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I'naBa 3
Parallel Interfaces In chapter 3, we
studied the transmission and reflection of
light at a single interface between two
(isotropic homogeneous) materials with
indices ni and nt .

We found that the percent of light
reflected versus transmitted depends on
the incident angle and on whether the

light is s- or p-polarized.

The Fresnel coefficients rs |, ts, rp,

tp connect the reflected and transmitted
fields to the incident field.

Similarly, either Rs and Ts or Rp and Tp
determine the fraction of incident power

that either reflects or transmits .

In this chapter we consider the overall

transmission and reflection through

multiple parallel interfaces.

We start with a two-interface system,
where a layer of material is inserted

between the initial and final materials.

This situation occurs frequently in optics.

B rjiaBe 3 MBI HCCIICIOBAIN
NpOMyCKaHWEe M OTPaKCHHE CBETa Ha
OJHOW TPAHUIIE pa3feiia MEKAY IABYMs
(M30TPOMHBIMU OJTHOPOHBIMHU)
MaTepuaJaMy ¢ MHACKCaMHu N U Ny .

Mbl  oOHapyXuiH,

qTOo IMPOLCHT

OTPOKEHHOTO U TEePEJJaHHOTO CBETa
3aBUCUT OT YyIJla MaJeHUs U OT TOro,
SABJSIETCS. JIM CBET S - WIA P-
MOJISIPU30BAHHBIM.

®dpeneneBckue kodphuimeHTsr IS , 1S,

rp,

MEPCCCKAOIMHECCA C UCCICAYCMBIM I10JIA.

00BequHsIET OTpakaeMble
Amnanoruuso, 1u60 Rs u Ts, mu6o Rp u

Tp ompenenstoT OO  NAIAOLIEH

MOIIIHOCTH, KOTOpasi JHOO OTpakaer,
au00 Tepeaert.

B »To0M ri1aBe Mbl pacCMOTPUM TOJIHBIN
MpolecC Mepeaady M OTpPaKeHUs uepes
HECKOJIBKO napajuiesIbHbIX
MOBEPXHOCTEH O00pa3yOIIMUXCI MEKIY
JIBYMsI CpeJlaMH.

B Hawane paccMOTpUM TITOBEPXHOCTH,
oOpa3zyeTcst MEXy IBYMs CpellaMH, IJie
CJIOM PACHaJOTaloTCsl MEXIY UCXOIHBIM
Y KOHEYHBIM MaTepHUaIaMH.

[logoOHast cuTyalnusi 4acTo BCTpEUaeTCs

B OIITHKC.



For example, lenses are often coated
with a thin layer of material in an effort
to reduce reflections.

Metal mirrors usually have a thin oxide
layer or a protective coating between the

metal and the air.

We
transmission coefficients r tot and t tot,
double-

boundary system, similar to the Fresnel

can develop reflection and

which apply to the overall

coefficients for a single boundary.

Likewise, we can compute an overall
reflectance and transmittance R totand T
tot

These can be used to compute the
‘tunneling’ of evanescent waves across a
gap between two parallel surfaces when
internal

the critical angle for total

reflection is exceeded.

The formalism we develop for the
double-boundary problem is useful for
describing a simple instrument called a
Fabry-Perot etalon (or interferometer if
the instrument has the capability of
the two

variable spacing between

surfaces).

Hanpumep, muH3bI YacTO MOKPBIBAIOT

TOHKMM CJIOEM MaTepualia, YTOOBI
YMEHBIIIUTh OTPaXKEHUE.

Merannuyeckue 3epkajia OObIYHO UMEIOT
TOHKAM OKCHUJIHBIM CJIOM WJIA 3allUTHOE
MOKPBITUE  MEXKIY  METaJUTMYECKOU
MOBEPHOCTHIO U BO3TYXOM.

Mp1

MOXKEM pa3paboratb

K02 PUIIUECHTBI OTpaKEHUSI u
nponyckanus r tot m t tot, KOTOpBIC
NPUMEHUMBI K OOIIEeH cUcTeMe C JBYMS
I'paHUIIAMU, aQHAJIOTUYHO
koddunuenram DpeHenst sl OJHOU
TPaHUIIBI.
AHAJIOTUYHO, MBI MOXEM BBIYUCIUTH
0O0IIyI0 OTpa)kaTeIbHYI0 CIOCOOHOCTh U
kod(ddunuent mpomnyckanus R tot m T
tot.

OHu MOTYyT OBITh HCIOJNB30BAHBI IS
BBIYMCIICHUS "TyHHeIupoBaHUs"
MTHOBEHHBIX BOJIH 4e€pe3 IIEIH MEXIy
JIBYMSI TIApaJJIEIbHBIMA TTOBEPXHOCTIMHU
IpU TMPEBBILICHUH KPUTUYECKOrO YIIIa
JUIS1 TIOJTHOTO BHYTPEHHETO OTPaKEHUSI.

dopMaIM3M, pa3BUBAEMbIM IS 3a1a4u

JBOMHBIX  TpaHWI],  TOJIE3eH  JUIs
OMUCAHUS POCTOrO npudopa,
Ha3biBaeMoro artamoHom Padpu-Ilepo

(umu mHTEpPEPOMETPOM, €CIH MPUOOP

HUMECT BO3MOXXHOCTb HU3MCPATH

paccTosiHue MEXITY

JIBYMSI



Such an instrument, which is constructed
from two partially reflective parallel
surfaces, is useful for distinguishing
closely spaced wavelengths.

Finally, in this chapter we will extend
our analysis to multilayer coatings,
where an arbitrary number of interfaces

exist between many material layers.

Multilayers are often used to make
highly reflective mirror coatings from
dielectric materials (as opposed to

metallic materials).

Such mirror coatings can reflect with

efficiencies greater than 99.9% at
specified wavelengths.

In contrast, metallic mirrors typically
reflect with ~ 96% efficiency, which can
be a significant loss if there are many
mirrors in an optical system.

Dielectric multilayer coatings also have
the advantage of being more durable and
less prone to damage from high-intensity

lasers.

Double-Interface Problem Solved Using

Fresnel Coefficients Consider a slab of

MOBEPXHOCTSIIMU).
JlaHHbI TIpUOOp, COCTOSIIMI M3 JBYX
YAaCTUYHO OTpaXkalolUX MapalyieIbHbIX
MOBEPXHOCTEH, MOJIE3EH I Pa3IudeHuUs
OJIM3KO PACIOJIOKEHHBIX JJIMH BOJIH.

Hakonen, B maHHOM TIJaBe MBI Ooice
noAPOOHO

pOaHATH3UPYEM

MHOT'OCJIOMHBIC ITOKPBITHS, MEXKITY
pPa3HBIMU CJIOSIMM MaTepuaa UMEIOLIUX
MIPOU3BOJIBHOE YHUCIIO TTOBEPXHOCTEM.

MHuorocnonHbIe

IMOKPBITUSA qacCToO

HCIIOJIB3YIOTCA JIIA MMOJIYYCHUA

BBICOKOOTpPAXAarIIUX 3CPKAJIBHBIX

HOKpBITI/Iﬁ n3 JAUBJICKTPUICCKUX

MarepuaioB (B OTJINYME OT
METaNIMYECKUX MATEPHUAIIOB).
[Toio6HBIE 3epKalIbHBIE TOKPHITUS MOTYT
oTpaxkatb C 3(PEKTHBHOCTHIO OoJiee
99,9% Ha onpeeNeHHBIX JJIMHAX BOJIH.
Hanpotus, 3epkana 00bIYHO OTpPaXkaroT C
abdexTuBHOCTRIO =~ 96%, UYTO MOXKET
OBITh 3HAYMTEIBHOM TIOTEpEH, eclu B
ONTHUYECKON CUCTEME MHOTI'O 3€pKall.
Jnsnexrpuyeckue MHOTOCJIOMHBIE

MOKPBITUSA ~ TakkKe  O0JaJaroT  TeM

NPEUMYIECTBOM, YTO OHU  Oonee

JIONTOBEYHbI M  MEHEE IOJBEPKEHBI
MTOBPEKJICHUSIM OT BBICOKOMHTEHCHUBHBIX
J1a3epOoB.

