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BOR T, H2BETRELVARAFHNIEECLIZL YV APLEOBEHRESAHED
BHEECFEOBERAZTRT,

F9. BABRTCEL UAENFEREZAVT, MTFBESI T2 ARFTFEBEERICBT HHEXN
Z. TOBAMEY 7 FEAFXONEIE LT AVICEULTERARMAL, REVEEHE
LFEOERNEREZRT, R, COBHBFERZRROINS 2 DO FHHAEEIC K
BEMET -FICHERALU., AROBEFRRSM R EHETT Do

BOETIE., B2ETREULEBAEENANTIECL 2V v ZHLEOEH R I HHED
BHELFE. 7oL BNEMNEEOERRZRT

g9, BEIETHHEHABMULBRBEHHEEA VT, SROBNESHEA 28H L., &R
VEBHELCFEOHERNEREZRT, RIo, COBHRBIFEZEETFICIDHAET -
WAL, SRERE. A MBL UV ROBEFT R RED, e ZHEET %,

EU7ETH., FORETEHUAEAHNESHXEANT, EFRSAEEL X0 L&)
BEOFMAEEZRET S, T LT, COFHEAECIIBRS, RO 2HRFHEICL
PHET -5 —BRITBILZRT,

E8E T, HOBBIUFHORIIBI28MELCFEOEAMAZANT., FE2ETRE
UREBIEENRMEEREIIEZL Yy RO BEUCRMAAFHAEEICELD L Y XALBOE
FESTHEOTHEATFEOEAGEHZNONIZT B,

BOBTWH., AMRTCHELAEZHEEZRET LB, SRICATNEHMERZRND,
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B28 RO R -

2. 1 &

EF9. BIFRAGEL Y AL BU2FFRATEXOBMBE L 0FHEE (M) Eo0T
BB,

il

R, BURSHPCEOEHELOLDIILBELRDIROD2DOFHZHHAT 5, T4
b, ()FFEABRABRROBHMOLHEKXRMOFIE -2 (2)Z0FHEARKIN
EBREEERAVEXRFEROBHFIHIO-BDTH %,

lEZEBEIZUT, HEEFHMERICIELDL Y AHRLBOEHT RO EREEHE 2 E
Bz, MAMNSEL UTHD BT ERFHBEAOBIUT2HRTFEERIDORHELT
EERET D, Bio, BAXFHREEICLLZV Y XIALBOEFRIGOBEHEIE 2%
R 2k, BREZMENSEETHHRNEFEER?COZRET D,

2. 2 TR

2. 2. 1 THNEHER

M2.1ic., BIRRSGEL VLIBT3 TFHEABRBRBORRIIANDERNTA—-F &R
T BHRAMMNTEHEI 6N THEREPONMEBIE. —RIC. ROXEHFERICL -
TEBEND,
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2.1 EIFRAHHEHL V AOTFFHEEBORTICAND
NIA—=F
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EEULT=(XY,2) BBIENY MU SIEYERRREE. £V =(9/3x,3/8y,3/3z) MO HEF
FTS5THD, BIURIGEHL ZOHESG., BHRESAUEEFEr. I 2bbxyDHDHE
BThd,. ZORD. n/dz=0&b ., H(2.1)D2zAERADED TR D,

dz
I — =n;cosv; (2.2)
ds

U ne=nlre) FlriBEUVcosnid, ZhFhz=01cB17 2 A IEDNEE » S5 DE
BBLUAEREOLRATH Do R(2.2)1F BMAELC.HICBT2MIEREZsH 52
EMTEBZILERLTVD, 22T, N(2.2)Ickbh, WAEREsh Sz~ATBITNIL
YEEARERX (2.1 X, ROLD LB 2BHSHFEXICEREINS,

d?x 1 an?2

—_ = (2.3a)
dz2 2n:2cos?2 7y 9x
d2y 1 an?
. (2.3Db)
dz2? 2n:2¢0s82 Y dy

T, HM2 R Y kol TRrfEx-zFEE T D (N EzzEie 35) . FHENEA
BAUR2.3DIERETD, COFFXRBEFERORE, 2=0tBU 2 A5EHE. bbb
ABDCERO YN 5 OFEEEx, & e BT AL T, —BHIZEE b,

2. 2. 2 TFHIKRAIAEXOHMEMR
FHRARER (2.3, 20BN, TROB2ESMB I Usech i (ZDE
FRATN G &S &N O 1 Dhyperbolic secant TtEDEI N B2, ZOLD LW
HN2) L UT. MOEDICHEILRT 5,
(2RfFHAOBE
B ERAM  :n2(r) =ne? [1—(gr)?] (2.4a)
T YCHRRERS -
Nogz Ny Nogz

+ —sin7Ysin
n;cos ¥ ng ngCcos?Y;

(2.4b)

gX =gX;COS

(2)sechBHDIFE
BRI :n2(r) =ng2sech2(gr)
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2 17
=1g2 [1-(gr)2+§(gr)4—;g(gr)5+...] (2.5a)

TR GRRAERS ¢
(2.5b)

sinhgx =sinhgx;cosgz + coshgx; tan 7;singz

ZCT. nolkll FIER., e EREERTH D, AL 2ODEFRRLMH. T2DB2
. EFRENRK2.2(a)

RAHD & UsechH IS LT, FITHRIMAH U & EDHIRERZ
YO RAT EHE . AEHEER O E 2 S D EEEEITIRT L.

BXUOMIZHELE. BHIEOBA.

