY. IR IR % 2 & BREL 1R 24

EESAE o U
ERE. MBS

INIVAENER Lz BERBEERICES aX FAEL.
FrORFEMLAYZE T, HLEBEDEED REOHNBREDE

By ] SR80 R 7E AE. B L DFRA  JHIEHEL.
"Tonsd. P il S R o
WE.
IR DRE LG EEALBERICLES EERBEERICHES
DELZERE. T, MHEEHRAES T, AR MHEL.
FE iR B rE 15 R TE nb.

B el SE 480 B B SR (2 B
N, OX FAYELY.

23 HEEFHEER

JEBOE T2 P (Diffuse Photon Density Waves: DPDW) [38—41] 1%, @& HGELEE o
WIRICRELE 2 MZ - & IR AETLHae—Ly MR XALX—DKRAK TH 5. %
DR FIIIEBOTRR A BE R TE XD 2 L2 X 0, ~ VARV B RRACCRR
TE5.

(V2 +k*)¢(r)=-S(r)/ D (2-14)

T, IEBOCTEBER O L IXEFR L TRIND.

—U,+jolv
D

k* = (2-15)
B FE S S AT sROETE D R 22 ) D ) B 7 i HCELIE L TS AR E T D R, Q- 14)IT kT
2RI

S, exp(jkr)

=0

(2-16)
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ThD. PHOCTEERIIE 2 ESBELEE P T, X2-16) & v EEEEZ R L TR
T DT CTh D 2 ENbAD. EROMEICE LTI, BELE & Jealag
DEEREEF/T HVENDD. T DD, BEOIIRITHIE LB R 27298
JEROT R U X9 DR iR % SR & 2 BN 8 5. BE OFIR 2 B 18 U - e hagior =i
KI5 FEAT IR DB DWW TR E TR 5.

PEBOE B O R & R EHIE, TEHOG T8 BEER DOIER D I & T XL 0 SR
HZENWTED.

- -1
2 2,2 1/4
//LDPDW =2r/ Re(k) = Zi{luajLD#J sin %tanl VZ) (2'17)

2 @t v ) 1
& pppw :Im(k)z('u“T] cos{gtanl( @ ):I (2-18)

VH,

Wavelength of DPDW [cm]

10 1 | L | 1 1 L 1 L 1 L | L
20 30 40 50 60 70 80 90

Modulation frequency [MHz]
24 BHRFRBIHT DM FEERDRE
(Absorption coefficient 0.01 cm™, Reduced scattering coefficient 10 cm ™

Refractive index 1.333)

17



0.72

0.68

0.64

0.60

Attenuation coefficient of DPDW [cm!]

0.56 1

1 L 1 L 1 1 1 L 1 1 1

20 30 40 50 60 70 80 90
Modulation frequency [MHz]

2.5 ZKHREIRBISHT HIHEAFEERDOBRER

(Absorption coefficient 0.01 cm™, Reduced scattering coefficient 10 cm™

Refractive index 1.333)

X 2.4 L[ 2.5 (THERRZE M C i BELBYE OWINERE A 0.01 em™!, ZElifkELERE % 10
em”, JEYTHEE 1.333 & LIZREO TR I 0T 2 IEHOE T8 BE I O R &R E R
ZRLTWD. Z OWRINERE & SMBELR IS, JEDBER 600 nm 725 800 nm DI
BWTARMHK [42] PERE a0 A FERREZ0HRE LTS, b OBEEHFT
X, RIFZEEILSN D20, AT At LS. 24 LM 25 kv, IKBOLCT
BER OB 2L T2 EREIHES LM, BEELRE DI LBbND
Z D%, WEIRORERCHE G & 72 53BN X - C, Fali 7 2 FHE M 5 a2 BRI 5
BN 5. il U 72 W ARE & AT BEL AR 252 FH VT A I 4% 50 MHz & L 72,
JEROE TR ORI 19.14 em, JBEEEIT 0.6384cm™ L 725,

e LR DO T3 FE R OARIREEREI X9~ 2 508 L AAHDO B L L 0, &L
BUE OISR SR & SEMBELR S A BT 2 2 L N TE 5. MEIRZE M E 7 m LI
DIEIET D80, KQ-16) L 0 EEELBIE O EEEEZ RO D Z LN TE 5. JEEOE
-5 BEWE DR EE & LA DR ERRE L eh 3 2 2 b O & L0, YEHOL 75 B oo 5=
WMEEHZRDDHZENTE .

18



mQWUmz—hmmr+mm)—mmﬂ» (2-19)

Arglg(r)]=Re(k)r (2-20)

JEBOE B ER OO E B L 0, mEcELEE oW IER S & Sl ELAR SR & sk D
B ENTED [3637].

_v [ Re(k) )
M, = . tan{2 tan (—Im(k) H (2-21)

o = Re(k)® + Im(k)*
' 3(yj + /vz)l/2

(2-22)

19



F3E HEBREOMRESE L -AFRHEAE

31 L ®IC

e HCELIE T O WA BT & M ELAR B 2 SR D D 72 DI, IEHOE T8 I D58 &
NMARDORIERER A BEOBIR A BRE L T T o MERH L. ZILET, FERPIR,
SRR 72 EIRE S - BV IR A B L 7 ek O B U6 B AT AR I o\ TR
WMENRINTWD [44]. LarL, BEHEBREZZE LB RIS k3 2 M
fRITHE N e STV, 2 2T, AMRERE L BGIEEZ VT, BEARRIREEE
U 72 IR T U/ B IR OB BRI SO\ TR RS . @i 2 8+ Z Lok
0, BUTAvalE [45] RAERERE [46,47] 72 Pl @O EHEL R EELE

BONFRMEZRDD ZENTE LR EDH RN HD. S BIT, IMEETE L ERIEA
AWD FEL, BEAMEEREEZAOCEFELY bR PR L2 RO 5 2 LN TE 5.

EGEAROR Y 7' 2 =L &5 BEBEZ W CTHEBOL 75 EE K O R & (L FH
DOPEZITV, B U2 EH RER 2 B8 U IR s o R Ut 3 2 faT i o B otk %
MR LTz, F7z, HELEE & IFHGELIE OB R 08 2 E eI RHE L7z, &&IZ, E
TEFGIR, SEHRTEIR O @ L E OWIUAREL & M SR A R oo 7=

32 HRELEE LFRELREDRAEKNE

EHGILBEE O Y E 2 RE T 2 856120F, BELEVE & IERGELEEE OB R 2 Z BT
5M£ﬁ%6[%4u ECELIE 2 sl L C & Ihmiot2s, Bl & IERGELEEE
DEFEFEITE LT &35, BELEE D O IEHELEVE ~HST L7, 2o F e %
Ek U C, BELBVEICRHI L7200 LTRSS T 52 EidZew. X 3.1 1237 & ) 2R
BE & IEBGELEEE OB 2 AU, BESt i CHVE O SMAN B S LT < D U iR AL
& B S TR o RS A A ALk L TR LTCEIRRI Cic e 5. 2z 1
PR ORI G-1) L RG-2)IFE LS 72 5.

¢(r) J(r)

5 (3-1)

B = [ L) (-R)d2=

20



Eppod®= [ Ry G)L(r,5)3 - 7O (3-2)

T2120, Rupa () 137 VRV O FHRE A R, BEGELEYE 1, e3Pk h <
MPEEZ RS TNDLDTT U RIVDORREIIIRA TERTE 5.

out

RFresnel (9) = E

2

l[ncosH'—n 0056’]2 I(HCOSa—nouzcosaszwhen 0<6<6, (3-3)

ncos@ +n . cos@ ncos@+n_ cos@’

out out

=1 when 6 <0<7/2 (3-4)

ZIT, ARG cosf=5-n THZ B, EITA O 1 Tnsinf=n,,sind THIAOND.
SHIT, BEAMA G 1Xnsing =n,, THEZOND. T2EL, n I ZHEUE DRI, nu.lE
HFBABHADES R THS. 7 LV OREREEANT, XG-2)IFRAD LI
WTED.

A A A r J(r
Eirrad (r) = J‘SA\;DO RFresne] (S)L(ri S)S n dQ = R¢ # - Rj % (3_5)

ZI2L, R, &R, I

/2
R, = [2sin0cosOR,,,,, (0)d0 (3-6)
0
/2
R, = [3sinfcos’ ORy,,,,.(0)d0 (3-7)
0
ET 5. KGB-1)EXGBS)IFHELWVWDOT,
1+ R
P(r) = = (=2J(r)) (3-8)
1-R,
ZIT,
R, +R
R, = _f TR (3-9)
" 2-R,+R,
EERL, RQ-1DZEHWS Z & TERASFHFITRAD L HITR2 5.
1+R
4y = 20— 9 (3-10)

1-R on

eff

21



ZOR, AlTEOBEREICERESR S AR L, R, EEDRREE R, S O5R
X7+ U 7 VEESR S (Dirichlet boundary condition) & / A ~ Ei 55 (Neumann
boundary condition) # 5 HLE b D THDH. ZOWEAFMHED Z & 2o N U BEREM,
(Robin boundary condition) & 5.

Incident beam

- n=-z
l “ |
Pl e
Mout Y i z
n Sz
Medium

K31 BREEEEET H-OICAN-ELEROEE
3.2.1 HoRBEREMN

32N IERZEH DI B R M OB BN 2R 2 BRI T & O MIC & 5.
PR O, KG-10)D v S BERGRM 2 E 8 U T2 K ORI 22U 5 5 %

FRD L D25,

5)=2 (exp(jkmgxp(jkm_ 2 [ () SRUME (e 20 VT d,]
D n r, /0

I [X* +(z+2z,+1)°]"*
(3-11)
I,
n=lx*+(z-2,)"1"%, =[xt +(z+2z)°]" (3-12)
I, —ﬂw—ﬂzzo (3-13)

TRy 1-Ry 3

T, ndEERNICH 5 EOBIR & B DOEE, r (IBEE DO H 5 EDOBRIR & B
AR OMBEZRT. E72, zo(=1/p) 1TEEFHHBITRELERT. EEIC @O~ A
T AIFI 0 6 R OALENZASS U7z ed, wns 4 3 mATR O BREERE 2 ail L T\ %
NS EGEL S NVE IR 72 5. Z OXG-1IDITHE O B SM %, # 0 T At & 5.
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KE-1D)DHE 1 HHIE, TTERDHAE (x=0,y=2) TOMKEELFL, 52HL, #E
A (x=0,y=-20) (ZHDHIEDREIRZFRT. 5§ 3 WL, (i (x=0,y=-2) D (x
=0,y=-0) £ CTHEFICHE LN LM EICENDADEFEEZEL TS, ZORE
LN B BN D ADWIAOEIR L L TORE 1L, TOWEIR & EBOWIRO K E
2LV, 2RELTEARSVE-STNA.

O Negative source
ls=1.68z @ Positive source
l (() 0) Boundary
- \‘\\‘ r2
ERE X

Medium

32 $EBEMICE T IS REROBSE
322 SMEEREH

S REE ST AL E & FRRGELIVE OB R T DIEHOL DR DRR T 2 EMEIZ FLk 9
HLIENTED. AL, BHTEEIZFHAETEERS /LG DY MR &M
(Extrapolated boundary condition) 23 —fFICITHVBILAH . FMESERIER, BifgiEs M
WTIHEBER LY 2z, DI TR F I N AREICR D T 5. OF Y, HEOPRES
ARG z, OFRBEEICARAER VTR R 2 <.

23



1+ R,
Zb ﬁZ (3-14)

Z OKf, FERNAHRBOTBELEVE & FEBGELEVE & O x R, ZH TR T Z &N
TE 5 [52].

g ="1 440n2 +0.710n, +0.668 +0.0636m,,, (3-15)

rel

ToT2 U, FERHEITR ny =0y [ 1y 13 BEEOIEITR n,e & BZEDETE 0, %
%wfﬁ@#é_kﬂf%é.ﬁ%@@ﬁ&L%ﬁﬁbfazL@%&@D,ﬁa
P 14125 LTz, =196z, L 72 5.

SMFEEER 2 MO8 OB TE L AORIRIE, K 33 OX)IciRESNS. 4
WA & B E A W6, SRRSO Rk T 2 A2 RO L S5k D 2 &
TE5.

exp(jkr,) exp(jkm} (3-16)

¢()_47Z'D|: r - r

p n

([
(
fﬂ

1/2

r, =[x*+(z-2,)°] ro=[x* +(z+z,+22,)°]"° (3-17)
72120, r (ZIEOWIR & BIHSOMBEE, r (ZROBEREBHSA OB Z =Y. £,
ﬁz%v%fxﬁﬁﬂ%ﬁﬁ®&%CA%%%%E?%.

SMIBEE AT EL 3 TEEE AT DRRZEIC OV TR D L5 2R TR LTV D
10cm ' < 1 <50 cm’! ,0.03 cem’! < M, <0.15 em ', 1.33<n<1.40,0431 < R.3<0.493,1 cm
<tﬁk@ﬁm®ﬁ%35mn%ﬁﬁﬁ%@%mwf%ﬁﬂﬁg®%$%@%ﬁbk

Bty W REE G 2 O ORI Z RO T 5510 L TRREDN R K T 3% H - 7-.
it,%%ﬁﬁ%m“tﬁm,ﬂmkﬁitﬁk@m (DRI E ZATHZ, Ot
PR &R R O FRBEDS 1 em ORFIZERZED K &7 o7,

24



O Negative source

@ Positive source

Zb+ZO (07 '2Zb'ZO)
Extrapolated boundary
ZptZ (0,0) - 2= %
X
(0,200 . N
P
z e (x, 2)
Medium

33 FERERICE T H0MMEEROBR

3.23 BERICETHZHOEE

W7 7 AN—EHNTHEEZ T D5EIIE, T 7 A NN—DN e L aT e HBET
LERDH L. FDOTOIT, JEINDHES

%, BEROBITROMEICL D E2%
BLTCRGE-18)Titik T2 Z N TE 5.

Core diameter

0 [degree]

Optical fiber

Acceptance cone
34 KT 7AN—DRNA

measurement signal

;:LLMdebIQMWdQThde)xLu;wz=0£ﬁtﬁ (3-18)

1 _ 0p(x,y,z=0)
0] b AT 005 220030 DAL

z

cos 0} cos@

25



z=0)

277U, z=0 LT 5. Z O, ¢u;%z=0)<<—3Df@&E%L—Z—-us9J:@,
Z
measurement signal
= 3 - 1 9
= ” dxdy‘[ - dQ TF,,LW,(H)XL{— 3DMCOS H} cos® 3-19)
A fiber Q fiber 47[ 82
2T, HERSMEAG20)TRIRTE 5.
ﬂ)+2ADaﬂ” 0 (3-20)
l’l

7212, A=(Q1+R,)/(1-R,) LT 5.
KE-1NZKGB2002 HWIIE, X7 7 A =% AL a7, IbIZ, BETOK
WEEZEELEZNEGE ST 7 v R ZHIT2 2 ERnbnb.

measurement signal

— 3 _ 2
-—JIAMWa&dyIgﬁmﬁﬂlfgmwxe)xgzg¢(n)gz—(Dcos 0 (3-21)
o g(x,y,z=0)

33 BREFBLIEAHEAERICHT S

SMEEE SRR EBEGEE WD Z LIk, BGRLBYE & IEEGELBVE R OB R o R A
BETXDHIENDN-TZ. ZOHEITIHE, AR & EHIERAR 258 U7 i s i
UK D FRATRR DOE I DWW TR 5.

331 TRGROEFICxT HETILERAEXDE

B4 3.5 12T K 9 AR BERSEAT PRI IR O EE IS, L — P — 2RI z D~ 1
FRNHAFT 5. ZORE, AMERERMEESGIEZHWD Z LX), BEHRNL OmER
AT AR DO PE 2 B JE L = i okt 5 2 MR 2155 Z LN TE 5
[53-56].

__ 90 exp(]kr) exp( Jkr,) )
P(r) 2D Zl: " ; } (3-22)
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»—»—.6
— — 5

r,=[x*+(z=2nl, —4nz, —2))*1"%, r, =[p* +(z=2nl_ —(4n-2)z, +z,)*]"*(3-23)

2L, r I TEOWRIR & BRSO, 7 1 XAOREIR LB OER L R, 2 >0k
B RICHK L CIE S B OMIRIE, 20, + 4z, OHEEERINE CHRAMMICEKRE Sh 5. BELsY
W COIEHE T LR OBIEEENIEF I RKRE VO T, KGB-22)0RFID n OfEIX, -1 5
51 ECCTROBRHFEREELZHSDLZENTE D, Eio, BIRERDEHREEIZ/> T
LB TR 2 B U T RO R ATk T D AT AR & s S v T D [57-58).

o Negative source
® Positive source

¥ O
A e X
[,+2z, Y z

X 3.5 EREFTFHROB X
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332 EARBRKOBREICHT HAMLBAFEADRE

ET TR OBE TIX, 6 DOIMFER VL HAEZRE T 20N HD. K3.6 17T X
IRBIDDREEID I, 1y, [, CHLEFTEIROEEIZ, v—F =% (x,,y,,0) 1T z il
D~AFAFEPOANRHSEL 5. Z0r, K378 TK 918, SMEERE L
Btz WIE L A ORIEZRE TE 2. REHITEBICE L CEAERBIROEBE 2 ZE LT
SRR A MRATR S S STV D [59]. FEBEGERIC B L T Rk
DY 2 5 8 U Tt HEBOT FR AU 2 MRAT RIS, IR REUB L k3 2 MR AR (2 28 B 2 T
ZHZEIZEVELND.

4y =— Z“’: Z“’: Z“’: exp(jkn) _ exp(jkry) _exp(jkry) exp(jkr;)

47D ; = I r 7, r

(3-24)
_ exp(Jjkry) " exp(Jjkry) " exp(Jkr;) _ exp(Jjkry)

75 3 n I

Z Z T,
n=lx=—x,)" +(=»,)" +(z-2,)'1"% p=lx-x) +(-y,) +(z-2,)1",
r =[(x—x1,)2 +(y_J’2m)2 +(Z_Zln)2]l/27 Ty z[(x_xll)z +(y_y2m)2 +(Z_22n)2]1/29
Ts Z[(x_xzz)z +(y_ylm)2 +(Z_Zln)2]1/25 Ts :[(x—le)z +(y_ylm)2 +(Z_Z2n)2]1/25
r =[(x—x2,)2 +(y_y2m)2 +(Z_Zln)2]1/2, T3 z[(x—x21)2 +(y_y2m)2 +(Z_22n)2]1/2,

(3-25)

x, =2l +4lz, +x_, Vim =2ml, +4mz, +y, z,,=2nl +4nz, +z,,
Xy =20, +@1-2)z, —x,, y,,=2ml, +(4m-2)z, -y, z,,=2nl +(4n-2)z, -z,

(3-26)

y X i Laser beam 3
(xS'a J’s, 0) | [ l

.1’

3.6 BEAREMELEEDORRK
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o (2zixg, —2Ubzim20) oy, —2—b6zp20)  (2et2zixy, —2—62,—2Z0)e

?(—22,;,—3(3, —21—4z,—z) ':'(_)cs, —21—4zy—=zy) (21+2z5—x;, —2lz-4zb—z.;,)fl>

I I :

I i I . | ® Positive source
[ I o Negative source
I I

’ (—2z5=x;, —221«3—20) X Jé(_xs, —2z-20) 2 (2L A2zp—x;, —2Zb—Zo)+

Q (—2z;—x;, 20) 1_(6 0) 2o f*0%, 20) t (2l +2z4=x5, 20)°
| T A | :
. I L 142z,
Zp Medium !

Extrapolated boundaries

|
I I
| | ! |
| i | i |

== =l=l=r=l=l=r=rar e oo 1S Y S NS S S S - -

| | T k ‘.\ |
| | |
I I

! I :
o (—2z,—xy, 21,-22,—2,) &(x, 2142zp—2) (20422, 21422)—20)8
. i

? (_22,5__1:3, 2lz+42b+20) *(JC;, 212+42[;+Z(]) (2Il+2zb_xS, 2lz+42[}+20)‘|)

37 BAKBKIZBHFIELAORLBEOREEDHER (-2 HEE)
34 BAIEVATLA

AT CIE, SAMEGESE L BBEL WD Z LIk, EHERIBIREZBE LIt
TREAUTH T DT iR 2 8 H U7z, REiClE, ZOEFIEKIRE B Lot
(2% 2 AT AR O 0 & fERR T 5 T2 DI, BRI O BELEE 2 W CTHEHOE 78
FEW DIREE & AR OREREF & fRATRE R & i U7z, MERRITIE, R T'2—L
WO HBDT T AF v 7 BIEZEGERRIINI L THW, 22T, FTRIT7E
Z =)V OYEERIPEEIZ DWW TS . RIS, BELEEE N 2ol L T X 7o hRBOE 1% B
DIREE L AAR 2 RE T 2 72D DRERIZOWTRHAT 5.
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3.4.1 AlEXZR

RY T2 —VIREBNRAF B O =T VT T ITAF v 7 ThD. K
TEH—IVIIHEVLET AT E KRBT X —NAEEEZN L TES TEIL LR ~—1f
EHELTWD., K38IZRT LI, MORLBENDAFIAFLTHDLIZD, KU
FHRIAF LY (POM) & HMETIND. RFFETHWZHEORY 724 —/VilEIE=
BT VT T TAF 7 AR aR) ~—4 A4 TRHIETH L X —)L %,
AARZZ A b AL THIELIZSDTHD.

focn}

38 AXVAFLUDIEYERL

RY T 'L = VORERITA TV AT L U BAL 9 HMRFERIC 5 [BlEE L7 6 D23 e/
SAEHAL T, MHEEH 1.739 nm O = H R OFETH D, K39IZRY AF T AF L
fhEen P ONAREE 2R T, R TR X — VTl OIS T, R B 75-85% &
mEfsEntETH Y, EKEL (Spherulite) 2K L T\ 5. 7 A7 (Lamella) JEAIL, KES
BIC XV R D0, @H 10nm BETHD. @AT, 13 166°CTH 7 AEBIRE T, 13-56°C
THDHTOI, HEICHEMME LTS s s, =7 A h~—WR IS0 Ex 635K <
—Th 5. ety & IR OM TR T 5720, RiEH LD, JEITE 1.48
[60] T, B 141 glem® THD. R T X —/VIHOHEE 660 nm 7>5 800 nm DFi
T, AEEFEREEFREZF SO RO TN D

o = T T

|: c¢=1.739 nm

()_I_nm

K39 RYUAXAFLUDILAFEE
342 RAIEEE
X 3.10 121, EEGELEE T 2ol U CE -IEBOC BB R O E L i AH A2 HIET 5

HERZRZRT. £72, K 3.11 [HEROEEZ/RT. BEEER B 2 HEFEIC
DNWTITREA BRBINHE SN TWD [61-65]. AHITIE, E 660 nm OE kL —
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— (ML101J8, Mitsubishi Electric) %, Z8#J& %k 50 MHz & L < I% 100 MHz TIEGXR R
TR L7z, BFRE S A 20 S 7B, HELBYE O K & SORERLEIZ K > TH
TE R DRESE DB DR G F T AR D70 Th 5. ZOMERIBAMR L7z L —
P—t%E, T TR 62.5um D AFHLET 7 4 N—Z O TEELBLE I AR S 72, 67
7 A =D D B IXRF T 3.8 mW OXGHRE CTH ) S, HOELBE NI A St
L7z U—HF— NI HEL S h, IEHOL B 03 AT 5. SEBOE 25 BRI DI R I3 HGEL
B DR E & ATE AR TS D, R T2 ¥ — B2 ELSE & L TRV
Sy, BEE PN CHRROE FR B ORI, AFRER )Y 50 MHz OFRFIZIE 18 cm, &
FHJE ALY 100 MHz OFFIZIZ 11 em & 72 o7, BEEN ARl L C & 7 9RBot 1% EEk
a7 lmm OZNHNET 7 A X—=TZN Lc. 2O, BEIRAT—YZ2HNWT, A
WRYT7 7 A R—=EZ N7 7 A4 R—DHH 22 S ¥ TREEIT 7. T
7 A N—I D OHHHE A S HEE (R3896, Hamamatsu) T2t L7, Yol FHIEE
MO SNDEZBHFEFEIT/NSVOT, #/ME SRS TE 5% 36dB HIE L=, 15
TRHET AR B0, ~Tag A oHiEE AWz, AENE, WERS L RIER
OSCHNBLDEFEIEA LT, B — MEBOEMMEN 1kHz 1275 LD, £L
T, E—=MIEEHLE— I SREF LY, IMBOLFEEEOME LAz, vy s A
YT T EMOWTHRIEZIT T2, 2D O —EOEEIL, /3 =75 RS232C & GPIB
PR TIT o7, ZORIE SNTHEBOLFE B O S AAHORER R LY, K (3-24)
(2R U T2 @ BEL I D TR A B 8 U T AT iR 22 JH O C i BRGEL B 0 WRIIAR 2K & S5 A i
SRS Z RO 72, AKHIERT, JEFHEEE AN T L0MEIT 1 pW 726 1pW O
PACEHIZIT o7z, S 61, WEREBEOFIHFIL120dB M EdH 5.
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Y

Eﬁﬁh‘l\p}eﬂ:PMT
oy B0 4

0OSC, Optical fiber Optical fiber Y
¢ 62.5um ¢ 1 mm Amp
J1=50or 100MHz +36dB
< LO LO RF
Mixer (X)-= OSCs » (SO Mixer
IFy /=49.999 0r9.999MHz  § IF
[Lee] [CPF]
-/ : : fi-f
2 I Lockdin Amplifier | «——1
Beat Reference Signal | I Beat Signal
1 kH . 1 kHz
‘ Amplitude Phase
PC

3.10 RBIRESESILESE DRIE R
Amp: amplifier, LD: laser diode, LPF: low-pass filter, OSC: oscillator,

PMT: photomultiplier tube, SW: switch.

