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The behaviour of beams in an optical system is greatly influenced by the conservation law of

brightness.

serious effect on the performance of optical instruments.

This law decides the theoretical maximum concentration of a beam, and then has a

The brightness law is closely related to

thermodynamics, and traces back to the wave nature of rays and particles.
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Fig. 1: Hypothetical optical system that violates the

conservation law of brightness.
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Fig. 2: Transformation of a beam in a drift space.
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Fig. 3: (a) A vector field on zz'plane that represents
the flow in a drift space. (b) Examples of the change of

emittannce diagrams in a drift space.
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Fig. 4: Variation of emittance diagrams in a system which forms a parallel beam using a small light source.

light source

Fig. 5: Every points on a light source emit independent spherical waves, and each wave corresponds to the ray passing
through P.
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Fig. 13: An imaging system and the emittance diagrams at the entrance and exit of the system.
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bi - ;l_bo (18)

NELNET. Thbb, ErEAENTHIEI Y
B AL L, MREEENENT 5Ty, &
N3 TIZ§8341ICBWT, —>DEHTHOIER L
LTRIZHDTT.

7, (1) Z—fb L=,

NoTo SIN Ay = N;T; SIN O (19)

ERDET. UL, OBIZTTL 57 v _XDIEZEM:
EIFEAEFRREDLDOTTA, X0 —AxEI7a BN
T, (19) IXRFPHIELFEH (optical sine condition)
ERIENnET.

(19) i, nzsina B EOEBRFAIZTHHEIN
R TH Y, REBRBETHL0E S 0 EITERR
D ST b T . 7L (11) &Rk, o
HHERPUIEE LRV EBMRES N TWET.

EREEEBEE TE AL, AROAEI/PHEW
DT,

NoToQp = NiTiC; (20)
TEBlENET. ERXROFELE, ANVLKRILY-FT
52 xMAEE (Helmholtz-Lagrange invariant) &
XiEn, HoANFECBRTHETT. $TI2883.1
TRENTZ L DI, HUARETIRNSRAREIZT %
BLRBEDT, a Thsina THEHIRHY £HA.

AETIENANSRBEBRRNE PN E LS, T
NHIETRTCesina fi b, —fIZIX nesina @ LI
B AEBRENNLELNLD LD TY.

8.5.2 HMEOEHRLBETTA

RKECBITAZ ZETO#HRTIE, 22 FHEEIZD
BLOREHRDENE—LEEZTHELE. L

B P HAEEDFEAED /=612 (8 [a])  —

L, 2TOFEE TIHRAEICHEINIHBERE L FEVUD
AR ENRTEERA.

z, yMAFEOOANRY EF %2 5702, #ifiET
DFAEDONE Az % cy B LOTBEERE AS TRBEN X,
F7-AEE Aa ZYXEA AQ TBENZET. £0
ET, BE—AIEENDINBREBEONDYIC, £TOE—
D Lo THARRIGEEN A =X VX —BE2E X
T, FOBRY VI IAAF ELTELET

(a)

(b) Ye Xo

Fig. 14: Brightness B, is the amount of energy which
emerges from AS, and falls within the solid angle AQ,
around a direction specified by 8,. (b) A beam with

finite divergent angle 6, emitted from finite area S,.

MEICBWTHIEL LB SND 7 5 v 7 A1, #/i
O (13) IZxHETH5RAE LT, ROXHZEZXD
nETF.

AF, = B,AS, A, cos b, (21)

ZITC, E—bL0ETHES cBE T AR, L L
TWET. ZOkT% Fig.14(a) IR LE T

(21) I28B1F % B, 7%, HEEE (brightnenss) £ & L &
. DTV ORFEOITIRIZBNT, (21) PEELE
FTHXE LTHEBFLET. REBERITIE, B, 13K
S1¥E R (photometric brightness) & LS ~_Z & T,
BICHEEL W) &, RERDREERLTERBEIND
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—RRIZ, BEEE B IXHIRER], BOImBE, B
BHYDZRXNAFXF—%F%L, LEN-TBOH
ALIE W/(m? -sr) T, BEZEOLTE, (13) Db,
BEBTHT=DIZHE LT, (21) D B, bRIEY E
Hehy, BELTTREY T