I A
1 GRIN-rod lens

0 0.5 1.0
gZ (pitches)
(a)
X
@QRIN-rod lens

0 0.5 10
gZ (pitches)
(b)

2.2 FHEBHBRAOBEBHEOFITASERICNT 5 MFEBO
BUER (AFHERRONH» SOHEME NS A—-F L L)
(a) 2EAMDHE
(b) sech3HDIHE



COHBMMNAKEL RDELELS RS, ChiZH L., BEORE. XEOETEEE. A
BMOXEMSOHEH & XEMBERICRS, FEZ0BE. R(Q2.5a)IRENDLHIC. BIFE
AEIEFrOBEAIHEBECEDIRZICOIIDST . FFEHBABRROBER. T4
bHuX (2.5 NBOSND, CORD. COMERIE. FTFXBEARXOBIROFERED
MEEIZHWBR B,

2. 2. 3 FHRUHBAEXQERIMR
—fRi. BMREAGMEL Y AOBFES AL, RADLDEC, FErOBEBETHBTE
bahzd,

n2(r) =ng2 [1—(gr)2-+helgr)*+helgr)6-+...] (2.6)

EELU. uBEUhsiE, TERLETNARBLUBROETESGRBETH D, COEFTRFA
ZFENHAREA(C.3) ICRAT D e FAUBAERERERADOLDIICRD,

d2x ) )
—_— 4+ X=X X .”)2jg2(‘]—1))(2(‘]—1) (2.7)
d¢2 J=2

EEU. MLERzE., ERERL =nogz/nicos Nl KD ERL UE, K (2.7) 2 RITH IO
HIBICE., BENERDBDNH D, COBYETH., EREBD2 5, g2 2HE )N T A
—& 93 (EREMFAEL Y XTE, @2 TR THFDhEN) o EEEBEE,
ROEDIZEDENDERES NS,

x(é)»—‘-‘acosw+Zngij(fl,l/l) (2.8a)
i=

w= [1+ Zlgzjwj(a)] &+ Uy (2.8b)
J:

EEU. X5, 0=1,2, i ROBENICLAMIEE, Fha, vi®LTwildxBITNTED
SNDZERTH D, BBAMIXTHWDIE v F QK. R(2.80) kD RATEBIND,

Q ng [1+3 g2iw;(a)]
== (2.8c)
g ngCo0s7;




CZT, 1 RBEF2RHILL 2T, ROBHBELEDIDICEAGh N ZHBAT %,
F9.K028)BNWT, i=1eBE, Chz2RQ.NIERALT. 20 0RBLUV 1 XRE=
FEIT D,

(1) JEREAE (O RBEIM)

FFEEMIH T IMAATRERE. ROLDICH D,

d2x
a—g—z- + x= 0 (2.9)

R(2.9)F. FHAEBABRLQ.NNIEBNTE2=0H82 1 idhe;=0,j=2,3,... b BVWEBEIL
MG 2. BFEOBRE., ENRAIFEL2EAME LD, o T, COFBRHME. 28&FH
KNI HRER. TabbR(2.4b) e 5,

(2) 1 RBY B

ILROBHIZ L DWEF T WA TEAE. ROLDICHD,

d2X1
— + X1 = 2wiacosy +2hsadcosdy (2.11)
dyp?
ST, KHEHMBEELRZWEDOREZ. o1 TcRDbIhZ2ZIETH B,
3
wi = —4—}14a2 (2.12)

-oT., CORFZHVAE., 1LREHMNROEDICKE D,

1 .
x:acosw—EMgza%OSSw (2.13a)

3
w:(1—2g2a2h4)§+w¢ (2.13b)

Fic, EBaB I T 2 AFHNBOL=01cBU 2 AHRE, § 2050 e NTERDITFE
MESTWD, TZT, EBaB LT M, RADELS K20 FHRBTERDEN B LEHE
ERARS



a=4ag+g2aq +g% 9 +gbagz+... (2.14a)

w‘:wo+g2w1+.g4w2+g3w3+.-. (2.14b)

ChERQ2ADIERALVTC, 200REBIT I RELZFETD L. 2O 0 RKHICHT 518
FX NS, EBaBLVT v MROLIDICKE D,

40C0S Yo =Xy (2.15a)

n; cos 7Y (2.15b)

—agsSinyg =
No&

Fl. 2D 1 WEICHNT2HEFAPSE., ERaBI T MROILIICKRE D,

a 3
a=ag -f~g22—j—lu(6—4cos2wg—cos4wo) (2.16a)
1102
Wi=Yo +g25—4——h4(8sinzwo +sind Yo) (2.16b)
B2.300. sechicxtd % (he=2/3¢B0Wk) 1RBEROBEFRZSETRUE. AN

BT, 1 S EBEME. - EBsechdHICNTIBERZED T, 1L IREE
GRIN-rod lens

1.5 :
gZ (pitches)

(2.3 FHIERTREXOBREMIC & 2RO T
1 RHAR - FERENAE (O IENAR)
R sechH I N T 2 BERE
AR o sech M ICX T 3 1 WIRENFE



REAHEBERL IS -BLUTBD ., FRABRAIEXMBEHNEICL > T HEISBETZZ M
BB o

2. 3 THNRICKNT DNFEREE ME

2. 8. 1 YFHEH

Y #EWEEE (optical path length, #EEEX DBWVWD) wik. RO7A a3+ - VAEKXTE
BIhd,

w:i)n(r)ds (2.17)

EEU. dSEYCRHERSICBEOIBRAEEZRD U, AT BERICHB - TITDbD, EHR RS
WML ZAOBE. BHRSFDEEZrOAKETDED, R(2.2) DD, #- T,
EHRSHEL O LICHT DNFERE, RATEHEX 61 530-032),

f n2(r)
w o=\
Yngcos Y

dz (2.18)

CZT. FREExZVEHET S Otlizziied5) & FAAEEOBE. r=x BT %,

SRS, BTFRDPHGAEL Y ZLLBY AT ENIBONREERE., RXTERbIN B,
( n2(x) ,
W= X dé& (2.18’)
g

REU. MYERzIE, EREBRL =nez/nicosnic &L D ERIEL 2,

2. 3. 2 ([

— R, U eix., XFEEBwEHW Ty ckewk EDEINb, EEUL., ke=21/4, ¥
EAREZERTONOERTH D, cORO. XFEBHEZROD I LT, iHERDDZ L
iz ohn, BIFESFEL Y ADBE. FFEBIEMNTIUBezRD D&, X(2.1
8')HDNIEEMAZAVWIIEL W,

dow 27Tn2(x)
———— : (2.19)
dz An;cosY;



2. 4 EFESFNEEOEGHELICSOERTIE
2. 4. 1 TEXEFEXOBREHFEOLEIBHOTIE
AR CRETIHHAFNHEECLZL Y IPLBOBH RABHEOEHEL Tk
T, MERNS., bbby Ay (FENEW) 2, ARXOXHBLZ2TANDS
EXCEELEZDORAVD, 2, ARXTRETIRAEENIEERICLZL Y XEY
WOBITRAGHEOBHELFER TR, WENS, TRDLENE 2. AFHXONE»
SOEM DSERICERMELEDDOZAWS, Il 7 P BIUHENEZ, WThbFFH
WABKOBHMD SBHTEDHN, REXOBHM29> QD F K (2.13) — (2.16) LR
NBESIT, BB, 0, ViZOBEONTIA—YTEREN, FERIEBNERE
B =negz/nicosMICEDEREIATWS, CORSD, EXOBEHEZ., FTxBLTY
ODHPERICEHTAILENH D, M2.410, KRXTAVWEFFAEFBERAOBREHED
SEARMOFIE?2 2O ERY, COZEABHOIRFEFEE. KO4>OFE,I 52
B, Thbb,