T ;' a“al .I-i ':;
Bty (e

3.11 BB EEILEEDAERNDER
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3.5 R OBEEEOAFRBCAIE

3.5.1 BIEAE

PEHOE T H LI OSRE LA A JE LIAER K0, Sl E O ERE A R D 5.
9, BEELELE O RHEDS EREICHIE CE TV A0 EFHMET 572012, R EEE
L72 < THWWERRZERHI AR T 2 @ GELIE O/ 2 ET 5. JED IR 660
nm 72>5 800 nm DOHFPHIZIBWTAR YU 7 & ¥ — /UEHE K OVAR & 1T R 5 O 2250 &
Ffo, MiFCHAR L EBRRE 20%04 A2 miBELyE & LCTHWE. X 312 12T
KO NTEBEIRE 20% DL 2w 72 L 7z /KA O oA i A DR 7 7 A S — L 26
T 7 AN—ZEE LTz, EROEELERT HLEDRNE SIS, WHTDNT 743
— & b OMEN S, 100 mm LA EEEL 72, K 3A3 AN T 7 4 =T
7 AN—DEERERE R LZEEAE R, £, X314 120, AREEE 20045 %
Witz LTk 2 BEn o RE-SEZ2#E 5. AIEICEE LT, KBS SIS A S
L7ank 90z, AR EAICEEL, EICEEAO I NN—THWE L. S5, K
FTEREZITV, BNOIEEIT 25CITR- 7.
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Source Optical Fiber Detector Optical Fiber

200 m h
/ Detector
Sinusoidally i Photomultiplier Tube
[ntensity-Modulated___I Ve (PMT)
Laser Light ! [T 75 11
EE
EE 40 - 80 mm
oo
~o X
— ] L
L l Tank
- Containing
 Volume concentration . :
Detector Optical Fiber
200 mm 20% milk 6.8 / ¥
a
@) f ¢ 1 mm
el
£
=
g .................
£ 40 - 80 mm
L
70
1[0 62.9um I o
—200 mm -~

Source O[;tical Fiber
(b)
3.12 AIERE 20% D4 ADKFRHMERDH=OICAVEAER. KRADI 74
N—ZEATRICEAEL, FAAO I 74 N\— BB ST TAREREADERHEZEL
Sz ()3 RxE (b) HEE
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3.14 (RHERE 20D T LI-KiEZ L&, b RI-HF
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3.5.2 HIEIZEET B #&E

X 3.15 12YEIR & SR O BEEfEZ 40 mm 2> 5 50 mm £ T L X W 7-RED, JEHOE
T OFE L NABORHERE R 2R, KQ-16)05 FRENDEY I, JEHOL %
JE I 0D 5 BE LA PN O ASHR BB (e U CHRERBEERA IR U, SEHOL -5 B O AR X
BUE N OSIR RS L TR ICZIL LT\ D, S 0, SEHOE 5 FE IR 2N ERE ok o
WL LTHRALTWD Z LRI N, (KRR 20%D 40 H T, Lok
HE/TRRE 2,136 1 mm TH5. TOEOIC, KPR EBRHAMOMERE 10 mm LN
(£10z,) DAL, T BEDITHEEL SN TV W=D, KRB RN TS
NDMEN S TS, AR & S O BEED 20 mm (20z,) B 2IUE, SETIEHGEL
R Ko THEE T EEL S TR RIS HE S . B 315 IR TRER I, ok
TR &R O FEEDS 40 mm LA E & 72> TEY, ST EELRIC L - THYE T 2 5k
HIUZHI 40 BIDL EBELES N TWAD Z L2 D,

Or . 20 F i

- _ 1s5f y
s 02r 1 8
__ =11}

= 2 10F .
_e_ e
= .04 2

= -04F A

= 5t .

-0.6F i ok i

40 42 44 46 48 50 40 42 44 46 48 50

7 [mm] 7 [mm]
B3.15 XREEBEERBOERHZ 40mm M S S0 mm FTELIE-HOLBAEFEER
DIRE & MHEDAERER

SO E e Ex A 10 MHz 725 80 MHz £ T2 L & B 7= RO HEHOE 15 i O3
R LEEEHE, R-11)» 522002 AW TR =, K316 ([2RrT X912, EFHE
Wik @ <+ 2 LHHOE T BERORENELS 5. 2 LT, K 3.17 IR T X
I, EBRHEE AL T2 LIHOEFEEROMENRE 25, JER RN
Q-1 EXRQ-1)EHNT, 74 v T 47 Lz, BAUTRERE, FRITEHEE R
ARLTWD., JERR L FHRERITIZIE & L. WEREL2 B 270120k, et
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G LI BIE I & A B L TRl TR P R R S R B

o)

<
: T

L]

N
<
T

——— C(alculated

Measured

(O8] -

< )

T : T L
®

Wavelength of DPDW [cm]
[y
<

—
<
T T

10 20 30 40 50 60 70 | 80
Modulation frequency [MHz]

3.16 RFREKBI-H T IMBAFEERDER

0.7 F

0.6

—— Calculated
. Measured

Attenuation coefficient [cm™!]

051 o

10 20 30 40 50 60 70 80
Modulation frequency [MHz]

3.17 ZIRRREIZH T DI FE ERDBEER
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3.5.3 BIERE

T E R O ERRFE Z AT 5 72D DWE 24T - 72, IR & B AR O R 2 100 mm
& LT, BE T2l LT X 7ot BOE 8 B O AR ZE Lz, SEBOL TR E
W DR &R OREIL 2 B, AT 1000 7 —F Mt Lz [¥3.18 LX13.19 (2,
PEBOG T8 B DR & NAROWREMEI T 2 E 2R, 722 L, IEBOGFRER O
FREDHNL mV & 72> TWDHDIE, ny 7 A 7 7 TOHAOEEDEAMZ AT
WA T 5. D’Agostino-Pearson K, test [66] Z T, /A ADEMMHEIZ OV TR
W%&1T - 7. D’Agostino-Pearson K, test [%, 7 (Kurtosis) & 5% (Skewness) LY,
I A ZXDOIEHMEZ T 5. B gl 139 OIERFMEZ R THIE T, RE Q2 X540
RO EBEGERTHEETRO LI ITERIND.

g:ju—yffumwo3 (3-27)

g2= [(x-w)" f(x)dx/o* (3-28)

72720, clIBEERATHY, f()IE x BT 2BREETHD. BENADOEAIC
1%, BEARGAADIER AT U THAPICAD FRIZEA TS Z L 2R, FENIE
DA I ESDA I L TEDFAICEATND Z L &R d . FERIZ, REN3 XV
INSWIRBITIE, ARSI AR TR e > T D Z & 2R T,
REER 3 L0 REVGAITITERD AT > T D Z & &R

D’ Agostino-Pearson K, test CiE, MEMFE K, 23 5.991 £ 0 /NS FHud, RSN
ERDFATHHIEETRTE S, MERFREIKRATERSNS.

K, Z(Zgl)z +(Zg2)2 (3-29)

TIT, 2y &z IIERDY L TNAE L B gl & RE g2 OFEFUZ K-> THRIHS LD HE
RHETHSH. K318 &[X 3.19 (T LIZRIER RIS HOWT S/ A AOIEMRPEIZ DU TS
AT -T2 YOG FEIE OFREE O FEIIEIT 410 mV T, AEHERFEIL 1.09 x 107, B
1% 0.0466, SRFEIX 275, K& 2.60 720, SREEDWE ) A ZXERS M T -7, [
RIS, EHOE A58 FE I OALAE O EME I 36.36 degree T, AR YE(R 7513 0.147, £ FE13-0.0198,
SRPEEIX2.89, Kp1£0.623 £72 0, NAHDOHRIE / A ZNTEBIMTH 72, SR & A
[ D REEE 2 25 S CTHIE / A XZ2BIE Lz, eI & s o z il )5 16 o FEEfE % 100 mm
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THEEL, x#HmI s mm 752 E3E T, -30 mm <x <30 mm O TS 7=,
T RCOPATTOREFERIZOWT, EHDA /A A THDHZ Enbnot-.

Frequency
100 150
1 1

50

1

< T I ——
4.06 4.08 4.10 4.12 4.14
Intensity [mV]

318 VLRI A FEBERDBEDATEREZIZCOVTORAIE. LREEH AROIERE % 100
mm & LT, 2HEIZEET 1000 BEIEF1To1-.
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Frequency
20 40 60 80 100 120

0

| | (IR II|I[IIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIII,I,I_LI_I]]IIlIIIIIlIIIIIJIIII]IIIIIIIIIIIH

36.8 36.6 364 362 36.0
Phase [degree]

3.9 VEBN A FREE R DOMEDRTEREIZOVTORIE. LEEREARIOER%E 100
mm & LT, 2#EIC2ET 1000 BEEIEZ1To1-.

3.54 itk

PO R DR E LA FEOWET — 2 L0, RZERIIAFIET 2 mEGELBIE o
W AR SR & M EGELARE 2 SR D 5. & 2T, WIIAREL & S BELIR 7 EDRT A —4H
[ZDWTHIE R E 2 KD 5 TTIEIZ DWW TRET 21T 9. 2 2T, RbiE &R/ 3RIEID
DWTHRFZAT 5. WET — X ITEBDA /A A 55E120%, Rk &R/ %
BT & 72 5. BAEIETIE, S— h by MRS BI% (Bartlet mismatch function) [67
-69]% FHWC, BEEOFRMEEZRD D, N— b Ly FORESBEEE VDA,
SIRDBRIE & (i % BT 5 LEHRNZ L Th D

AR, BEBEBRAERKICTH NI A—FeRE/iEs 3%, N EOET —#
IR A KIS B A ORA IR AT TE 5.

L(m) = — XL — ot M) Cot (B — 1 ()] (3-30)

7" [Cy |
2T, G [ TIEHOE B W OBPEAER, B0 (m) TIEBOL TR O RAERTH
B.om EETFANT A= EFL, =T, WIURE i, & SR i 72 X T
5. ZLT, Cylddm#dTa T, M IIFIRELZ R L TWAD. T —Z BB 72
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WeT 5L, HOBATINI By EBEAITHT Z# O TIRO X 9 I2ET 5.
C, =vI (3-31)

H(3-30) & W R APEEITRATRIRTE 5.

L(m) =——expl=| 0. — e (m) [ 1V] (3-32)
()

KG-32)EHKRICT HET NG A= EPRETIUIRW. 2FY, (@00 — b %
BAMZTIUTRWZ 300D . W RIUZ, bk & s/ ZHRIEIFHE /) A AR IERS A
IZHED & XTI, %D,

KIZ, @(m) ZRNTERTD.

¢calc (m) =S Weate (m) (3 _33)

ZIT, SR ORE LA A BE LT, w, (m) [TIEBOL 5 R EE 4

G L CEX 72 LA BB LIZETHD. Lim) ERKNIEE & D5MTOL/65=0 LV,

S = W.ogo (1) By /Wi ()| (3-34)

N/ BVASH
AGB-32)UZHB-33) AL TEHT 5 &,
1

N
Va4

exXp[~B(1)| §e0s I /V] (3-35)

L(m) =
(m)(

ZIZT, BmHBAA— Ry NOREEEHE 2D RATERIND.

B(m)zl— Wcalc2(m)¢meas . (3-36)
¢meas Wcalc (m)|
EXY, sbihk (X=hLby ME) & LTROFHEREEZ V5.
e |
WCGC m meas
fm)= [1--—2 : (3-37)
¢meas Wcalc(m)|

/N CIRIEE LT, HRBOET- B O SR EE & AAH 2 8R4 O REImBI S A V.
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¢meas | ¢calc (m) | |2 + | Arg[¢meas] Arg[¢calc (m)] |2
| bl | Argld ]

f()|| (3-38)

X 3.20 (ZHekbik (N—F Ly ME) ZHAVESEAIZOWNT, TR & Z M % ELAR
IR T D REMBEIE DM 2~ . JeRIEE A VIUE, R 20%0 502155,
DFVY, BNR—EITKRELZ EnDNS. BT, 321 WCH/ N REE VTG 6
DWW, WIS & SR B 33 2 FHm B D & 7= 3. e/ R IEAE VLT
b, RERE 20%DOFAONF R, SF 0, R —RBITRELZLBDLND. 3.1
WCHEFRER O EA R LR E T . £ 3.1 oFEHATE, Le2) &
(2-22)& FAWT, K2Rz, 7272 L, #HamE AW O 2 R 5 ik
IR 22 CORELEICR b D. #«T@%&T mﬁﬂﬁgwémaﬁwﬁwﬁ
—E L, WIREROME L0 Rn—EEHlz. N— KLy MEZHWRELETIX
SIRRHAES TN TE . ZOKE, /N— MLy METHE, EHOLTHER O
SREE & ALAR AR BN IE LIRS R b, BRFRITEHT 518 CRAZENE 2 D EmIC
bolo. T, SRITNEREZEE L TR/ RIEZHND.

Object function
1 1 =1 : ‘f;::__: \ T

0
‘0
3

%,

)~ — 0.015
A |

I 0.010

Scattering coefficient [cm-!]

0.005

0.006 0.007 0.008 0.009
Absorption coefficient [cm-!]

3.20 IRURRE & FMBELRRBICH T AR DE - FALZE U—FLvy ME)
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Object function
11 -

1 0.015
g |
S,
5 1 0.010
t.(‘i'.) ul
S 10 -
o
[&]
£
= 0.005
g _
[ #]
wn
9 . - 0.000
0.006 0.007 0.008

Absorption coefficient [cm-!]

321 RARE & FMEREL RIS T HEHEREKDE - &/N_FE

R 3.1 AFHEEHEDOLR

I =AE wm/INFIE
IRURIRER [cm™] 0.0079 0.0077 0.0071
SMEEL RS [om™] 10 10 10
Sl BE$ - 2.9e-3 2.2e-5
JEIRD TR E - - 0.007
FIRDGIFE [degree] - - 29.3

3.6 EAEKOBMELEEDLFREAE

3.6.1 AIEAX
ZICUE, B IRIR O BEL R h A R U C X o o TS N O BREE & (AR A

AE L, BESERORE 2 EBANICHHET 5 & & HIZ, AfE TEH L7oerior i lic
X DI IR OANE L MR LTe. ARG Y 7 A = LT 7 A /S —DfLER
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BREEZT, BHENZLHE L TE I O 5 R O E &AL 2 JE L7z, 3.22
(RT LI, WERBHZ O DBWEREaBIETH LR Y 7' Z — L OE KRR 550
mm x 200 mm x 50 mm TH 5. AFHHNT 7 A4 =D&, DF Y, HIROAMEIL(x,, ys,
0) mm & LC, x,OLENE 252.5 mm ([ZEE L7z, Z OBLEBIRICIW T, x #im
DB DOFEROFBIMATX 5. W2 D, IEHOLTHER OBE N TOREENIES
ICREL BEOBERPORKF SN TR T D HIFTIFEALERNEDTHD. DFED,
y BT R OBE COBER OB NLEMIC /2 5. HIRONEZ y > TR S, y
T OFEROFEEZRE Lz, A7 7 A AN THFEOKHSMTHLIET (x, v
50) mm (ZHCE L7z, £72, A (x, v, 50)mm Z 0 E LT, 35mm x35mm & L < I,
30 mm x 30 mm OFIPH THLHOL 5 LI OFRE LA ZHIE Lz, X 3.23 ICHIEICH
WIZRY T EZ—NAEREE T 7 A N—DFEELZHED. FT-, 324 TR TS
— VN Z Rl L C & T IEBOR DR T 2 7R T

Optical fiber
¢ 62.5 um
(Source)

(0,0,0)

.= 50 mm

Optical fiber

¢ 1 mm
(Detector)

3.22 BIRICAWE=RY) 72— ILBIEOEAARBIRENL T 74 \—DEEREZR
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323 BIEICAW=R) 72— ILEBIEOEAARBIREL T 74\ —DEE

324 KU T EE—ILAEEKL TSmO
(Olympus CAMEDIA E-10, F=2.4, Exposure time 2 sec, ISO-80)
fz12L, RYUT7EZ2—ILIZAS LIzHKIE 50 mW
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3.6.2 BIEHKR

325 ITHEBOE T I OFRE AT 2 r T, Z ORI, JEEAEER S EE 77
& (252.5,100, 0) mm [ZRLE S 72RF D, BB EHE (252.5, 100, 50) mm Z H0 & L7z 35
mm x 35 mm O TOILHATEEWR OMRESMAKTHDH. ZORE, flE) 6 D05
DFEITIGE CX ZRRE RO T, JIE S NI IEBOE B O S ITMFIC s> T
W5, 1212, ETOEROEEIZITI TS, £, X325 DEXIE, x =254 mm
TO, y=82.5mm 5 y=117.5mm £ TOHE SN FBERORETH H.
T, y=102.5mm TO, x=235mm 25 x =270 mm £ COWE 7=l 5
FEWOMETH D, FHEMREPEBRIZEFCRO—Ex A, ¥ 326 1%, HJEHR
BEFUTITVLE (252.5, 20, 0) mm ([ZECE S - RE, BUEFRE  (252.5, 20, 50) mm &
s & L7z 30 mm x 30 mm O TOILHOL T ER OMESAMAKTH 5. JEHOET
B EWE DFREE D B KAEDOALE A E R S BT ALE IS T4, BEAMLMENHEALT
WD . Z DY EE L OSEEE D KAEDONLE DT &SRS OELL, R TO
HOERIZEDHDOTHD. X326 DAL, x=252.5mm TH, y=5mm M y=35
mm F TORE S NIIEHOE FHE R O TH 5. TIE, y=20mm TD, x =235 mm
25 x =270 mm £ TORE S NIIEBOL FEEBEOMRE TH L. AUTHERR, A#R
FEHREAER AR T, 2L, AFEEEIT S0 MHz & L.
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T T /I)‘ T -2
»~ BB |
I8 o HE 42
s 28 [~
’ 52 |
/ ! S
of | e
L i %g
o\ =
N &
g \
g -
| < 3 A
I L 8 =
= \.\ 19 S
1 1 1 ] ] e )
o (o} (o] o
o
| Polymer
[Au'l] Kllsumuf ,1‘/'— Boundar}’ T EIIIIIIS o
321 - — .
L y=1025mm _ | o
it '/,.-- : ..‘\.‘!
% 2.8F 2 - B 1
—_ /‘/ \\.
‘%: 9/' E \‘\
5 24} /-" ! N
‘_E |/ = Calculated
r(‘ ' e Measured |
2-0 " 1 i 1 1 i L i
240 250 260 270
X [mm]

325 HEANERNSBENT-HIE (252.5, 100, 0) mm [CECE L1-BOIEERE (252.5,
100, 50) mm Z &y & LTz 35 mm x 35 mm QFE THIE LML FEERDOBRES
K. £, x=254mm T®, y=825mm M5 y=117.5mm £ TOBIE SN I=ILEA
FEEROBETHS. TRIX y=1025mm TO, x=235mm M5 x=270 mm £T
DAESNEHBAFEERDRETHD. AITAERER AREIHEEREZXRT. -
=L, ZHRBKHIEL S50 MHz & LT
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[mV]

“ 2.982
FT T i| T T T T T it
4 = 2878
‘/ '§ 2 2.774
F 4 =3 AR 2,670
I- o § 2.566
]
! S = B 2.462
B ! 19 2358
-\ K 2.254
2.150
i e e i =
N « 2.046
\, 1.942
N | 1.837
\\ e 1.733
E o 1.629
. a8 lo 1.525
\ p—
9 Y 1.421
0 Ny 1317
I e 1 ! 1213
= ; 1.109
' — 1.005
' Polymer
e Boundary: ' —1 0.901
= “ = a B Y7777777777777777777777777777 g
o o (o] — —_— :
[Aw] Asusyup L : 7
— L y=20mm e i
= T
.gn 2.7 SE i . m
s . .
z B o/ ' e R
2 e | N,
§ 24 - Nl
g8 L7 | ——-Calculated *
I:(' . e Measured
2.1 ; : ol . ; ke
240 245 250 255 260 265
x [mm]

326 FEAERITELVIE252.5, 20, 0) mm [ZEEE L =B DI E RE(252.5, 100, 50)
mm ZHly & LTz 30 mm x 30 mm QEHBETHRIE LIILBAFEEROBREN AR £X
X, x=2525mm TO, y=5mm M5 y=35mm FTHAE IN=ILRHALFZERDMA
ETHSH. THEIL y=20mm T®O, x=235mm M5 x=270 mm F£ THBRIFE S NT-HLEL
AFZERDBETHS. RITAERR RREHERRZRY. L, ZRBRRE
[ 50 MHz & L 7=.
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2T, BEBYEN A G L CEIEBOLFE R OME LT — 2 L0, &
BRELBLE OISR L & SMBELIR S & R 60 2 FIEIC DWW T3 5. JlERICMD 5 /
A ZWIERDRIHED ) A A Tho7-7-012, RGB3NTRT BREEEFHWT, &k
LI DWW IR & M EELIR S & R D 72 [70,71]. JEHOE TR EE B O SR L ALAR I E
BN A XD IR Z BT 5 2 & T, mBELEE OGP R 2 KD DO E % &
FoHZEMNTED.

J=1

—_

. . 2
' |¢meas(rs’rld)|_|¢cac(rs’rl’j9lua’:u;)|
f(/’la’luv)ZZZ( - am; 4

O-i,j

(3-39)

+

. - 2
> : [Arg[¢mea: (rs k4 rzli’j )] - Arg[¢calc (rs 2 rz:"l] 2 /ua > ,U; )]\]
z phase
=/ Jj=l O

Jj=

ZIT, BENIT R TOMRPFEDONE v, ITHT DA DONE v, ORLAEDEZRL
T, EffERLTHEXTD i & jiX, TNENREED x, y FEEOALE 2 LT
WAL AT, RO T OMEICEE S, TOBMEE x JFh, y FiE HIZ 5 mm
fEl & C 30 mm x 30 mm OHLFH D ILBOL1#5 B DR &A% 25 RCHIET 5 &3 5.
B CHLTIVITHE SN TN A, B (e g, ) IFRIERER p, & A0
HELRE ), ZREL CGHR LI F 7NV ZATH D, g I3 F 7 VT RO,
Arglpll T N ADRAREFRT . Fi2, o & ol ITRHOE 7R R O SR &
RO RIEMEI D 2 B ) A AOREERAEZRT. 22T, IERSMA A XOE
U 22 TRES T3 DRI DI 2 L L0, BfEFTCo” & ol ZMEL T
OB R AL V. 20X 2120 T, EEELEE ORI RS & S AhBELER B X ik
BT IR OFEE AR O 25 SOT—X X0 E b5, % 3.2 ([ZHIE L m L
BEChHLHAEGRY) 72— VBIEON TR EZ RS, T O, SEGELEE O RIREL
&S ERELA IR OBIERRZEIE, £0.001 cm” & +1 em? THolz. EHAAROEEGEL
B DY E %, RN FICITVMLE (252.5, 20, 0) mm & B0 BEEN -4 E
(252.5,100,0) mm @ 2 ;i TRDz. W OMEIZIBWT, &EBELGEE O WRIEREL 0.004
em’, SFEAMECELIREL 8em! LA UAER 2152 Z E N TE . HARBIREBE LTk
o RIS %3 2 MRATAR 2 F O CF B V72 JE # 5 & th O BFZEE DS OB 0 Y6 R &
AW TR IR OB ORIE U7 R [72-74] 1ZHBHRW—8%E 2. EEIRE
WOBE ORIEL, KO R 750 nm 235 780 nm Th - 7272012, WILREDHI
ERRICEVA RO, T, RERTIE, OH RIC K 2N A 72720 TH
5.
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F£32. BEKRI 72 —ILEIEORIGEER & FMEELHREK

Reduced
Absorption
Source position scattering
coefficient
[mm] . coefficient
[em™] |
[em™]
Rectangular (252.5, 20, 0) 0.004 8
parallelepiped
geometry (252.5, 100, 0) 0.004 8
(Present work)
Semi-infinite
0.006-0.010 9-10

geometry [68—70].