BIRTII 2V —BOXFETHIVE, BEEITHLIEDS
NIeE— LT LICERESNDIETYT. ZHhbAiEiob
IZBE L TR & Rk T

728, §8.4.2 THH LT v — FDAZANT, &K
i (21) DERARIZH DK T cos b, T HDTE. =
DOERFDERIL (10) I2B1) HBE Lk TT. T4
Db, ¥—LA% z,y, FETY»7- & EDOWEHEAS,
&, E—ADEITHMIZEATT 2 HE Tl - WrE o
g

HBNE, cosb, PDEFOEKRIE, kOLDIzEX
HIEIBOLDRTVILENERA. EFEEICRBT
LEDOEEMN AS, THDHDIZ-WLT, AS,cosb,
T, O, FEMORBDTENMNTOEELEEZ E4.
T 5 &, BELITHEASLERA, £ L TRNTOBN
HEH-VDT T I RENHZ IRV ET. Fh
DHIREOMNE, BLORBODZFEIZL LT —ET
HBHEOMRbON, TUN— R EL T HRIETT.
FOL DKWL, DD HFREEZTLRLH
HRZRZET

ST, BIEITIX(13) 2T HZET (16) Iz72 o
T TR, ZhixhtT 281E% (21) 12720 L
TITH Z N TEET. BRARELTB, #EKL
ThiE, Figldb) DL >R —LZEENDH T T v
JAELT,

F, = 7B,S,sin? 4, (22)

MELNET. ThEEILE, MEADELESR
dQ =2msin@dd #HLHV, GIZEALTONS 0, £T
o LET.

LI, EXRTO, =n/2 B0, S, EvHm
MOrbBHENDZE2T7 Ty 7 ANREZbNRET. T4
b,

F, =7B,S, (23)

T
—RIZ, RROBMEE»OEFMICKEEND
77 v 7 X%, BE (illumination) & Xi¥h, 525
ELEEET. EXZ2EHES, THIZZ LT, B0
RELLT,
E,=7nB, (24)

BT B DFIRED = 001> (48 /a])  —

BEONET. BEIEELIEATEILEZLOT
HY, LoTE DHLIZW/m? TF.

(24) IZBAL THEETRE AL, B, IC¥EERDEBT
KA 2T b OR E, ICRBDTIRRNEND
Z & TY. (21) IZB1TF D cosb, DERFE DT TS
T5ZET, MEALETHES LEBRIZZD¥SY
Ry ET

ZIT, WEAKTRLINTWD L XL, ZDE
EREDEIIZREDINDERRTRE LY. BEDY
AORELBHBOBRIE, RKOLaTFI7o-RIL
YU DER (Stefan-Boltzmann’s law) TH 2 Hh
E3cN

E=oT* (25)

ZITEEBRREOBETY. o v 2577
VRNLNYw B E LIENRAVLDT, 0 = 5.7 x
1078 [W/(m? - K*)] T

BET OBRERX, ZoFEH->THEIHE, ek
HLTREBIZAZ T DITTE. b LIEET 23
Lleidhx, ERXOBHE L RIRO T 2L F—H344
oot anidhidevEva. bLERLD
RERTFALF BB ST, FoRERT
DREFELICERT A Lz £

(25) 1%, IREXRRDDLOIXRE E THY, HE
B TieWnWZ L #RLTWET. B —LOEREIT, &
DEEONTHEOBRET OEBEM->THBY, =
HBEHREF & LIZh 3 b 0DFEE L 20 E$. L
NL, EOE—LIMNELOOBENTIZR2 5D
TIEHYVEREAL. bLEIEET UL, KBGICHR
LENTHDIETXTKBERCEEICR>TLE
VVET

&TC, zsina @ EOEBERGTUNS b, = b; R
SN oz, BEIZZWLTY B, = B, 85> L
9. THSEEAERNICMZ Y THA.

INERTEBIIAME I EAYRETT. 2T
%, RO HE EBRECEITRORRIBEEET
LEF. 917 xS LT,

No2AS,AQ, cos b, = n;2AS; AQ; cos 9; (26)

RELRET. FET7T v AREOK (15) 1, &
reDET

B,AS,AQ, cos, = B;AS;AQ; cosb; (27
LT (26) & (27) Hob,

B; = (%)230 (28)
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HET. Thbb, BIFRO%S LR CHET
NITE—LADEEIMRFEES R, b LEFRSEMNY
i, ZoERO 2 ®BCEESEMT 2010 TT.