Jns 0030pa JBOMHBIX MOBEPXHOCTE,

peuracMmasi C HUCIIOJIB30BAHUECM



material sandwiched between two other

materials as depicted in Fig.

Because there are multiple reflections
inside the middle layer, we have dropped
the subscripts i, r, and t used in chapter 3
and instead use the symbols and to
indicate forward and backward traveling

waves, respectively.

Let nl stand for the refractive index of
the middle layer.

For consistency with notation that we
will later use for many-layer systems, let
n0 and n2 represent the indices of the

other two regions.

For simplicity, we assume that indices
are real.

As with the single-boundary problem, we
are interested in finding the overall
transmitted fields E (s) 2 and E (p) 2 and
the overall reflected fields E (s) 0 and E
(p) O in terms of the incident fields E (s)
0and E (p) 0.

Both forward and backward traveling

plane waves exist in the middle region.

ko3 durmenToB dpeHenss pacCMOTPUM

IUIACTUHY MaTepuala, 3aXKaTylo MEXIy

IBYMs JpYrMMHM MaTepuajgaMu, Kak
[I0OKa3aHO HA PUCYHKE

[IoCKOJNIBKY BHYTPU CpPEIHETO  CJIOA
MMEETCA HECKOJIBKO OTPaXEHWUH, MBI

OTOpOCHJIM  HHJEKCH 1, T u t,

UCIIOJIb3YyEMBIE B TIJaBe 3, U BMECTO

3TOTO HCIOJIb3YeM CHUMBOJBI U IS
0o00O3HaueHusT TNPSIMBIX M  OOpaTHBIX
pacupoCTpaHsIOIUX BOJIH
COOTBETCTBEHHO.

[Iyctb nl o0o3Hauaer mMoOKa3aTelsb
MIPEIOMIICHHS CPETHETO CIIOS.

Hnst COTJIaCOBaHHOCTHU C

0603Ha‘{€HI/ISIMI/I, KOTOPBIC MBI IIO3XKC

6y,H€M HCIIOJIb30BATh JIIA

MHOTOCJIOMHBIX CUCTCM, IIYCTb n0 u n2

SABJIAIOTCA NHACKCHI ABYX ApYyrux

obsacreid.

Jliist

IMPCAITOJIOKHUM, YTO HHACKCHI PCAJILHBI.

POCTOTHI IKCIIEPUMEHTA

NMeem 3amadyy paccMOTPETb  OJHY

TpaHHUILY, B HAaXOXXJIEHUH  BCEX
nepegaBaembix nosieid E (X) 2 u E (I1) 2
u orpaxaeMbix nojei E (X) 0 u E (IT) 0
B ycioBusax Hucxozgsuero nois E (X) 0
uE (P)0.

Kak B mpsmMoM, Tak U B 0OpaTHOM
HAIpPaBJICHUHU TIJIOCKUE BOJIHBI, POXOJAT

CpeaIHer0 001acTh.



Our intuition rightly tells us that in this

region there are many reflections,
bouncing both forward and backward
between the two surfaces.

It might therefore seem that we need to
keep track of an infinite number of plane
waves, each corresponding to a different

number of bounces.

Fortunately, the many forward-traveling
plane waves all travel in the same
direction.

Similarly, the backward-traveling plane

waves are all parallel.

These plane-wave fields then join neatly
into a single net forward-moving and a
single net backward-moving plane wave
within middle region.

As of yet, we do not know the
amplitudes or phases of the net forward
and net backward traveling plane waves
in the middle layer.

We denote them by E (s) 1 and E (s) 1 or
by E (p) 1 and E (p) 1, separated into
their s and p components as usual.
Similarly, E (s) 0 and E (p) 0 as well as E
(s) 2 and E (p) 2 are understood to
include light that ‘leaks’ through the

boundaries from the middle region.

Hamu npeamnonoxeHus MOATBEPKIAIOT,
YTO B DTOM 00JaCTH HMEETCI MHOIO
OTPAXXEHUM, JBWXKYIIUXCA  BOEpPEd U
Ha3aJ MEXIY JIByMs IOBEPXHOCTSIMH.

MOKET

[ToaTomy IOKa3aThCs,

HEOOXOIUMO OTCIIEKUBATH OECKOHEUYHOE

YuCJIO IINIOCKHX  BOJH, Kaxaasd Hu3
KOTOPBIX HUMECT pas3IMIHOC YHUCJIO
OTCKOKOB.

K cuacTpio, MHOTHE MpSMBbIE TUIOCKUE
BOJIHBI JBHXKYTCSI B OJJTHOM M TOM K€
HaIpaBJICHUM.
AHanormyHo, Bce

IINIOCKHUC  BOJIHBI,

Uaylmue B OOpaTHOM  HaIlpaBJICHUH,
SIBJISIFOTCS TTapaJlICTbHBIMHU.

JlaHHble MO TUIOCKUX BOJIH 3aTeM
YETKO COEIUHSIOTCS B €IMHYIO CETKY,
JBUKYIIYIOCS BIIEpPE/, U €UHYIO CETKY,
JNBWKYIIYIOCSI ~ Haszall, [0 CpeaHeu
obacTu.

Jo cux mop amMmiauTynbl wid (assl
YUCTBIX MPSIMBIX M UYHUCTBIX OOpPATHBIX
Oerymux MIOCKUX BOJIH B CPEITHEM CJIOE
OCTalOTCAd HEU3MEHHBIMU.

Mps1 o603nagaem ux E (s) 1 u E (s) 1 wim
E (p) 1 u E (p) 1, paznenennsie Ha UX

KOMIIOHCHTBI S KaK OOBIYHO.

u p,
Ananoruuso, E (s) O u E (p) 0, a Takxke
E (s) 2 u E (p) 2 noHuMarTCs Kak
MMEIOIME CBET, ''mpoxoasmui’ yepes

TPaHUIBI U3 CpeHEN 00JIaCTH.



Thus, we need only concern ourselves
with the five plane waves depicted in
Fig.

The various plane-wave fields are
connected to each other at the boundaries
via the single-boundary  Fresnel
coefficients.

The notation 0 - 1 indicates the first
surface from the perspective of starting
on the incident side and propagating
towards the middle layer.

The

backward traveling light approaching the

Fresnel coefficients for the
first interface from within the middle
layer are given.

Where 0- 1 indicates connections at the
first interface, but from the perspective

of beginning inside the middle layer.

Finally, the single-boundary coefficients

for light approaching the second inter

In a similar fashion, the notation 1-2
indicates connections made at the second
from the of

interface perspective

beginning in the middle layer.

To solve for the connections between the

five fields depicted in Fig.4.1, we will

Takum  oOpa3oMm, HaM  oOcTaercs

paccMOTpeTh MATh  IUIOCKMX  BOJIH,
U300pa’KEHHbIE HA PUYHKE.

Pa3znuunblie 1m0 MIOCKUX BOJH CBA3aHBI
Apyr € JpyroM Ha TIpaHUIaxXx uYepes
OJTHOTPaHUYHBIE KO3 (HULIHEHTHI
Openerns.
O6o3nauenne 0 - 1 yka3pIBaeT Ha
NEPBYIO0 MOBEPXHOCTh C TOYKH 3PECHHUS
Hayaja Ha MaJaroulel CTOpoHE W
pacnpocTpaHEHUsI K CPEAHEMY CIIOIO.
[IpuBeneHsl

koadpunrenTsl  Openens

Ui oOpaTHO  JBWKYIIMECS  CBETa,
NPHOJIMKAIONICTOCS K TICPBOM TPaHMUIIC
paszena u3 CpeHero CIosl.