EARFGAR & BT AR 2 B R L 7ot iisO RIS k3 2 ST AR &2 VT L
B ONFREE KD DEROAE 2 OFEAR &5 JE U 7= fir 7 o0 3 FH &P 2 Wit L 7= 76k
WARTEAR % B S8 U 7 PR R U k9 2 AT R 2 N T 556 0 @ BOELIEEE 0 7
PEZ RO DEEOED DEVER RO P L EFEMICEHMI L. K 3.27 1%, HEOEE
BRI 6 OFEEEEZAC S TR, SEARTEIR & B RIR A B8 U7 o i s st
D FENT IR 2 FA N CHEHOR -5 BEJ O 5B & A O FHELRE B & JIERE R O xR %
HLEbOTHD. HIROME (2525, y, 0)mm & LT, y, OOLE A BUEE R0 521t
S5, BMHAIIEE O EOECHA (252.5, y,, 50) mm &35, IR & BEE RO
BElX, 10mm 72*5 100 mm £ T 10 mm [HE CELI T, BHERREZZBE LI IE
BRIt D TR 2 T 556, BHE &ERS R ORI E S S UTHE T
S%URNICH 2 bz, £ LT, SRR 2 B 58 L 72 eSOy R U x4 2 gt
fift 2 W= 56120, BB CIEEHR & JIE RS R OFIXIRAZE T 60% % % TIEH
ICRERBDICR oz, LEOREREY, HEER KLY 30 mm LN O FEREETIZEHRIE
ROMBHHFRITEA CE RN ERbnoTo. £ 3.3121E, BEERNS ORI 5
HIRD & 2 NEiE T O EEELBYE O YR ORER R4~ 7. MEGEUE Th 5 B
U7 & — VRHIE OWRINARER 0.004 cm™ |, ZEAEGELAR L 8 em™ & BEIRN D ONALEIZ H
b HPE UERD bz, BUEEERATICERN H D 5A121%, WINFREK 0.004 cm™ |
SAMEELREL 8 em SES T, EOEREOIRIER ENFE L EEZLND.
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I I I I 1
60 Slab |
g Rectangular
5 40 | Parallelepiped |
=
[
2
£
2 20 .
0 - -
1 1 1 L | L 1 1 1

0 50 100 150 200

Source position along the y-axis [mm]
327 RRDEERFAN O DEBICKHT D FRMREEARIKRESE L= AILHA
BRICHTIBTBZAVSEEOMERREAERROENRE. AROMER,
(2525, 3, 0)mm & LT,y BRI 10 mm BB THH S ¢ TRESROPEEHAL.
ZOFF, BREREALBRDOETOLME (252.5,y,, 50) mm [ZEE L 7=.

#33. ABRKRUT7EF—ILEEORIGEER & FMBRERE

Source position Absorption Reduced scattering
ys[mm] coefficient coefficient
(x, = 252.5[mm]) [cm '] [cm ']
Rectangular 10 0.002 10
parallelepiped geometry 20, 30, 40, 50,
0.004 8
(Present work) 60, 70, 80, 90, 100
Semi-infinite geometry
- 0.006-0.011 9-11

[68-70].
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B2z, X 3.28 (O T X9 i FIRTR O AR U 7 ¥ — VR COJEBOL 1%
FEW DR DR 2 BE L, BELBVE O e EE 21T > 7. X 3.29 ICREIZHW
TRV TR =N ENT 7 ANRN—DFEEEZHED. LHEBRO AGABIEO R E 1
50 mm x 50 mm x 50 mm {ZAN T L7z, JEJROALEIL (25, 25, 0) mm OAEIZEE L.
Z O, BUIRT X 2L, T 7 A =% T AR OMIHE & i C oL
HFFER O LA ZJIE Lz, 72720, ER L —5 — 025 E 5 100 MHz
&Lz, BEBIEOREIN/ NS, e, HEEBEROAME IV, W 2IZ, LiHHE
Wiz @ < UCHEBOE T IER O E 28 < LT, JEHOL T3 O & AT o2 b
ENKREL LN, BECHERTHo T,

X 3.30 (21, WIEDOALEIL (25,25, 0) mm ONLEICEE L2k, AMABIEDEH (2
=50 mm) CHLHOE B W O & N2 E L7 fiE R 2 7~ X 3.30(a)l2 TR 4541,
X 3.30(b)NALAH AR 2. JEROE T ER ORE A ORIER R & b, HERZE
BB SN D LD RMBOMRE SN S, HFEOBERER OB LV EFFIZEAL
TWbHZ Enbnd. i, EEREMEECIIEOBERKRE WD TH L. SMEE
FE L BHREE W B RIRET VTS 5 &, SHRIEIC X o> TRlE SN2 Aa D
HIUC X B ENBERERAHI CIIREL< b 2 LICERT 5. K 3.31 121, JHFEO
MBI (25,25, 0) mm OLEIZEE LR, AEBIEOMIE (x =0 mm) CHLHOLF 5
FER DFRIE & AR 2 E L7 RE R A R T, X 3.31() TIE, BEEBER 72 W55 OFRE D
R EDALE (0, 25, 0) mm 226, BEEEFR OB L BVEE R SR - ArE 2 5]
EORKRONMENTILTND. TR E B R, TEBOE 58 L O TR /3 AR 23 AT
W5, K 331(0b)TiX, MHHOMEMSREZ T, 030, EEEROEEICLY, i
DFATMNEATND . LU EOYEHOL 75 B OBRE LA ORIERETR L0, WIURED
0.003 cm™ CTEAMEEELIAEUT 10 ecm™ 23RO Bz, ZORERIE, £33 IR TEHKRE
ROWPERR & HHy L —E a2/
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Optical fiber
¢ 62.5 um
(Source)

Optical fiber

¢ 1 mm Optical fiber
(Detector) ¢ 1 mm
(Detector)

328 BIEICAW:-ABRY 72— ILEBEBOIAARBKRELT 74 1\ —DEERBZ
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320 BIEICAWE=RY 7S —IBEELT 74\ —DEE
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(a) Intensity distribution at z = 50 mm

I TT T TTTTTT T TS

3.280
3034
2.988
2.841
2,695
2.549
2403
2.257
2110
1.964
1.818
1.672
1.526
1.379
1.233
1.087

o
£

0.795

=
2

0.502
0.356

(b) Phase distribution at z = 50 mm

T T T TTTT T T T

i [degree]

33.00
31.35
29.70
28.05
26.40
24.75
23.10
21.45
19.80
18.15
16.50
14.85
13.20
11.55
9.90
8.25
6.60
4.95
3.30
1.65
0.00

330 XBEDEEZE (25, 25, 0) mm DEEICEE LI-BFO, BEBIIEDOER z = 50

mm) TOMHHATBEROBE L HABOBRENT. (1) BEST () HABHT.

==L, ZHRB KX 100 MHz

i
(a) Intensity distribution at x = 0 mm

CITTTTTTTTTTTTTT

50mm4~:

::47 S0mm—— 5! [degree]

¥y
(b) Phase distribution at x = 0 mm

LTI T T T T T T T T T T T

87.00
82.65
78,30
73.95
69.60
65,25
60,90
56.55
52,20
47,85
43.50
39.15
34.80
30.45
26.10
21,75
17.40
13.05
870

435

0.00

331 ZREDGEZE (25, 25, 0) mm DLMAEICEE LI-FBED, BEBEORIE (x = 50

mm) TOIREAEFEERDEE EMBEDEEST. () BRESM (b) MESH.

f=t=L, ZHFREEREHIE 100 MHz
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3 F&H

ZOETIE, EERR O EELEE OWIAREL & S EELRE A, DO R
@ﬁf&ﬂﬁ@@ ERERNORD D FIEERE L. 7, Sk L SMESE R IEE AV
T, JERESEIIC BV THE IR &2 B L 7z e o s xh 3 2 fir i 2 8 H U 7.
Z OeHEE TR RT T 2 MR E VD 2 LI K0, mEELBYE TP T RO R
W DACHE DR T Z AT C @ BB E O Rt 2 RO 5 2 LN T&E 5. iz, — R
Ao Tng, 7 WV aiERLAIRES LR EOFIEIZHANT, EfES 2kH5D

WCEHET D2 &N TED. £, Z OB RT3 2 MR ift o A 2 2 e
THEOIC, EEEE & LTARRY 7 &2 —A#lEZ2 W TRIEZITo 2. BEAIE
TR O BEafIEZ W TIT S T2 IER R &, B RIR A ZE L 7otirio e =lio st 4
2 RBTHR 2 FI O C O RERE RIZIEF IS RV — B & iz, E AR 2 B8 LT eIk
FERUT KT DIENTIR A VT, BER Y 7' & — Vs ORGSR & St SR % ok
DI-FEFRIT, MOWFFEEBHE LT\ D AR 72— VR ORISR EL & B
BB LR W —B 2R Lz, 5618, EHERBRE EREREZZE LB 2
KA DT 2 I C, 2 E N DT O SRS & 2 Y56 3 H i

AT EFIRIGIR A B L TR R 2 i A w2 Z &2k, ¢
ROSEHIGAIR % B R L 72 e r B FE AU 3 D MR L 0 & i I 2 K 2 2 &8
TET2. BEHRREZEZBE UTOCERO RIS 2T iR IE, SEHTRIR &2 B 8 L 7otk
ORI 2 TR CITE A T E e o e, BEEBER D 30 mm LAIN T HiE T
5. %I, 13025 50 mm O IRTR O A GBRBHIE O EEE 2 KD, BIkEEET
BB B D EELBYE S L TR FIEOA M 2 MR LTz,
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F4E SREQIOA FBRRICEENLIMABFOMF
& LHBTEDRFETA

41 [FCBHIC

EIREDO v A FEFKRIL, £ 1.1 ITRT RO ICERA 0B THO LA TS, 20
K97, anaA REROWERRNEZ BET 2 72010, WIRWNIZE 0580601 kL
FROBEEDERLRIRFICGD Z L NIEEICEHEL 0D,

RYAF LRV DR EOWR AN EENLEIRED a4 FEKIZ 7 + =
7 KEdhTe EORHEREMEIOFM & L THERZBOTN D, AU, SREDam A
REEHR N C ORI F D 43 ol 7 & ORBEZ T T 2 B AR D BTV D, Fiz,
B & EISICBHICEE L4l a — 7L MM FOARB A PO a v A RIFHEOIREE
S, BMOLEMEOBLEANG BMEL IR TS, 5%, BMOLEESCHELE
HY2Z L oEEHIHETLEEZOND.

—RENC, EIRE v A RERICE S0 DR ROBE E e E1E, WikE
AR CARL T L—F—ET - BELESCTIFOEBELEZ W TRIE S NS, Lo,
FIRT D2 LK VIEROIREZ LS ETLEY R EDMEERH -T2, 2T, &
BEam A REREFRRT 2 2 L ET 2 HERRD LT,

ZOETIE, EBOCFEEE 2 AW TEIRE 2 o FEIRICE £ 20k Ok
B LB A RIRE IS G 2 B AR ET 2. Al TR 7B ORI A B8 U7 b
fife 2 AT, EREE = v o REIR OWINER S & S BGELER B & IR L 95 2 ol
E ST mRE o m A FEIROWIRE & SRS R, WIS & BGELERGR &
THAT T 2 Z LI LD, BIRE v A RIERICE £ AR ORI 728 & B E 2 KD
7-.

EREO IR A FEKRE LT, 2EBEOEKRE AW, BANL, SiREOa A NE
A 1 FEE ORI IZ T B L CW D B e A Sy ) BE2JEL. U D
ORI DR B OWERE R A, L—F—ET - lELER & L i L, JEROL 15 By
HEOFI AR L. RIZ, MREaa A FERFPICTEA > I L EVERD 2
T DOWRL T INFET DA EZRE L. v EA IV EIRIFEROBIERE R %2, &1
BAMEE 72 E OWERER L I L, R W—EEx h T
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4.2 WRUNEREG & RELIEN

4.2.1 WARE

Z OFEICIERSEE OWEITIE & ORMBESIZOWTHAT 5. ROV HIET RNy
JIETIE, —RANCREEZRIEM™ S LTHWTWS. L L, WG IIWIEREL & %
RN R LODLINIZbDOTHY, MFEE T2 L3 L <. BHELFHN LY
BiE, WEMROBESORE R E2RICEETHILERDD.

B 4.1 12T K918, HHGELZ A& TR W AN L7eRE% 1,(4), @il L7t
BEAET () ETD L,

1,(A)=1,(A)exp(—&cd) (4-1)

LERIND.
ZIT, elXTEAMRE, c IZRINHEORE, JIIRBETHD. KE-DHET N
— bk« R—LDIERIE WD .

I,(%) I(\) I(LYy=dI(L) 1,(V)
—_ = — — L
x=0 X x+dx x=d

B4.1 AWEZE CGRVVEFICE T SO

XE-DEEET D E, W (absorbance) IFIRD K HICEFRIND. BE, HRADNK
HERETHOWONDWIN AR MVIX, M Z OWSEEDERFRRIND.
A(A) = log[T,(A)/ T, (A)] = &d (4-2)

7272, T rN— ke R= L OERNTEVE N TR O SURCBGELNE & S 7220 & 5 &
DY ETRISLT D, TDTHOIZ, T3 — |k« X— LOIERNTEBELEE (2 ISE A4 5
ZENTERN. 22T, BB CHRILT 5 7 v — b - XR— L DER & L HEGELR
(ZHESS LT DA, JEIRT /8 — K « X— L DIEHITH 5.

log[Z,(A)/ 1, (D)= ¢, ¢, B(A)-d +G(A) (4-3)
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ZITC, MCFEOVEYEICE EN AWMk T OB AR T SEBELEVE TIE, B
IZ X > THBRRY R e R d & EDE R IT R 2. 22T, MIEHE ) ZHNWT, 3£
K EE pA)-d T 5. F12, GAIEEILICL2WEDIHTH 5.

4 4.2 (24 & ARG AL ORFEIR E 2 2 b S TR OWLE OfEZ R L TV 5.
A3 & RS AL O R RRIR B LMK TR A AR L TR b S 7e. WL, EHOL%E
HAWT, RS O S OEEEZ 20 mm 205 30 mm (280 S THRIRE OJE E)
bR Fo, EEVFHLTFAPCIENZBRW DO TH Y, FHITH N THELE
DIINE N, WG RE AN i B AL O RREIR S ICHBI L T L TV B 2 e bbb, L
L, mHGELEE ORIER R T, Dl & MR O % H 5 R L IO E LY
HHELOEN A L > TLE S . ZHUE, %RICHIT 549 & BB A FL O K%
IREZ 2L S TR0, E OBEURE L WIRE ORER RO BN THH. L
FOFEENL Y, WNEERIET D TIEL, WL BRI & BELO 8% /i & 72
WEWD RIEDBDHD.

1.4 | : T T T T T
ok —*— Milk A
. —o— Nonfat milk
8 1.0 1
g
2
[}
& 08 F .
<
0.6 1
04 | 1 | 1 | 1 |
40 60 80 100

Volume concentration [%]
42 FREEBEHRFILORBREZEESE-RORLE.
fzr=L. RREBREBOERHIL20mm &£F 5.
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4.2.2 BRELIREG

EHRE T A FEIKR, 2F0, SEEE CIIboL BEREBG 2B ET 2 08N
b5, mREIE A FER CIXBRICE EN WML 2L - T, erlidELansd. 2o
WL, I —BELHER [75,76] ZHWVWNIZET UL TE 5. #cE 2, SeoiELk
BEDD, MiREan A RRKICE SN DML ORL 728, BB, Mg EoEhs
B/HZEMTED.

SEAMHGELAR ST, X —HGELPRGER L 0 BELBRL - O R 8S, BUER B, JRITEE VT
KT ENTED [77-79]. @RE 2 v A RERICEEEOMR T E ETh 558, %
BGELAREU L 2« ORI L D HELO R LAEDE L L TIKRAD L D IZFLlk TE 5.

HA) =2 N, -7l - Qay,m;, 2) - [1=g(a,m;, D)

4-4

:zNi'ﬂaiz'Q,(ai’mia/l):zNi'O-.s(anmiaﬂ“) @

2T, FAXFO Ik oEAER L TS, £72, NIRRT OERF Tolk

BEE, a lIPRRL 7 D18, m TR 1 & S BRI & OFBREITHE (m=n,/n,, n I ZHEL

Wbl DJEYTR, n, XEORITETH D), AR OWE, O I3 & 5 L

NE, QIR X D FMEELNR, g TR FENRT A =%, o, ITHELWmETH
5.

4.2.3 RUNIRGH

WIUZOWT Y, BELERRRICEZ D Z N TE D, 2F Y, EREa A NAR
IZEENDWRLAIC L DIEDOWINIEFR LV, WIRIZE EN DM ORL18, U,
WIRE A RO H Z LN TE D, 72720, WELDOGE LiE 5 DI, a2 I
THLELEBETOHLENDD.

WRNERER L, ¥AIRIC & E 0 D 0k 1 DR B & WRINFT i 4 VO Cl(d-S)Ion 3 &
VNIRRT HZ ENTE D [80,81]. 72721, mHUE THLKIZKD2WINEZEE LT
W5,

1, (D)= N, -(4ma] 13)- (4, | A)+ )" (A) =D N, -0, (a;, K, A)+ " (1) (4-5)

T, PHAXTO IR OB AR L TWD. N ITRRLA OIE T T OB,
a [IWORLA DA,k IIRRL - OB IBITR OREHL, o, 1L OWIBTHAE, w2
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T HIE Th 2 KOBIUFER TH 5. 72721, Hoki 1 OWILETE AL, Hoki 1 DU
PRI & BT PRROR TR SN D . Tz, HREIRAICOWTIRD LS ITERT S,
() =n(A)+ix(A) (4-6)

ZIT, nlFERESROER, x IEREFTROEL LR

43 HREAFEERSNLEDRERE

ZOHITIE, mBEOauA RFRIZE N0 ORR EHEE 2, RO
WA ARE & M EGELAR S D B3R D 5 HFIEICOWTHAT 5. M43 ICEEEan A N
RIZE EN DML DR EHEBEZANT 2 FIELZ RS, Zo7r—F ¥ — M,
2O0DFEFEIS LV Lo TWD. 1B E DY, JEHOL 75 B 058 & A O H
TERERN G, BE O A B8 LI IEBOT R AU T 2 T iR 2 D CREE o a A
RIS OWIEREL & SR A2 RO D FIETH D, § 2 BREE I, SiREO a0 A
R O BIAREL & BB ELR I O, AT Tk~ 7= I G & X —BELEGR 2 N C
WOk DRI 28, BB, BREITEROEHZRDDLFIETH L.

51 BHEE T, MR o A REEIROWIRE & S RELRECE SR D 2 B BRI,
KE3NE MWW, 52 BREE Tk, IR T HMBEEEHWT, ®SiREa e A RER
[ZEEN DRI DR 8, BB, ERBETEOER L KD

g = s @NOF | L™ = ™ @ N)F

meas 2 1 meas 2
A
a ! N

f(a,N,k)=Y" (4-7)

T2, e b p! eV RE LT R 2 v A RYEIR ORI AR S & SRR S, s
Lol g, WIERGR & S —EELFRRRIC L 0 B ORI TR, BOBE, ERIEITROE
AR DI RFITR F D WRINAREL & S BEMRR Ch 5. 72721, BUE Th 5KD%
IREL & T DIRT R ORI OMICE L Cix, MoFETHE LZEZES L35,
HERIEE 4.4 12770 K D ICATEICR L2 RICHERZ & B2 L. K 660 nm
DR L — P — 212 T, R 780 nm -3k L —+— (LP780P010, Thorlabs) Z I
Ao, X, mIRE o u A RERICE N EEOMEL T ORL11%, BEEZRD D
G2, WoRI T OBUTKIIE L CRRZ T UER S 5720 Th 5. 4REIE, miRE
aa A REIRIC 2 EOMBRF R E NG5G EIY R -7 T, K% 2 FEITHS
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Lz, ZHUCtiwn, EEL—F =280 2z ohd Koo L. $£72, EFEEREX
50 MHz CHEET S Z LIZ L7, RO R % 660 nm & 780 nm (2 L7728l & LTI,
ZOWRERETIIN 4.5 [TRT X DKWL [82] 3 7e<, Fiz, A FIRENC X 5%
WAL NT=DTHD.
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__________________________________________________________________________

: Omeasured
| Moo My | o
| ! 8
E pealculated |~ 5
; calculate v
E (1 ,u,) i l accord 0
Measured (1 !
B b REEEEL LR LR PR EEE R, MoKy Fomm

i | Particle size and number density l

(Imaginary part of refractive index) |w__

| |

Calculated /di':;cord
”’a > ]'l';
(a, N, K)

l accord

Particle size and number density
(Imaginary part of refractive index)

M43 SREIOS FBRICEFNAHHFOMRFE BEE, EREFEOEHZE
HISFIR 51 RERIL AIELIMHEFEERORE SMENS, BREIQA
FREDORINGRHS & EMBERREROLIFIE F2REBR, SREQIOA MER
DRINRE & FMBAEREN D, MAUAFOHFE BEE, EREFEOERZERD D
FIE.
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»| LDi

(660nm) \\\\
“\
—>{SW] [SW=={)Sample PMT
| LD, y =008 I
OSC, (780nm) Optical fiber Optical fiber

62.5 1 Amp
fi= 50 MHz Lz ¢ 1 mm +36dB

REY o JEF
Mixer - OSC, > Mixer

IF + J2=49.999 MHz + P

i . Lock-in Amplifier J ﬁ
Beat Reference Signal | I Beat Signal
T Amplitude Phase iz
Y \
PC

4.4 B B SRR ER S D B TE R
Amp: amplifier, LD: laser diode, LPF: low-pass filter, OSC: oscillator,
PMT: photomultiplier tube, SW: switch

=

T
||I'|_I_I'I
il

)
3%
|||'| T 1T
al

)
=
3]

Absorption coefficient [cm-1]
=

i

10000

P

e}
e
_I_I'I'I'Illllll

I L 1
1000 2000 4000
Wavelength of light [nm]

4.5 IKOBRINRH DK RIKFHE

200 400 600
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44 HOBBREICEFENDIHFELBEEDORFE R

441 a4 5L Uh

avA ZN ) B, PMMARRRY ZF Ly, RYUF Lo, RUTTUHRTkK
IE LB, HFEME R 7+ b=y VR E~DICHR I SN OIME TH .
—RADZR R E LI, Wk, B, T ar v aan—Te PORFEAR Y L L Tibh
TW5. A, WIEICHWzaa A XY 3id A/ —7 v 27 A ZL (Nissan Chemical
Industries) T 5. AMBUIBELDTZOIZH A L > TS, “ U WKL I1Z7 v 1 Y
PESIE T CREICHB L TWS, aa A XU BiE 1 FEOMR 708 LTV b H
SEBETHD.

U IRLF- ORLFE81E 70-100 nm THDH. R/ —T v 7 A ZL OWEREZ &
41IZFEEDD. VU BRI T OEREN 40%EBZTEBY, N ORBEEDaaA
RIERCH D Z Enbnd. RO FEEZRNT, 2O X RERE a4 RFHRICK
FTHMREFNIHRE STV U,

£41 304 5L hOWMEBEREHE

tbE 1.294
KEA A VRE pH 9.2
FEE 2.3
|mKER (SIO,) EHE 40.4 %
BiEF b1)DL (NaO) EF= 520 ppm

4.42 BIEARE

X 4.6 12, aaA XLy ) WEREIET HOICHWCHIERERT. aef ¥
N U AEREE DIUTZ B ZRO KR EZ L1385 100 mm ONLHFERIZIR TH D, T ORERD
WNERIZ 425 ml D v A Xy U BEEE oz, AT 7 A =2 RO K T
ROMEE L. ZHAKXT 7 A A= FBB ST, SR & RHAOEREA 2 S & 720
BILBOL R OME LA ZJIE Lz, K4.718, aaA 2Ny ) hiEikE e+
HI2DOKMELNT 7 A N—DFEEEZHED. KRS RIS OERX, 25 mm 225 40
mm £ T 1mm FRETEILI T £/, AHAX T 74 13— 51, K&K 660 nm &%
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£ 780 nm OYEA U B x THI &8 7. K 660 nm OYED PR 1.3 mW T, R
780 nm D WD FHJFEEE X 0.6 mW THI L7, 2a A ZLv U B ERIRIN TOPEHBOL 1%
FEW O FL, B AL 50 MHz THOHEEA 660 nm ORI 18 cm T, JOHE
7 780 nm DFFIZ 30cm ThH - 7=.

Detector
Photomultiplier Tube
(PMT)

Detector Optical Fiber

s . Scanning Tank f Detector Optical Fiber
100 mm Containing &
.(.‘.olloidal E o 1 mm
-4 il Silica 425 ml S
o= = Mk,
- b s I |
E E 25 -40 mm £ i
& = 9 f% 25 -40 mm
S Ll O |
: f 100 mm
¢ 62.5 um
Source Optical Fiber Source Optical Fiber
Sinusoidally
Intensity-Modulated
Laser Light
(a) (b)

46 IOA4FILY Y DOXZREERD DI -OITHWRER. XERADT 74 /13—
EEEFRICEEL, BERADI7AN—ZBESETAREREADEREZELLSE
f=. (@3 R7TE (b) BERX
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(@) (b)
K47 a4 5L Y WEBRETE=HDKEERLT 74/8— (a) KERIZaOA S
W) AEANTULELIRE (b) KERIZCaOOAFILY ) hEANT-IREE

48 204 FIIL ) hREmEIGi L=t
(Olympus CAMEDIA E-10, F=2.4, Exposure time 2 sec, [ISO-80)
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T T T T T 25
1.0 ]
— —20
5 08} e
o
2 1° =
= O
S — _e-
e 410 &
3 <
= 2
= et
g- 041 -5 =
< —e— Amplitude
—o0—  Phase -0
0'2 B 1 1 1 1 N 1 1 1 N 1 1
24 26 28 30 32 34 36

r [mm]
49 AAA TN HiBBERNEEGEKR L CTELILBAFEEROBRE EAHED IR
MY AHE 2L, XEDFEEKIL 660 nm

4.43 AIEHRZR

491 xaa A N INEARIE L C & T IHOL T3 B O8RE & ATAH O LS
MHTofET Yy FLiebDTHD. Z OIHOL TR ORE L AAHORIERR LY,
anaA XN DEEROWIRE & SMHELLR R, BRI &2 B 8 L 7ok 2
AT DR 2 AN TSRO 7. ZOFER, &K 660 nm O Z W CHRIE L7z =
1A Y IR OWIREL & S MEGILAR 2% 0.008 em™ & 21 em ™ Th o7z, E£z,
W& 780 nm D SEIRE A W THIE U 72 WAR AR & S MiiLAR 200 0.029 cm™ & 8 em™ T
bofz. ZOWE, HFREE RS D EEOMERZTRIREL T, £0.001 cm™, FEAlHEL
RET, tlem Thotz. 72720, HHUHE TH D KOBIUREL & >V Ik 1D
PrROFFIMM DO FEE N TROT=2EREEZ vz, @4 kO (4-5)% Hv
52 LT R, BINERE & FMBELR B O RIERE R L 0 >V Dk Ok 788, $og
BLOBERBITROELZRD DL ZENTE 5.