8.5.3 MEEDRIE

HEHOEELRET HEBLEZZLTCHELLD.
WEEE &0, HALERE, BEALNIAEA ST OXRET
4. FIT, EAERENLONRE LV XTCRIB X
BT, TOBOBELRIETIVE, £ OMED IR
DOEENHETEDLTL LD, KIFEE» LAY A
ENHMEEIEAIL, HFAORERBEEN LD
LHOT, TOBEGRELBWTHBREST S HITTT.
LIAN, FOXLIBRBEILTULOGSESLY X
Ao XEPEBERTHNE, BEIXERTT. £LT,
JeRmE & e O BHRNE LithuE, AIEETO
MEIEHRERCETYT. LER-T, KRBT 5
EEE MR AE - RICETIE, HERIER
BEZANhWIZEATIVOTT,

(b)
light source

/’

AS.
4

57

AS.cos 0.

Fig. 15: An optical system for measuring the brightness

of a plane light source.

BT HLEEDPHRED =012 (F 8 [F])  —

BIEDOEIC, FREEICEBW TRV AENDIBHT
ERVIAZSEAE, LT TE 7Y 7R
EXUET. BAEATIR, oSl ixERRIC, R
ORENIE SN E T

—HRONIE Tk, BEXY Y &L T
fERESTLABTLE Y. LaL, HEITTEAICE
&, HOVIERIEREE R2E5Z 8L VDOT,
SOOI BEEITHR S LICREDIEREBLTHEN
FHA.

BRKIZ, Fig1s(a) DL 5 RBIEREZBX TAHE
Li). L XOBREIIZBON-HRIEEE D X, HHE
AS; 2bH, TOEIEMEMOIDIZR->TL S
TRNVX— AF, 2T 5b0E LET.

ZORIZBWT, BRHE D Lo—ArbL 1L X%
RiI-LEONEAE AQ;, & LET. bLEBRAEZ
DIZBENZT R—F v —THIRENRTWBDTHh
i, 7/85—F 2+ —ORBICIHETHIUEAE LET.
D EIZBITOEE B, £ 77 v AOBMRIL,

AF,' = BiAS,AQ, COSs 9,‘ (29)

THZLNET. SR EERNORTWVWLDT
cosf; =1 TT. L-oTLEAND,

AF,
&ZZEBE (30)
BELNET.

ERizkH»T, DETOEE B, nb» 3. %
LTonds, BREIBWTH 7Y v r &y —
AR HOEETHDLDITTT

KFEE OV T TR, T, DERO
EHEAS; #HFmIZBRE L L 2OmE AS, &R
HCOBRYVIAZNEA AQ, X, L X0EEREIR
LIz 9. bbb, VLUADEERE M
&g,

_AS;

AS, = o, AR, = MPAQ (31)

TT. 2EL, AS, R AQ, RERMUNEROT, H
VARFEOBFEE L HWTVET

TIT, HEMGRIERE COEMY 2 fFiofdE L
bl RDIDEBEXTHELLY. HELLVAD
EREMEZAE LT, DETOEBEEZHE L
9. ZOHE, MN1/2127250T, EXicko
TAS, I Af5I2720 F95, R AQ, i11/41
R0 ET. BEEOBIZE ST, ZO Xz 7Y
VITEEREDLY £, L LeeiiiE chnil,
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CTHOLDHEMEBRENDDOT, &R, BESHLHE
BEIRETT.

Hl, LYXOEY MRTHTWT, D EOXRE
BRR T Tnie b, RIS T TR ENRELL
LET. ZOBEE, BERTrbh, B bEgdoT
WA EELDHRENEEN LNV IAENS T
L. BIE&ENnsd D EOMEIX, FOL>mt
TV TRV LTO, RIEE O SR 2
BB LR ET. RO TO R R
ERDIZTHE, B RREoTHRWII LW
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DI NE, DRERICAZRENXO—ENRRITTL
FWET. TR, HIEROY Y o TEEOT
RCENBEDL OB RIZEIRNEE T, FD LD
RIEBRBHBE, YURRNDL, BT EINDEEITAY
DOHIFEDOHDEL Y H/hEVMEIZAR D T

Fig.15(a) @ & 2 7RI, B x 9 & ARISRIES
RBHDIEEERUTYT. AFHEOSIIABIIEIZ L -
T/NESLHIRENDDT, AMPKCDHFED ]S
&) &L, BEZOLOTY.