(Na; 0 BEXBH >REEEa D E
) ;NP EXBE>MHEOER L ORE
B w;0HEXEM>E Y FQORE
(4)alcos(2j—1) p: B L Ualsin(2i- v, 0FERXBE>BHExO®RE

2. 4. 2 ZEARMULLZGXRBEMEI SONFHEECEHFIE
AMXCRETHHEIEFHAEE LAV IFLHBOEHRELSAGIEOBHEEAFE
Tk MEMNE, §abbMEY7 A (KENEW) &, FEMw (MMe) 0o
TEDLDTIEMTED, UL, R, BINESGAEL Y XONFEERE., BRicdns
TV, '
BWESMAELY Y O FFRBIC T2 HFEMHw 22D TR(2.187) . #HESBHn?
(x)H8, KSR, Tabb TFRMEBOBBEXTRRINTVWSIDOREN L, BAEHN
(THHILERLTND, ZOED., £9. BFESMAM2X) 2 0BEBTERDT I LN
DETHD. FEBABKOBHMAL., —Mic. CLBETI2=2ABKOMTERDEIND
(RC. B 1 RXBEHBEESE) . COLD. BFELHGE. LHETI=ZABBOMTE
DIILENTED, T, RQ.I8)DOHSE., CKLBIT2Z2ARBOEFCREZINS,
Bi2.51c. AMXTHAWESHARMINLN -:BRBHEN SOXRFEBOHBH FIFB0I-(32)
ERT, COBHFIEIE., O3 DDFIENSR D, bbb,

(DEFRELFO2FEZX) O BLITNOZEHAXNOEHN

N2 IEEFNIZARMBOBRBLURXDO I R=ZABB~DEH

)74 ar—nVAEKX(2.18)DHES



yiol e

caBLUTvetxi BEUNOBER
(2.15)

cajanBLTyonBEFRR (2.16a)

Wik aBL Ty eEEER (2.16b)

cwikaDBBRR(2.12)

[F0ED (1) ]
[ """"""5
i=1,2,..., m :
nDBITAEMN | |
[(FIED(3) ] | L (FED(2)]
T I T e S y
J=1,2,..., m J=1,2,..., m
| wso%EtEe ViDSEXERN | |
H(2.8¢) X b R(2.14a) k& b ' r*———it(2.14b)J:D
By T Qo R D CAREOES v
DIE
(D (4) ] |
i=1,2,..., m ’
alcos(2j—-1)yiB&
Ualsin(2j—-1) ¢, 0
% R R
ﬁ(z.&ﬂ&@-—-—»,
m RIBEIREX D
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BRI B
X BLUTriDOFIHFRIC
BRI = m kB E#x

(gx) DEIHAEH
K(2.6) &b

EHT RS TM2DRE
#(2.18") kb

HFFBw DRE

2.5 AEXTHWEZEHIXRMSNEGREBEED,SONFEROELFIE

2. 5 BEBFELKMAAEEOGSHELFEORE
2. 5. 1 WEHARFANUEEOETHEATE (LY XTHLER)

ARX TEEBELEAAS RHINENHEE. T2DOBRTHBESIV2HRTHEOR
KR EFERE., TAEAN2.6BLT2.TILRT, ChOSOFEREX 2B ULEBE.
RO3IODOEMNERZOHT. MY 7 ORERBEIELTHS. TaDLE., (1)EFHR
AHEL U AOESMI/28y F (FiF) FrE/4EyF (BF) . Q)HEMNEHFES
FEL Y ZASE (Fif) $2E288% (%) . Q)RFEMNEFRBLSHELD » JHHH
(&) $RETFEE (BF) THD,

— i, e THPEETHWOADIEXRL Y XOWEZ. BHOHOBKZ b DER
RAOHHEL v ZOBE., BRTEZ3b0MNAVWSNS, 228X (HKR) OBEIE. Yol
CEEZRFEERTHD . AHKONBEZTAN=0CNTBESH (ER) oEFHL BT
3, CORH. BIREAFEL v AAHE - BHEBICBI 2650 XFEMHE. REN
BRAMSE, %=0 AN UTHRUTH %o ChicH U, BIFRSHEL O XAHEH - K
HEEICBY2ESXHXONFEERE., BWRAFEL D XOREIZELD . =020
UTERZ, o7, BEAELTHEZIRZMEY 7 Aok, EFRAHFHL >V IAHE -
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A GRIN-rod lens
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X plane
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N

X2.8 AWXTEHELEZRASFHEIEECBTIHENS.
TROLBAMEY 7 NOBEREZD =08 LY #0icxt
T HESHORBOEF
() THEDOBE
(b) 2 EFHEOHE

REBEIZBNT, %n=00ESHOXFERL nZI0ESHONXRFERELDEILR> TH
5, B2.8(a)BLUD) I, ZNEFIAMTFPBEB IV 2HARFEHEILCLBIS27=01n#00D
EEXORBEERLUE, CH62O0DESHOBEB X UXFEHBEE., ARXTRDEFF
HBABRAOBHMEATEREZAVT. BANICEHBEIL S,

F2.9. ChEODFHEAUEEOIET —YOBERERLE. BIREIHAOHNHED
REICEID., BREIch2TEEE, n=0cBELTH#HIFRzbOlczd, ZOEDH. ZOF
BRI, EOHET - (Ae,siny) TELTIEMNTES, KRXTRETHHEHH
FHHEECLZ LV Y AROMOBIN RSN EOTHELFETE. COIORFET—



X2.9 KX TEMAELERS = FHEEICSTS

HET—% OBEX
ORHET ¥ Z2ELDT, FEEHE. BD2RET
HE SRR TH %,

FERAND, M2.10ic. SOPMETF—INS5OLUYAED/2H20WiIl/48 vy Fh s h
ALBIUVARDODAHERBMOBEFIEERLE, COHEFIETE. RXDLDHIZ, Ap
ZsinmOZEAICEBEHRAUELOERH WS,