D E 660 nm (ZxF LT,
u =N-o (a,m)=2100 [m”] (4-8)

u,=N-c,(a,x)+042=0.8 [m"] (4-9)
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SO FE 780 nm 12X LT,
U =N-o,(a,m)=800 [m”] (4-10)

u,=N-o,(a,K)+2.7=2.9 [m’] (4-11)

WD SED. o (XRINETERE, o XBELMRE CH S, T 2T, mHIEE & U kL
F-ORSEITR m (=n, /n,) IZROMEE AW TEE L. U Dok 70 JEffrak o 32350
I, JEDPWE R 660 nm 2%k LT n, =1.456, YD PH K 780 nm (2% L Tn, =1.453 TH D [83].
OYHBUIE Cd B MK DO EITER O EEIL, JeDHEE 660 nm (2% L Tr, =1.333, YO E
780 nm (Z%f L Cn, =1.330 Th D [84]. F7=, /il Td DMK DORIPAREI T OWE
660 nm (2% L C 0.0042 cm™' [85]C, YD 780 nm (ZxF LT 0.027 cm™ [86]TH 5.
KE-NR L2 BB Z Ty U B ok O PRI 48 & 08 5 M UM SR T 3 =
DIEERZ RO I AR & 4.2 1R T

£42 AAM TV Y AIZEFEFND D AR FOFHHFRELHETE
(K& 660 nm &iEE 780 nm DXRZEZAWVWTILEHAEFEERT
) hMREFRIE LR
660 nm 780 nm

Particle size (nm) 113+£3

Number density (m) (2.3 £0.3)x10%

Imaginary part of refractive index (9.9 +2.0)x10” (8.1+3.0)x10”

444 EE

anA LNy Y BERICEEND V) DKL ORLT-#E, BUEEE, #REITROE
HOMEMIZHOWVWTELET 5.

JEBOE TR CHIE Lizaa A Xy U DEIRICE D > U Bk o kL
TEIT 113 nm THh o 7o, JEHOCTHBER OME LA ORERRIRENE END.
Z ORNE ST YEHOG T8 L OTREE L AAHDREE RV, BV O F R 2 SR D T RED
MEFRZETWIARIL T, +0.001 em™, ZMBELEE T, 1 em” ThHho/z. B2, 2
DEE ONFREE S LG DNz a v A 2 U AR ORL TR OBPIERE L 3
nm E7poln. A3, HaRTEEZHOTRD U kO R R % F &
Dz, FERIEFTICERIE L C L— —ET - #ELE [87] B L OEKEI /L —T 1
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7k [88] HWT Y Y IR T ORL TR 2T o7z, L— Y — [l - LR
(SALD-7100) ClZ = 2 A X)L U DIEIR & 4000 512K L C, 3 U ki1 0 ki 1
£ 113 mm 2157=. F72, HEREEILX £lom TH-o7-. O, L—¥—[EfT « #ELE
TIE, HE375mm ONFEEHANTWD 7D, v U ki +OEITRE LT, 1.475[89]
W, BEEIKEN S L—T ¢ 7RI, EBXUKENE (Dielectrophoresis) [90] & [RIFTiA
MEEMAERTTIETHD. ZOFEKRET L—T ¢ U 7EERCTZHIE T, WikE
400 FFIZATIR L CTHIEZ T o 72, ZOREFIEIZ L > TRE 723V DR OFEERL1
£ 134nm T, ZOREREEIL +5nm Tholz. F7o, HELFERN, v Dk %2
W8T DEMICY ) VOB RBKFIZH X2 WA SHE T BET
(Brunauer-Emmett-Teller) 7% [91] THIE L7AER T, VR 7 72nm Tho7o. &
DFEEHANTY, v U DKL O R £21% 100 nm Bif: &V ) FERNIE L.
F72, BETEZ AW TROZZHERSRIL, thoFEL L TEN NS 2o, Th
1%, BET ¥EDMBKLF ORI FRE 2 ik ([EIAR) SRAETHIE L7272 912, ki OEsiH <
DRER PORBEZB TR0 EEZLND. BT, aaa RRERFPTO
WL DRI FRROREE L LT, &b —Mi7R L—3 —[al47 - 8Lk & B0 5 B
SIENIEFICER N ER L TN D Z &b, JEHOE T 25 e iE OB 0 DS s
Sz,

®43. V) AMMFOFIHHFE

Diffuse photon density
Combination

wave spectroscopy LLS and LD BET

method*

(Presented work)
Particle size (nm) 1133 1131 134 £5 72

Measurement Diluted Diluted

Undiluted Dried
condition x4000 x400

*Combination of diffusion, density and dielectrophoresis

BT EEREEZHW TR Lcaa s Xy ) BIERICE £ b > U ik 10
BEEIE, (23£03)x10%° m”° ThHo7z. SEEE TH DMK SE DD, B
DY IR F DEENS, BRI DI E 2 IR DN E 1372

_ weight
47/3-a* - density

=3.1x10%* [m’] (4-12)
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72170, VU Ak OBEIL 2.2 x 10° kg/m®, anA Zv ) BREICO B ST
U DRI ORI 321 kgm® Thotz. £, FHEICHWET U DKL O kLT
PAE 113 nm & L7z, WS ELRIOMED T ) Ak +OEENHHELND ) Ik
T OEFEL, PO E 2 W TS SV B & I BV — R . JREOE
TIPS BT Ko TH BRI T OB FEAY N S W B & LT, IR Ok
FREELTVWDZ ENEZLND.

U Bk DEFIEITROEEL, KO E 660 nm (2% LT (9.9 +2.0) x 107,
HDPEFR 780 nm (2% LT (8.1£3.0) x 107 & 72> 7=. Philipp [92] DO#HEFIZ L, VU
TR T OEHRIRITEOEBOMIT, DM E 148 nm IZx LT 2.7x 107 T, Ko E
148 nm 7> 5 & 2000 nm TiX, ZEETHDL LMo TWD. Fo, v U Ik O
FIEJTROBIOMIL, SEOWE 119 nm TRAEEZ &V EENEL 2 DIV, #HE
JEITRDOMEIN/NES L T2 D JEEOCTHER TO ) AR OB R BT =R OB OWE
RO E > E<HAHATED. bAARS, MKOEZRREITROETOMIL, SLoRE
660 nm (Z%f LT 2.17 x 107, & 780 nm (ZxF LT 1.40x 107 TH 5.

45 ZHHBREICEFENIHNFELBEEDOR KR

4.5.1 HF.EEBIAFEL

AFUTIE, FICHBA IR LIEERD 2 BEO T 2 A XOBELR TR E Eh
5. K410 1TRTE IS, FRLEIERLTEET D LKA RZS. &b, &
BEMMEE 72 O R A m < LTBIEET 2 LIEMIERORIC, DEBA IR BlETE .
BFLOKI 87.3%H3 K5 T, K 3.9%MHAENI /3T, 5KV DK 8.8% N EASHIFLETE 4> Th
5. Fie, BIEILEIE IO EA R EEN, THLOREKOK 24% 4% HD 5. £z,
TEARIAZEALIE, 2P Dbl 2 O TR D 2 B0 B\ b o Th 5. 4ILicd
FNDWRL T ORLFROBEEZWEST 2 Z L1280, EOEECIRAY D% LN T
5. Fio, BEE U TGESN TV AL, HERIZ L > TEIEROKL 7% 1 um
LIFIZLT, RirREHIZ CnD. ZOBME LT, #Y 2 COFAITITRE R 112
DREMERNEZENTEY, FVEBTELLTLEI LD THS.
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452 BEAHE

X 4.11 |
E e

ZTOROEBEZHETD.

A= bIT

Z V) RIS

BOCF# R ORI,

DO DY 780 nm D

BRIz

O o fat globule o
O/ ¥ O | fatglobule
C% ;3 ¢ * °0 o
o O
0 0 6 0o
o O @] O @) O 0O & °
O 0° O (o) O o
O O O o ©
O OO O OO
© O O fat globule t4
C) O oo i
. o o caiem mlc? e
x500 x50,000

410 FEOERER

, T 660 nm & E 780 nm DYt A Y Rz CTH &8,
DIEDON-E)F8E 3.8 mW T, 5 780 nm DD FEHFE X 1.2 mW TH L7-.
T, (BHRFEBERN RV O T, JtoisEL KX L-.

72

, Bl (Meiji Dairies) QY FRHMEZRIEST 2 DICHWERHERZR~T. &
133725 200 mm DO NLIFRIEIR O K 2 N T, 3% 6.8 | A7z,
ZOWE, SR &R OEREE, SO T A N = BE S
HHZEICED 40 mm 225 80 mm £ T 1 mm HfE CEILIET-.

F7z, AFHXT 7
I 660 nm

HFL N TOHE
ZEFRE P A A 50 MHz TYHDO W RS 660 nm DFFIZ 9 cm T,
18cm TH-o7-.



Source Optical Fiber Detector Optical Fiber

i n

_—ﬁ ; -
; Scanning

200 mm
/ Detector
Sinusoidally Photomultiplier Tube
Intensity-Modulated } I (PMT)
Laser Light * 7 -
g E
£ B - Oy
o0 . ; --d_
~o ) ezt
% Containing
200 mm Milk 6.8/ Detector Optical Fiber
(a) N
. E
‘ =
ol
) Enrire
o
£ [ 40 - 80 mm
=
=
&=
l 0 62.5 um ] 70 mm
o —200 mm -

Source Or;tical Fiber
(b)

411 FEOAZRHEZROD-OICANERAER. ASRAXT 74 /3\—IXKEDFH
ECICEEL, RARA I 7AN—eBB St TARERHRADBERMZELSETA

ELtz ()3 REE (b¥ER
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4.12 R FF-LI-KEZ LI RE-HKF

453 AIEHRZR

4.13 1T, FEHPZA=HE U C & IO 58 EE I O TR EE & LA ORERS R AR T
JEIR &S O BEEIE, 40 mm 25 45 mm £ T 1 mm MR TE L S 72, SEHOEFE
BEWE DGR EE AN FRBE L 6k U CHREERAUICIR L, (HEDSBIBICEL L TV D, £, ol
& 780 nm (253 2 JEHROE 18 FE I O SR DGR ITE DO E 680 nm (2% L TRE L, L
FHDZAITIE DWW R 660 nm 1% L T/NE W, KD E 780 nm (2% LT, SEBOE 5%
WOBEDOWENRKE VDL, WU LDWENRKENWZDTHD. £, KOEE
780 nm (ZxF U THEROE T BE DAL O ZEAL DN S Wi, & 780 nm D J7 3 EHOE
THEEROEENRL DO THD.
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T T T T T I 20 T T T T T T
0_ -
15+ .
= -0.2F 1=
g &
= 1=
£
5 0.4} s '
= |z
S 20
5 0.6f 1= st -
= —e— 660 nm
= —o— 780 nm
-0.8' . 0_ ]
1 n 1 " 1 " 1 " 1 " 1 c 1 " 1 1 n 1

E 1 1 " 1 L
40 41 42 43 44 45 40 41 42 43 44 45

r [mm] ¥ [mm)]
(a) (b)

X 413 XEREERHBEADEBICH T DI FEEROEE LG8, REOMEIE, 58
BTGB ZH - EICdE & o= £, RRICIEEE 660 nm & KE 780 nm %
;IR =8

M4.141%, FILORRERE 22 SE2RED, JOP K660 nm & K780 nmiZ ki3
2 FAMBEAR IR L W URE T H 5. P OBRFIRET, MUK THALZMRT 52 LIk
DAL S W S EELAR S & IR SR & IS, IRFEIREE IS HE] L CERE A A L L T
D. ZOZEIE, SAMEBELREL & WIERERAS, VAR IS E F D IR DR FE L L
T 5 L9 K(44), @52 LEL TV D, HEDIEE660 nmiZ x4 2 2l ELR L,
He D780 nmiZxtd 2 SMEELIREL L 0 K& . AFLICE T D8k -0 1 X1k
DR L V/NEL, I —HEERE AW TEHRET 2 EHOEENEWVIZE, SMfELle
BITRE <225, WMIUREOZEL BTN S WR, JERKNS bbb X 5 ICRREIEEIC
HBI L CTEE LTV D, BIBREROZE L&D 22 WELH & LT, BUEE T 5 kD
AKX THLHT-OTHD. Fio, HOWEETS nmiZx T 2WINAKREVDOIL, HE
780 nmiZ % L THRIAK DRI K E W=D TH D . DI F660 nmiZxt L CTOHFLOWIN
FRE & M ACELAREL D HIE RS RIE, DR 680 nm T D WabnitzH [93] & &K » THIE S
TR SR D SAMHELER R D R & I R W —F &2 /R LT 5. [IERIS, el R
780 nm!|Z x4 2 A FLOWIAREL & Sl HCELAREL O MIE RS F 1, DR800 nm T DRF(H]
REEHE 15 CMitic [94] 12 X 2 WINAREL & B LR B O AE S & Ll B\ —E 2R
LTW5. RAMTEFEIREE100% 0 4= FL O WA & AT BELLR B DR ERE R 2 7R
AHFFE T OIFERHEDOPEFRE RN K E K oo 72D, FHICEEN DR OFHICL D
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EERLHFOMEAEEIC L DEND-OTH S, T OWIURE & SR B D = Hi-OfH
REZEDEBZEEAIFHME L C, FHICEENDIH D ZRODLZENTEDL. 20
FHIZEENDRT LY, AFICER B R EOEREIT) Z LN TED.

50 T T T T 0.10 I ! I I : I
i 0.0105 —e— 660 nm ]
ol 4 5,0.08F 0.0100 | 1]
— . ‘
0.0095
ol 1 50.06}F ]
] 0.0090

20 60 80 100 -
e o o o |

=]
o
T
1
o
=]
-
T

—e— 660 nm —e— 660 nm

Absorption coefficient p,[em™]

Reduced scattering coefficient p/[cm ']

10 780 nm 0.02F —o— 780 nm
-1 = — & ® -

0 1 1 1 1 1 1 | 0 | L | 1 1 L |
40 60 80 100 40 60 80 100

Milk volume concentration [%] Milk volume concentration [%]

4.14 FEORBEELXZZIL I E-BOEMELZREERIES. £, XRICIEE
£ 660 nm &FEK 780 nm ALV, R DIEKEIE, FDFEER 660 nm [2xF9 5 IRINER
HOAERERTHS.

&K 4.4 KRIRIRE 100%0D 4 Z ORIVE R & FlarEl R

Wavelength of light Absorption Reduced scattering
[nm] coefficient [cm ] coefficient [cm ']
Diffuse photon density 660 0.011 41
wave spectroscopy
(Presented work) 780 0.032 28
Other reseacher 680 0.0087 37.5
[93, 94] 800 0.024 25

RFEIREE 100%D4-FLIZxt LT, BB A > ' LIRIAER ORI 718 & 5008 B %, I
PRE & B MEGELAR B L 0 B U7, SRR EE 100% D L O WA & Sl B ELER K
%, HOWE 660 nm (2% LTO0.0l1lecm' & 4l em THho7=. FERIZ, KOFHEE 780 nm
(2T U CRIARER & i B ALAR 2R 1T 0.032 ecm™ & 28 em™ Th o7, K(44), R(4-5)&
D, WIS & S ELSR SIS L TR D 4 KBNS 5.
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SO E 660 nm (2% L C,
u,=N,-o,(a,,m)+042=1.1 [m”] (4-13)

u.=N, o (a,k)+N, o (a,,k,)=4100 [m”] (4-14)

HDPF 780 nm (ZxF LT,
u, =N, -o (a,m)+27=32 [m”] (4-15)

{ =N, 0 (a.k)+N, o (a,x,)=2800 [m”] (4-16)

N ARASS

ZIT, o, IWREHRE, o IEEMEE TS S, £, VEA I BALOREITE
1% 1.57 [95], FMEMHERDIEHTERIL 1.4564 [96], HFHOJEH=IL 1.35 [97] ZH W=, 7272
L, 2O ORBITRITEOFHE 600 nm 7> 5K 800 nm O TIFE/L LW & E LEE
BICHWE. F72, BB X 2, SEOHE 660 nm (2xF LT 0.00418 cm™ T,
DO 780 nm (2% LT 0.00409 cm™ TH 5 [98]. NEFNFHICE TN ENSEET
% LRI OV DRI A TE DT E/NS W, WEA VI BT L DM T &
EREL, WMIREICREI L CHEER D IE Z BR\ =,

PR BB B L > TRO =B A v 2BV ERRIFER D SEHEPRL 128 & 0%
EZFA5ICE LD, ZOK, hBA 2 vV OBERRBITFROEEITIEOH R 660 nm
2% LC(5.8£0.4) x 10° T, SO E 780 nm (2% L CT(6.0£0.4) x 10° TH - 7=,

I

K45 hEA VI N EEMROFHHFEEHEE
IBEAFEERD AR

Particle size Number density

[nm] [m’]
Fat globules 386+ 12 (6.6 £0.2)x10"
Casein micelles 131+ 1 (2.1 £0.1)x10"
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454 EE

JEBOE TR D IEIC L o> TRO BN B A 2 'L L JRIEROEERL 758 &
KO B 2 fh D FIECHRIE L7 fER & R 5 . R 4.6 12, EFBMECHE S L —
PR E 2 AW THEA > 2 b L ARIER O SRR 188 & 508 B 2 0 L 7=
RART [99-101]. RITAR LISRERIE, FHORSG OFHOZEE, Wi DOki1-£%
REBE DA EZRB L TS TEOIMEITIEN 5D . T 7= DO SCHME & SEHOE -5
DHE L > TRO DN E T D L, A—F—T—KLTW5. FHLFTOIEN
EROKI 2759 400 nm T, FFBEEIIH 107 mP BREGFET DL Z ENbhoT. £z,
I TOAEA > BAORFRITH 130 nm T, FUEE TN 10" m”® BRETHLZ
Lol

xR 46 hEA VS EILELBEBREROFHRFREFTES
BRARGAZERAVTAEL-HEER

Particle size Number density
[nm] [m”]
Fat globules 400-600 (Ref.99) (0.5-2.0) x10'7 (Ref.100)
Casein micelles 80-120 (Ref.101) (0.5-1.5) x10" (Ref.101)

BT, FHLICEEND DB A B L ARIAERO YR 188 & B B o I E s R
DOFINEE MR T D721, 43 & TARN I (Meiji Dairies) O RFERE 2 2L S H T
S RRELAR SR & WA AR 2 [RIRFICEHRI L, B EWORIERERZ ik Uiz, AR A4 3l1X
FHNDIEMERZ RN b D TH D, £D7=HI, 3L L WAL 2 RFFOHE Lk
WP HZ LTk, BEBA I 'LRIEROME 2 OWRL 23, Bl & WIIZ 5 2 5 5
BrERODHZENTED. M 412 124F & BIEN AL ORRERE 2 2L SR,
SEAMEELR SR & IR OBERE R 2T X 412 25, 45l & BEASAIL o (AR
FEIZ ] U CEAMEGELAR SR & USRI L TV D O R TE 5. Z ORIER R &
v, FEIGERIC X 2 HGELITF AR OBELD 58%% GO L3000, KD O 2%% 1€
A I RMTEDHELN LD D Z Lotz & HI, FISHZEILOSMEELR K O
PIEREFRIL, RASITRULEFLIZE TN DI EA VI BLOR TR EBBEN LR
U 72 EMBELRE & 1 — 2 U7z IR AL ORI A FL ORI L 0 K&,
Zaug, TARRAAEILTTIE, AR BEERAER3ER < 72 OISR BB A v 2 BV ORRSE
BEm eolcledThAD., XY, 43 & AR O L PRt 2 8 U i35 2
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SIZ &Y, FRICE E DMk DR & BoE BERE RS R O G NIED D BT,

Reduced scattering coefficient L[cm™]

wn
]

i oS
<

L8]
<

5]
=

—
=1

<

- —e— Milk

. —o— Nonfat milk
20 60 80 100

Volume concentration [%]

0.015

0.012

0.009

0.006

Absorption coefficitent ufem™]
=
o
S
(%]

—e— Milk
—o— Nonfat milk
30 60 30 100

Volume concentration [%)]

4.12 43, L BIEF I ORBREICK I 5 FMBEL R & RURRE
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46 FEO

ARETIE, HEBOLFEERZ AW TEIRE 2 71 FEIRIZE 15 Wk O kL
FTREBEEZERT D HEEZRE L. ZOFIER, B HEER 2 AV CERE
D ar A REHROWINEREL & FMAELFRE 2 FRFICHIE L, £ OWE LI FREL D
MR T A FEIRIS S DRI DR 188 & 508 B 2 I B G & BCELBRER 2
TRDLLEDTHD.

BRI D a1 A FESIK OWIAREL & FMRBELLR IR L D, EiRE = v FElRICE £
LD TRRL T DRI T E BB E 2RO D HFIEICOW T L=, £ L ¢, HomE ch
LanA XNy ) DEHICEEND V) PRI DR L BEE LRI Lz, Z ol
ERERIE, L— Y —lT - BEELER & LT 5 2 LI kY, IEBOLFE R OB
Bkl T& 2. WIS, A v 2V ENBIHERD 2 T OPR A DMFEET D m i
EoavoAf FEERTH LTI AREDORR E Lic, JIC 2 lEOKRE Z W T, F3
CEENDIEA I EIENEROR P L BEEZRRHE TE 52 L &2/R LT
F72, PR OIENEKRZ RO EIRN FALOMPER R L0 b, WIER O A 200 e
I,

T E R B oRE 2280 D

1. EROFIETIE, MENREETH - 7o @miBE o m A R 2 #7832 HE 7T RE.

2. BBEEaooA FRKRICEEND T ) A— b~ A 710 X — kLA XOH
ORI DRI T8 & BB % [RIRFIZ I E I RE.

3. EEEooA FRRICE SN DM DR 2K D 5 DIz, 4y BE o ki 2

WL L7,

REBRZFTHZLINTED.
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F5E BREIOA FBRRBRICEENLIMAFORESE
[CEDRFELHBEDEL

51 [(FLC®IC

RITECIE, JEBOEE W miRE 2 v o REEIRICE D M0RI OR8¢ & B0
DORFFFHHNEICOWTRRE L. ZOETIE, EFEZAVTERE 204 RIERIC
B E N DRI DEESEIT K DRI P8 & HUE FE OIFRPI AL 2 JE L, BEBS 2 & &1
(ZREAT % .