HOENIA AT XD, BERBIEREM
I, 74 NVAEEZBONTERY 20 BERE STV S
BEFFOEECHREY, T LTENIRFEZDOLODE
ELRERILTY. mE2IEADEBEELZ®BDES, Lo X
FA—ASHETEREEZTH, BXABMIIELCT
LWV TT. T4 AEHICBWTAOBRRED AHE
BiXZEDY £, BEAERIIMRAET

WIZ, Fig.15(b) ® & 21z, EIEBRIZ/-W L THE
PEBRIED L EHRDBTL LI ZOEEE, ¥
RHRIANEICEE TR DO T, BEIZIIR
DTRTORTELRBEI LWV Z LidAaiD
3. L2Lohb, Figls(a) TE MRS 7235
BLRIULT, o) U IRUERETERSNST
e

HESNDFERITIE I D0 EV I, KI5
2YEE ThiuE, RHBICADEREITAEITK
FLERA. 28R, ZOXEICL-THLIBND
BIFRILESTHTHY, WE ol FatEE =20
N TY

ZOBE, FoA—= PRI LR ST, BRHEETH
EXNDIBEN cosf, TRADTHLEZ TRV E
‘A, To3— RMIBER IO, XEHRIZBW
TEELEEENLDONEEZIZBETT T

LEDBE, LU XIZESTORNMNTOHEEAS, cosd
2 Fig.15(a) 12815 AS, ICxE LET. &dns

BT HLEEDPHRED =012 (F 8 [F])  —

RWDHBHZET, REEICBNTH Y o7&
LB AS, X, BlERRTL DML CWVEYS. F2C,
b LY IALEE A B ETHIE cosf, THAT ST
TONXER, ZITH—EIRENDDTT.

bhAA, TOX)eEEEREY T AL, H
EEN2BEERAEICL LN LRI
niEien FHA.

8.6 BEFERLT v OEZREH
POk L

FAVETKBAEZEPIELERLELELE
B, TITROLEEBNRERN TEE Y. AT X
TRENEED DAk 2R LD Fig.16(a) T

8.6.1

(a)

20

(b) |
28 ‘

|

Fig. 16: (a) Consentration of solar radiation using a
magnifying grass. (b) A ray diagram when the sun is

assumed to be located at infinity.

ZORORRDEE THEIRE L TH VDO TIR,
KBE+HoEVLBICH DD T, BRESOHIE L
LTHHIFOAKTT. BEORFECTHILUE, ERIC
ESTAEARRICR AT UENETA, KBz
A XRRKENDT, HERDS RIZEADEROE L
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L, WEO—H»6HEHEITT X TRED—AIZ
£F0, PENRWZ EBELNET.
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HENTITN, TOELEEALARELS LTWTIE,
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LWHEHAZZTLENET. 120X 5 RELEIT
WRITIZTEERN 2V, BRERLNENRRETIND
7l WD ONFEHBRBBREMTL L .

AR, WETOWDSTHENIDITTEDY E
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Fig. 17: Emittance diagrams at the entrance of the lens and the focal plane. Theoretical maximum concentrarion of

radiation is achieved when the emittance diagram fills the range from sina = —1 to 1 at the focal plane.
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FHA. T7hbD, |sinagl <1 DOHMHEZT~THED
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LD BEAE SET
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Fig. 18: A ray diagram when Abbe’s sine condition is
satisfied.
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Fig. 19: Refractive surfaces without spherical aberration: (a) an elliptic surface, (b) a hyperbolic surface. These

surfaces do not satisfy the sine condition, and thus have coma in some degree.
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Fig. 20: Refraction of rays by successive spherical interfaces. Apollon’s circle is formed, which means the disappear-

ance of coma.
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