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«POTOHUKa» - Npon3BoaHaNA
cnoBa (pOTOH

KBaHTOBaga ontuka

YcnoBus Koraa
NPOABAAIOTCA
KBaHTOBbIe CBOUCTBA

OneKkTpoMarHmMTHas

Eph = hv = hc/L > kT ONnTUKa

npu kom. temn. 300 K
v=6 THz

CkanspHas
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JrieKTpoOMarHuTHasa onTuka

OnucaHne Yyepesl [iBa CBA3aHHbIX BEKTOPA - SJIEKTPUNHECKOIO U
MarHMTHOIO MNOoIJiA.

OnucaHne nonapusauum ceeTa.
PacnpocTtpaHeHune B cpegax (B3anMogencTene C BELLLECTBOM).
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VxH=— <— Ampere’s circuital law (J=0)

VxE = _@ Maxwell’s equations <— Faraday's law of induction

ot  (Source-free medium)
V-D=p=0 <— No free electric charges assumed
V-B=0 <+— No free magnetic charges

[oe H (r,t) — marHnTHOE none [A/m], E (r,t) — anekTpunyeckoe none [V/m],
D(r,t) — anekTpuyeckasa nHaykums [C/m?], B (r,t) — marHuTHas nHaykums [T = Vs/m?]

D=¢,E+P
b= p,H + pM

g, — AMANEKTPUYECcKas NPoHMLAEeMoCTb Bakyyma 8,85 *1071% [As/Vm]
I, — MarH1THasi BOCMPUMMYMBOCTL Bakyyma 1,26*107° [Vs/Am] -
P — nonsapusauus [C/m?] T :;’gfesi -
M — MarHUTHbIN MOMeHT [A/m] ' ;?Te},’hmca.
Institute




[ [paHN4YHbIE yCcnoBuUS

IMelectric \ D | welecinge

J e o

Perfect condugtor

Dielectric

* TaHreHumanbHble KOMNOHEHTbI En:Ezr; H1T=H2T
* HopmaneHble koMmnoHeHTol D, =D, ; B, =B,

 Ha rpaHuue c ngeanbHbIM NPOBOAHUKOM ET=O
— |-|pl/l oTpaxXeHUn OoT MeTarJin4eCKoro 3epkalsia otTpaxeHHasd BOJIHa

cABUraeTcH Ha m
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JHepreTn4yecKkmne xapakTepmcTukun

» BekTop lNOMHTMHra S - NNOTHOCTb NMNOTOKA SHEPTNU
9I1eKTPOMarHMTHOro nosns (HenpepbiBEH Ha rpaHuLe OBYX cpen)

Poynting vector, S=ExH

Poynting theorem:

o(&E  pH) . &P &M
3aKoH v-s=...=——' Sl -l SR T e
npeobpasoBaHus SHEPrm B 2 % o B x
Electric and magnetic energy densities (per unit Power densities delivered o the
volume) stored in the electric and magnetic fields material’s electric and magnetic dipoles

* WHTeHcmBHOCTL | = <ISI> - ycpegHeHne No BpeMeHU
* [MnoTHoCTb UMNynbca p = S/c? (naBneHve ceera)

* YrnoBowm MOMEHT r X S/c (ana HeNMOCKMUX (OPOHTOB, KpydeHune)
|/|CI'IOJ'Ib3yeTCF| 0714 aTOMapHbIX NNOBYLWEK, MaHUNyndauunn otaeribHbIMM aTOMaMU,

|
noJtlydeHne CBEPXHU3KUX TeMNnepartyp. %?
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BonHoBoe ypaBHeHUe

2 8°E 2°P Maxwell’s
V’E-V(V-E)-£,4, s 0 wave equation
: ‘ (Electric field)
OgHOQOQ,HaFI cpena 2 A2 Maxwell’s wave equation in dielectric medium
2. N OE 2 : : 3 5 ;
Wl == e =0 (Linear, nondispersive, homogeneous, isotropic medium)
cO
P=g,7E = D=g, (1 - ,‘(_)E =¥ ) Y~ OU3NeKTpuYeckast BOCIPUUMUNBOCTb