BRE oo A RNERTHDLFIITIE, EA I BV EIEERAEEND. Z0F
FUCEHEEND I EA I BABFHDOKFEA A IRE (pH) OZLIZ KV EEET H 2
EDRIBLIRTWD [20-25]. HEA IV o B, k- WEA VT E IS T AAF
VEY VR T UBENEA LT, EAK 130 nm L OERIRIZ A o TV BRI Th
L. 8%, AEA I BMISA T ACHEBELTWDLDOT, BEWKRIELH > THILF
ERIELTWS., ZiUE, I EA LI BLOREIC - BA URERBEIED, BWIK
O ARSI R ERMIC LB D=0 Th D, L, v A RERPICHLERE
PIRAT % &, ABEORMERIC LV AP OAFEN RSN THERERIND.
Z O, ERESNTZAHBIZ L > THALOKFEA AV RBEMETT 5. 2RI EA
YIBARKRE LT, EEAOEMPELLRY, BERFENR 720 R R L 25
ALRLTLK RV BENEED. ZOMRTFOBMPE LI RDEESEER L), 20
EREIMFR I T AL RS ORGE TRICFIH S, 06 3 — 70 hoF— X EOFLEG A
EbD. ZDD, BEA I BV OEEDOEITIRDL 248 LHlE 5 2 &, 7Ll
fhaEPE LA AT O BRICEE L 0%, &5, ILoBIIC X 2Bk 1 Dtk
BREHMGT 5 L1E, BMOREMOBENOEEL D,

ZOFETIX, BREanA NERROKEA A VIREZELSET, BT hE
A ¥ BRI ORI TR & BUE B ORERIZE L X 0 BEEBIR A T L 7=, Rolc, 4
N SIRIFERZBRE, HEBA VI B AR NE 5 WARIA-3L CORET SR %2 717,
BHEBIR 23T 27212, HEA v I BV OR R & BB E ORI 2T~ 7.
WIZ, FILOBEBR R, TEA 'V EIRIERORL 78 & B8 B ORFRIZ(L L Y
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BT Flz, BBA IRV ORRIIRIROKFEA A REICERT 50T, KEA
FUREBHE LT,

(O Sub micelle
« k-casein

Aggregation of casein micelles

" e

o Casein micelle
Aggregation of whey proteins /

> pH6.0 Whey proteins pH 4.9
& ¥
- ; Casein micelle
(]

pH 5.2
BS51 A€M I ILORERZOBEE

50 1CHBA I VOBERZOMEN 2R, KFEA A RE 6 BRE T
NEA I ME A FRRPTYA T RCHELTBY, ZEICFEL TS, K
BAFTUVBREMELS RDIZLERST, IBA VI BLVORAEZFE > TWVD kb EBA
COIRREN AT D . KFA A EEM 5.2 TIE, WRPICET Wi —o—7 7
AUBEBEH LT, BEA I BVOREIHET D, KEA AT IREME 49 T, €
AU IBLOEESITEL, IPA U IBANGRETD.
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52 HAIER

B 52 \RTHERZHNT, F3H BBV FAICEEND D EA - I BAMERF
DEEZWE LTz, BEBA U IBVOERELZDIT 20K 518, AT 7 A4 S —I13H
E L7, 53121%, FF AT LIo /KN 2 I0BUsil L7tk -2 ~7. #iilalE T
X, ZHANRT 7 A4 R—2 BB S TN T, JEHOE -5 FE I ORI 2 5 58
ELNMOEEZRETE T, LL, SRR 74 =% FEL TN 5D
DT, PEHOCTFE R ORI 2 Z (b TE 2. 22T, FHHIS, IR TOREBOLT
T PEIE OFREE & ACAE 2 JE L, IR E R AR O 2 U T OPEEOE T R O TR & A
A&V, av A FEHROWINURER & FMEEURRZ RO T2, ZOHIETIE, REOL T
W OPIR T OFRE LNAHDZEVENIEFICEHE L 0D, £ 2T, WIH TOIBOLT
B S DOFREE &AL DL ENEZ R U7z, 4L CORERISITHN 6 REMFEE TR T35
DT, 6 K7z > TR CEHRHOL 5 Lk OFREE L AAH DN ZRIE LTz, £ D
R, JEBOE BRI OIIR OB ITR 1.6%, (CARITR 0.85%ZEE 5 2 & AVHIB L
7z T OYLROCT B EEW OPIRDOIREE L A DOEENE, v A RO FHREZ KD
BHEICEEZE L LT, WIAREKIC £0.00003 cm !, B EGEAAENC £0.15 em ! OfEEE 5
Z 5. PEFZREEOPERRAENTIRE T+ 0.001 em™, ZMEEARE T+l ecm™' 2o 72
DTHRHMHTH D B 2T, K52 IR TKEE, BERISHICIRE S —EICRo7
DI, X 5418 K D IZEIRM (WB-100SA, AS-ONE) ([Z A=, F7-, KFEA 4
FFE X Horiba O KFEA A RE A — % — (D-52T) & @ EY 7L H B
(9677-10D) # HHWTHIEZIT o T2. ZDOKFA T U REA—F — 3T 7 XA EMmiLEZ H
WTEY, BT AEME LEMBOMICAECDBENDKIZA A VREZIET D, &
KEEEH > 7 VSR (9677-10D) 1HIEAGHBIC A Y — T ERHA L TR Y, kot T
Y ZTBICK LT, BREY IV ERRIET 558 THa £ VI <, EMOISERERHIA
AN

3. (Meiji Dairies) & #5153 (Nippon Milk Community) % A#U7= /KA X 1E R4S
AV THEEEROG T 25°C 1ITfRo 7. ZOREE, HLBETHH T 7 7T U T 0
HMEZ 3 L CHBRZ AT D DICHRERIRE CTHDH. DF VD, WIKOKBEA A IRE
EEALSEDDOITREBRIREL WS Z &2 d. ABRETHHT 7 b T U T, B
A E#E S — 7V b (Fujicco)15 ml & 24FFL% 100 ml OFE TREGDLE D Z L2 X » TR
WNIZIRASEZ., BAEWI—T NV NCEEND T2 N7 7 U 7 Lactococcus
lactis subsp. ceremoris FC TH 5.
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Detector
Photomultiplier Tube
(PMT)

Detector optical fiber

Tank

o Containing

Milk 900 m/

Detector optical fiber

¢ 1 mm

40 mm

=
g
g
—— 90 mm ——
=100 mm———

100 mm—

6 62.5 um
Source optical fiber

Source optical fiber

Sinusoidal
Intensity-modulated
Laser light

(a) (b)
52 FEAOBERIGICE T HRINERHR & EMAERBOKMELERDS-HIZH

WBIER RBEAXZ 74 N—FEEDPRICEEL, AT 74 N—IEZTDEL
40 mm [ZEE LTz, (a) 3 RITE (b)ErE X
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& 53 4L EIAER L=k
(Olympus CAMEDIA E-10, F=2.4, Exposure time 2 sec, [ISO-80)

B 54 $EOBRERIGIZE T H2RIVESH & EMBHAERROBREILLEZ RO S-HICH
W=BIE R
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53 BHOBEEOREKICLSEL

HAOBMBE L LT, IBHEREROEBRWTHEA v 2 v ARG £ 5 EIE A
AW EIEAHIZ T 2 MR T U T RN TERERIGER Z Lz, [X5.512,
660 nmD I 2 VN2 & & O PR T8 B O R R C OTREE & A O RERI AL &
AT BHERS B HET IZ O T, WIRN 25 L C < 2IE806 F3 I O TR ITRE L,
REFRIEHE AU T2, BOGBARARER 7> 520045 73 525045 DT, EEOET-5 Bl O HE & (7AH
ICRIMRBAER BN D, Ziud, BUGBRGEREHE 52000 FRE CTKFEA A L IRE DR
BI2k v, BBA I vANBELEZDEEEZ BN D, Vasbinder [102] (2 LA,
KFEA AV REMNS2THE—o—7 07 A VOEERIEL, HEA I BMHHE
T5., BT, KEAAVRBEEN4ITHEAS VI vILVOEBSIZRY, HE¥A 3
Y FEEOEENBIAET D, KS5.612R LIz AR AFLOKFE A A L R I DR SG
BT DRI AL OBPIEFE RN S LI S e X 918, IEHOE T B OB L TR A
Wb Z LOTHHET, KEA T REMEMNSREIC R > T D, RIGBER S
#921053 TRFEA A A IREE5.21272 0, #2505 TKFEA A A IREMEA4.9IZ 72 - T
5.

I 1 1 | 1 1 1 !

15 115
14 110
513 105 g
e} | . i =
8, 5 —o— Amplitude 100 i
= —&— Phase | %
£ 11 >

j=h
E [ -9
10 -_0
[ 85
9
1 . 1

" | L | 1 | L 1 L |
0 50 100 150 200 250 300
Time [minute]

55 HMRAFREERDBE & HEDRREZEL
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4.4 [ . ! : I : ! . L i T |
0 50 100 150 200 250 300
Time [minute]

5.6 BB DKRA A+ VREEORREEL

X 5.7 12, PEBOE# R O L AFEORIEM L v X((3-24), X((B-39)% HW TRk
D T S U A 3L D At AR B & AR IR DRI 2L 2 4. SR D 22 L DA%
TFALIERE 53 e TE CHIE SRR [103] ERITW 5. RIERELE, 1ZE A CBEER
JEDORNICZEAL L T RWZ LR oD, BRI FAICE END DEA I BADRLT£E
& B FE % A BCELAR B & IR EIZ BT 2 (4—4), (453 L O @-71 a2 Tk
Wiz, K58 ICFDORERERT. TEA U IBNVORL TR EBUERE & ICEHERS B
2> B 250 0 CRIMICZE(L L TV D, FRIZ, BEEOENEE TH D, UG
RIS 250 53 C, KFEA A VREMBR I EA VI BNV OEBERICEL CTEENEZ -
TP ENFERTESD. T, BPA I BAOR TN BB LTV
L. X, BEBA I BAVOREENENM LT Z LIZED [104,105]. BEA 2
BLOKEEE S T\ - EBA URFHBNED, R—=—T a7 A i EORKEN
IZIET TW BRI EL, DEBA VI LVORFENENLTZT-0THD. =
DX, IEA I vLORERREEYEBNICHIT S 2 LN TE .
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Reduced scattering coefficient [cm™!]

Particle size [nm]

| ' | ' | ' | ' L EE— I T 10.012

26
—o— Reduced scattering coef’ﬁcierjlt 40010 =
24 : . ' ' =
I —&— Absorption coefficient S,
2r 40.008 .3
20 3
- 40.006 =
.8
dl 9
10.004 3
16 <
14 1 1 | 1 | 1 | 1 L. 1 Li 1 1 " 0 002
0 50 100 150 200 250 300 '
Time [minute]
5.7 EIEIFFL OFMAELFRE & RIMRBOFFEZELE
pH5.2 pH4.9
L1 ! I ! I ! I ! I ! L ' | [XIOIO]
132 | 5 705
128 200 —
g
1.95 &
: &
124 ——O0—— Particle size : ' 1.90 "8
—=e—— Number density ' _“E
120 185 5
1.80
116 ]
! : ! : ! . 1 : I HE ! d | 75
0 50 100 150 200 250 300 ‘

Time [minute]

58 BEMFIAICEFENDIHEA VI ILOMNFELEHNEEDORRZEL
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54 ZHHBEEOREKICLLEIL

FIUCEEND DA v EEHEROEERG 2R R BB E 2 ES S5 2
AWK VR L7z, X 5.9 IO KFEA A VIR OBERS ISR T BRI L &
AT K510 S5 IS, ERENEDOER 660 nm & OEOHER 780nm (25 AHL
DA BCEL RS & AR B D IREFI A b & 7~ 9. SERRRIA AR FL O & [FIERIC KR A 4
FEEZS 5.2 (\TEDWEREN G, FlHEUREA R B L TWD Z e hbnd. £h
(2R LT, WIARETIERR G R ORs L RIBRIZ & A EB b L. Zhud, BEIC L -
THIRICE ENDRFRRITKREL 2D, BT T2 D710, BRINRE TITEEIC
EDBADFTOHESNATOTHDH. LHIUTx LT, FEMBELLREIIR TR D 22
ERELZITDOTHEKRT 5.

4.5 . 1 . 1 . 1 . l M Ll
=0 50 100 150 200 250 300
Time [minute]
X 59 FE2DKFRA A VREBOREEIL
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B
=
T

B
(8]
T

—o—— Reduced scattering coefﬁcienft

——e—— Absorption coefficient

+ = =
(=] p— [N}

Reduced scattering coefficient [cm!]
LUV
O

: L i L . L L L
0 50 100 150 200 250 300
Time [minute]

0.012

0.010

0.008

0.006

0.004

0.002

5.10 FEOEMBREZRE & RIVEHDOFRZEIL GtDKRE 660 nm)

pH5.2 pH4.9

4

(%]
s
. T

——o—— Reduced scattering coefﬁcientf

—=e—— Absorption coefficient

(S
(8]
I

U
[
U I

2
(=]
. I

[S0]
O
. I

Reduced scattering coefficient [cm™!]
LFS]
|

[N
co
T

. . I . I . 1 R R
0 50 100 150 200 250 300

Time [minute]

0.033

0.030

0.027

0.024

511 2 OFMERE R ERIVFERORREZEL EDKE 780 nm)
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AL DA EUR I & IR L 0, BB A v B L ENER DRI T L BB A
BH L. K 51212, BEA VI BAORREBEEOEEZRT. BEKISHLA
IRERET 2> 59 250 43 CRURICRL TR E BB E N L TNWD Z b, BENKRZ o722
EWHERTE D, ZORFOIKFA A REMIE 5.1 T, BENRMITE Z 2KFEA
TR 52 & 49 O TH -7z, K5.1312, NBIHERORI £ Lm0 E{b % ~9. N
FRERDEEENIE E A EZL LN 0, BERRZ > TR ERNbhd. £
TR C, IBIAERORLFEDPEEIM L TWA Z Db 5b. ZhuE, REEILR-T-h
VA 2 I ADRIRIHERICHES | S CRRIFERICEE L2 o072t B2 bd. e,
HERERAZFAL T, W EBA VIV OREELX, W EA VI BLOEERETIILEALE
LD 72D LT, FITIEA B A v 2 BV OB N FDEEFED S LT
LD THDH. b, BEA I BAVOEEE DR & JEER DR T RO KD/ &
—UN—ELTWDHIENLLbNS. Z0XHT, FRLCEENLI AL I 'L L
HERAER ORI 128 & BB E DOEAL X 0, T OPRL 1 D43 B ERE 72 & OWRIEA T3
HZENTHZ EaRLTz.

pH5.2 pH4.9
T T T T T : l T : ¢ T = [XIUIS]
164
17.0
— 162 F g
E . 16.5 =
S 160 F ——o—— Particle size a
'i ——e—— Number density 46.0 'qi:
2 2
£ 158 =
= 155 Z
156
A 715.0
154 &1 L ] ; I . | ; ] 1 y Lo
0 50 100 150 200 250 300

Time [minute]

5012 ELIZEFENBINEA VS EILDFFEREHRBZEDOEHLTL
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pH5.2

.

pH4.9

3

408
——o0—— Particle size

402 I
i —&—— Number density

(8]

o

(o))
I

Particle size [nm]
ol
O
o
]

384T
378

3721

1 |
150 200
Time [minute]

|
0 50 100

SIBHEICEFNDAEHROMFEEHRTEDORREIL
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L
250

Ll
300

[x10"¥]
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4

Number density [m]



55 F&©

INETOFIETIE, RIREaA FERICE EN DRI OR B8 &
BIL LD L LESAICE, WREMRRT2LERS 7. LL, WREMR LSS
1L, MR oA R AREHE R COBLE2ETH 2 LIZREETH -7, §
I, BRI L EZRET S 2 EIIREECTH -7, T2 T, WRERRT D2 L7
R DL 2 oKL 1 ORI 188 & BB TE ORI AL X 0 B BIICEIE T 2 2 & 28R L
7z.

A GREIERZ B Y BT IEAEA A2 VT, B A v I BV ORE R 2R
EBBEDOEL O REE LT-. BEORIZ T, EA Vv ORITR BB SRR
T T D 2 EWbhoTo. WIT, BEA B EIEMERD 2 FE OB T2 E £
HAHADEER G ZWE LT, TEMAALORORERRELEFTC T, 1EALS L I'LD
RLTEE L BB IED, BHEORIE CRAMICE L Lz, Zhicxt LT, IRIERORL 128 & 4
BEEOEAN S, IBIEROBEIIRD biehodz., £z, BEA U IBAPEE LT
EHERR T E T2 REDIKFBA A IR EEIL, BRI BA VI B AR RELEICRDHETH
ST,

PERY, @SREanA NRROBESRS L, SiRE 04 FERICE 1500k
FORL P L BB OZAL A RFHRNCHIE T 5 2 LI kY, EEMICFHMiTE 22 &%
~LTe.
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D,
A

FoE #

RICT, BREES o RIS S E 05 BT OB & BRI, IHOL T
BERZACCTHET 2 FEEZRRE L. &5, MBE oA FIERICE T 50k
OB L B L, R v 4 FYSHO Co R T BB & ok
M B R L o o<

PEBOGF B R EOFRIZL FIZE 5 K TH 5.
1. MREOanA FEKRIZEEND T/ A— ML A X6 Y A— Rt
A ADWHRLA DRLAFE & BURE A RIRFIZ Y T L # A LFHAITE 5.
2. miREanA FERICH LTS, WIRE AR 20BN 7 < R OIRIEZ
S 52 L HPETE S.
3. WETEHRABOELDE cm > HE 10 em & FEFITRKE V.

UTIZHEIENLE S BEETOMERREE LD D.

53 BN, ARERAEIRIC B\ RO FR RIS T D 5 (22 [ C O iR AT iR A 4k
R L85G A O TR 28 U, Z o edB e e B it fig 2 W 5
LR, mECEEE T COIEOL R ORI O 2T L2V, mEcELEE
DWNUREL & A EURE Z RIS RO T2 0 T 5 2 L N TE 5. £, —HANICHWD
NWCN5, BT AN aERAHRERER EOFEICHAT, EfEIS 2RO 0m#Ic
FHRT D ENTE L. BAKRBIRESLHEIRO AEOR Y 7 & 2 — /Ui iE OWRILER
H & SEAmBGEL AR A A SR D 7.

HA4ATETE, RBEaA RERICE N DML ORI LB E L, JEHOLT
WA HWTHET 2 FIETH DIHOLF BN GEEZRE Lz, ZOFEE, K
BOCTF BN 2 O TRl o v 1 RIEROWINEREL & S LR SR 2 RIS HIE L,
PE SNTHFREE S L ITEIEE 2 1 A REEIRISE E10 2R DR 118 & 5058
ERODFETHD. ZOFEOFENEEZFIT 572012, HoMBE chran A ¥
VU ITEEND V) PR ORLT3R & BB A2 E Uie. IE Lz mi e = v A
RS G E40D 2 ) DR T ORI 108 & BB FEIL, o FIETRO IR E Bn—%
L. 85I, anA RERPICHEA > 2L L IEHERD 2 FE O MR+ 2 1F1E
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THHFHOWEEAT o7z, 2 FEOBEEORIEEZ HVIUE, miRE oA FERICE £
D 2 OWRLF DR R EBBEL ML CTHIETELZ LA L.

B S BT, SIRE I aA RERICE £ 0D MR T ORL 88 & 508 B % [RIRE IS E
TEDFELIGH LT, BRIFPEET DB EZNE L. £7, 1EBEA U IBADNHK
LRI & L CHENDEENAALOREBSLEZNE L. BEPEZ 2L SN 0E
A VI RNDEBRT, WEA 2 VORI EBBENZIRICELT D 2 & 2R
Lz, F7, B EA I BV RN EG EN D4 OBER SR ZHE L. Big4
HEFRRIALFNCEEN R Z D L SNH T EBEA VI BLVDEBERTHEAS IV
DRIAFE & B EN RPN L, TEFEROB B IIE L A E B LA 2 L 2R L
7o, ZOXDITERE 3 v A RFRICFFARBIL Th 2 0 B0RE R EOBRR % E &Y
WP cE b2 B R LT,

%I, SBORBELISHORREEICOWTRAS ., L8O BRI, &5
TIRNAFTARA—TV L TOFIEELTTIA T A = 2O TIEFE IR TiEL
RHETHAY. BIZIE, X oI B EOEERES ISR Y TAE A NSEHET 5 Z
EINTESL. ZDZ L XY, 7, RNA, XU /808, B, HEIPEWSE O LMK
KOS, WL TN OOMAEENEZMATL2 LR TE5THA . £72, QOL
(Quality of life)% & & 2 2Wr « JREKE O ~DICH b IF S5, il xIX,
gk F TR L@ miG et il o s 2 i, JUBMR2 R E 222279 28N T
5. MR T, WO L, NHOREIZEE L2 EBERRICOISHTHZ LN T
X 2. PRI EHE & Wi R RN 2 MG b iud, 45 s s Fh 5 AR 0
B EAFHIIT 5 2 N TE, | b Ny R A FoEREESE LT, &
BENETEEZOND.

S5, e E OB OBICREERRE AT 5 Z L2 kY, maE R
DLEETE - BAGEITOFRE R E L AREE 5 Th A S . 4%, BRERROEREHEI
DIFFRHFEP LI L 22D, Z207DIZIE, BREELE=F —T 23HIEEENLE L 7
5. REFOTT vy VOFHIRKEREHROGHIZR L, xR l@EnEzxons.
PLED X DICARFIEL, ROWEEL T THEHTE 2 FETIIRLS, BHE T TIZHEN
TEZ D2HMTHY, ZOICHTMITIEFICIALS, ERIBE/HFFTE 5.
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AT

KIFFREAT O HIZY, Z< OMIEE, MBCREZIH Y £ L7 A A THEEI 5 < B
DEZRLET.

KFwSLOVERUC Y T2 Y, HEREEE LEHE 25 £ LIoomn AR BEREAI R
%), AKERREIZICOLI D ORHZHR L BT ET.

KRR F-RPFAEFHIFEE, HBCRZH Y £ L SEbh 8%, MR,
LHERIE, e REdR, SRIRHREER, dIBEEER, mEMERR, EHH
RO XV EHOZRERLET.

IIAEEZ A R B, IR B HAR I, Bx ORI S 4 HEE L. 22

(RS HALH L BiFET.

AWFE D D ETHZE < OWBE, HH 2 THE £ LA\ SRR, HRA
By, BTl BB PR E (0 KD B L £ T

AHRERTE (MERIREY) (21X, A NEKOBEERSZ 5T 572 DKFE
AT REREIZONTE OMBE, #HHzHE E Lz, WSEHNZLET.

() SEBERT SR EAINIE IR NE—BRRIZIE, e A 2L U DKL O R T

BEHANC B W T OB S, #Hp HATHE £ Lz, EAUEH W2 LET.

YU IR TARBUSENCIE, PRS2 ZEE £ Lz, DXV ESHOR
ERLET.

KK THEKRFE THE BRET VAT LA LEROEAFICE, < OffEE2THE
L7z, DRYVEHOEZRLET.

F7o, BULEAIERT O R PR B E GoRBORY:) 121%, T EREHERRIC W TEEE
R E W& E L, EEH W= LET.

B HE XY @R, (R, ARG KRRRBIEIZIE, A% eatem, HErR
Wl EFE L. LDEVEHLET.

[ UHFGE 7 0 — 7 CHIZH 0 L 72 DS DR 2 i D T B R - IG, ISR, E L
T, AR IS0 B 2 LT
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f+E%

A. FEE&HEA
W E#ERE (Radiance) L(r,S,7)

SR L, BT 22 ( VX —BE2RT O THD. HIHELERTDL L, D
AL (r) IZIBW T o 2 711 (§) ~HEALRFE, HASZERA, BAImEH 0 BE S s =%
X —LNH T LIRS, BT Wisrm®) THD. £72, BEHEEE L(r,s,0) & vNE
W DAV 2 =R VX —dP(r,8,¢) & ORI, RO X 5 72BRNA Y LD, 72721, dA
VIR NGBS, QISR A, vl IALE, SIZHMTH D, sr=steradian [T O HL
NTHD.

dP(r,5,t)=L(r,s,t) dAcos 8 dQ (A-1)

A-1 EE%R

JF 52 fBEEL (Photon distribution function) N(r,§,?)

N8, 0)dr’ dQ X, KFEdr’, SR AdQ, B2+ R Th b, BT
U(srm) T 5. HFHEEEIL N(r,5,0) E TR A= HFHOFTEDLEITLVED
ns.

L(r,s,t)=N(r,$8,t)hvc (A-2)
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JFFTI)LIT 2R (Photon fluence) ¢(r,7)

HFT7 N 23, BEREZ T~ TOHMEICE L TS LTS 720, mikoT71E
KAEED 2. 2D, r DALEIZH 5B 2B L RRIZT Th bbb I LR TE
5. AL Wm? ThD. KF7rmr 2%, BNRICAR T2 = kv —2%, Ik
HE CHI->72H D Toh 5. F72, Radiant Energy Fluence Rate (itf—r/1¥—7 /1>
ZFR) EHIFIND.

p(r,0)= [L(r,3,6)dQ2=hve [N(r,5,1)dQ (A-3)
4z 4
HF7 5 v %9 X (Photon flux) J(r,z)
Yt 7 T 7 AL, BEBEEICS 28N CTT_XTOHFMICBE L THES L TWA 70,
B D FTRHEGIER 2. 20720, r DNEICH H B EALE LR ZITTH LT

ZEMTED. HALI WM ThD. K177 v 7 RiE, HHRFHICH D0 TO AL
HRHTZY DT —DRETH 5. .

J(r,t)= j L(r, §,1) $dQ (A-4)
4z
{I#HRE%KL (Phase function of single scattering) £(5,5")

FESYITTTMS MOED s ~HEL SN Oz HObTEETH L. £, RO
O BARETRT S, AL, BELMERITS & § OMAE cosd ITIKFET HFEEZRLT
W5,

[r6.5na0 =1 (A-5)

f(5,80)=f(5,9) (A-6)
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BEEEEAFIT VI ADEN

(a) WUSTHERE b) XFITSVI R
A2 MEIEEELF IS VI XADEN

Rl O YR A B LT, S L XA Y v b B ERE & R RO Bk & S To

MO ETHD. T 7T 7 ALFAY v FE#E-> CE K LA SN DX D
wimThsb.
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B. RILY T U DEiEHFERX (Boltzmann transport equation)

[njection of photons\ IQI P Ejection of photons

Absorption of photons

/'\I/\

Scattering of photons from other volume Scattering of photons

B-1. #UNERIRAICEIT AR FIRILEF—DRE

RV~ v OEEGRAUL, BUNMEBRNO = XL F—DREFELZZET D2 LITEY
/DI ENTED. lxrD)erTidiel, roEHFEICERTL 2 LICLY, b
V= Ok RS T I N TE .