Ap=olo(AL,g)p2+ada(AZ,8,hs) pt+ede(AZ,8,ha,hg)p8+. .. (2.20)

CIT. Ao, ola, . EEHBRETHD, LS 2MHBICTILED, sinnZp bWk, 20
RICBNT, BHBEBA 2 BL UTLa E AHRBEB L ThalliE, ERENRO LS RBFKM

#532)
[(RTFEEDOHE]
27T no
ol2 = /1 gAZ P AIOHEER (2.21a)
g
27Ny 9 23 )
da= [——(ha—=-)+-gAZ] thaoHEER (2.21b)
gA 8 3 4



HETF—% BEEIDONT A —%
cAwpksinvd - HIENDEE A
qQEOPET—F - Bl FJEHTEng
- BHEHe
%(2.24) X b - |
REFBE A2, ola,. .. DRE
(EFHEOBEE] [2REFEEDOBE]
#(2.21a) & b #£(2.22a) & b
]
1289y Fmen /A Y Fhod
THALOBRE TRAIDHE
#®(2.210) & b — #(2.22b) &b
[ |
A WD REh, 4 RO L
DPRIE DRE

B2.10 KX THESLL RMETHEB LU 2 XRTEED
BHEATEO7O—-F v — |

[2HFHEDHE]

27mn 3 .
TN D ALOHEER

gA 2

27Tnp 3 2
4= ——(hg —-)

g 4 3

ha 5 97 2 .

+gAlZ [(*-2—+Z)+Hogd’—2—‘(h4—5)] } thaEERX

(2.22a)

(2.22b)



CIT, AREIENOERE, FditERAL O XEHE - KEEMOEREEZEDT., LHEY
JhNOBETE. AFXONE L2 TACNTDIqEOHET -5 (L ew, pk),k=1,2,...
ANEEND, BOENEHET N6, RID2EEKICLD ., EFERSARBZHET 52
DI, FT, RE2RM2ZROEDEERT %o

q
2=3 (A2 +daprt+olespd — A py)2 (2.23)

COEE, 2EBINCTIERERE. 4 RBLUBROFHFHREh, held. REFRBL2,
AsF U TAlcPTZROITHEILFTERICE > TRETE %o

A2 0@+l 00+ dsZ pil2-2pPBApx =0 (2.24a)
A2Z PiE+tdsZpi® +oldsZ oKl -2 pdApr =0 (2.24D)
A2Z ot +edsZpid +tolsZ p® —Zpok2Apk =0 (2.24¢)

COITHUAEREBIE., T, oo, LaTUTAsMEE D, Wi, CHEDEER
B Sz, ola & L Y LED2HBWEI/AE Y T i0 5O TNALE & U4 H b OBIR R,
Bt MTBECES. R(2.21)BE (2.2 ITRAT 5. COL X, o2& ALDBMRK
K(2.210) 1. 2 NBAITHDED. AMERTZHERERD. #2T. COHFBRER
FIEAINRED, FRICLT. ofab ALE L UhadBIRR(2.210) 1%, ofaB & T AIMEE
CHHED. McHTBHBRER D, HoT. CONBREBIEMNRES, ZOL>
I, ARYTRETAEBEFHATEILBL L XHLBOEF RS HHEOBEE LT
ET. LYZEDL2HBWRIMEY FhSOTRAIOREEEE LE 4RO M RE
haBIEETE B, |

2. 5. 2 BAXTFHIEEOEHMELTFE (LY XIELE)

ARXCRETHBNEANCEOBAN 2R ERENEZ, M2.1LIIRT, ZOHEETHE.
FTHENREYYVF VIV YATHENEL, BIWRSHFHEL D ACETAHEE L, 2¥ER 5,
BREAGHEL D AOASFHICLBNT, COHENOZARY NWNEFRRSAEEL  XIOEE
ZRY M—BT 2B, LYy ZICAFHUEHIER L, H<RONEEEERTEINSGTH
5o VAW EGBUEHEN K., BEWRAGEL UV IHFERAICEM W EZRAE LT
AR MNBERT D, 2UT. TOZXARY hOHPLEXREM» S - 2EERN. COMMEERL



matching
lens observation
\ x plane
GRIN-rod lens

X2.11 AFSCTRE L BBENEED
R R 20 T SR

BUIABENSG., ThbbENENTHD, COBNENE., KRXTRODEZFENIBHE
KOBEFMEHF VT, BHrNicEHEINS,
H2.12{c, MINZBEZOHET —YOBMEXZEZRUE, BEFESHGOHANHHEOREIS

X2.12 AFXTHREU HMEEWEEICBTS
HET— 5 OBERIN

OHET —FZ2RDLT, FEERIE. BN2RET

BESELHERMRTH D,



XD, COPMET—FiE, AFEXONE» S OERE =0l UL TRAMBERBDOICRDED,
QED (x¢ %) TEDLDIIEMNTED, KRMXTRETIHMAEFNHEERICLDL VX
FAOBOBEHREAFHECTHEAFETE, COIDIDBRFET-FZHANWD, E2.13(C.
CORMET—IDPLOEREHeL ARBLVOROAMHE e DEEFIHER Uz, T
DOEEFIETIE. RADIDIL, 2 OFHALCEMLELDZH WS,

Xt =ed1(8, 1) & +dalg,ha,l)E3+ls(g,ha,he, 1) ESH ... (2.25)

ST ol ola, X ERRE. FRIGETRSAEL O XUEHFE - BHEHOERTH

HET—F BRHID IS A — 4
XL EXD - B ERAMEHEL VADOESL
qEOET—% - 8l EJEHT Fno
B RAEL O AHEERE
IO MO FEE
#(2.28) kb ot

!
B 1, o3, ols DHIE

A(2.26a) kb

EHREBEDRAE

A(2.26D) & D

A MDA REDs
DRFE

#(2.26¢c) &b
]

6 XD FifhEhe
DHRE

X2.13 AERSCCHEN LR BINEREEICBY 2 B RAHHREO
EAEOTO—F v — b



h, B5EWHRETIED. nZ2leBuk, X(2.20)IBVT, BHARAL, o3, ols
SHFREE ha el ik, ZNETRROLD REFRMNH 528,

od1=cosgZ —ngglsingZ CeDHEER (2.264)
da=g2(Ha+noglKs) :ha D HEE R (2.26b)
s =g4(Hs +noglKs) :he DHEE R (2.26c)