,7:”‘-"(1 +;{).’ CO= 1/'“-'.(80.110).
HeonHopoaHas cpena

€ Ny~ 3aBUCAT OT KOOPpANHATbI

2 2 2 2
VE+V| V(") E |- (2’")-8 Y 0= viE-" E”M 20
n (r) c, Ot c, Ot

I'Ipm6n|/|>|<eH|/|e Ans MmeaneHHbIX U3BMEHEHUN n(r), HE3Ha4YNTESIbHbIX Ha PaCcCTOAHNN nopAaKa OAJfTMHbI BOJTHbI
KOMMNOHEHTBI ANEKTPHN4eCKoro 1 MarHATHOro nornemn onucblBaloTCA 0ANHAKOBLIMUA
CKanAaApHbIMU BOJTHOBbIMU YPaBHEHNAMMU
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KoMnnekcHble amnnuTyAabl

E(r,1)=Re(E(r)exp(jor))
H(r,t)=Re(H(r)exp(jar))

H =
VxH(r)= josa* (v, )E(r) Maxwell's equations

Vx E( ) == m,uoH( ) (Source-free, linear, isotropic medium;
If n(r) varies slowly —» (1 ) ~0 monochromatic light)
over a wavelength ( ) =

Inhomogenity  Dispersion

NY
VU(r)+k*U(r)=0  Helmholtz equation k=22 n(r,0) = kyn(r, o)
C

0

S(r)=
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KomnnekcHbi BekTop [NonHTUHra “3f| #  Physico-
(E 4 Technical
Institute

E(r)xH(r)
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I'Nnockue BOMHbLI

E(s) =E, expl— jk -r) * E, H,— komnnekcHbie amnnnTyapl (MOCTOsSIHHbIE BEKTOPA)
H(r) = H, exp(— jk 1) * K - BONHoBOW BEKTOP
« E nH - nepneHaukynapHbl HanpaBneHUo pacrnpocTpaHeHUs
y' - ) [NonepeyHas anekTpomarHuTHas BonHa (TEM)
i rl% —> * Mpasas Tpoiika BekTopos (E ,H,, k)

“—Wavcfronts

Wave impedance  Wave impedance in vacuum = 377 Q

! e
|E0| . 1 1
|H0| — T n(ir,aJ) g, n(r,co)
2
I= = «  WHTeHcusHocTb 10 W/cm? cooTsetctyeT ~ 87 V/em
<N
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Opyrne anemMeHTapHble BOJHbI

Cdrepuyeckme BOMHbI

E(r)=E,sin6 Ulr)#
H(r)=H,sin6 U(r)$ %“' \
- 0

where the scalar spherical wave U(r) = (1/r)exp(-jkr), i \
and Hy=(jk/up)A, E,=nH,, and A is a constant. ' by ")

. BonHoBon opOoHT chepuryecknn,
. E, H — opToroHanbHbl gpyr opyry
* ¥ pagvanbHOMY HanpasIiEHUIo. i
* B obwem cnyyae amnnutyaa N3MeHSeTCs C Yrriom
«  [apakcnanbHoe npubnmxeHune ésw'2 and ¢~12, -

s U(r)=(1/z)exp(-kz)exp(-k(x*+y?)/(2z)),
NanyyeHue ANeKTpn4eckKkoro amnnons (BONHOBAaA — AanbHASA 30HA)

= Xpr). P
= 3 r—r—3 (r))?l.)

p= qfcos Wi

Wavefront

El)~ £, -5+ 22 o)
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Opyrne anemMeHTapHble BOJHbI

[[ayccoB nNy4YoK

x s]vo-)
I+JI,

where U(r)=A(WyW(z))exp(-p%/W?(z))exp(-jkz-jko*/(2R(2))+j<(2)),
which represents the scalar complex amplitude of a Gaussian beam

E(r)=E0(—£'+

» The direction of the electric field is not spatially uniform

// ll H\\\\
T
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[Monapusauuna
I'Ionﬂpmsau,m;l CBeTa onpeaenderca HaripasieHnemM BEKTOPaA 3SNEKTPUHECKOIo nosA E (r,t)

1. B nsoTponHom ogHopoaHoOM cpene BekTop E nexuT B NNocKocTn KacaTenbHOW K BOSTHOBOMY
POHTY

2. 1N MOHOXpOMaTM4eCcKOn BOSHbI Ntobble OpTOroHarbHble KOMMOHEHTLI E B TaHreHunansHom
MSIOCKOCTU U3MEHSOTCSH rapMOHUYECKN CO BPEMEHEM