['me 0 - 1 yka3pIiBaeT Ha COSAMHEHUS Ha
NIEPBOM YpOBHE [BYX IIOBEPXHOCTEH
00pa3yroIUXCsl MEXIy JIBYMSI CpelamH,

HO C MO3UIIMM Hayaja BHYTPU CPEIHETO

() (3 8
Hakonen, mpoBeneHb  OJHOKpPATHBIC
K02 PUITUECHTHI CBeTa,

pUOTMKAIOIIETOCS KO BTOPOMY UHTEPY.
AHanoruyHeiM 00pa3zoMm oOo3HauyeHue |
Ha

2 YKa3bIBa€T COCJIMHEHUS,

BBIIIOJIHCHHBIC Ha BTOPOM M3 JIBYX

MOBEPXHOCTEH  oOpasyromas  MExay

JIByMsI CpeJaMu C TO3WIUW Hadaja B
CpPEIIHEM CJIOE.
YToOBI ONpeaeNuTh CBSI3b MEXKIY MATHIO

NOJISIMU, HU300paKEHHBIMU Ha PHUCYHKE



need four equations for either s or p
polarization (taking the incident field as
a given).

To simplify things, we will consider s-

polarized light in the upcoming analysis.

The equations for p-polarized light look

exactly the same; just replace the
subscript s with p.

Through the remainder of this section
and the next, we will continue to
economize by writing the equations only
for  s-polarized light with  the
understanding that they apply equally
well to p-polarized light.

The forward-traveling wave in the
middle

transmission of the incident wave and a

region arises from both a
reflection of the backward-traveling
wave in the middle region at the first

interface.

Using the Fresnel coefficients, we can
write E (s) 1 as the sum of fields arising
from E (s) 0 and E (s) 1 as follow.

Note that E (s) 2 stand for the transmitted
field at the point (y, z) = (0,d); its local
phase can be built into its definition so

no need to write an explicit phase.

HaM TOHAJIO00sTCS 4YeThIpe YypaBHEHUs
JUISL TIOJIApU3ALMM S WU P (MpUHUMAS
najarouiee moJje 3a UCXOHOE).

s

HOJISIpI/BOBaHHBIﬁ CBCT B HPCACTOAIICM

YIOPOIICHHE  PAacCMOTPHUM  S-

aHaIu3ze.
VYpaBHeHusT s P-TIOJISIPU30BAHHOIO
CBETa BBIMJAASIT TOYHO TaK  XKe;

HE0OXOUMO 3aMEHUTh UHJICKC S Ha P.

B ocraBumieicsa yactu JaHHOTrO paszesna
U B CIEJYIOIIEM MBI OyJIeM MpPO0JIKATh
3aMKUChIBATh YPABHEHUS B COKPAILEHHOM
BUAE TOJBKO JUISL S-TIOJSIPU30BAHHOTO
CBETa C IIOHMMAaHMEM TOI'0, 4YTO OHU
OJIMHAKOBO MIPUMEHUMBI K p-

MMOJIAPU30BAHHOMY CBCTY.

Bonna pacnpocTpansiomas B IpsiMOM

HalpaBJIeHUHW B  CpeaHedt  obiactu
BO3HHUKAET KakK n3-3a nepeadu
rmajaromei  BOJHBI, Tak M H3-3a

OTpaXEHUSI BOJIHBI UAyIIass B 0OpaTHOM
HAIpaBJICHUH B CpeaHed o0iacth Ha
IIEpBOY I'paHULIE pa3aena.
Hcnonb3ys koddpdunuenter Dpenens,
MbI MOkeM 3anucath E (s) 1 kak cymmy
nosiei, BosHukawmux u3 E (s) 0 u E (s)
1 cnexyromum 06pa3om.

3ametuM, uto E (s) 2 o0o3Hauaer
nepegaBaemoe noje B touke (y,z) = (0,

d); ero nokanbHas (a3za MOXKeT ObITH

BBIBCJCHA U3 €TI0 OIIPCACIICHHUA, IIOOTOMY



The backward-traveling plane wave in
the middle region arises from the
reflection of the forward-traveling plane
wave in that region.

We have written the phase terms on the
right of in a long form to emphasize that
they describe a transmission through the
middle layer, followed by a reflection
from the second interface, and then
another transmission through the middle

layer back to the first interface.

The relations permit us to find overall
transmission and reflection coefficients

for the two-interface

The coefficient t tot s derived in
Example 4.1 connects the amplitude and
phase of the incident field to the
amplitude and phase of the transmitted
field in a manner similar to the single-
boundary Fresnel coefficients.

The numerator of (4.11) reminds us of
the physics of the situation: the field
transmits through the first interface,

acquires a phase due to propagating

HET HEOOXOJMMOCTHU 3alUChIBATh SIBHYIO
dbazy.

[IpoTuBOMONIOKHAs TJIOCKAas BOJHA B
cpeaHedt  oOiacTh  BO3HUKAeT U3
OTPaXCHUs MPSMOM IUJIOCKOM BOJIHBI B
JAHHOM 00Js1acTu.

Mp1 3anucanu ¢a3oBble YJI€HBI CIIpaBa B
JUIMHHOW (opMe, 4TOOBl MOIYEPKHYTH,
4YTO  OHHU

OMMUCBHIBAIOT  NEpeaady

MOCPEICTBOM  CPEAHETO0  Clos,  3a
KOTOPOU CIIeAyeT OTpakeHHUE OT BTOPOW
U3 JBYX IIOBEPXHOCTEW oOpa3yromias
MEXIy TBYMS CpelaMH, a 3aTeM eIle
ONIHy Tepemady 4depe3 CpeIHHH CIIOH
o0paTHO K  mepBoM  HU3  JBYX
MIOBEPXHOCTEH 00pa3yromMXCs MEXITY
IBYMs CpellaMHu.

OTH COOTHOIICHHUS TIO3BOJSIOT HAWTH
obmue Kod3pHUIMEHTHI MPONYCKAHHUS |
OTpaXKEHUs I JBYX  IIOBEPXHOCTEH
00pa3yroIuX MEXKIY IBYMsI CpeIaMu
Kospdunment 7i0tS, mnomydeHHBIN B
npuMepe, CBI3bIBACT aMIUTUTYAy U ¢asy
Najaroniero TOoJs C aMIUTUTYyIOH W

¢da3oii mepeaBacMoro oISl AHAIOTUYHO

OJIHOTPaHUYHBIM kodh purrenTam
OpeHerns.
B YUCIIUTEIIE IIpE/ICTaBIICHA

uHbopMarys 0 PU3NKe CUTYyaIWH: TOJIe
MPOXOJIUT YEPEe3 IMEPBBIM CIIOW JABYX

MOBEPXHOCTEN 00pa3ylomuxcs: MExXIY



through the middle layer, and then

transmits through the second interface.

The denominator of modifies the result
to account for feedback from multiple

reflections in the middle region.

The overall reflection coefficient is
found to be.
The numerator can be simplified

algebraically, but we have left it in this
longer form to emphasize the physics of
the situation: light transmits through the
first interface, propagates through the
middle layer, reflects from the second
interface, propagates back through the
middle layer, and transmits back through
the first interface to interfere with the

initial reflection.

The denominator of the second term
accounts of the effects of multiple-
reflection feedback.

Figure 4.2 shows the magnitudes of the

JIByMsl cpenamu, mpuoOperaer dazy 3a

CYET paclIpOCTPAaHEHUsl IOCPEICTBOM
CPEIHEro CJosl, a 3aTeM MPOXOJIUT Yepe3
BTOPOM  CJIOM JBYX IIOBEPXHOCTEW,
00pa3yroluxcs MeXAY ABYMSl CPEJlaMHU.
3HaMeHaTelb MOKa3bIBAET pe3yabTaT IS
ydyeTa OOpaTHOW CBS3U OT HECKOJBKUX
OTpaKCHUU B cpeaHel 00J1acTH.

OO0t K03p(HUIMEHT OTpaKeHUs paBeH
YCTaHOBJIEHHOMY.