J%V =—[c§-VN(r,3,0dV — [cp,®)N(x,5,0dV — [cu, ON(x,§,0dV
14 4 4 14

(B-1)
+ e, ) [£EHN,F,0dQ'dV + [q(r,5,0dV
IFClE, ALY~ Ok FREXOKEEROMBEIERIZOW TR ZIT ) .
=7, AB-)0ELIE, My hoONXFROEEH LD LTND.
IaN(g;§’t) v (B_Z)

KXB-DOLELOHE 1 HEIL, HTOHEETH Y UMM DN SN D T %
HHb LTS, K(BI)NTBWTLEALBLEID~OELITT T ZAOIER] % Fv TR
TX5.

—qeN(r,5,08 - dS == [cs - VN(r,3,0)dV (B-3)
S 4

XB-D)DOALDOFE 2 HBIX, #ELUZEDTFOHEETHY, HHsHoEH Hias ~
BELSh T2 bbb LTS, L, u lT8EUMRETHS.

— [eu, (RN (r,5,0)dv (B-4)
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KXB-HOFELOF 3 HA L, WIZ L DEFOBEETHY, FsrsE TRINEND
HFraHOLDOL TS, 2L, p lTRIURERTH 5.

- j cu, (V)N (r,§,0)dV (B-5)

KXB-HDOFELOH 4 HAX, BEICKDETFORGETHY, & T § 2 bsNER
DS ~NHE SN TE I FEHEDLL TN D.

+ fep, (0) [£EHN (5, 0dQ'aV (B-6)

KB-DWDOHELOH S HA L, JEENLONFOREZRL TS, qr,$,0) 13RO %
FAESAET 5.

+ [q(r,5,0d7 (B-7)

L EOBIRE Y Ay~ o ok HREAZEHNTE 5.

jMdV =—[c§ - VN(r,3,0dV = [ep,OON(r,5,0dV = [eu, ®ON(r,5,0dV
v at V 4 4 (B78)
+ j% (r) j FEL SN, S, 0)dYdV + j q(r,3,0dV

14 4z 4

MBS, BEEEZHNTHLbT LRy~ Ok RO —BIE L7 b,

13L(r,$,1)

~ +V-L(r,$,t)- S+ u,L(x,5,1) = i, IL(r,§', t)f(§,§')df)' +Q(r,s,t) (B-9)
A%

TelEU, p, = p, + p, FEEARE,  p THGEUREL,  p, 1 FRIURETH D, v=c/n I3l
HPOHXETH D,

101



C. P, i {il

Pyl &0, BRI AR e DN TR SN D XD R Z =N £ TL T 5B GIET
b5, BB, JEIR, ACFHBEEIIRITR T & O ICERmEFA AR 2 VTR 5 2 &
MTED.

L(r,&t)=z, Z¢z,m (r,0)Y,,,(3) (C-1)

S(r,$,t) = Z Zqzm(r Y, (¥) (C-2)
(.5 = 2/ +1 P A v R

Z g,b (8,8 )=Z Z 1 (8)Y),,(5) (C-3)

22T, Y, (QBEREMMBE CUTORTERTE 5. biakic, [=013%5Hs,
1&%52 YERLTWS.

1ol =10 (0.0)= (1" |2 e Y (cos) (C4)

P"(cosO) (TN ¥ » FADREZIEA LT, UTFTDOXIITERTED.

[l
BM(§)=(1-¢7) "’; R() (c5)

Z 2T, EkmaiAnREE o AR e 2 R T,

1
YO,O (97 (0) = \/4— (C_6)
T
V(0.0 == cos0 (C-7)
V(09)=— | sind e (C-8)
3 .
V0= sind ¢ (C-9)
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e ORI D G R e, SRR RN R £ B St i 7o IS, Bl T4y L iEl
INTELEPHMONTND. AHEICENTIE, SBERMFZHT LTV,
TS 2 P U TR 21T 9 L LT O & 1G5,

L(r,5,t)= Z ZLz,m r,n7,, () (C-10)

= Lo,o (r,7) Yo,o (8)+ Ll,—l (r,1) Yl,—] (5)+ LI,O (r,1) YI,O (8) + L1,1 (r,1) Yl,l (5)

K(C-10) T 7 v X L E ORI AT L &, 7oz 23
(C-1DHDEHIZI=0DHEZITTEES.

pr,0) = [ L(r,5,00dQ =47 Ly, (1,007, (5) (C-12)
ir
RER BT,
4{ Lo (6.0)Y, o (§)dQ =47 Ly o (1,) Y, o 5) (C-13)
4{ L (r,0)Y, ($)dQ= \/7 j de j L_ sin>0do=0 (C-14)
4}[ Lo (r,0)Y, ((5)dQ= 272\/% :;[ L,,cos@sinfdb =0 (C-15)
4£L11(r DY, (5)dQ = \/7 j ”"dqo_[LH sin> 0df=0 (C-16)

F,NT T T RCONTH K7L R EREEICEAITY) 2N TX 3.

J(r,f) = jL(r,ﬁ,t) -5d0 (C-17)

Kr77 o AE, KC1D X H I EnDd.
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£, SRz BRI ABEE =1 OIRIZT TR

§ ={sin @ cos @,sin @sin @, cos 6 }

_ /223 U D =1, 0, () + Y, )27, () |

(C-18)

ZLC, WO & AR A O BB A KRB TH 6 o
L@jgﬁ:J%?b;,—nnxn,—xﬂﬁﬁhﬁKLMQQ+QJKJ+waﬁ+LHnJ
(C-19)
Ubnt, F77 v 7 R LTOXEGDL ZENTE D,
J(r,0) = j L(r,5,0)§ dQ = \/TTE { — Ly + Ly (L, + L, )21, } (C-20)
ir

2L, Y, ==Y OBfRE AW TRR L.
KF7 T v RESARAONIEL, BEHEEDI=1DREAXNTHLLT LN TES.

A f27r . f27z .
J(r,t)-5= T{_ L,+ Ll,—l’l(Ll,l +L ), \/ELLO } T{Yl,—l - Yl,l’l(Yl,—l + Yl,1)>\/EY1,0 }
4 A
=5 2 L0y, 6

(C-21)

UbXvy, yHEEICE L CoRC-1)ERC2) L0, PR EHEL Z LN TES.
HIFICBE L CHIRETH 5.

L(r,s,t) =L¢(r,1) +iJ(r,t)-§ (C22)
4 4
A 1 3 A
S(r,s,t)=—3S8,(@,0) +—S8,(r,t)-5 (C-23)
4 4

DN, MO SWTE BEHER I 9.
L2/ +1

f(ﬁ’,é\):z gl])l(‘é:,"é\)
= 4r
=0 (C-24)

1 1
:4_(g0Po +3glP1):_(g0 +3g, COSH)
v 4z
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[6.9=2 > &Y,67,6

1=0 m=-1

= {goYo*,OYo,o + gl(YlT—IYI,—l + YITOYI,O + YI*IYII)}

_ L 2, -l—zgl(sinz 0 +2cos” @ +sin” B)cos O
4 2

=L(g0 +3g, cosd)
A

=L, Y, (80, (8) 1S - S=cos 0 A ETe.
Fro, VO FVOZHAO BRI T TH S.

B()=1, A()=¢
N ARBIS 2 BNLIRAIZOW TR T 2 &,

[7G\51d0=2 [(g, + 3¢, c0sO)sin0d0=1 = g, =1
4z 0

'ff(ﬁ’,§)f(§',§)d£2:%7](go+3glcosﬁ)cosa9sin9d6’:g = g =g
4z 0
W} AT, PLAHBEEE POl I LY, LTFOBRANELND.

. 1 1 ! . N .
VAR )=E(1+3g0089)=z 28,676
/

1=0 m=—
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D. LRI FHER DK

JEROCFH R OB LY, JEEOCFHE R OB RSCBERERZ RO L LN TE D,
£, IEBOCFEER OBRR LHEEEEZET L2 L&Y, BRR EOmBELSE
P OWINRESCBESRE R ELROD ZENTED.

PEHOC T2 BRI DBk % HER & B RS % .

— + /
PO T LR el /Y
D D D

PUEE D, SREOE TR B ORI T & IR T X B

1

2., 2 2 \4
+
K rear =Re(k)={uJ Sin(ltanl( @ JJ (D-2)
D 2 vu,

2.2 2 \4
+ 1
K iaginary =Im(k):[—v Ha S @ J cos[— tanl( @ D (D-3)
D 2 77
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E. XY BEBTE

EERHATRE X T X DMYE AT T 5125720, RRBEERNNTA—ZTHDH.
FHERITREIE, T AEETOR—NAITENHT W BEL S Th S, RITKLF
[ZB7= D TOVHBEBERED = & 2481, T 21 H 7= 0 EH H BT FEE
MAFHEDOW R THp/h S W& EITE Y Yoo, S EHBITRII LA U —#EL R T
IXHRAPEITE P e R TR I ND.

id,./szz (2a << 1) (E-1)

ZIT, dTEGEURFFOEE, O3V E BT, SITEEEL o TR, 4R
AHIEDOWRTHS.

R FEENAFDEOWRRRED L&, FHEBTRIIESE A TR TIN5,
s ) H HATROXMFE I —HEL T O b O T, fFREMIEATTICRH Y A TERSND.

Ddl/S=I" (2az2) (E-2)

Z T, dNIBGELRL O BERE, i3S FEERITRTH L.

X B BT, W HITROERIT, AR R TICHIZ O BELS TG,
WICHELO B A =T, EITHMEEZ ONDETOEHIBEEHCHL. 2F 0, )
WHGELARLF 2B T2 > Th, ZORIME TEITH M ZZE 2 bR TEELO L 5
IRinol=Z LT b.
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F B—HELICL SIS DMERHERROERE

Scattering
particle

F-1. EE{2 %

JEATER 1 BEEPNIZE TR m, 8 a OHELRR 7 DEAICFET 256525425,
ZACHRIE 1 O TE £ — ROV z ShEDOH I AT SED. AGEIZx e y 5

FIOWRAY Mg, & a, % FOTRATRIETE,

E =a_ exp(—ikz + iot)
H = a,exp(~ikz +iot)
BCELIE DRI O 7 1Tk A TREIR TE 5.
Eg = H(ﬂ = _ée*ikrvti{ut COS(DSz(e)

—E,=H,= —é e M sin g S, ()

22T, RIERES, (0), S,0)%,

= 2n+1
S, (0) = 7 (cos@)+b v (cos@
1( ) ;nn+1){an n( ) n n( )}

> 2n+1
S, 0)= z
n=1

{b, 7, (cos@)+a,r, (cosb)}
= n(n+1)

Thd, APIZHNDBEBITZNENRO LI ITERSND.
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_ 1 _dP,(cos0) g
7, (cosf) = g P (cosf) = “dcosl (F-7)
_d B ' 2 dr,(cos ) .
7,(cosf) = 20 P, (cos8) =cos 8-, (cos@)—sin 9—d oy (F-8)
_ 2,19, (x)—me, (N, (x) (F-9)
@, (¥)s, (x)=me,(¥)s, (x)
b, = mw% e, () -9, (y)co:’, (x) (F_10)
m@, (¥)s,(x)=¢,(y)s, (x)
Tz 1/2
%(Z)=Zjn(2)=(7j J/2(2)=8,(2) (F-11)
= 1/2
X,(2)==zn,(z) =—(7J N,.12(2)=C,(2) (F-12)
1/.2
f 0=~ Z] He) (F-13
H?(2)=J,(2)=iN,(2) (F-14)
s.(2)=0,(2)+iy,(2) (F-15)
FFEL, MRHEFEm 1L, BEK T ORI m, LB ORISR m, L0 RShD.
m=m, /m, (F-106)
¥ = ka = 2 _ 27m, (F-17)
A A
y = mka (F-18)
WIZHF-1) & (F-2) LV (0,¢) T II~DEELDOFREITIRO L HIZRKEND.

160.0)=|E,|" +|E,|

_ k} _(cos ¢]S,(0)) +sin” ¢[S, (0)) (F-19)
r

1 , NP 1
= e (cos® @-i,(8)+sin’ ¢-i,(0)) :kz—F(e’ ?)

2
%
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ERELWTER C 13 EHELE N L ANBENBEEDOL TERSN LD TRDO LIRS,

C=m’Q= kiz j F(0,p)do (F-20)

ZIT, QNGRS 2k OB AR THARAL L7 b O THELD R L IFFEN 5.
F(0,9)=1i,(0)cos’ p+i,(0)sin* ¢ (F-21)

A(F-20)% dow =sin 0d0de %= FH\ TS 2 FTT 5 &,

{i,(0)+1i,(0)}sinfdo
(F-22)

N|N ><N|_

- = Ji
X [

SO BHELED S BRI ICEELESN D E ORI H L TQ 23H T ERD L)
272 5.

cosf-Q= C2
ma

_ Lz ”j{il () +1i,(0)} cos Osin 00
F-23
n(n +2) - 2n+ 1 . ( :
= 22 Re(a,a., +b bn+1)+ Z (a,b,)

n+l
X p=1 1 —

R E BT, B B R TRITES - EHEL SN T LB MEZEZ bNDHET
DEEHEE ER L TWDOT, BIFICHEL S NI BARSIIHEL S e ol b D EE %,
Z2LBIWTENPRITZR LRV, E> THE B BT O—KiRERIT, 74 A
BB DR DEEEE A n & LT,

1 1

["=——— = (F-24)
(I-cos@)-n-m*-Q (I-cos&)-n-C

L%, WELNEGTEOBE, cosf=0L725DT, T HBITRIOEFRT,

I (F-25)
n-m--Q nC

s,
Bk #2 72 BOELRL 7 DN FUCAFAE T D35BT, S ELRL 712 £ 2 3 B B TRE &2 ST
IZRODVEND 5. BE I T FFEOBELRL - DMFET 256 O BGELBVE O sk 1)
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HHEATREIRATR TN TE 2.

1 1 1
/ I Iy

H\;l,_.

A BELEREL 1) & T8 B TR I ORI OBER N & 5 .

ILls _l_*

UEEY, 707 AEENHMTORELBG M2 2 LN TE 5.
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G EtRIVAT LA

G-1. ¥ L—H—

# G112, HIRE LTHWRER L —F—DFpE L £ L7z, R L —F—in
SOOI mW ICHIBR L C, et la2BE L. PERL—F—ixL—F
—=~ 17> (TCLDMO9, Thorlabs) (2% L, L —V—B#EERK = b7 —F— (LDC500,
Thorlabs) &R = kv —F— (TEC500, Thorlabs) % H\ T, YeHi T D% & FE % e f#
THEOICLEE, "M T AT LY, REEFLZEERL—F—ICAH LT, ZHFHEN 1
(2722 X O ICBERIEAF 21T > 72, REEZEHNTHEZFRICHOVTIE, RG21C
ZORMEEF LD, FEEIEEILIE, 10 MHz O2RAGE 2 AW TR S8 TLEEIC
I S Wz G-3 IZART LI FE R L —F = b A St deskm L > X
(C110TM-B, Thorlabs)iZ & » THEX LT, a7 625 um DX 7 7 A 73— (MBIL02,
Thorlabs) (27 v 7' 7 ST,

& G-1. FEERL—F -0

Model Mitsubishi Thorlabs
ML101J8 LP780P010
Wavelength [nm] 660 780
Optical power [mMW] 40 10
Threshold current [mA] 57 25
Operating current [mA] 117 40

= G-2. EB RO

Model Agilent Technologies Kenwood
E4422B SG-7130

Frequency range 250 kHz—4 GHz 100 kHz-1.3 GHz

Output level -136 dBm—13 dBm -133dBm—13dBm
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& G-3. ASTRAE T 74 1\ —D%iE

Model Thorlabs
M31L02
Type Graded index multimode
NA 0.275
Core diameter 62.5 pm
Cladding diameter 125 pm

Laser mount
TCLDMY

Aspherical lens  Aspherical lens
C110TM-B C110TM-B

Optical fiber
M31L02

....... T

 —

) Core diameter
Laser diode 62.5 pum

MLI101I8

NA 0.40 NA 0.40
f(mm) 6.24 f(mm) 6.24

G3. L—HY—HDHXT7A/N\—~DHY T )T

G-2. Z%%

FGA4ITRT LI, 30D HBFEFITHONTHRFNEIT-72. 74+ NF A F— T (PD)

HIZIRET 20, BHOMIERMENZOIZ, @RE e A RERT (1 >10
em) A L CEEIEHOLEZ N TE RN o, TART Y 2T NEA A — K
(APD) I, EEITIGE LHEIEED 25 10° HV, @REa oA FERT 2| L Tx
TR T H N TE. L, RS BREAMOEREEZ 50 mm L EICL
TGEE, RO 22T 5 Z E RN TE R o B TR 1L, IR Y 400 MHz
EFTLNRVDR, BFOZhHEMBEHEEENREL, EFICEHREa o4 NEK
(250 em )Y THHETHZENTEL., 22T, M GAITRTHA KA VRONE
FHIREE (R3896, Hamamatsu)Z V5 2 & 12 L7z, SEEE HEEE , FEJEIR (C3830,
Hamamatsu) % VW CTE/EA 800 V 225 1000 V ZHIIN L=, F7-, y‘éa@%tﬁﬁ{*ﬁ% 50D
HAME B Z RS 272012, HEFEEE HE#ET > 7 (C5594, Hamamatsu) 4 UMz,
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ZOEET 7 OEFIT 36 dB T, Z OFEMEECHIEIL 50 kHz 7°5 1.5 GHz Th 5.
Flo, TAH RNFAFT—RETANT o274 NEAA—RFHIZ, & 5 ITRTaT7EN
400 pm DY 7 7 A 73—(BFH48-400, Thorlabs) %, JEEFHMEEHIC, £ 6 lRdT a7
£ 1mm D67 7 A 73— (FT-1.0-EMT, Thorlabs) & AV 7=, 7=, HAEZHR T 57
DIZ, JE P %L 500 MHz £ TEHII T 54 v 1 A 22— (5460B, Agilent Technologies) % H
AV

= G-4. ZTHARFOHMN

Model Hamamatsu Hamamatsu Thorlabs
R3896 C5658SPL 4675 DET210
Type Photomultiplier tube = Avalanche photo diode Photo diode
(PMT) (APD) (PD)
Spectral range [nm] 185-900 400-1000 200-1100
Diameter f [mm] 28 0.5 1
Gain 9.5 x 10° 2.5x%10° -
Time response <400 MHz 1 MHz-1 GHz <1GHz
Light
Photoelectron
trajectories ) Glass bulb
Grill
ro
O Anode
{> ~ ("
Photocathode 9th Dynode
st Dynode
2nd Dynode

G4 ¥4 A VEAEFIEREEOHEE
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TEBOE T4 LI 2 5206 T & 5 B R O 2GR M8, 100 GHz TH 5 Z & idak~
T & BIS, AEBOTRRADEIE T & HHiH T, mBEMEHZIE L £ 5 & LEGA,
ZEIEBHNE 3 GH FR L CTHIIR S 5. A, SEE T E 2 Voo, AR

¥ 400 MHz THIFRE 5.

& G-5. BERLT 74 1\ —D%iE

Model Thorlabs
BFH48-400

Type Step index multimode

NA 0.48

Core diameter 400 pm

Cladding diameter 430 pm

& G-6 ZHAXT 74 1\ —DFE

Model Thorlabs
FT-1.0-EMT

Type Step index multimode

NA 0.39

Core diameter 1000 pm

Cladding diameter 1035 pm

G3. AvOA U7 FIZDT

2NFH 7 > 7 A > 7 > (5610B, NF Electric instruments) % H\C, JLEOE 5 E
OE LA ERE LI, ZORry 2 ATy TOEALF Iy 7 Y HF—T13HRKT 110
dB 5. AJIMEH%V,(t)=Acos(wt+¢) & LT, BRUEZ AV, (f)=Bcos(w,t) £ T 5.
G-5 lIRTIRAHENOH SN LM EZV, () 1Tk TERIND.

V;@):iggﬁmsuwi+a¢)t+¢]+cosuwi—a4)r+¢ﬁ (G-1)

T —/ A7 4 )LV —"TCRIEEITEY BRI, ZBRE7E 055 DT,
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V(0= cosl(@, - 0,1 + ] (G-2)

Li%. ANERLBRIEERE LV L X(0, =0, )L, B—S27 4 L —hEOH
PATEN R AR

m

/= % cos ¢ (G-3)

ZITC, WEHREANMEEOMREL, AEFSELSRIEFOMAES ITKFT L L
[Z72%. 22T, ANMEGOBEEAMMEZREST 2720121F, ZRIE S OMAEEZ AT
L CHI DR RIZR D 85250, 90 RN TS RIESEZHEL T, 2 DOAHHE
TR LT, ANOMELAEFEREZIRO T2 L1225, £, BFOony 7407
VT, WMARRKOIIC, ANOERROFENEEZFTEHICB=V2 L5 T
W5, R 2R v 7 A T T, KIG-6 IR T L DI ATIE A 2 Db
o, ENENDEFT % coswt &sino gt DERETEHITELELZ LITXY, ANE
T ORE A LNAHOEIRET D.

Input signal Mixer R Output signal
Vi (1) VWA —o0 V,, (1)
C
Reference signal 7777
V()

G-5. B9 4T v T DEKER
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Input signal Mixer R Output signal

Vi) o—e >(¥} MA—o—0 X(1)
— C
Reference | Cos(@it)
signal 7777
o—=e
Vi ()
Phase
shifter | sin(mt)
Y R Output signal
»® M ——e—0 Y (1)
Mixer —_— C
7777

X G-62WBAYIA 2T TOERER

G4. T—2WMBAE

G-7 IZ7~:9 & 5 IZ LabVIEW7.1 (National Instruments) % HW\ T, A7 —Y® = |k
= lmy AT I NEDT ARG EITol. AT —Yar ha—ig,
RS232C #EfEHA— FTH 2 PCI-4155 (Interface) & 2 O AT —Yar tr—7F
SHOT-602 (Sigma koki) Z /I LCT{79. HE)ZA T — SGSP26-200 (Sigma Koki)iX, @)
ERIAET 200 mm BENTE 5. 72720, 2@ L TEF v o RAEBRARELTWDHD
T, YWoBRZTHB L. £/, vl T o7 b0OMELMHBOT — 41 GPIB
813 R — K PCI-4302 (Interface) % /- L CHUS L 7=.
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LabVIEW 7.1

I
PC

| | GPIBi@{E AR — K

PCI-4302

| = N BV G i

5610B

RS232CiH G A — K
PCI-4155

I'

-

2HhAT—Tar tu—7F
SHOT-602

2R T —Var bu—7

SHOT-602

SGSP26-200(X)
SGSP26-200(Y)
SGSP26-200(Z)

SGSP26-200(X)
SGSP26-200(Y)

G-5. ZDith

= G-7. HEHFOEFHE

X G-7./8YVaVEY OERER

Model

Mini Circuit

ZSC-2-5

Frequency range

10 MHz-1500 MHz

Isolation

30dB

& G-8. BAHFDEFE

Model

Mini Circuit

ZP-5

Frequency range

20 MHz-1500 MHz

Isolation

42 dB
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£G9 O—/IRRT4ILE—D4H

Model

Mini Circuit

BLP-1.9

Frequency range

0 MHz-1.9 MHz

£ G-10. NT—T7 U TOHH

Model

NF Electronic instruments

4005
Frequency range 0 MHz-1 MHz
Gain 10-100

L, NU—=T o AEa v AT TOERBES A 50 fEICHET S =D N

7.

= G-11. B=EFOEMH

Model Tektronix
011-0059-02
Spec 20dB (10x) 50Q 2W

72721, BEHIL0SC2 & 0SCl ZiEET 5HiD, OSC2 Iz A=,
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F. RIFEHCHE BRI DTN HLEE

R o v A RYAIR T CRMEHLG N 2 B BT, TR OOk 7 DREEE & ThRRIC &
S THENOREIRY NET D, -, EEGELEVE Th 2 AR & Tk, AR
FROBENNZ J 0 RIUREL & BEURERICO R D D, 2O K 5 R REEBVE hCix, Wi
BRECOBGELR BN ZE IR AL T 2 BB T 2 BKim K & L ek L W 2 inBot+
BEREWE, WRINAREL & BELER B D ZE I EARIZ K o THE R B, & OIHOL T HE R O
BHOER IV, REEBE P O BREDO BN (L 2 EBIL T 5 2t RN TE 5. 2
O AELEEENE O W B iR 2 15 5980 N E ST 7 4 —IZ oW T, S E S ERMEN
mERTWD [106-110].

F-1. WIRE I FICH TR HHIEE

WA BT BELIR B S ZE BN AL T 2 856 OEERE T I OW TR ER e &
TW5 [36,37]. £, WIREMAZEMPIZEILT 2L EIZOWVWTE XS5, WIRED
ZERS AT B OREICIE, RO X HITEFRT A LN TS,

Mo ()= 1,4 + 0, (r) (F-1)

ZIT, p IEROWUREE T 5. S, (r) X2 & 2 WIR 2 LB % &
. F-D)ZRQ-1DITRAT D &, WIREL DN ZE [ 047 & FF O BVE Hh C o YR 2
XRE 5.

[W+H &“”yu»—Sg) (F-2)

Z DO AR S Z2 [ 53 A0 e FEOBVE R T OO R A A i < T2 oI, RV U RBREE
MAn5g. AV CRBIETIE, HOAME TSN 7V X%, YWHEREE %
ot U C & 7230 & B O WIAR B D 2E IR ZRAL D 52 8 2 52 1T Tl L C & T HOMRIE
LAY TRAD L ICERT 5.