3.  Amnnutygoa un pasa 3TUX COCTaBNALINX ONpeaenseT TpaekTopuio ABMXKeHus Bektopa E
(B 0bweM cnyyae annunc)

Arbitrary monochromatic wave Plane monochromatic (TEM) wave

1 vy

Wavefronts Wavelronts

4. [1nga NnNOCKOW BOSHbI 3Ta TPAEKTOPUS HE U3MEHSIETCSA B NpocTpaHcTBe. [oBopAT 06 NMHENHOWN,
LUVPKYSISPHON U SNSIMNTUYECKON Nonsapusaumm

[Monapusauusa urpaet BaXxkHyIO ponb Npy B3aMMOAENCTBUN CBETa C BELLECTBOM:
*  OrtpaxeHue un npernomMmneHne

 [lornoweHne

*  AHusoTponus
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[Tonapusauuna

[ g o) sl 24 o)

dnnmnTunydeckas nonsgpulawms

Va Vi

ol

) £ 4
a:  a’ 7 a.a /] / :
x y Xy / y

I'IapameTvaeCKoe ypaBHeHe 1A KOMMNOHEHT 3N1IeKTpU4eCcKoro nons

P=0,-0,

Mpu pukcnpoBaHHOM z BeKTOp E BpallaeTcs ¢ 4YacToTon ®
OJUIMOTUYHOCTD onpeaAcIACTCA COOTHOMCHUCM aMILIUTY/Q N PAa3HOCTbIO cbas ¢
NHTEHCHUBHOCTH



Monapusauus

LinpkynspHaga nongapusaums

T
Q= +5 - NpaBas nondpun3auuna

T
Q= —5 - neBad nondpumsauud

JInHenHas nonspusaums

a, =0 vnma, =0

e=0wumnn n

E =i(“/ )E
y a, |~

¢

=Y

Manc of polarization



[Monapusauuna
MaTeMaTn4ydeckoe onmcaHume

Cdepa lNvaHkape Polarization ellipse

Vi

Minor axis «— Major axis

2r '

tan 2y = ~COSQ
1-r°

2p Y 1
sin2y = o sing

+r° -

£ 8,/S,

S,/5, Poincaré sphere 475,

- " o = \ LB 135 'v_. 4 ' y LLp 45
R | S5, T ~] S/S

CocTosHU1I0 nongpmusauum COOTBETCTBYET TOYKa Ha noBepxHocTu cdepsbl (r=1, 6=90°- 2y, ¢ = 2¥)

[TlapameTpbl CTOKCA

(Sp» S Sz S5)

S, =a.+a; -TNpPONOPLMOHAMNEH NHTEHCUBHOCTY
(S,,5,,8;) = So(cos2x cos2y/,cos2y sin2l//,sin2;5)
— [lekapToBble KOOpANHATbLI TOYKM Ha chepe

§*+8% +8% =87 - Tp HE3aBNCMMBIX NapameTpa

\)
S, =2a.a,cosp=2Re(4 4 )
S;=2a.a,sing= ”Im(4:4 )




Monapusauus
MaTemMmatTn4yeckKkoe ornmcaHume

MaTtpudyHoe onucaHue

MoHoxpomaTiieckas nnockas BorHa MOXET GbiTb OnncaHa BEKTOPOM U3 [1BYX KOMMOHEHT (A, A )

_|a.esplio,)

Lo

X

A,

Bekmop [xoHca ; { A }

' '(:n ,"‘
LPinx direcuon ( LP ot angle ¢

| - . \ill”l A 9 \ , ‘
‘ - | . ve |/ ve |

» hg \

*?he intensity is normalized so that IAx12+IAy|2=1 and the phase of the xrcomponAeint is set to @ =0.