Yucnurensb MO>KHO yIPOCTUTh
anreOpanyecku, HO Mbl OCTaBWJIM €ro B
aTOM Oosiee JUIMHHOW (opme, YTOOBI
NOMYEPKHYTh (U3UYECKUE CHUTYaAIUHU:
CBET MPOXOJUT Yepe3 NMEPBBIN CIIOM ABYX
IIOBEPXHOCTEN 00pa3yromuxcs MEXIy
JBYMSI cpelamMu, paclpocTpaHseTcs
yepe3 CpelHUN CIOoH, OTpakaeTrcs OT
MOBEPXHOCTSIMU MEXY IBYMsSI CpelaMH,
pacnpocTpaHseT BTOPOTO CJOs JABYX
MTOBEPXHOCTEH, o0OpasyroTcs, u

pacmpocTpaHsieTcsi ~ 00paTHO  yepe3
CpemHUl CIIOM W Tepemaercs OOpaTHO
yepes MEpPBbIA CIOW ABYX NMOBEPXHOCTEU
00pa3yIoIuXCcsi MEXKIY ABYMSI CpeaamH,
YTOOBI NPEnsTCTBOBATH
MIEPBOHAYAIILHOMY OTPAXEHHUIO.

3HamMeHaTelb  BTOPOTO  BbIpa)KEHUs
yauThIBaeT 3P(HEKTh 00paTHOM CBS3H C
MHOKECTBEHHBIM OTPaKECHUEM.

Ha puc. mokazaHbl BEJIMYHHBI OOIIMX



overall reflection and transmission
coefficients for the case of a quarter-
wave thickness coating of magnesium
fluoride on glass with.

This

reflections by having the initial reflection

coating is meant to reduce
described by the first term and the
secondary reflection described by the
second term add out of phase (i.e. have a

relative phase shift of on.

While this coating reduces the overall
reflection as compared to an uncoated
optic, note that it does not eliminate the
reflection because the two interfering

plane waves have different amplitudes.

Figure shows the phase of the overall
reflection and transmission coefficients,

written in the form.

At high incidence angles the s- and p-

polarization  reflection  coefficients
experience markedly different phase
shifts.

Transmittance through Double Interface
at Subcritical Angles

We are now in a position to calculate the

fraction of power that transmits through

K03 HUITMeHTOB OTpaKECHUS u

POy CKaHUs B ciry4ae
YETBEPTHBOJHOBOI'O TOJIILUHY MEPHOTO
HNOKPBITUS (PTOpHIa MarHUs HA CTEKJIE.

OTO TMOKpBITUE MPEIHAZHAYEHO IS
YMEHBIICHHUSI  OTPaXEHUs 3a  CUeT
HAYyaJIbHOIO OTPaXXEHUs, ONMHCBIBAEMOIO
B NEPBOM

YJICHC u BTOPHUYHOC

OTpaXCHHUE, TMPEJCTABICHHOEC BTOPBIM
YJICHOM, CKJIaJIbIBatOTCA W3 (asbl (T. e.
UMEIOT OTHOCHUTEIBHBIN (ha30BBIN CHBUT
BKJL

XOTs JIJaHHOEC TIOKPBITHE YMCHBIIIACT
o0Iee OTpakeHHE II0 CPaBHEHUIO C
OIITHUKOM,

HEMOKPBITON oOpaTuTe

BHHMMAHHUC, YTO OHO HC YCTPAHIACT

OTpPaXCHUC, IIOTOMY qTo JABC

IINIOCKHC BOJIHBI

uHTepPepupyromnme
UMEIOT Pa3HbIC aMIUTUTY/II.

Ha pucynke moka3ansl (a3bl 00I1Iero
kod(dduirenTa OTPKCHUS U
kod(dduirenTa IIPOITYCKaHUS,
IPEJICTaBICHBI B BUIE (DOPMYIIBI.

[lpu  Oompmmx  yraax  MaJCHUS
KOdGDUIIMEHTHl OTpaKeHUs S - U -
MOJIIPU3AIAHA 3aMETHO PA3IMUYAIOTCS TI0
(ha30BBIM CABUTAM.

[IponryckaHue 4epe3 ABOMHYIO T'PAHUILY
paszena moJi KpUTUIECKUMU yTiIaMHu.
Tenepp MBI

pacCUnuTbIBACM JOJIIO

MOITHOCTH, KOTOpasg IIPOXOAUT HIIN



or reflects from a double-interface
arrangement. Because the transmission
coefficient (4.11) has a simpler form
than the reflection coefficient (4.12), it is
easier to calculate the total transmittance
T tot s and obtain the reflectance, if
desired, from the relationship

Ttots+Rtots=1

When the transmitted angle 62 is real
(i.,e. 61 does not exceed the critical
angle), we may write the fraction of the

transmitted power as.

Note that we multiplied the numerator
and denominator by e —i kld cos6l
before inserting it into, which make the
denominator more symmetric for later
convenience.

When 601 is also real (i.e. 60 also does
not exceed the critical angle), we can

simplify into the following useful form.

The quantity T max s is the maximum
possible transmittance of power through
the two surfaces.

The single-interface transmittances (T 01
sand T 12 s ) and reflectances (R 01 s

OTpPa)KaeTcsd OT YCTPOMCTBA C  JBYMs

MNOBEPXHOCTSIMU O00pa3YIOIIUXCA MEXKIY

JIBYMS CpelaMHu. ITockonbky
KO3Q(UIMEHT  TPOMYCKAHHUS  HUMEET
Oonee IPOCTYIO bopmy, 4em
KO3 (DUIMEHT  OTpakeHHs,  MpolIe
BBIYUCIIUTh oOmmumit Kod(pbunreHT
npormyckanus | totS ©  MOOMyduTh
K03 puLeHT OTpaKEHMUH, npu

HEOOXOIMMOCTH, U3 COOTHOIICHHS
Ttots+Rtots=1

Korna nmepenaBaemblit yron 02 siBisercs
peanbHbIM (T. €. Ol He mpeBbIlIaeT

KpPUTHYCCKOT'O MBI MOXEM

yria),

OpEACTaBUTh  JIONII0  IepeJaBaeMoii
MOII[HOCTH, KaK B HEKOTOPBIX (opMyJiax.
3aMeTHM, YTO MBIl YMHOKUIN YHCIUTEb
1 3HaMeHatenb Ha € —ikldcosO1, mpexae
4YeM BCTaBUTh €r0 B APYryi (HopMmyiy,
YTO ooee

AEJ1acT 3HaAMCHAaTCJIb

CUMMETPUYHBIM  JUIA  IOCJICIYIOIIETO
ynoOcTBa.

Korma 61 taxxe peansho (T. e. 00 Taxxke
HE TPEBBINIAET KPUTUYECKOTO YTJIa), MBI
MOXXEM TIPEICTaBUTh B CIEIYIOIIYIO
oJIe3HYIO (popMyITy.

Benwmunna T mMax-3to  MakCHUMallbHO
BO3MOXHAsi TPOIYCKHAs CIOCOOHOCTH
MOIITHOCTH Yepe3 JIBE MOBEPXHOCTH.

Koa(duunents: mponyckanus mo oJaHOM

rpanune pazgena (T 01 su T 12s ) n



and R 12 s ) are calculated from the
single-interface Fresnel coefficients in

the usual way as described in chapter 3.

The numerator of T max s represents the
combined transmittances for the two
interfaces without considering feedback

due to multiple reflections.

The denominator enhances this value to
account for reinforcing feedback in the
middle layer.

The exact argument of the sine function,
s, the

transmission.

can strongly influence
The term 2kld cosbl represents the
phase delay acquired during roundtrip

propagation in the middle region.

The terms o@r 01 s and ¢r 12 s account for
possible phase shifts upon reflection
from each interface.

They are defined indirectly by writing
the single-boundary Fresnel reflection

coefficients in polar format.

If the indices of refraction in all regions

orpaxkennss (R 01 s mw R 12 s )

paccUMUTHIBAIOTCS Ha OCHOBE
koddunrentoB DpeHenss Ha OJHOU
rpaHuIle pasjena OOBIYHBIM CIOCOOOM,
KaK OIMCAHO B IJIaBe 3.

Uucnutenr Tmax mpenctaBisieT co0oit
KOMOMHUPOBAHHbBIE KO3 HULIHEHTHI
MPOIYCKAaHUS IS ABYX TOBEPXHOCTSIX

00pa3yroIuxcsi MEXIy IBYMsI CpellaMu

0e3 ydyera OOpaTHOM CBA3W U3-3a
MHO>KECTBCHHBIX OTPaKCHUH.