SZT. HeBEURsidgB L Uha BB, FHHsB X UKsid, g, ha B LU The DBIETH D |
BT RPHEL VAORIEZEDT, HNEOHETE. AFRXONE M SDOERZ2E
fbx 2 (BIEAGHL VA 2BHII2BMUEOTA 70 i —F L IDHAETE) 2k
I, QEOBET —¥ (X, Ex) . k=1,2,... anBESNE, BohEHET—INS. B
N2 RFICED BIRRAGHRBEHEET2EDIC. . BRE2EMc22MOLDILE

#£9 D,

q
£2=3 (d1é&k teldsé P+ odsé® —xek)? (2.27)

k=1

COLE, E2EBINCTAREFRERE, A RBILUBROSHHEEh, held. EHBEAL,
A3 F U TAsiCBTARDITHENTREACE>D THRETE B,

A1Z E +f3Z E®B + s> Ex10 -3 £48xk =0 (2.28a)
A1ZT Er+ A3 Z EE + A5 EB — 2 EBx k=0 (2.28b)
A1ZEP+ldaZ Ext+dsZ ExE —Z Ekxek =0 (2.28¢)

CHOITLHEMABRRXERTIE., 9. of1. 3T LTAsMNEE D, WIL.INHDIEZ R
Bl ols, s & DA R ha, he DEARK(2.20) ICRAT 2, DL E. L1 EgDBERR
(2.262) 1%, L1 MEEHTH DD, glBITHBERN L2, #>T. COHBRNZHE L.
MREZ, WiZ, L3k egBIUThsDBBA(2.26D) 1K, s BLVeMNBHTH S8, haill
I 2ABRL R, #>T. CORBRIAZHMITIE, aWRED, ARIZUT, odskg, s
ZUThe DBERR(2.26¢) 1%, of5. e UThMBEHITH 2720, heiCBTDZHERA L 22,



oT. COHBREZMIE. heMRFZ, CDEDIC, KRXTRET H2EMEENHE
B LBV AABBOBHFELSAREDO GHEEAFETIE., EREH L 4RBLU X
DR he MEBFICHETE B,

2.1, KX THWARERNIA I EFLDTRT, INO6DNTA—FIE. KD
S5ODNTA—FIMNSLRD, T§abhBH,

£2.1 KHXTHWBRERINTA—F

[Eﬁiﬂﬁmb/1®ﬂﬁx~7]
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Z:Eﬁiﬁﬁ AV SO
roc HULl 5o FREE
ne : O TOEITER (8 LEHER)
g T EBEEN
ha @ 4ROBITRI AR
he : 6 RDIEHT R HREK
I BWERSFEEL UV IOEX
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Xi @ JIEXCDICE D & D FEEE
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(WERIHERHL VADINT A—F

2) FFNBAELOBHBDONNT A —¥

(3) e FEmE (fIM) DINTA—%

(1) WHFNREEZDINT A —F

(5) B IFHFEEDINT A —F
2.6 # 35

AECI, £9, BRI EL Y ZBI 2 FFEAEAEXOBEF L L FER (24)
IZDW TRz,

Rie, BREATHEEOEHELOEDIIBELRDIROD2OOFIEEHFHELE, T&
b, (DFFAEBEARROBERBIROSHEHARMOFEE. 2) CoFEHABHINERX
BHBEEAVEAFEROBHEFIETH S,

DEZBHEICUT., HHNEENHEEICLDZL Y AFLBOBHIBFFOREERNEZE
By, EMEEUTHD LT ERTHESIUVSHARTHBEOERELFEZRE
Ulro Bio, BANFENHEELLZ L Y ABLEOERESHFOEHBERNELZEERT S
O, MREZRENRLT2HNENEEEZRELE,



EIE  FIHATE OSBRI
SEIE TR, 2, 00-00)

it}

3. 1 #&
Bo2RETHEARETTHHBRABRROBRBYMOSHARMFHEZA N T, &9, FITAH

YRR 35 D WBEIM 290 % . AGT IO S OEEEx, DIIRFPEKXICEMT S, £
UT. COBEMBIC X2 NERBOHERBELZHOMNICT S, Wiz, HAFBICXT 32
WIBHM 2O %2 | AFNBOXGEN S OEE: BX X 2T AYORZEXICERET

D
X GRIN-rod lens

N

o
NY

(c)

3.1 EITRIARL O LA T 5 FRHIRORET
(a) HAF A OB
(b) & E A DHE
(c)RMAFHDOBE



3. 2 TFTHEBRABRROERBHHE

VY WA 2 FHRAMICE. FAAAGEER., 8 EASXRT U TRAREENS 5,
3.1, ChoD3DDAKNNROKTFERT, ARICBEWT, FFEHEx-z2FHEH. B
RAHYL o XOAEHEIEz=0, 2L THMTz#E T2, £2RI.1IC. BIFRAHFEHL >
ZOFFHBETREIAOBHBICAVIERNIA Y ERT, KRAXTRE LU ZEMAEEN
BEECEDV VARALABOBTESAACORFEAFE T, BIENE UTETAN

#£3.1 TFHREBTEXOBYUROELNTA—F

X PR (Otllih 5 DFERE)
z o YeEl (BT o)
x¢ @ ABDEER O YREI D & O Mgk

Yo : ABTYCRROD G & T A

n o EHTERS

np : PLEITOREITE (8 LETER)

g BHEFEHK

ha : 4 ROIEHTRINIFHEL

he 1 68 ROEITRIAREL

7 EBHRMEL OADOES

£3.2 TTIRBEHEAOERBHFEOLEH

B rred | BEMROWE | ZEHABHOGE

Streifer& 5 W RIEHa i1

Paxton(28) R EVERY i3

AT AEYE | ALEr 628 3¢ fRigIHa H

Bloxtd 3 IR EDERT) i1
BENRE

ARG 300 53¢ RiEIEa A

i EIE AH

Streifer & 3W fRIEIHa i3

Paxton¢28> AAEIE i3

RIAGTYERR | LA 2 W RiEIHa i3

(CXf§ B8 | (FEE2Y fIHE Y <t

B 7
A 32) 2W fRigIHa H
{ItHIE PE]




ERWD, £, ARXTREUVAEHEFOIEEXRICLZ L AROLBOETESMAEE
DEHEAFETE., HIZXE UTHAGNSEZRA NS, 20D, KW T, FITAHN
BMEMAFERICHN T 2B E2SEIRMAONELE T35,