OpToroHarnbHble nonspusaummn:  J,-J,™=A, A, *+A, A, *=0

npOVl3BOJ-|bHaF| nonapun3auna onmncbiBaeTCA Kak Cynepno3numa OpToroHaribHbIX BEKTOPOB (6a3V|C3)
J=0L1J1+0L2J2 ('f J1'J1T*=1 and Jz'JzT*=1 then a1=J'J1T* and (12=J'J2T*)



PacnpocTpaHeHue nonsipu3oBaHHOro cBeTa Yepes
NTMHENHYI0 ONTUYECKYI0 CUCTEMY

J, / J
PN | S o8 : A
J,=1J, = J, ) N\
1-‘21 1‘22 6 = Optical l \ »
[Monapwunaatop 1 0
r-[! O 14 /
0 0_’ # r'g

BonHoBble NacTUKK

Ty il

0 exp(-,T)]

Quarter-wave retarder Half-wave retarder




CnoxHas cumcremMa

[nput . . Output _ _
P o 'l'l - ll b B "N e P S Tll oooTleJl - TtotJl
(“lh"‘[h / (-4.".--.1.\/
NHorga ygoGHO CMEHUTb CUCTEMY KOOpPAUHAT
cos@ siné |

¥k y\I\
\
\ -
/"'1’

"N\

CobcTBEHHbIE BEKTOpA Nonsipnusaumm He MeHSIOTCSA NPU pacrnpocTpaHeHun n obpasytot 6asnc ong
pasnoXeHns NPon3BOSIbHOM Nonapusaumnm

J'=R(6)J, T =R(6)TR7()=R(6)TR(-6), R(O)= [_ b cosd]

ny ‘1_‘

[ins matpuubl 2X2 cywecTsytoT ABe cOBCTBEHHbIE MOAbl  TJ,=z.J, and TJ,=1i,. Ti=Tork J,-J,7=0.

TI =

I=oud +o,uJ,



HenonsapusoBaHHbLIU CBET

CTtporoe matematnyeckoe onucaHue nonsapusaumm gaeTcs ctatucTUYecKkon Teopuen
(CM. KOrepeHTHOCTb)

HenonsipuszoeaHHbIU ceem — crnyyarHble 0a30Bble COOTHOLLIEHUSA MEXOY KOMMNOHEHTaMu (He MOXeT
ObITb onncaH BekTopoMm [)XoHca)

CmeneHb nonsipusayuu

max min

DOP = =
Ip+Iu Imu+Imin




OTpaxeHue n npenomsieHme

A

N

A

CamocTtosaTtenbHo BbiBecTU hopmynbl PpeHens (JomawHee 3agaHue)

Y

X

Ty

. - Mmeos 6, —n, cosé,

Fresnel equations

2
n, cos@, +n, cos b,

_ nysecB —n,sech,

~ *
n,sec +n,sech,

t.=1+r,

L

cos &,

TE polarization

TM polarization

Note that r, and t, may take on complex values (marked by grey areas in the diagrams below )!

TE polarization:

external reflection (n,<n,)

TE polarization:
internal reflection (n,>n,)

0 0 900 0 b NP

r, is real and negative for all
angles of incidence &,.

r. s real and positive up fo the
critical angle 8.=sin"'(n,/n,) of
“total internal reflection”, after
which a phase-shift is
intreduced on the reflected
wave.

TM polarization:
external reflection (n,<n,)

0r—- 1
( 7.
g )

a0v

r, is real for all &, negative
below the Brewster angle
8g=tan'(n,/n,), and positive
above.

TM polarization:
internal reflection (n,>n,)

i
i
[l
[
[
'
[
5

0 A —_
0 0 0 oY

d]
r,is rgal and positive up to &g,
negative up to 8. After this a
phase-shift is introduced on the
reflected wave.



OTpaxeHue n npenomsieHme

: g : Brewster wind
A new feature here is the Brewster angle, gz=tan’(n,/n,), at which no TM polarized rewster wm fw: s
light will be reflected, but all is transmitted. This is used in polarization devices, and y. A"
to obtain linearly polarized light from e.g. unpolarized light. & ""/’7
p-aw <
™ __I

* The power reflectance R and power transmittance 7 are defined as the ratios of power flow (normal to the boundary) of

the reflected and transmitted waves, respectively, to that of the incident wave. Since the reflected and incident waves
propagate in the same medium and make the same angle with the normal to the surface,

-

R= |r|2 —$ R(6,=0)= [ o L ) (for both TE and TM polarizations)
m+n,

A
7

' n n=36 !
RAJrr‘GIa:: (01 = 0) = 4% (nGia.:.: = 15) I P &
R.4lrx‘Ga.45(61 = 0) =32% (nGa.4: 36) iy

\?/
(%]
O
x>
w
Power reflectan
i

j====S=sSn

0 20° 40° 80

Conservation of energy requires that:

T=1-R T = |t|2 (since the waves have different propagation angles and impedances)