3HaMeHaTeINb YBEIMUHUBACT 3TO
3HaYCHHWE, 4YTOOBI Yy4YECTh YCHIJICHHE

00paTHOM CBsI3U B CPEJTHEM CIIOE.
Tounslil apryment pynkuuu cunyca Os,

MOJKCT CUJIbHO BJIMATH HA IICPCAATY.

Tepmun 2k1ldcosO1 npeacrasiser coboit
da3oBy0 3aJCpXKKy, IMOIYYCHHYIO TpHU
paclpocTpaHCHHH B TOPSIMOM |
oOpaTHOM HampaBlICHUH B CpEIHEH
obnacTu.

Tepmunbst @r 01 S u @r 12 S yuuThIBaroT

BO3MOXKHBIC  (ha30BbI€  CIABHTH  TIPH
OTPaXXCHUH  OT  KAXKIOM  T'paHUIbI
paszaena.

OHU ompenensitoTcss KOCBEHHO ITyTEM
3amnucH OJTHOTPaHUYHBIX
kodhunreHToB oTpakenus DpeHens B
MOJISIPHOM CHCTEME KOOPINHAT.

Ecnu noxkasarenn IMpCIOMIICHHA BO BCEX



are real, or 01 s and or 12 s take on
values of either zero or = (i.e. the
coefficients are positive or negative real

numbers).

When the indices are complex, other
phase values are possible. Fs is called the
coefficient of finesse, which determines
the transmittance is

how strongly

influenced when ®s is varied (for

example, through wvarying d or the
wavelength.
Animation showing frustrated total

internal reflection.

If n1 < nO, it is possible for 60 to exceed

the critical angle at the first interface.

In this case, cannot be used to calculate

transmittance.

However, still holds as long as the angle
02 is real (i.e. if the critical angle in the
absence of the middle layer is not

exceeded).

In this case an evanescent wave occurs in
the middle region, but not in the last

region.

obnacTsx BemecTBeHHbI, TO ¢r 01 s u or
12 s mpuHUMAaOT 3HA4YeHUs JAUO0 HYJIA,

a60 7 (T. €. KO3)PUIMEHTH! ABIAIOTCS

IMOJIOKUTCIBbHBIMHA 150041
OTpUIATCIIbHBIMU IH/ICJIaMI/I).
Kor):[a HHACKCHI MHOTI'OCJIOKHBIC,

BO3MOXHBI M Apyrue 3HadeHus ¢as. Fs

Ha3bIBAaETCA KO3(PPUIUMEHTOM TOHKOCTH,

KOTOpPBI  OmIpenenser, HACKOJIbKO
CUJIBHO BIIUSIET K03 puLeHT
npornyckanus npu  usmeHeHuun — Ps

(Hampumep, uepe3 uzMeHenue d wuiuM

JJIMHBI BOJIHBI.

Ha npgaHHOM puCcyHKE TIpeJCTaBJICHO
pacCTpOEHHOE  TIOJIHOE  BHYTpEHHEe
OTpaXeHUE.

Ecimm nl < n0, To BO3MOXHO, yTo 60
MPEBBICUT KPUTUUECKUIN yrojl Ha MepBOU
TpaHMIlEe pa3jena.
B »TOoM ciyuae Henb3s HCIONB30BATH

TUTS pacueta K03 pUIMeHT
TIPOIYCKaHUS.
OpmHaKo OCTaeTCsl CIPaBEIUBBIM 10 TEX

1op, Moka yroy 02 siBiseTcs pealbHBIM

(T. e. ecllM KpUTHYECKUW yroil B
OTCYTCTBHE  CpEIHEro  ciosi  He
MIPEBBIIICH).

B ngaHHOM cnydae KpaTKOBpPEMEHHas
BOJIHA BO3HUKAET B CpeAHEl olnactu, a
HE B KpaiiHEeH.

Ecnu BTOpast rpanuiia paszzaena OJM3KO K



If the second interface is sufficiently
close to the first, the evanescent wave
stimulates the second surface to produce
a transmitted wave propagating at angle

02 in the last region.

This

frustrated total internal reflection.

behavior, called tunneling or

We do not need to deal directly with the
complex angle 01.

Rather, we just need sinf1 and cos61 in
order to calculate the single-boundary

Fresnel coefficients.

In the case of identical interfaces, the
transmittance and reflectance coefficients
are the same at each surface (ie. T=T
01=T12andR=R01=R 12).

In this case, the maximum transmittance

and the finesse coefficient simplify to

In principle, these equations should be
evaluated for either s- or p-polarized
light.

However, a Fabry-Perot interferometer
or etalon is usually operated near normal

incidence so that there is little difference

MEPBOM, TO KPATKOBPEMEHHAs BOJIHA

CTUMYJIUPYET BTOPYIO TOBEPXHOCT,
YTOOBI MIPOU3BECTH MEPEAAHHYIO BOJIHY,
pacrpocTpanstonyocs noa yriom 02 B

KpaiiHel o0nacTu.

JlaHHBIH IpoLecc, Ha3bIBACTCS
TYHHEJIMPOBAHUEM 158101
bpycTpUpOBaHHBIM IIOJIHBIM
BHYTPEHHUM  OTPaXCHUEM, KOTOPOE
MOKHO CMOJIEJIUPOBATD.

Ham HE HY>XHO UMETh EeJI0

HCIIOCPCACTBCHHO CO CJIOKHBIM VYIJIOM

01. Ckopee Bcero, HaM MPOCTO HY>KHbI

sinfl wu cosOl, dYTroOBI BBIYHMCIUTH
OJIHOTPaHUYHBIE K03 HUIIHEHTHI
OpeHens.

B ciry4ae IpUMEHEHHUE JIBYX
OJIMHAKOBBIX MOBEPXHOCTEM

00pa3yroImuxcs MEXIY IBYMS Cpelamu
K02 PUITUECHTHI POITYCKaHUS U

OTPAXEHHUSI OJWHAKOBBI HAa KaXIOU
noBepxHocTH (T. €. T=T 0l =T 12u R
=R01=R12).

B TOM

ClIydac MaKCHUMaJIbHas

NpOIMyCKaeMoCTh W KodhduimeHt
TOHKOCTH YIIPOIIAIOTCS 10 BUJA.

B  mpunnumne  gaHHbIE  ypaBHEHUS
JIOJKHBI OBITH OIEHEHBI ISl S - WU P-
MOJIIPU30BAHHOTO CBETA.

Opnako wunHTepdepomerp PDabdbpu-Ilepo

WM JTAJIOH OOBIYHO PabOTaOT BOIMU3U



between the two polarizations.

When using a Fabry-Perot instrument,
one observes the transmittance T tot as

the parameter @ is varied.

The parameter ® can be varied by

altering d, 61, or A as prescribed by

To

instrument, it is desirable to have the

increase the sensitivity of the
transmittance T tot vary strongly as a
function of ®.

By inspection of (4.23), we see that this
happens if the finesse coefficient F is
large.

We achieve a large finesse coefficient by

increasing the reflectance R.

The basic Fabry-Perot instrument design
is shown in Fig

In order to achieve high reflectivity R
(and therefore large F), special coatings
can be applied to the surfaces, for
example, a thin layer of silver to achieve

reflectance of, say, 90%.

two glass substrates are

Typically,

HOPMAJIBHOI'O IMaACHHA, TaAK YTO pa3sHUIlA

MEXTY TIBYMSI MOJISIPU3AIUSIMU
HEBEJIHKA.

ITpu ucnons3oBanuu npudopa dadpu-
HaOo1aeTCs

I[lepo K03 puLeHT

nponyckanus T 0Opu U3MEHEHUU
napamerpa .
[lapamerp @ MoOXeT OBITh H3MEHEH
nyteM wu3MeHenus d, 61 wm A B

COOTBCTCTBHHU C NPCAINMNCAHUAMN

Jnst  TOBBIMIEHHWS]  YYyBCTBUTEIBHOCTH
npudopa KEJIATENIbHO, YTOOBI
kodbdunmrent nponyckanus T tot

CUJIBHO U3MEHSIICS B 3aBUCUMOCTHU OT D.