FATABYCER E R AR T2 BRBIUM L LT, RIIEFRTEDRDBOBH D
(283),(24),(29),(300, 32 XD FR\EFPO R TIE. FTITAFNERE X UHAFHHLED
WFhicxLtd., REBEEBICMNBEHyOM7AZBIUTROFZEALERALEZDOE
b AR

3. 3 TAFAGDEEREH
3.3. 1 SREFPMOSEXREHGSO, D

B LU Yok B U OBKRR
(2.15)
cajaB LU wedBERR(2.162)

- w; aDBERR(2.12)

[FNED(1)]
J=1,2, il
a;DEIAXREM | |
[FIED(2)]
j=1,2,...,m
wiDBEXREME | |
H(2.8¢c) & H—e e——3;(2.14a) & D
Py FQOHE RIBIEHa DR E

l |
(2.8a) & H—ei

m R BEIFEXDRE

M3.2 AL THWEFETAFGHRIINT S
BRBEHHE O ZHARMOFIR



FAAFRICHT2GRBEHMOSHARMOFIEE., E2EON2.4IcR L EFEK
BEOFMEIZILBL T, W<HDHEL LD, RS, FITARHKBONTA-FIE, X
DHLIEZDPETHD, 3210, AWIXTHWEEFTAFNRICH T 2EREHEOZIH
ARHEOFIE 22O %RY, COFZEAEROFIEE. RO2DO0F @ 5425, Ti
FORSIN

(Na; 0 ZHAEH~RIEHaD#E
2Qw;0FEHARM>EY T QORE

SZHABHICET 2RBGEIEE. BUBORBNMNE<RDIERNVWERER D, O,
ST, PEABRHULESROABZRT, Thbb, LEARBHUZFETANEEICHT
Z25RBEAE. RADLDIZEDLDT L NTE B,

5
gx(z)::gacos£2z-+-Zlcjcos(2j+1)Qz (3.1)
J:

(F2FDA (2.8a) Ixin)
ST OFEAXICERINFRIBEAL, KL XD IZR B,

(gxi)?3 (gx)5
ga = gx¢ + hg + (23h42 + 32hg)
24 28

(gx:)?
212

-+

(54Thg3 +1210hshg +752hg)

(gx¢)8
(13426hs4 +40458h42hg +26544hghe +15164hg2 +15616h1g)

+

(gxs)11 2592848
(339176h45 4+ 1288580ha3hg +

+ h42hg

920

1957376
+977532hahs2 +533120hs4hgo +

hghg +303616h42) (3.2a)

(BE28DA(2.14a) 12X I5)

FEAEEy L EYFQIZIE. MOLD>2BERNHE S,



[1+ Zg2iw;(a)] negz
/e =Q7z (3.2b)
Ng¢

FUT, e OFBHXICERINEMHMEEY L, ROLDHICR D,

n; Q (gx:)2 (gx: )4
=1~ 3ha — (2”]421‘ ﬁohe)
nog 22
(gx¢)8
- (324h43+912hshg+1120hg)
910
gx¢)®
- 714 (6549h 44 + 22152h42hg + 17952hahg + 10320hg2 4-20160h10)
(gx:)10
-~ o1e (150948h45 -612192h48heg t 449472h42hg +517440h4hg?
‘+ 33h616hahqe +417024hghg +354817hy2) (3.2b’)

(28R (2.8b) 23 i5)

ELU. RAQ.DICBY /R, J=1,2,.. b fI8iIcRd ., Mo, CoSHAEMLU
AR I X 2RO BERNZRT, LRI, COBRBEORK L EIFRS AR

£3.3 SIEXEHE L 2 BAEASDEHROBEEORE & B R RE
BEUx T 25 EAORHRE L GDEFﬂEEHf&

BERO | BEMICEENIEIED | x KT 2 SEHEAORERE
b/ &1 R L OB R RIEIHa By FQ
O g 2 1% oW
1R g,ha A 3k 2
2 g,ha,he 6IR I59/¢ 4%
3; g,ha,he,hs 8w TR 6K
43R g,ha,he,he, hio 10K 9w 81
5% g,ha,hg,hg,hig,h12 123 113 103




BEIUODZEAOBRBRBEDMIGEFRZRUEZ, flAd. ZIEAEMUEZ 1RO
BiE., ARETOH/GEREeBLUTZEH. i DIRFEATEDEN D,

X GRIN-rod lens
T J 1 T T T T
X, \ e
'I \'\ /
0 V\\ <// Z
AN

/Nt
0 0.5 1.5 : 2.0
gZ (pitches)

X3.3 ZEHARUEBITFAGSHRICAT 2 1 XBER
12 & 2 YEHREE RS oD B A
1 SHRR  JRIBEIMR (OIBIHHM)
FEER o sech G ICNT B RBH
FUER  sechZMIc x5 1 RIBEIRR

3. 3. 2 XHEBOIFENE

AKX TEHEABMUEZTTAGDERICHI 2BHM. T2abDBR03.1) 10X DR ERB
DFFEHE %R, sechH NI T HHMEME OLBICE DR T D, sechFDBE. EITA
Xt d 2 0mREE. XxXTcs5x60 5,

BIr#EMHE  n2(r) =np2sech?(gr)

2 17 62
=no2 (I~ (gr)2+-(gr)4-—(gr)é+—~{(gr)®
J 45 315
1382 21844
—— + (grytz —...] (3.3a)
14175 487775
T Ve R AR -
sinhgx = sinhgx; cosgz (3.3h)

sechAHOEE. HF2EZOE2.2MICRARLELIIC. PvFQh, i L EERO—-EHEeL
BH, o T, ZoBEZAVWVAHIE. ZEXEHUEBHMBROHEBEE 2RBWICKRIET 2



EMTED, Tiabb. sechFHOIEHREhs=2/3,he=—17/45,. .. I LT, FHAR
FUABEHROE Yy 70 ICERBGRELRD L 2REThELI W, Zozdic, R(3.2b7)
TEDLDINDEYFQECOFHAILEN T, RADEDI4 %,

57 2 17 35 62
+—(hg —-) (hg + =) +—(hg ~—) ] (gx:)®
64 3 45 32 315

6549
16384

2 2171 2 4163 2
he= 208 b (=) e (e =)