¢(l‘, r, )= ¢0 (r, r )+ ¢ab (r, r ) (F-3)

TIT, 4 BEMETROE, 4, RRIUR O RO BB R T T e R
K ELCRTE D10, v RO, kb AR
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Heterogeneity

__.»® Detector

d =y

X

F-1. REEELH LS EEDMERR

A(F-3) 2 A(F-2)UTRANT 2 &, BUE IR ER D 22 /M 5040 D3 & 5 556 O IR 2
NIFKDO L S22 5.

[W . 5“”](%( )+, ()= 200 (F-4)
C D, RO R G TR S,
(V2 4K () == 20 (F-5)
KE-DPLRF-5) 2L &, @, IOV TONIEFITRE/LZENTES.
(V2 520 ) = 22 g )+ 1) (F-6)

HWE RS EBE L7 — B ERHWD L, KEFE-6)D ¢, (ZxT DR H R
IR D L D27 5.

5,%( )(

b (r.1) == [Gr,r’ Go(r'.x) + 4, (', x))dr’ (F-7)
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Z 2T, RRTRT AN TP EHANDS.
P (r) << @, (1) (F-8)

XE-NDIZ, RVl 25 & WIERE DS 228 7070 2 £ o856 O Seiioi 2 =iz
ST HMERKD LI ICEHTHZ LN TES.

1o)
80, = 10— [P g 0 )G, (F-9)

L, v i RHBORE LT 5.
F-2. HELR#B I TIZHmNH SIS

HEURE DN ZZ BN T A AT OV TE X 5. BEURBD 2/ 5 2 B o8 E
WZIZL PO L HIZEFRTED.
D(r) = D, + D(r) (F-10)

ZIT, DOETE B OIEBARE L 5. 6D(r) 1ZZE R & BRI L B A F T
727U, YEEARER DIZSEMIEELR R 1 T, D=1/Gu)) L EFR SN D, ALK
DNZERY oA A R O E T O IR FRRUIIR A TRLR 5 2 & R TE S.

~V - (D)V(r,r))+ 1, (r,r,) = jo/vh(r,r,)=S,(r,) (F-11)

HK(F-11)% - D, THIV , JBBIT 5 & MGELEREAZER S5 & BB Co ko it &
B5H L RTED.
(V2 + &2 )p(r.x,) =V -(3D(r)/ D, ) V(r,x,) = (6D() / Dy W2(r,x,) = =S, (x,)/ D,

(F-12)

BELRB D ERIOM 2oL E T, AV VEEZHWTEF7 v 22 RA TR
WTES.
¢(r7rs) = ¢O (r7 rs) + ¢sc (r7 rs) (F_13)
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JEBHT % & BGELERE AN 22 [ 75 A % FF DI T O SR i R X E-12)1I2 (F-13) 2R A L
TREHTH ERXE55.

(V2 +k2)gyror) + (V2 +k2)g, (ror))

+V (6D(r)/ D, )- V(g (r,1,) + ¢, (r,1,))— (6D(r)/ Dy IV (§y (r,x,) + 4. (r,x,)) = =S, (x,)/ D,
(F-14)

L (F-14)0 5 BEIVE th O RIEH T RRR(F-5) 2 OV T, Rl (4, (r) << g, (r))
ZHWDE, ¢ (0)ITRT DI RA A BN TE 5.
(V2 +52)g, (r,r,) ==V -(5D(r)/ D, )- Vy (1r,1,) + (8D(X) / D, W3¢y (r,r,)  (F-15)

WY RBE RS EEBE L7 ) — VA AT, (F-15D ¢ 12kt T 2 FEy %
B/HZENTES.

§,.(0,x) == [G(r, 1)V (D)1 Dy )V, (', 5,) = (D) DV, (', x)]dr (F-16)
R(F-16) R TBT 5 &, Ffe M BALIR SN 22 53 11 4 B D8 & O HA O R AU
LEHTLHZENTED.

oD(r)

P, 1) =y (o) + [

Vg, (r,r,) - VG(r,,r)dr (F-17)

F-3. WIRFZH EFEARBE D IOV H LGS

WL ER S & ELAREL L b IZZER AT 2 R 256 ORI R AUTR O & 9 IZRER T
5.

=VD(r)-V(r,r,) = DOV G(r,1,) + 1, (0P(x.1,) = jo/vh(r,r,) =S, (r,) (F-18)

R(F-18) & 8 HH L CLEMMICE L LW IAZ £301Z, RSB T 22 HI0I10F &
5.

Vi) - L ) 4 i) =
1 01 0 S, (r) (F=19)
r
S~ V) V) + M) i v )4 3[ua,o - j%jéu; (OF(r.r,)

22U, wm)y=pl, +oul(r) ET D RE-INTRT IR AL M &, RIREK
& BRSNS i 2> TV A BRI O W TONF 7NV A&l 5 =
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EMTED.

oD(r)
DO

30,0 =80 00,m) - [P 1) Gy e+ [0V, (1) V6w 0 (B-20

R(F20)DA47 L D 1 HIE, WEEE R OIEf R T2 Tchd. £/, A8
D 2 TEIIWIARER D ZE 34 1C & 5 T, 55 3 THIXHELR B D 22 W /0 A \2 K 2 s
ERLTWD. 12720, Sul(r)/ul,=dD(r)/ D, & Liz.

F-4. EGBERT LI XL

WA RSO FELAREL A3 22 1] o3 A & RO AR EE 70 s WGELEEE Hh Cik, Al Cilk 722X
(F20) TRk T2 2 LN TE D, 22 TlE, RYEREELEE 25 L T & 7Lk
SeTFEEW DOBREE LA DORET — & K0, WINEREL & BEELFR I D 22 M3 A 12 D W T
BALT 2 Z L 2B 2 5. BGEMAERELT O 7-0I21E, WA LERHD. LL,
ML HEL S D AN E e @ BELVE O YR D 2B i 2 R0 5 T L, #MER
eI ICHEECH 7. 22T, ARERERSET ST OV REREZHWT, R~
B 72 E LI E OWIR & FAHELR B M 2 RO DN s TE e [112]. &
b OFIETIE, WIRE L SMEELRE A 2 E U CRFRE A # 0 IR 372012, FEFIC
FHRICHRA DN D R EOMBEN D > 7. £ 2T, @IS REYE 7 dEELE o IR
B & EAMBELREL D 22 /94T & B b T 2 BB R T L T U XARRKRD BTN D.
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AWFFET

4 P Rk

5y
ey e A i
NHE &
L RIURE A BEIRR

X F-2. ERBEROBEX

13, IR E & HGEAREL D ZE M 0 AT A2 X F-2 12”9 8 9 1200 L Tk ¥ 5.

ATHET TR 7= K 912, REE 72 &S BELE T 2 Bk 3 2 Yeda i o st 3 2 fgid =X
(F20)CERTZ enTxs. N(F20)Z BB LA HRERICERT 5 L kKX TR T

5.

=77 L,

] Lo - [ ou,, |
¢(”d,1a’”s,1) s (”d,l’rs,l) 1 !
¢(”d,1ars,2) ¢0(’"d,1’rs,2) Alaf Alaf, Albi Af; Sit
: - : N Do, &5” (F21)
$roror )| [dolone)| |48 a2 ar a4 |
L ¢(”d,1a”s,k)_ L ¢o(”d,/”§,k)_ | D, |
i=k+1 313,
W AvAyAz
At =2 g o Gy ) (F-22)
DO
 AxAYAz
A5 ==V () VG 1) (F-23)
0

ST, m (= kx DITEREE, I 3RR s EAMERL TG, R EALLIE, 3K
TEDSEFHFERENANDZ L 2T, kIO, HIZHHBOERLTWD. Ax, Ay,
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A IR BNY A X THD. £, ACTRIIC X 2882 L TBHITY, 4 3HEL
CEDHEERTBINTIOERZ 2R, TLTRO LI IATINEZERT S.

I ¢(Vd,1a’”s,1) 10 Py (’”d,l””s,l) 1
¢(rd,1’rs,2) ¢0(rd,1’rs,2)
®= : - : (F-24)
¢(Vd,l—17rs,k) ? (rd,l—l’rs,k)
¢(rd,l Tk ) L ) (”d,/ Vok )

A A A5 Ay
A= ¢+ |, A= L e (F-25)
Ay A, A o A,
5/%,1 éDl
op,=| : |, dD=| : (F-26)
M, oD,

772U, SRR oD 1AM ELAREAAL o) 1E, Gl =—=3p.2D /(v + 3u;6D) DBIFR
IKhD. ZIZT, @, A, ACOFBERITERLTH LD, RE-2DILIH &l
AL TR D X S IcEik T 5 D M TE B,

{Re[Q]}:{Re[A“Z] Re[A“]}Fua} (F-27)
Im[®]| |Im[A“] Im[A*]| 3D

W fRE & BELREIZ DWW THEB FAERR 21T 5 O T, BHATHIOW T ZRDH Z LI X
D, dp, LD ERDDHZLEBTE 5.

{ﬁpa}z{Re[A“b] Re[A‘ff]} {Re[fb]} (F29)
oD Im[A“] Im[A*]| |Im[®]

—fREIITIE, BUMATANIIEIEFITANC R0, £z, BT —Z 23/ A4 AR mb 5. #
T, T AR T O RIEATE [46,111,112]1% H\W 5. BUATTHI A OWATHIAY 1ZT ¢
R T O—HATH VIR TERSND.

A" =(ATA+al)'AT (F-30)

ZIT, aldEAHE AT A—=F, NIEMATH 2T,
F3 ([CEGEMROmNEZTRT. £7, FYERE 2k L & 2itBotr#
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FEW DFREE & ALFR 2 RIE T 2 . EBOE T8 BEIR ORI 2L AR 2 JE L T2 o ThiAR
HEZATV, $st72f Al 2 HEE 3 5. 2 OJEROE T B ORE L (i T — & ##H5

FORICEWT D, OB TFEEROWET —2 X0, 74K 70— Blbi¥ifT5%
MWCHBE A ff &, REEEEN TORIRE & BELREA i ZRkD L. 2L T, &~
B N ORISR EL & LR i & b &1, IR iR E AV CIER R & fig &
JEHOE TSI OBRIE LA RIR LV RO D . ZOFHEIC L o TR - fLHOE 75
W DFREE & AR, HE U7 IRBOL R B OB LA & — B 5 X OIS, RITRT
FHmBEE A WS Z i Ko TR b AT o 72,

Re[#, o |- Relpye ] Im[g,,,,, ]-Tm[g,,, ]

v g, ]

(F-31)

TIT, s EE LT EEOE TR RO T I AT X, g ERVE LT RO T
EWRONA TN AR L TWD., £72, mITETNANRTA—=HEZRKLTBY, T4
AR T7OERAULRT XA —F LN FEMIEEAZ EWRT 5.

RO TR ER ONET—s LR

' a“( = Re[A"" ] RE[A ] Re[q}m (1 ]
i e L tmfA”] 1m[A<]| [1mi0,e] | ¥~
I
l S e ERILAT A — % O
Wi
I ; .
Re{0., ] _[Re[4”] Re[4*]] 8y,
Deas Im[¢(.,,;(- ] Im[A”h] Im[A4™] Bp :
\ /
RET — T — ¥
ST \ ¥

Re [[brm'u.\' ] —Re [¢'c'm‘c- ] + Im[{pmm.\'] - Im[q]mh- ] JE '“f,

Re[0,,,] Im[o,,]

'

wﬂ%&&ﬂLW&wﬂMﬁﬁmm

HF%.E%%%&@%%

f(m)=
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F-5. AIESH

HEFREHT I F—4 127 d, 195 mm x 195 mm x 60 mm O [ GAOR Y 7 Z — Lt
HE& Wz, X F4 IR LIZIREDOERS O x — z Wi X % X F-5 12797, KR & Az
EIE, AR 72— U D/EA 60 mm Z B A T2 EICZ L E 0 5 mm (58 Tl E
U7z, IR 13 s & URTHAIE 13 50 & Uiz, B L 7= ol 158 FE i O B8 & A7 A
DT —28%, K169 &%, £, FRICHVDIRZ BB x @A w5 2, 2
f A 6 0T, FF30MEARD. R EMT 1AM 10mm O HKE Uiz, WIUREK
EHELREE b 2 B 2 5 B & LT, AR 20 ml IZ%f L CEH 0.1 ml Z#iREG L2k %
Wiz, X F-6 OO L & B OIRGIR T, AAFRLTHD. ZDRAR
X PS5 IORINLES, AR 72— HIEIC 13823 10 mm O GERO & BT
ThE LIAATE. BIF-7 LI F-8 12, MIEICHWHARY 74— O EEZ#HE
5.

60 mm

F4. AIEICAV-BER) 7E2—ILEEOHIKEEY
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50 mm

60 mm

YR S13 o
M A13 @

13X 13 =169

IR/ I g

————————————————————————————————————————————

— | |=—5mm

F-5. ABRU 72 —ILEED x -z BrEX

B F-6. EYMELTRHWV-ETLFIADRER
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BF-7. BIEICAWV-BERY 72— EEZ LN S RI-EE

B F-8. BIEICAWV-BERY 72— EEZAENISRI-EE

130



-6. AIEHR

I, EOMEL 3 @S LT, REMARUERREZ ST, K F9 IR X
, KIEAE A (-5, 0, 60)mm, B (0, 0, 60)mm, B (5, 0, 60)mm (ZFCE L 7= & & OFLHOE
%&F&@%ﬁ&um@ﬂﬁﬁ%_omffmé

50 mm

""""""""" e o SRR
_________________ R L e A
N B
=3 [ N — b
| i i lomm || ACS0.60)
eefoeeeenneeeed. B (0,0, 60)
T T R RO )
-
ABC

BF9 BERUT7E2—ILEIED x—- BTER & ALROAE A, B, C

FEIF DY A (-5, 0, 60)ymm (ZFALE S A7z & & OFEEOE B IR O R & AL AR ORI E
B2 F-10 1279, MHEHAO x FEEES 0mm 75 10 mm OFFT T, BYoZic Lo
T, RO THBEROMENEEL, MANEBERTHDZENbrs. Zhix, By
B A OREGIRE AV TVH729D12, WINEREL & BERE E B OB L ) K& <
2o TNDHTEDThD. BARMITIE, BEYOWIRENRE VO THRENBRT L. £
LT, BMOBESSREDBKE WO T, BENTIECE THEEROBEENEL 720, [itd
DENDDTHD. HIFEA B (0,0, 60)mm (ZHELE S 7= & & OILHOE 5K 05 )JE
ENABDOBERERZ K F-11 (R, RO IEmMICEMNRE SN TND2DIS, B
SO x FEREDY 0 mm {38 C, JEBOC MBI OMEENHE L, MAHPENLTND Z &2
DD JIRAD C (5,0, 60)mm ([ZELE S V72 & & OPLBOE 15 L D58 FE & AFE ORI
ERG R 2 F-12 1277, K F-10 DA & BT, B Ao x FEIE2S-10 mm 725 0 mm
DFFET, BYOKEIZ L > T, IEBOEFEEEOBENREL, AP ENLTWD Z
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ERbnD. ULEORER XD, WK L TR ZFRATMECHEEZ T 5 &, BYo
B X o THEBOE B OB EMHEPAKRE BT 22 Enbnd.

ARE T, HIERONED x JEFEIEZ-30 mm 75 30 mm F TS5 mm [EfETEEIL C
JEBOE T IR ORIE L A OWE Z4T > 7. RG22 IR O Se g =k
(b3 D MR A O CRF-3 DI R TR RIS A W CRai b 24TV, B EA A %
1Fotz. B AT TR, T4 & 7 7OEANL/ ST A —212-10.482, (LA IEEX
322.64 degree & 725 7= [X F-13 & [ F-14 [ZWIEREL D Z3 A6 1200 T O [E {5 P A Al s SR
Y. B, oF 0, WIUREELE 5 2 - HRFTICRIUR R OB AR5 Z &
TE5. SHIE, BRAEKRIIEBHDEENTWVWHDT, WIFEENRKE Lo TND.
B F-15 & [X] F-16 [ ZZAMBGELEREL D 5347 122 C O iR PR s R 4 7~ 7
WM EREL 53 AT & TRIRRIZ, 524 2 Bl iE U 72 AT (O Sl HGEL R B A L S iR T & 72, S BT,
BAERITIITFANZTEN TN DO T, FMHEREDARE < RoTWVD. £, BEYI
L DM SR O ZL &L, FHLOBMBELRE 4] cm 22 DR Y 7 H — LRI D
SAMEGELEREL 8 em ! 2B\ e, 33 em ' FREE L 72 DL BB EAERUERIC K D B LD
SAREGELR O Z L&Y, 347 em ! LRV IZIETTAE Y OEE R LT,

L 1 1 I I | 1 1
50 F
—o— Amplitude
—ae— Phase 20
__ 45 F
o 4.0 &0
e 112 5,
L ]
2 35F 8
5 18 &
5 3.0 |
) -4
25F
P R SR SRR SR SRR SRR S 0
30 20 -10 0O 10 20 30
X [mm)]
(z =60 [mm])

X F-10. IR %(-5,0,60)mm [ZEELIzE TDREATOLBAEFZERDAERERE
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4S5rT—T—— 1T 1 T 71 —71 20
—o— Amplitude -
—e— Phase 16
= 42
§=
= —
< 112 8
S 391 o
- =
2 g 2
= . <
£ 361 &
<
4
33F
L 1 L 1 L | 1 | L | L 1 L 1 1 0
-30 -20 -10 O 10 20 30
x [mm)]
(z=60 [mm])

F-11. #iR%(0,0,60)mm ICEEE L& EDRERTOILBRAFEEROAELZR

T T T T T T T T J 1 L 1 ' I
50 F . i
—o0— Amplitude
- 20
15 —e— Phase
g - 16
= —
5 40f
= 112 &
2} i =,
=g 35F O
= (a W
30F
b 14
25} ]
40
-n 1 1 | 1 | 1 1 1 | 1 | 1 1 1
30 =20 -10 O 10 20 30
x [mm]
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F-12. 3£IR%(5,0,60)mm [ZEE L1-& EDRE R TOIHMAFEERDBERER
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Absorption 2.0

coefficient 1.0
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0
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25 0

-10 x[mm]
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55 -20
X F-13. RIURBSFICDOVWTHOESRBERER
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Reduced 50
scattering
coefficient

[Cm'l] 10
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0
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55 -20
K F-15. SMSE RS FIZ OV T DERBEERESR
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F-7. &8

W MAR S Al B ELER N 53 A 2 B O BREL BB T O W g A 2 AT o 72 R
P N O WIAR B & S L ELAR B0 AT 0 W g IR FE A A A 4T O 121, W R A R <
WEINN D . WREITFER S ) A ADEELZTRTWeDIZ, T4/ 7OEALE
BALL. &6, RYEBEOIRZZIE Lo iU 22 8H L T, &
TN EAEo Tz, WiE B R ERER 1T - To R, WIRER & S MBERE M Z kO 5 2
EINTET.

ZIVET, ARERESLT T ANV EEZHNT, EBELEVE OWINEREL & Sl
SLERE M 2 RO DB N SN TE 2. THHDOFETIE, WINFRE & S BGELREy
EARE L CEHREZ M KT 7201, FEFICEEICREM D 0570 EOREDNH - 7-.
ZhCH LC, RN AR LwE T v 2 XA EAViIE, EEICEE TE 5.
LU, mEEE 2 J0E LT, WUERE A & S LR B oA 2 o0l L CRmak L
T BN STV, ARBFZE T, ABEEEEERHE IS W THRET VT X%
AWT, WIS & B liicEL RS 2 ol L Clifg k9% 2 LISk L7z,

136



S5 2K

[1] D. G. Dalgleish, P. A. Spagnuolo, H. D. Goff, “A possible structure of the casein micelle

based on high-resolution field —emission scanning electron microscopy,” Int. Dairy J. 14,
1025-1031 (2004).

[2] S. Sriaorkul, L. Ozimek, B. Ooraikul, D. Haziyev, and F. Wolfe, “Effect of ultrafiltration of

skim milk on casein micelle size distribution in retentate,” J. Dairy Sci. 74, 50-57 (1991).

[3] R. Gebhardt, W. Doster, J. Friedrich, and U. Kulozik, “Size distribution of
pressure-decomposed casein micelles studied by dynamic light scattering and AFM,” Eur.
Biophys. J. 35, 503—-509 (2006).

[4] P. W. Hansen, A. S. van Brakel, J. Garman, and L. Norgaard, “Detection of specific sugars in
dairy process samples using multivariate curve resolution,” J. Dairy Sci. 82, 1351-1360
(1999).

[5] A. K. Hewavitharana and B. van Bakel, “Fourier transform infrared spectrometric method

for rapid determination of casein in raw milk,” Analyst 122, 701-704 (1997).

[6] R. Tsenkova, S. Atanassova, K. Itoh, Y. Ozaki, and K. Toyoda, “Near infrared spectroscopy
for biomonitoring: Cow milk composition measurement in a spectral region from 1,100 to

2,400 nanometers,” J. Anim. Sci. 78, 515-522 (2000).

[7] S. Sivakesava and J. Irudayaraj, “Rapid determination of tetracycline in milk by FT-MIR and
FT-NIR spectroscopy,” J. Dairy Sci, 85, 487—493 (2002).

[8] D. M. Haaland and E. V. Thomas, “Partial least-squares method for spectral analysis. 1.
Relation to other quantitative calibration methods and the extraction of qualitative
information,” Anal. Chem. 60, 1193—-1202 (1988).

[9] P. J. Wyatt, D. T. Phillips, and E. H. Allen, “Laser light scattering bioassay for veterinary
drug residues in food producing animals. 1. Dose-response results for milk, serum, urine,
and bile,” J. Agric. Food Chem. 24, 984-988 (1978).

[10] S. Meyer, S. Berrut, T. I. J. Goodenough, V. S. Raendram, V. J. Pinfield, and M. J. W.
Povey, “A comparative study of ultrasound and laser diffraction techniques for particles

size determination in dairy beverages,” Meas. Sci. Technol. 17, 289-297 (2006).

[11] B. J. Berne and R. Pecora, Dynamic Light Scattering with Applications to Chemistry,
Biology, and Physics (Dover, 2000).

137



[12] R. Gebhardt, W. DOster, J. Friedrich, and U. Kulozik, “Size distribution of
pressure-decomposed casein micelles studied by dynamic light scattering and AFM,” Eur.
Biophys. J. 35, 503-509 (2006).

[13] D. J. Pine, D. A. Weitz, P. M. Chaikin, and E. Herbolzheimer, “Diffusing-wave
spectroscopy,” Phys. Rev. Lett. 60, 1135-1137 (1988).

[14] G Nishimura, K. Katayama, M. Kinjo, and M. Tamura, “Diffusing-wave absorption
spectroscopy in homogeneous turbid media,” Opt. Commun. 128, 99—107 (1996).

[15] D. A. Boas and A. G. Yodh, “Spatially varying dynamical properties of turbid media probed
with diffusing temporal light correlation,” J. Opt. Soc. Am. A 14, 192-215 (1997).

[16] K. G. de Kruif, M. A. M. Hoffmann, M. E. van Marle, P. J. J. J. M. van Mil, S. P. F. M.
Roefs, M. Verheul, and N. Zoom, “Gelation of proteins from milk,” Faraday Discuss. 101,
185-200 (1995).

[17] C. G. de Kruif and C. Holt, “Casein micelle structure, functions and interactions,” in
Advanced Dairy Chemistry: volume 1: Proteins, P. E. Fox and P. L. H. McSweeney, eds.
(Kluwer, 2003), pp. 233-276.

[18] J. A. Lucey, “Formation and physical properties of milk protein gels,” J. Dairy Sci. 85,
281-294 (2002).

[19] C. G. de Kruif and E. B. Zhulina, “k-casein as a polyelectrolyte brush on the surface of
casein micelles,” Colloids Surf. A 117, 151-159 (1996).

[20] A. J. vasbinder, F. van de Velde, and C. G. de Kruif, “Gelation of casein-whey protein
mixtures,” J. Dairy Sci. 87, 1167-1176 (2004).

[21] D. Lehner, P. Worning, G. Fritz. L. Ogendal, R. Bauer, and O. Glatter, “Characterization of
enzymatically induced aggregation of casein micelles in natural concentration by in situ
static light scattering and ultra low shear viscosimetry,” J. Colloid Int. Sci. 213, 445456
(1999).

[22] W. L. Yu, F. Bouyer, andM. Brokovec, “Polystyrene sulfate latex particles in the presence
of poly(vinylamine): Absolute aggregation rate constants and charging behavior,” J.
Colloid Int. Sci. 241, 392-399 (2001).

[23] D. Sohn, P. S. Russo, A. Davila, D. S. Poche, and M. L. McLaughlin, “Light scattering
study of magnetic latex particles and their interaction with polyelectrolytes,” J. Colloid Int.

Sci. 177, 31-44 (1996).

138



[24] H. Holthoff, M. Borkovec, and P. Schurtenberger, “Determination of light-scattering form
factors of latex particle dimers with simultaneous static and dynamic light scattering in an
aggregating suspension,” Phys. Rev. E, 56, 6945-6953 (1997).