[Ipu paccmotpenun (4.23) Mbl BUANM,

qTO 3TO TIPOUCXOIHT, ecIiu
kod(unreHT ToukocTH F Benuk.
Mpr JOCTUTaeM 00IBIIIOTO

KOd(PUIIMEHTa TOHKOCTH, YBEIMIUBAS
kod(ddurreHt orpaxenus R.
Ha pucyHke moka3aHa KOHCTPYKIIHS

npudopa ®adpu-Ilepo.

Jliist JOCTHXKEHUSA BBICOKOH
OTpakaTeIbHOU CIIOCOOHOCTH R
(cmemoBaTtenbHO, u Oonbiiol F) Ha

IMOBCPXHOCTH MOI'YT OBITb HAHECEHBI

CIICOMAaJIbHBIC IMIOKPbITHAA, HaIIpuMcCp,

TOHKUU CJIOW cepebpa It MOCTHIKCHUS
OTpaXaTeIbHONW CIMOCOOHOCTH, CKaXKeM,
90%.

Kaxk IIpaBHIIO, ABC CTCKIISIHHBIC



separated by distance d, with the coated
surfaces facing each other as shown in

the figure.

The substrates are aligned so that the
interior surfaces are parallel to each
other.

It is typical for each substrate to be
slightly wedge-shaped so that unwanted
reflections from the outer surfaces do not
interfere with the double boundary

situation between the two plates.

Technically, each coating constitutes its

own double-boundary problem (or

multiple-boundary as the case may be).

We can ignore this detail and simply
think of the overall setup as a single two-

interface problem.

Regardless of the details of the coatings,
we can say that each coating has a
certain reflectance R and transmittance
T.

However, as light goes through a
coating, it can also be attenuated because
of absorption.

In this case, we have where A represents

IMOMJIOKKHK pasacjaCcHbl PACCTOAHUCM d,

npu4yemM MOKPBITHIE MMOBEPXHOCTH
oOpalieHsl Apyr K JIpyry, Kak MokKa3aHo
Ha PUCYHKE.

[loaJ105KKM BHIPOBHEHBI TaKUM 00pazom,
YTOOBl BHYTPEHHHE IMOBEPXHOCTU ObLIM
napajuiesIbHbI APYT IPYTY.

Jima  xkaxaoM TMOMJIOKKHA —XapaKTEPHO
UMETh CJIerKa KJIMHOBUAHYIO (dopmy,
4yTOOBl HEXKeJlaTeJIbHbIE OTPAXKEHUS OT
BHEIIIHUX TIOBEPXHOCTEH HE MEIIaiu
JBOMHOM TPAaHUYHOU CUTYyallUH MEKIY
JBYMS IJTACTUHAMM.

TexHUYEeCKH KaKJI0€ TOKPBITHE HMEET
CBOM COOCTBEHHBIM BHJI C JIBOWHON
rpaHuiedl  (WIM  C  HECKOJIbKUMH
IpaHULIaMHU, B 3aBUCUMOCTH OT CITy4asi).
MBI MOXEM NPOUTHOPUPOBATH JTAHHBIM
(GbakT ¥ MPOCTO TMOTOBOPUTH 00 oOIIeH
HACTpOMKe KaKk 00 OJHON M3 MpoOJeM C
JIByX TOBEPXHOCTEH  0Opa3yronmxcs
MEXKIy IBYMSI CpEIaMHu.

He3zaBucumo oOT petaiiel MOKpPBITHS,
MOHO CKa3aTh, UYTO KaXX/10€ MOKpPBITHE
obOnmagaeT oTpeIeICHHBIM
kodhdunmeHTom  oTpakeHuss R wu
K03 HHUIMEHTOM TIpoITycKanus T .
OnHako, TOCKOJIbBKY CBET MPOXOJUT
yepe3 MOKPHITUE, OH TaKKe MOXKET OBbITh
ocJ1a0JIeH 13-3a MOTJIOUIEHHUS.

A,

B JaHHOM CJIyda€ Mbl HMCCM



the amount of light absorbed at a coating.
The attenuation A reduces the amount of
light that makes it through the
instrument, but it does not impact the
nature of the interferences within the
instrument.

The total transmittance T tot (4.23)
through an ideal Fabry-Perot instrument
is depicted in Fig. 4.9 as a function of ®.
The wvarious curves correspond to
different values of F.

Typical values of ® can be extremely
large.

The phase term 2¢r in (4.26) depends on
the exact nature of the coatings in the
Fabry-Perot instrument.

However, we do not need to know the
value of ¢r , which may depend on both
the complex index of the coating
material and its thickness.

Whatever the value of ¢r , we only care
that it is constant.
Experimentally, —we can always
compensate for the or by ‘tweaking’ the
spacing d, whose exact value is likely not

controlled for in the first place.

Note that the required ‘tweak’ on the

spacing need only be a fraction of a

KOJIMYECTBO  CBETA,  IOINIOLIEHHOIO
IOKPBITHEM.

Ocnabnenue A yMEHBIIAET KOJUYECTBO
CBETa, MPOXOJSILEro 4epe3 Mmpuodop, HO
OHO HE BJIMSAET Ha XapakTep IOMeEX
BHYTpHU IpuodOpa.

[Tonubiil korpueHT nponyckanus T
yepe3 HacTpoeHHbId mnpubop Dadpu-
[lepo m300paxkeH Ha puc. Kak (HyHKUUSA
.
PaznuunHble  KpUBBIE  COOTBETCTBYIOT
pa3ITUYHBIM 3HaYCHUSIM F.

Tunuunsle 3HaueHus O MoOryt OBITH
OYEHb OOJIBIITUMU.
@a30BbIli  4J€H 2Qr 3aBUCUT  OT
TOYHOCTH OIPEIECICHUS IOKPBITHA B
npudope ®adpu-Ilepo.

OpnHako HaM HE HYXHO 3HAaTh BEJIUYUHY
or,

KOMIIJICKCHOI'O IIOKAa3aTCJIsA MaTcpuaia

KOTOpasgs MOXKCT 3daBUCCTb KdK OT

MOKPBITHSA, TAK U OT €r0 TOJIIHHBI.
Kakum Obl HU OBLIO 3HAYEHHE Or, HAC
MHTEPECYET TOJIBKO TO, YTOOBI OHO OBLIO
MIOCTOSIHHBIM.

DKCHEPUMEHTAIbHO MBI BCETJa MOXKEM
KOMIIEHCUPOBAaTh (T MyTeM "HACTPOUKH"
TOYHOE

uHTepBaga  d, 3HAYCHUE

KOTOpOTO, BEPOSITHO, HE
KOHTPOJIUPYETCS B IEPBYIO OYEPEIb.
OOpaTtuTe BHHMMaHUE, 4TO Tpedyemas

"HacTpoika" Ha pacCTOSIHUM JIOJKHA



wavelength, which is typically tiny

compared to the overall spacing d.

Setup of a Fabry-Perot Instrument Figure
Shows the typical experimental setup for

a Fabry-Perot interferometer

A collimated beam of light is sent
through the instrument.

The beam is aligned so that it is normal
to the surfaces.

It is critical for the two surfaces of the
interferometer to be extremely close to

parallel.

When aligned correctly, the transmission
‘blink” all
together as the spacing d is changed (by

of a collimated beam will

tiny amounts)

A mechanical actuator can be used to
vary the spacing between the plates
while the transmittance is observed on a

detector.

To make the alignment of the instrument
somewhat less critical, a small aperture
can be placed in front of the detector so
that it observes only a small portion of
the beam.

Transmittance 0 - Transmittance as the

OBITh TOJIBKO YacCThIO JJIMHBI BOJHBI,
KOTOpasi OOBIYHO Majia MO CPAaBHEHMIO C

o0mumM pacctosiaueM d.

VYcranoBka  mpubopa  ®abpu-Ilepo
Ilokazana TUNUYHAs
SKCIIEPUMEHTATbHAS yCTaHOBKA

untepdepomerpa dadpu-Ilepo.

Uepes npudop MOChLIAETCS
KOJUIMMUPOBAHHBIH JTyd CBETA.