4
2048 R 15360 3

6371 2 2769 2 17 719 2 17
he —=) + ——(ha —-)2(hg + —) + —=(hgy —=) (hg + —)

+ (ha
26880 3 2048 3 45 512 3 45

73 17 645 17 561 2 62
——(hig + =) + — (hs + —)2 + = (hy = =) (hg = —)
192 45 1024 45 512 3 315

455 62 645 1382
+—(hg — —) + ——(hgo +
256 315 1024 14175

)] (gx:)8

37737 2 16065 2 298217 2

—_ ———(hg —~- _*,

V4 — ~— - —— —

4
65536 3 8192 3 15360 3

9305 2 191 2 19131 2 17
4 4 (hg —=)3(hg +—)
10752 3 6400 3 8192 3 45

————(hg—=)2———(hg —-) +




4851 2 17 91 2 17
+——(hg—=)2(he + —) + ——(hs —=) (he +

—)
1024 3 45 3072 3 45

50081 17 8085 2 17 595 17
- he + —) + —— (hg = =) (he + —) 2+ —(hg + —) 2
107520 45 4096 3 45 512 45
7023 9 62 979 9 62
+——(hg =) (hg = —) + — (hs = =) (hg - —)
4096 3 315 512 3 315
343 62 1629 17 62
+—(hg — =) + —— (hs + —) (hg — —)
320 315 1024 45 315
1311 2 1382 62 1382
+——(hg —=) (h1o + ) +—(hgo+
1024 3 14175 32 14175
693 21844
+—C(hy12 — )] (gxi)10 (3.2b")

512 467775
(B2EDK(2.8c)lcxfn)

H(3.2b") izsechA i QDB T2Dbhy=2/3,hg=—17/45,hg =62/315,hgo = — 1382/
14175, h12 = 21844 /4677752 fRAT 22 & ic& D EvF QM CEERDO —EfEgb 23
EMBMd,

WiZ. 3412, sechAHMAICH T HMBBBOFBHEBeAxETR T, Z27Z L. Axid. sech
AHICNTIMERE AR TLEARMULBRBBOELERL 2. FN(a)BXT() X,
ZhEN HEBEOL VARINDREEB LA XEO N E» 5 EH ~OKELEE
MRUTW, itEHEIRLV D AEHZVWIEANABONE M SO EROBEME LI, BT
THRZENANB, . BHEOXEMN I REL A2, STERELVIZEINEL RS
ERAMB, ZThiE. mRBEIC X B NHBEEOBEEN (gxy) 2™ AL, BEFOR
BMLIREL 2D, COMEEM x2S bl kicdkd, §ibb. COBE
Floegx; =0.3Z2HWR L., COMEBEIIF0.32=10"1EFF/NEL k3, E£IAK., KX TS
EABHE UEETASEBROBHEORKE MERBROHEREONEEFREZ L TR
Llkzo
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xi0~> X/0
T | SN SR SR I R B 5 T I
- b — H - —
q
L/\ d U
— 0
e
- C o |
B - i R
1 1 1 1 1 1 1 1 -5 | | _
05 1.0 0 0/ 02 03
gZ (pitches) gx;
(a) (b)

X3.4 sechZilo i ¢ 2 YRR DI ERE

QLY ZREIZEAIBELEIBE (8xi =0.32 L)

(b) ABIYEERODYCHE A S OFEx; 2 2L I HEEE

(82=0.T5FwF & Lk)

U, BITERSE Axid. sech o3 2 EBR L BEEOET
ERU, T2 NI A—-Fa,b,c,d,eld. 2hEN( 1 WEFF)
x 100, (2 WBEHAE) x 101, (3 WBHIAE) x 102, (4 X]B\HAE) x
108, (DB <1042 £DHT,

#3.4 sechamicxd 32%HAEHEL R
Y47 AG VAR O BEIE ORI & 6
RO BB O SRR

EEIM ORI BHERIEE Ax

0% 1x10-3

1% 1x10-4

2 1x10-5

3 1x10-8

43 1x10-7

5 1x10-8
EEL. COHBHEEE. gx =0.32 L
EBEOHETHD,



3. 4 REABTCHREEES
3. 4. 1 2RBYBOZHARMS32

BAHERCAT2BIMOZEHARNE., FAAFABRCNTIBHROSHARMIC
WBUT., 2RBEMOBEGTOIN RO BEMTH I, CORYD, HiFfiLEKIC. SHAKN
LEERoHETRT, dabb, SEHAREMUZMAFERICX T2 2 REFHE. KAD
B oty < S I8

hA
gx(z) = {gxs +2—4 [ (gx;)®—3gxesin2 v +3(gxy)3%sin2 7 )

he?
-1-28— [23(gx;)5-170(gx;)%sin2 Y ~113gx;sin% ;)

hs
'2—5 (32(gx:)5 —80(gx:)3%sin27; ~ 80gx;sin47; ] } cosQz

(Bx:)2 ha 1 .
-sin 7} (————é)(gx;)4sm Y:

t {sinv -

hy ‘ 27 21 )
+—Z [9sin® v, +21(gx;)2siny; - E(gx;)zsin3 Yy -—Z—(gxl Y4sin v ]

4

he?
+ ;}— [271sin5 v; + 854 (gx:)2sin® 7 +599(gx; ) 4sinv; ]

- hg ’
+2—; [160sin5 ¥, +560(gx:)2sind 7; +560(gx:)4sinv] } sinQz

h4
- {2—4 [(gx:)? -3gx;sin? v +3(gx;)3sin2 %]

ha?
+2—8— [24(gx;)5—180(gx;)3sin2 v, - 108gxssint ;]



he
—*Eg [30(gxs)5 ~60(gxe)3sin2y; —90gx;sind 7] } cos3Qz

ha 3
} {2—4 [Sin37[“3(8)(6)ZSiHYZ_E(gXi)2Sin371 4*5(@(:)‘81“%]

ha?