[25] R. A. Lauten, A. Kjoniksen, and B. Nystrom, “Colloid polymer interactions and
aggregation in aqueous mixtures of polystyrene latex, sodium dodecyl sulfate and a
hydrophobically modified polymer: A Dynamic light scattering study,” Langmuir 17,
924-930 (2001).

[26] M. Alexander and D. G. Dalgleish, “Dynamic light scattering techniques and their
applications in food science,” Food Biophys. 1, 2—13 (2006).

[27] M. Alexander and D. G Dalgleish, “Application of transmission diffusing wave
spectroscopy to the study of gelation of milk by acidification and rennet,” Colloids Surf.
B 38, 83-90 (2004).

[28] A. J. Vasbinder, P. J. J. M. van Mil, A. Bot, K. G. de Kruif, “Acid-induced gelation of
heat-treated milk studied by diffusing wave spectroscopy,” Colloids Surf. B 21, 245-250
(2001).

[29] Y. Hemar. H. Singh, and D. S. Horne, “Determination of early stages of rennet-induced
aggregation of casein micelles by diffusing wave spectroscopy and rheological

measurements,” Current Appl. Phys. 4 362-365 (2004).

[30] X. Wang, B. W. Pogue, S. Jiang, X. Song, K. D. Paulsen, C. Kogel, S. P. Poplack, and W. A.
Wells, “Approximation of Mie scattering parameters in near-infrared tomography of
normal breast tissue in vivo,” J. Biomed. Opt. 10, 051704 (2005).

[31] X. Wang, B. W. Pogue, S. Jiang, H. Dehghani, X. Song, S. Srinivasan, B. A. Broolsby, K. D.
Paulsen, C. Kogel, S. P. Poplack, and W. A. Wells, “Image reconstruction of effective Mie
scattering parameters of breast tissue in vivo with near-infrared tomography,” J. Biomed.
Opt. 11, 041106 (2006).

[32] D. A. Boas, “Diffuse photon probes of structural and dynamical properties of turbid media:
Theory and biomedical applications,” Ph.D. dissertation (University of Pennsylvania,
1996)

[33] J. B. Fishkin and E. Gratton, “Propagation of photon-density waves in strongly scattering
media containing an absorbing semi-infinite plane bounded by a straight edge,” J. Opt. Soc.
Am. A 10, 127-140 (1993).

139



[34] H. Wabnitz and H. Rinneberg, “Imaging in turbid media by photon density waves: spatial
resolution and scaling relations,” Appl. Opt. 36, 64—74 (1997).

[35] A. Ishimaru, Wave Propagation and Scattering in Random Media (Academic Press, 1972).

[36] D. A. Boas, “Diffuse photon probes of structural and dynamical properties of turbid media:
Theory and biomedical applications,” Ph.D. dissertation (University of Pennsylvania,
1996).

[37] M. A. O’Leary, “Imaging with diffuse photon density waves,” Ph.D. dissertation
(University of Pennsylvania, 1996).

[38] B. J. Tromberg, L. O. Svaasand, T. Tsay, and R. C. Haskell, “Properties of photon density
waves in multiple-scattering media,” Appl. Opt. 32, 607—616 (1993).

[39] J. B. Fishkin and E. Gratton, “Propagation of photon density waves in strongly scattering
media containing an absorbing semi-infinite plane bounded by a straight edge,” J. Opt. Soc.
Am. A 10, 127-140 (1993).

[40] M. A. O’Leary, D. A. Boas, B. Chance, and A. G. Yodh, “Refraction of diffuse photon
density waves,” Phys. Rev. Lett. 69, 2658-2661 (1992).

[41] B. W. Pogue and M. S. Patterson, “Frequency-domain optical absorption spectroscopy of
finite tissue volumes using diffusion theory,” Phys. Med. Biol. 39, 1157-1180 (1994).

421 V. Tuchin, Tissue Optics: Light Scattering Handbook, 3". ed. (Wiley, 1989
P g g Y.

[43] G Mitic, J. Kolzer, J. Otto, E. Piles, G. Solkner, and W. Zinth, “Time-gated
transilumination of biological tissues and tissuelike phantoms,” Appl. Opt. 33, 6699—6710
(1994).

[44] S. R. Arridge, M. Cope, and D. T. Delpy, “The theoretical basis for the determination of
optical pathlengths in tissue; temporal and frequency analysis,” Phys. Med. Biol. 37,
1531-1560 (1992).

[45] A. Kienle and M. S. Patterson, “Determination of the optical properties of turbid media
from a single Monte Carlo simulation,” Phys. Med. Biol. 41, 2221-2227 (1996).

[46] S. R. Arridge and M. Schweiger, “Photon-measurement density functions. Part 2: Finite
element method calculations,” Appl. Opt. 34, 8026—8037 (1995).

140



[47] E. Okada, M. Firbank, M. Schweiger, S. R. Arridge, M. Cope, and D. T. Delpy,
“Theoretical and experimental investigation of near-infrared light propagation in a model
of the adult head,” 36, 21-31 (1997).

[48] R. C. Haskell, L. O. Savassand, T. Tsay, T. Feng, M. S. McAdams, B. J. Tromberg,
“Boundary conditions for the diffusion equation in radiative transfer" J. Opt. Soc. Am. A 11,

2727-2741 (1994).

[49] R. Aronson, “Boundary conditions for diffusion of light,” J. Opt. Soc. Am. A 12,
2532-2539 (1995).

[50] B. W. Pogue and M. S. Patterson, “Frequency-domain optical absorption spectroscopy of
finite tissue volumes using diffusion theory,” Phys. Med. Biol. 39, 1157-1180 (1994).

[51] A. Kienle and M. S. Patterson, “Improved solutions of the steady-state and the
time-resolved diffusion equations for reflectance from a semi-infinite turbid medium,” J.

Opt. Soc. Am. A 14, 246-254 (1997).

[52] T. J. Farrell, M. S. Patterson, and B. Wilson, “A diffusion theory model of spatially
resolved, steady-state diffuse reflectance for the noninvasive determination of tissue optical
properties in vivo”, Med. Phys. 19, 879-888 (1992).

[53] M. S. Patterson, B. Chance, and B. C. Wilson, “Time resolved reflectance and
transmittance for the noninvasive measurement of tissue optical properties,” Appl. Opt. 28,
2331-2336 (1989).

[54] S. R. Arridge, “Photon-measurement density functions. Part I: Analytical forms,” Appl. Opt.
34, 7395-7409 (1995).

[55] D. Contini, F. Martelli, and G. Zaccanti, “Photon migration through a turbid slab described
by a model based on diffusion approximation. I. Theory,” Appl. Opt. 36, 4587—4599
(1997).

[56] D. Contini, F. Martelli, and G. Zaccanti, “Photon migration through a turbid slab described
by a model based on diffusion approximation. II. Comparison with Monte Carlo results,”

Appl. Opt. 36, 4600-4612 (1997).

[57] F. Martelli, A. Sassaroli, Y. Yamada, G, Zaccanti, “Analytical approximate solutions of the
time-domain diffusion euation in layered slabs,” J. Opt. Soc. Am. A. 19, 71-80 (2002).

141



[58] F. Martelli, A. Sassaroli, S. D. Bianco, Y. Yamada, and G. Zaccati, “Solution of the
time-dependent diffusion equation for layered diffusive media by eigenfunction method,”
Phys. Rev. E 67, 056623—1-14 (2003).

[59] A. Kienle, “Light diffusion through a turbid parallelepiped” J. Opt. Soc. Am. A 22,
1883-1888 (2005).

[60] J. Brandrup, E. H. Immergut, E. A. Grulke, A. Abe, and D. R. Bloch, Polymer Handbook
(John Wiley & Sons Inc, 1989).

[61] B. Chance, M. Cope, E. Gratton, N. Ramanujam, and B. Tromberg, “Phase measurement of

light absorption and scatter in human tissue,” Rev. Sci. Instrum. 69, 3457-3481 (1998).

[62] L. Nissila, T. Noponen, K. Kotilahti, T. Katila, L. Lipiainen, T. Tarvainen, M. Schweiger,
and S. Arridge, “Instrumentation and calibration methods for the multichannel

measurement of phase and amplitude in optical tomography,” Rev. Sci. Instrum. 76,
044302-1-9 (2005).

[63] 1. Nissila, K. Kotilahti, K. Fallstrom, and T. Katila, “Instrumentation for the accurate

measurement of phase and amplitude in optical tomography,” Rev. Sci. Instrum. 73,
3306-3312 (2002).

[64] Z. Sun, Y. Huang, and E. M. Sevick-Muraca, “Precise analysis of frequency domain photon
migration measurement for characterization of concentrated colloidal suspensions,” Rev.

Sci. Instrum. 73, 383-393 (2002).

[65] T. H. Pham, O. Coquoz, J. B. Fishkin, E. Anderson, and B. J. Tromberg, “Broad bandwidth
frequency domain instrument for quantitative tissue optical spectroscopy,” Rev. Sci.

Instrum. 71, 2500-2513 (2000).

[66] R. B. D’Agostino, “Tests for the normal distribution,” in Goodness-of-fit Techniques, R. B.
D’Agostino and M. A. Stephens, eds. (Marcel Dekker, 1986), pp.367—419.

[67] P. Gerstoft, “Inversion of seismoacoustic data using genetic algorithms and aposteriori
probability distributions,” J. Acoust. Sco. Am. 95, 770-782 (1994).

[68] S. E. Dosso, “Quantifying uncertainty in geoacoustic inversion inversion. I. A fast Gibbs
sampler approach,” J. Acoust. Soc. Am. 111 (1). 129-142 (2002).

[69] S. E. Dosso and P. L. Nielsen, “Quantifying in geoacoustic inversion. II. Application to
broadband, shallow-water data,” J. Acoust. Soc. Am. 111 (1). 143-159 (2002).

142



[70] A. D. Klose, V. Ntziachristos, A. H. Hielscher, “The inverse source problem based on the
radiative transfer equation in optical molecular imaging,” J. Comput. Phys. 202, 323-345
(2005).

[71] H. Xu and M. S. Patterson, “Determination of the optical properties of tissue-simulating
phantoms from interstitial frequency domain measurements of relative fluence and phase

difference,” Opt. Express 14, 6485-6501 (2006).

[72] 1. Sase, A. Takatsuki, J. Seki, T. Yanagida, “Noncontact backscatter-mode near-infrared
time resolved imaging system: preliminary study for functional brain mapping,” J. Biomed.

Opt. 11, 05006—1-7 (2006).

[73] A. Takatsuki, H. Eda, T. Yanagida, and A. Seiyama, “Absorber’s effect projected directly
above improves spatial resolution in near infrared backscattered imaging,” Jpn. J. Physiol.
54, 79-86 (2004).

[74] H. Zhao, F. Gao, Y. Tanikawa, Y. Onodera, M. Ohmi, M. Haruna, and Y. Yamada, “Imaging
of in vivo chicken leg using time-resolved near-infrared optical tomography,” Phys. Med.

Biol. 47, 1979-1993 (2002).
[751 H. C. van de Hulst, Light Scattering by Small Particles (Dover, 1981).

[76] P. Sheng, Scattering and Localization of Classical Waves in Random Media (World
Scientific, 1990).

[77] X. Wang, B. W. Pogue, S. Jiang, X. Song, K. D. Paulsen, C. Kogel, S. P. Poplack, and W. A.
Wells, “Approximation of Mie scattering parameters in near-infrared tomography of
normal breast tissue in vivo,” J. Biomed. Opt. 10, 051704 (2005).

[78] X. Wang, B. W. Pogue, S. Jiang, H. Dehghani, X. Song, S. Srinivasan, B. A. Broolsby, K. D.
Paulsen, C. Kogel, S. P. Poplack, and W. A. Wells, “Image reconstruction of effective Mie
scattering parameters of breast tissue in vivo with near-infrared tomography,” J. Biomed.

Opt. 11, 041106 (2006).

[79] H. J. van Staveren, C. J. M. Moes, J. van Marle, S. A. Prahl, and M. J. C. van Gemert,
“Light scattering in Intralipid-10% in the wavelength range of 400—1100 nm,” Appl. Opt.
30, 45074514 (1991).

[80] A. Ishimaru, Wave Propagation and Scattering in Random Media (Academic Press, 1972).

143



[81] X. Ma. J. Q. Lu, R. S. Brock, K. M. Jacobs, P. Yang, and X. HU, “Determination of
complex refractive index of polystyrene microspheres from 370 to 1610 nm,” Phys. Med.
Biol. 48, 4165-4172 (2003).

[82] G. M. Hale and M. R. Querry, “Optical constants of water in the 200-nm to 200-um
wavelength region,” Appl. Opt. 12. 555-563 (1973).

[83] I. H. Malitson, “Interspecimen comparison of the refractive index of fused silica,” J. Opt.
Soc. Am. 55, 1205-1209 (1965).

[84] IAPWS 5C, Release on the Refractive Index of Ordinary Water Substance as a Function of
Wavelength, Temperature and Pressure (International Association for the Properties of
Water and Steam, 1997).

[85] R. M. Pope and E. S. Fry, “Absorption spectrum (380-700 nm) of pure water. IL.
Integrating cavity measurements,” Appl. Opt. 36, 8710-8723 (1997).

[86] H. Buiteveld, J. H. M. Hakvoort, and M. Doze, “The optical properties of pure water,” Proc.
SPIE, 2258, 174—183 (1994).

[87] ISO Reference, Particle Size Analysis — Laser Diffraction Methods — Part I: General
Principles, 13320-1 (1999).

[88] Y. Wada, S. Totoki, M. Watanabe, N. Moriya, Y. Tsunazawa, and H. Shimaoka,
“Nanoparticle size analysis with relation of induced grating by dielectrophoresis,” Opt.
Express, 14, 5755-5764 (2006).

[89] I. H. Malitson, “Interspecimen comparison of the refractive index of fused silica,” J. Opt.
Soc. Am. 55, 1205-1209 (1965).

[90] H A. Pohl, Dielectrophoresis, (Cambridge University Press, 1978).

[91] S. Brunauer, P. H. Emmett, and E. Teller, “Adsorption of gases in multimolecular layer,” J.

Am. Chem. Soc, 60, 309-319 (1938).

[92] H. R. Philipp, “Silicon Dioxide (SiO,) Type (Crystalline),” in Handbook of Optical
Constants of Solids, E. D. Palik, ed. (Academic Press, 1985), pp. 719-729.

[93] H. Wabnitz and H. Rinneberg, “Imaging in turbid media by photon density waves: spatial
resolution and scaling relations,” Appl. Opt. 36, 64-74 (1997).

144



[94] G Mitic, J. Kolzer, J. Otto, E. Piles, G. Solkner, and W. Zinth, “Time-gated
transilumination of biological tissues and tissuelike phantoms,” Appl. Opt. 33, 6699-6710
(1994).

[95] M .C. A. Griffin and W. G. Griffin, “A simple turbidimetric method for determination of the
refractive index of large colloidal particles applied to casein micelles,” J. Colloid Interface
Sci. 104, 409415 (1984).

[96] S. Meyer, S. Berrut, T. I. J. Goodenough, V. S. Raendram, V. J. Pinfield, and M. J. W.
Povey, “A comparative study of ultrasound and laser diffraction techniques for particles

size determination in dairy beverages,” Meas. Sci. Technol. 17, 289-297 (2006).

[97] A. J. Jaaskelainen, K. E. Peiponen, and J. A. Raty, “On reflectometric measurement of a
refractive index of milk,” J. Dairy Sci. 84, 38—43 (2001).

[98] R. L. P. van, H. J. C. M. Sterenborg, A. Pifferi, A. Torricelli, and R. Cubeddu,
“Determination of VIS-NIR absorption coefficients of mammalian fat, with time- and

spatially resolved diffuse reflectance and transmission spectroscopy,” Proc. OSA Annu.
Biomed. Top. Meet. SF5, (2004).

[99] Meiji Dairies Corporation, personal communication, (2004).

[100] C. Lopez, “Focus on the supramolecular structure of milk fat in dairy products,” Repord.
Nutr. Dev. 45, 497-511 (2005).

[101] T. Ito, Nyseihin Seizogaku (Dairy Products Manufacturing Method), (Korin Publishing,
2004)[in Japanese].

[102] A. J. vasbinder, F. van de Velde, and C. G. de Kruif, “Gelation of casein-whey protein
mixtures,” J. Dairy Sci. 87, 1167-1176 (2004).

[103] M. Alexander and D. G Dalgleish, “Application of transmission diffusing wave
spectroscopy to the study of gelation of milk by acidification and rennet,” Colloids Surf.
B 38, 83-90 (2004).

[104] C. G. de Kruif and E. B. Zhulina, “k-casein as a polyelectrolyte brush on the surface of
casein micelles,” Colloids Surf. A 117, 151-159 (1996).

[105] C. Holt and D. G. Dalgleish, “Electrophoretic and hydrodynamic properties of bovine
casein micelles interpreted in terms of particles with and outer hairy layer,” J. Colloid Int.
Sci. 114, 513-524 (1986).

145



[106] A. P. Gibson, J. C. Hebden, and S. R. Arridge, “Recent advances in diffuse optical
imaging,” Phys. Med. Biol. 50, R1-R43 (2005).

[107] S. R. Arridge, “Optical tomography in medical imaging,” Inverse problems 15, R41-R93
(1999).

[108] B. Chance, M. Cope, E. Gratton, N. Ramanujam, and B. Tromberg, “Phase measurement

of light absorption and scatter in human tissue,” Rev. Sci. Instrum. 69, 3457-3481 (1998).

[109] T. O. McBride, B. W. Pogue, S. Jiang. U. L. Osterberg, and K. D. Paulsen, “A
parallel-detection frequency-domain near-infrared tomography system for hemoglobin

imaging of the breast in vivo,” Rev. Sci. Instrum. 72, 1817-1824 (2001).

[110] H. Eda. I. Oda, Y. Ito, Y. Wada, Y. Tsunazawa, M. Takada, Y. Tsuchiya, Y. Yamashita, M.
Oda, A. Sassaroli, Y. Yamada, and M. Tamura, ‘“Multichannel time-resolved optical

tomographic imaging system,” Rev. Sci. Instrument. 70, 3595-3602 (1999).

[111] J. P. Culver, V. Ntziachristos, M. J. Holboke, and A. G.. Yodh, “Optimization of optode
arrangements for diffuse optical tomography: A singular-value analysis,” Opt. Lett. 26,
701-703 (2001).

[112] H. Xu, H. Dehghani, B. W. Pogue, R. Springett, K. D. Paulsen, and J. F. Dunn,
“Near-infrared imaging in the small animal brain: optimization of fiber positions,” J.

Biomed. Opt. 8, 102—-110 (2003).

[113] I. Nissila, J. C. Hebden, D. Jennions, J. Heino, M. Schweiger, K. Kotilahti, T. Noponen, A.
Gibson, S. Jarvenpaa, L. Lipiainen, T. Katila, “Comparision between a time-domain and a

frequency-domain system for optical tomography,” J. Biomed. Opt. 11, 064015 (2006).

146



XIEBx

FR ML

[1] J. Taniguchi, H. Murata, and Y. Okamura, “Light diffusion model for determination of
optical properties of rectangular parallelepiped highly scattering media,” Appl. Opt. 14,
2649-2655 (2007).

[2] J. Taniguchi, H. Murata, and Y. Okamura, “Determination of particle size and number
density of opaque colloidal mixtures using diffuse photon density waves and
two-wavelength light sources,” Jpn. J. Appl. Phys. 46, 2953-2961 (2007).

[3] J. Taniguchi, H. Murata, and Y. Okamura, “Application of diffuse photon density wave to
the study of gelation of milk by acidification,” Appl. Opt. (Submitted).

Efr=E

[1] J. Taniguchi, H. Murata, and Y. Okamura, “Constitutional analysis of turbid media by
diffuse photon density wave,” Conference on Lasers and Electro-Optics/Quantum
Electronics and Laser Science Conference (CLEO/QELS 2006), JThC87, 21-25 May 2006,
Long Beach, California, USA.

[2] J. _Taniguchi, H. Murata, and Y. Okamura, “Determination of optical properties of
rectangular parallelepiped highly scattering media,” Progress In Electromagnetics Research
Symposium (PIERS 2006-TOKYO), 3P2-2, 2—5 August 2006, Tokyo, Japan.

[3] J. Taniguchi, F. Iwata, M. Hattori, H. Murata, and Y. Okamura, “Characteristics of diffuse
photon density waves in column-shaped media,” Progress In Electromagnetics Research
Symposium (PIERS 2006-TOKYO), 4P7-2, 2—5 August 2006, Tokyo, Japan.

147



HRE

[1] & 050, AT, “<BENREERICB T A NS T 7 0 — — T LT
I R 7 SRR SE S RS04-07, 2004457 H 3 B,  KRIKESEE KT

[2] AREBSEAR, &0, FFEEE], MAFAT, “TEIRROL T8 I X 5 Ry OALEHE
E T L7 ha=27 Rf%ES (OPE 2006), 27,2007 41 A 29 H-1 A 30 H, KK
KRFparXovgrkri—

24 A,
F=

[1] BOfl, FREETT, “EIRESEILHOE N7 T 7 0 —I2BI1 WU « BOELEREL R R
RO @ L, B AN FERFEIR PRI (Optics Japan 2004), 5aD5, 2004 4F 11
H4 B-5H, RIKKZ

[2] A Ofl, ARSI, A HEEE], MAFAT, DEBOL 8 2 O T2 AL ORI - #GEL
FRMERE,” 865 52 [FUG B BELRE &3 23, 29p-ZF-12, 2005 423 H 29 H-4 H 1
H, BHERE

[3] AREBSEAR, & Ol FFEEE], WA EAT, “PEBOL 78 BRI X 2 SRR o AL
BEHEE,” % 66 [nl Bl PNk 2, 10p-ZE-10, 2005 429 7 A-11 H, 18k
K.

[4] RO, ATEEE], WA AT, “IEHOE 75 BRI X 2 A RERELEUR N o S 4 ik
HL B AL 2SR AN S (Optics Japan 2005), 23pE04, 2005 4= 11 A 23 H-25
A, #iiiearr 2 —.

[5] & B, A S, RAT BT, “E 7 IR BOELEEE T O IR s iR e, 55 53 [BSH
W PR BARE A ST 22, 25a-ZD-4, 2006 4F 3 H 22 H-26 H, s L¥ K.

[6] & Hff, ATAESE], MFHAT, “DLBOLFEERICE D NEH = v A FRIRICE £
DRFH - RIFEERHAL” 5 67 RS B2 2R =, 30p-T-2, 2006 4 8 H 29
H-9 H 1 H, SnfE R

[7] AREBEAR, A0, A EIEE], FATRTT, “2 SEIRTURRIC K 2 JEHOE 72 Bk o 45 fig
REMA RICRET D058, A AN FRFERTFINERS - AADNTFRKFHEHES
(Optics & Photonics Japan 2006), 9pP77,20064F 11 H 8 H-10 H, et & —.

148



[8] &0 fl, FHET], MA BT, DEEOCICEsEmBE A NRKIZEGEND T /KL
F- ORI & BUEEEHAL 55 54 G A ELFRERE AR E S, 27a-2X-3, 2007 A3 A
27 H-30 H, HFILFp R

[9] & 0fl, AHEE], MAEIT, YEBOtICk 2 mBE oo FISRICEEND ) kL
T ORIFE L FEEOFH & 2 OIS TFREER B Z BRI ) 56 68 [EIGHY
BRI AL, 7a-X-1,2007 /£ 9 A 4 H-8 H, JbifiE TEKY

[10] A0, R, MAEETT, “PEHOGIZ KD MR X LR R DR BERT
fili,” HANFSEIRAITH#EE (Optics & Photonics Japan 2007), 2007 4F 11 A 26 H
-28 H, KBRKF.

[11] A O, S, RABAT, BRSO NS T T 4 VAT A AR
W BAER F AT # 2 (Optics & Photonics Japan 2007), 2007 4F 11 H 26 H-28 H, KX
N

DURIILEF

(1] &4, FMREAT, “DEHOE T8 2 O 7=t mifg s B9 8128, L—W
—HWF AR 7 02005, 11-11,2005 428 H 1 H-—2 H, KBKKRFHhzEE L & —.

2] B Of, ARESEA, AFHEEE], MATETT, “tWrEmEG i B3 20828, KRR
£ ) R—3 g B 2005, A-19, 2005 45 10 A 3 H—4 B, KBRARFMEF ¥ /%

R

[3]1 O, AT, “SEHOEEZ AW AREH T 7 2F v 7 ONCHRERIE B3 240
ge,” L—HY—Hff> AR YT A 2007, B1-06,2007 454 A 19 H-20 H, KPxKF=a X
viarkrH—

149



XH

HEE

1] BhRk « A8 B DB
SEERAY A0
FIET ——~ : JERBOE BRI X 2 EiELBEE O oy T
A% < A8 Y T O B R TR B A
BhA%%E - 30 5 H
ZEH 200641 7 25 H

—

2] BEAL  FRUTE
SEARA O
A BT WIELE S B VE S35

H :200643 H 10 H

X

K
o 3

v
/

[3] X4« R E
SHERA A0
SEHEH RO Lo EmBEar A FEIRICEEND
T R ORIEE & BOE E D EHA
Y RN EL B e
ZEH 200749 H 4 H

150