Jlyd BBIpOBHEH TakK, 4YTOObI OH OBLI
NEePHeHAUKYISIPEH OBEPXHOCTSIM.
Kpaiine BaxxHO, 4TOOBI 00€ MOBEPXHOCTU
uHTephepomerpa

HaXO0aNJINCh Ha

MaKCHUMaJILHOM OJIM3KOM pPacCTOAHNN K

napaiyieIbHBIM.
[Tpu PaBUILHOM BbIpaBHUBAHUU
nepenada  KOJUIMMHUPOBAaHHOTO — JIyda

Oyner "Murath'", MOCKOJBKY PacCTOSHUE

d wm3meHsercs (Ha  MHHHAMAJIbHBIC
3HAYEHHUS).

Mexannueckuii MIPUBOJT MOXET
HCITOJIL30BaThCS JUTS W3MEHCHHUS

PACCTOSIHUSI MEXIY IUTACTUHAMH, B TO
BpeMsi KaK KO3(PUIMEHT TPOMyCKaHUs
HaOII01aeTCs Ha JICTEKTOPE.

YtoObl caenaTh BhIpaBHUBAHUE MPUOOpa
HECKOJIbKO MEHEE KpPUTHYHBIM, Mepes
J€TEKTOPOM MOXHO pa3MecTUTh
HEOOJIBIIIYIO aNlepTypy, I HAOIIOECHUS
TOJIbKO HEOOJIBIIION YacTH Jyya.

0-

Koadpdunnent MPONYyCKaHUSA



separation d is varied (F = 100).

The transmittance as a function of plate

separation is shown in Fig..

In this case, @ varies via changes in d

(see with cos61 = 1 and fixed
wavelength).

As the spacing is increased by only a half
wavelength, the transmittance 4.5 Setup
of a Fabry-Perot Instrument 101 changes

through a complete period.

The various peaks in the figure are called
fringes.

The setup for a Fabry-Perot etalon is
similar to that of the interferometer

except that the spacing d remains fixed.

Often the two surfaces in the etalon are
held parallel to each other by a precision
spacer.

An advantage to the Fabry-Perot etalon
(as opposed to the interferometer) is that

Nno moving parts are needed.

To make measurements with an etalon,
the angle of the light is varied rather than
the plate separation.

After all, to see fringes, we just need to

KO3 puIreHT MPONYCKaHUSA pu
pasaenenuu d nusmensercs (F = 100).
Koappunment POy CKaHMS KakK
(GyHKUUS pa3feneHus MIACTUH NOKa3aHa
Ha PUCYHKE.

B »srom cinyyae @ wusMmMensercs 110
cpeactBoM m3MmeHenus d (cM. mpu cos0l
= 1 1 puKCUPOBAaHHON JITTMHE BOJIHBI).
[TockoybKy paccTOsIHHE YBEJIUYMBAETCS
TOJIbKO Ha TIOJIOBUHY JJIMHBI BOJIHBI,

K03 puLeHT IPOMYCKaHHUS 4.5
npubopa ®adpu-Ilepo 101 usmensiercs B

TCUCHUC ITOJIHOTO IMMCPUO/Ia.

Paznuunbie MUKU Ha PUCYHKE
Ha3BIBAIOTCSI OAXPOMOIA.

YcraHoBKa ATaJIOHA dabpu-Ilepo
aHaJOTMYHa YCTaHOBKE
uHTepdepoMeTpa, 3a  UCKIIOUYECHUEM
TOro, 4To paccrosuue O ocraercs

HEU3MEHHBIM.
Yacto 00e mMOBEpXHOCTH B DITAJOHE
YAEPKUBAIOTCS NTApaIENbHO JIPYT APYTY
C MIOMOIIBIO MPEUU3UNOHHON TPOKIAJKH.
[IpeumymectBoM 3tanmona Padpu-Ilepo
(B ommmuue OT wuHTEpdHEepomeTpa)
ABJISIETCSL OTCYTCTBHE HEOOXOJMMOCTH
HaJIU4Ms TOABUKHBIX YacTei.

Jlist Toro 9TOoOBI IPOBECTH U3MEPEHHS C
ATAJIOHOM, YrojJ CBETa H3MEHEH a He
MPEJIOMIISIOTCS Yepe3 MIIUTHI.

B koHnme YTOOBI

KOHIIOB, YBUJIECTh



cause @ in to vary in some way.

According to, we can do that as easily by
varying 01 as we can by varying d.

One way to obtain a range of angles is to
observe light from a ‘point source’, as

depicted in Fig.

Different portions of the beam go
through the device at different angles.
When aligned straight on, the transmitted
light forms a ‘bull’s-eye’ pattern on a
screen.

In Figwe graph the transmittance T tot
(4.23) as a function of angle (holding

Avac = 500 nm and d = 1 cm fixed).

Since cos01 is not a linear function, the

spacing of the peaks varies with angle.

As 01 increases from zero, the cosine
steadily decreases, causing @ to

decrease.

Each time @ decreases by 2n we get a
new peak. Not surprisingly, only a
modest change in angle is necessary to
cause the transmittance to vary from

maximum to minimum, or vice versa.

TPaHULIbl, HAM MPOCTO HYKHO M3MEPUTh
rokaszareis O.

CornacHo (opMyIie, MBI MOKEM ClieNaTh
9TO TaK K€ JIETKO, m3MeHsst 01, kak u d.
OgauM  ©3  CcHOCO0OB  TOJIyYEHUs
JMara3oHa yrioB SIBJISETCS HaOJIOJICHHE
CBeTa OT "TOYEYHOI'0 MCTOYHHKA', KakK
MOKAa3aHO Ha PUCYHKE

PaznuuHble yacTu jyda MpOXOIsT uepe3
YCTPOMCTBO MO/ pa3HBIMU yTJIaMHU.
Korma OH BBIPOBHEH psIMO,
MPOXOASIIUN CBET 00pa3yeT Ha JKpaHe
y30P « S0JI0UKOY.

Ha

PUCYHKE  TpeJCTaBIICH

rpadux

kodddunmenta nponyckaHuss Ttot B

3aBUCUMOCTH oT yria (mpu
¢dukcupoBannom Avac = 500 Hm u d = 1
CM).

[Tockompky  cos61 HE  SBJSETCA
JUHEWHOW  (yHKIMEW,  pacCTOsSHHE
MEXAy  MHKaMu U3MEHSIETCS B

3aBUCUMOCTH OT yTJa.
[To mepe Toro xak 01 yBemuumBaeTcst OT

HYJI, KOCUHYC HEYKJIOHHO

YMEHBIIIAeTCs, YTO BIEYET 3a COO0Oi

yMeHbleHue .

Kaxnpiii pa3, korma @ yMeHbIIAETCs Ha

2m, MBI TIONly4aeM  HOBBIA  TIHK.

HeyauButenbHO, 4YTO IS W3MEHEHUS
koa(dpuimenta

MPOITYCKaHUS OT

MaKCUMyMa K MUHUMYMY WJIA HAa000pOT



The bull’s-eye pattern in Fig. can be
understood as the curve rotated about a
circle.

Depending on the exact spacing between
the plates, the angles where the fringes

occur can be different.

For example, the center spot could be
dark.

Spectroscopic samples often are not
compact point-like sources.

Rather, they are extended diffuse
sources.

The point-source setup shown in Fig.
4.12 won’t work for extended sources

unless all of the light at the sample is

blocked except for a tiny point.

This is impractical if there remains

insufficient illumination at the final

screen for observation.

In order to preserve as much light as
possible, we can sandwich the etalon
between two lenses.

We place the diffuse source at the focal

plane of the first lens.

TpedyeTcs JIVIIb HE3HAYUTEIBHOE
VU3MEHEHUE yIUIa.

PucyHok « ObluMii T7a3» Ha PHUCYHKE
MOKHO  TpAakTOBaTh  KaK  KPHUBYIO
BpAILAIOLIYIOCS BOKPYT OKPYKHOCTH.

B 3aBuCMMOCTH OT TOYHOTO PacCTOSIHUS
IJIACTUHAMUA

MEXITY noj

YTJIBI,
KOTOPBIMU BO3HHMKAIOT TOJOCHI, MOTYT
OBITh Pa3HBIMH.