+2—8-— [48sin57; +12(gxe)2sin® v, — 132(gx¢ ) 4siny;]

he .
+§; [30sin5 7 —60{gx;)2sin?v; —90(gx:)4sinv:] } sin3Qz

R
28

(hg2 —2hg) | (gx:)5 —10(gxs)%sin2y; +5gx;sint Y] coshQz

1 A
+5g(h,12*~2hs) [sin5 v —10(gx;)2sin® 7 +5(gxs)4siny,] sinbQz (3.4)

== U,
Q 3 2
—=1-~(hg—-) [(gxs)2+sin? 7]
g 4 3
21 9 21 2
= [—=(hg--)2+—(ha—-=)] (gx;)*
64 3 16 3

69 2 23 2
m4-_p+ugm4—gn (gx¢)2sin2 v

- [—=
32 J

69 2 29 2
— [—(hg—=)24+—(hg—=-)] sindy
64 3 16 3

15 17 ,
——(hg +—) [(gxs)2 +sin2v] 2
16 15

VV41ﬁw

(FH2EDOR(2.82) X))

(3.5)

(H2EOA(2.8¢) ITxIE)



KRB AODBLIUBDOBEBHLIEEL, i BLU RO REET (ROBD5)0BHEE. 4WEZE
T) B UE, M35, COFPEABMULZBHBICL2EEBORENE2RT ., ik
RIS, COBFBORBLENESGREB LT (1) OFHEADOHEEHRE L O Xk
EmERUE, FlAd, 2EABMALE LROBHBEL., 4REFTCOFERBeB LTz
EH.xBIUVNO3IXRBHEHALTERDEIND,

X GRIN-rod lens

5 .
gZ (pitches)

503.5 HIEAXBHU RAGHYERICXd 5 1 RREnR
12 & A YCEREREE O BUE B
1 figfts - JEENME (O RIREIAR)
hE o sechH Al D EUE R
R sechAH R ICxT 92 1 RIBENRE

#3.5 ZHENEMLERASDUROBEBORB L B RHHHRE,
X BIUNIEHET 2 EEAORHERE L ONIEEHEGR

BEFO | BHRICEEINIENERSY | xiBIU0n T 2FSEXORE KK
WEL TR L 2 OBRE T TR1EIHa EvFQ
ow g 23K 1% ox
1% g, ha 4% 3¢ 2 W
20 g,hs,hs 6 W 5% 4|

3. 4. 2 JHBEBONEME

AMXTHEEIBEH U ERAFKBIENTIHHB LI MEBEBOFERER. C0F
BREHOVTHEHE I FEROHEHBELUTEL4BETHMICRIE T2, oD, 2
TR MO2HEZRILLVE, $abDb,



(I)sechAHicxa UTHZEHARMBMUEBIFOLE Y FP. i BXU NI
mEGRE BB L
() ZHABMUZRAGERICHT 2BEEDS, FITAH. §2bb
Ye=0&BWEHE., RICBHEARMALUEZTFFAHFERICNTS 2
ROBEREE - BT DL
TH B (NICBEL T, sechDA O FRENs=2/3,he=—-17/45ZEB v F Q. §abbBN
B35 IRATHZLICED, Ev I BLUNCEERO-EEL 22 LEHONT
5B, FLQIIZEULTE., 2HABRBHU ZMAFABRICNTI2EHBEXOG.HEZBVT, ¥
TAS. §bb%n=0rBWEBE., FHEAEHUEFTAHERICNT D2 RORHE
REB.DEe—HULE,

3. 5 #
AETH., TFXEFEXOBRENR O B RnEBETI2EHEANORBZRAA. U
ToOHKRZ2EL,
(1) FATASYARIC NI 20 RBEFZ ., x, OURBHACEMLE, ELT. Z0H
HfEORBMENBBBOHEHE Lo SBEREHRHSMICULE,
()PAF BT D2 RBEME,. xBLUCMOSRFEANCEMLE, LT,
COBUMOWRBE A BEBOGFEMBELOMISHBRZHS MU L,

i



B4 8 SIEIER U SRR 50
R 7)3E L (0)-(30)

4. 1 # B

9, B2ETCHRANEFREHME» SONCFEESR ((HE) OBLFIHICELD, 2RI HS
XUsechHHICHTH5714 A F - VARROMERZEN T D, RiIC, BIETHHEAEH
UVEBRBIROBERD L2 FEBOFEFEZRET S, ELT. COFMEFER
Ao, BEBORBENFERBOFIEHEONGHEBRZHOMIIT S, FIZ, BIETH
HABMUERAGGRICN T 2 2REHBE2HA VT, HNFERZBANICELT S, £L
T, BHUENFEROHEMEZHONIET S, k. ARXTEEELLZAS ZEEN
FHEEE, $RODBMTFBEBI V2 HETBEICLBUZUHEY 7 NOBEFZRT,

4. 2 7A4ar-VHEERXROKER

.U, KRZXTHBETI2NFHEBROELRNNTA-FZRT, FE2HEDON2.5(Zm U 2N
ZPHEEOBLFEZHVWS L, 2RAFB L UsechHHICATEZ 7L aF -V ABRRDOEKE
i, ROLHSICEHTEZRD, § bbb,

(1) 2FEINDOHE

JEYTER ST n2(r) =ne? [1-(gr)?] (4.1a)
FIR YRR AR RS -
NogZ g NogZz
g£X = gX; COS + —sgin78in (4.1b)
nN;Cos Y Ng n:cosY;
X6 R
gw 1 2—(gxy)?
= [ /T (eni ) Zsin? %) g2
ng 2cosY 1-(gx;)2

FR4.1 FHRIHRICHT DFHEES L UMED
FrNTA-F

D EFEREE

: i

D FRCERORRRE (OtEh S FERE)
DE (BITERASHEEL O o H )
s AHERR O Yl & oo FaEg

P ABDERRONE L 2T A
CBIRAERL VADRE




1 2N0gZ
—-{(gxs)2— [1—-(gx;)2) sin27} sin
4 Nn;COS ¢
gx 2ngg2
———z./ 1—(gxz)2sinY (cos ° - (4.1c)
2 g COS 7y
(2)sechBHDEE
EIrE 24 :n2(r) =no2sech?(gr)
2 17
=ng?2 [1—(gr)2+-(gr)4——(gr)é+...] (4.2a)
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27136
—12126h4hg? —

hehe +112hshig +7040h12)

(gx¢)8
4 = I (hg4—~12h42hg +6he2 +24hshg — 16h10)

(gxy) 11
920

(96haS —738h4a83hs +696ha2he

6144 3504 4224
—4T4hghg? + Thshg -+ '—5—'}14h10 - —g—‘fuz)

(gx; )11 200
(5 = — ~(h45 —-20hg3hg + —ha2hg
220 3

496 256
4+ 30h4hg?2 — —hghg - —hahgg + —hy2)
15 5 5
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