Hanpumep, LeHTpanbHOE MSATHO MOXKET
OBITb TEMHBIM.

CriekTpockonuyeckrue o0pasibl 4acTo He
SBIIAIOTCSI  KOMITAKTHBIMM ~ TOYEYHBIMH
HUCTOYHUKAMHU.

Ckopee, 3T0 npoTsHKeHHbIE U] y3HBIE
UCTOYHUKH.
YcraHoBKa ~ TOYEYHOrO  MCTOYHHKA,
nokasanHas Ha puc. 4.12, He Oyner
paboTaTh Ha pacIIMPEHHBIX UCTOYHUKAX,

€CIM BeCh CBeT B oOpasie He Oyner

320JIOKMPOBaH, 3a UCKITFOUCHHEM
KpPOILIEYHOW TOYKH.

DOt0  HemenecooOpa3HO, €CIM  HA
KOHECYHOM DKpaHe ocTaeTcs
HEJ0CTaTOYHOE OCBEIIEHUE TUTS
HaOJIIOACHUSI.

YTOoObl COXpaHUTh KaK MOHO OOJbIle
CBETa, MBI MOXEM IOMECTUTh 3TaJIOH
MEXKy IBYMsI JIMH3aMH.

Mps1 nomeniaeM audy3HbId HCTOYHUK B

(G OKaNBbHYIO TUIOCKOCTh IEPBOM JIMH3HI.



We place the screen at the focal plane of
the second lens.

This causes an image of the source to
appear on the screen.

Each point of the diffuse source is
mapped to a corresponding point on the
screen.

Moreover, the light associated with any
particular point of the source travels as a
unique collimated beam in the region
between the lenses. Each collimated
beam traverses the etalon with a specific
angle.

Thus, light associated with each emission
point traverses the etalon with higher or
lower transmittance, according to the
differing angles.

The result is that a bull’s eye pattern
becomes superimposed on the image of

the diffuse source.

The lens and retina of your eye can be

used for the final lens and screen.

Distinguishing Nearby Wavelengths in a
Fabry-Perot.

Instrument Thus far, we have examined
how the transmittance through a Fabry-
Perot instrument varies with surface

separation d and angle 61.

Msbl nomeniaeM 3KpaH B (POKaIbHYIO
IIJIOCKOCTBh BTOPOM JIMH3BI.

OTO NPUBOAUT K MOSIBJICHUIO HA JKPAHE
U300paKE€HNS UCTOYHUKA.

Kaxnas Touka aud@dy3HOro MCTOYHUKA
CONOCTABJISETCA C COOTBETCTBYIOLIEH
TOYKOM Ha DKpaHe.

Bonee Toro, cBeT, CBSI3aHHBIM C 1000
KOHKPETHOU TOYKOH MCTOYHUKA,
pacrpoCTpaHsIETCs B BUAE YHUKAIBHOIO
KOJUIMMHUPOBAHHOTO Iy4yka B 001acTu
MEXKy JINH3aMH.

Kaxpiit KOJUJIMMUPOBAHHBIN Iy4
NIEPECEKAET HSTAJIOH MOJ ONPEIEIECHHBIM

YTJIOM.

Takum o00pa3om, CBeT, CBS3aHHBIA C
KaXJI0M TOYKOW HW3JIYYEHHS, MEPECECKAET
9TajJOH ¢ OOJBIICH WM MCHBIICH
MPONyCKaeMOoM CITIOCOOHOCTHIO, B
3aBUCUMOCTHU OT Pa3JIMYHBIX YTJIOB.

B  pesymebrare Ha  HM300paKeHHE
PACCESIHHOTO MCTOYHHUKA HAKJIA/IbIBACTCSA
n300pakeHne ObIYBETO IJ1a3a.
Paznuyenune cocemHUX JJIMH BOJIH B
npubdope dadpu-Ilepo.

Jlo cux mop MBI HCCIEAOBAIM, Kak

Kodh(DUIMEHT  TPOMyCKaHWs  4Yepes
npubop @Pabpu-llepo wusmensercs c

pas3jielieHueM IMOBepXHOCTH d ¥ yriiom



However, the main purpose of a Fabry-

Perot instrument is to measure small
changes in the wavelength of light,

which similarly affect the value of ® (see

Consider a Fabry-Perot interferometer
where the transmittance through the
instrument is plotted as a function of
plate spacing d.

At certain spacings, ® happens to be a

multiple of 2z for the wavelength Avac.

Next, suppose we adjust the wavelength
to Avac + AL while observing the

locations of these fringes.

As the wavelength changes, the locations

at which @ is a multiple of 2z change.

Consequently, the fringes shift as seen in
figure.

Transmittance 0 Figure Transmittance as
the spacing d is varied for two different
wavelengths (F = 100).

The solid line plots the transmittance of
light with a wavelength of Avac, and the
dashed line plots the transmittance of a

wavelength shorter than Avac.

01.

OpHako OCHOBHOE Ha3zHauyeHue mnpuodopa
®abpu-Ilepo coctrour B U3MEpEeHUU
HEOOJIBIINX W3MEHEHUN [IJIUHBI BOJHBI
CBETa, KOTOpPbIE aHAJOTUYHBIM O0OpazoM
BIIUSIOT HA Benuuuny O.

Paccmotpum  unTepdepomerp Dabpu-
[lepo, rne kod(pduULIMEHT TpomyCcKaHuUs
yepe3 Npuoop CTPOUTCS B BUJIC PYHKIIUU
paccTosHUS MEXKy IiacTuHaMu d.

[Ipn omnpeneneHHbIX paccTosHUSIX @
OKa3bIBACTCS KPATHBIM 27 JUISl JIJTUHBI
BOJIHBI Avac.

Hanee, MIPEANOJIOKUM, 4TO MBI
HacTpaMBaeM JUIMHY BOJIHBI Ha Avac +
A\, HaOmrofasi pacrtojiOKeHHUE JTaHHBIX
0JIOC.

[lo mMepe wu3MeHEHHS JIMHBI BOJIHBI
MEHSIOTCSI MecTa, B KOTOpbhix ® kpaTHO

27

CnenoBaTenbHO, MOJOCHI CMENIAIOTCH,

KaK IIOKa3aHO Ha PUCYHKC.

Kosddumumenr mnponyckanus 0 1o
PUCYHKY, KOX(D(DUIIMEHT MPOITYCKAHHUS
npu  W3MEHEHWW  paccrosHus  d

U3MEHSCTCS JUIA JBYX Pa3IMIHBIX JIJTHH
BouH (F = 100).

CrromrHast JIMHUA ITOKa3bIBacCT

KOG (DUIIMEHT TPOMyCKaHUS CBETa C
Avac,

JUIMHOW  BOJIHBI a TyHKTHpHas

JUHUA-KOAP(OUIIMEHT MTPOMYCKaHUS C



Note that the fringes shift positions for

different wavelengths.

We now derive the connection between a
change in wavelength and the amount
that ® changes, which gives rise to the

fringe shift seen in Fig.

If the change in wavelength is enough to
cause A® = 2z, the fringes in Fig. shift
through a whole period, and the picture

looks the same.

This brings up an important limitation of
the instrument.

If the fringes shift by too much, we
might become confused as to what
exactly has changed, owing to the
periodic nature of the fringes.

If two wavelengths aren’t sufficiently
close, the fringes of one wavelength may
be shifted past several fringes of the
other wavelength, and we will not be

able to tell by how much they differ.

This introduces the concept of free
spectral range, which is the wavelength
change AAFSR that causes the fringes to
shift through one period.

JUTMHOM BOJIHEI, MEHBIIIEH Avac.

OOpatuTe BHHUMaHUE, 4YTO IMOJOCHI

CMCIIAOT MNO3WIUKU JJIA Pa3HbIX OJINH
BOJIH.

Tenepb MBI BBIBOAHUM CBSA3b MCKIAY

HU3MCHCHHECM JJIMHBI BOJIHBI u

BEJIMYMHOU n3MeHeHus O, 4TO IPUBOAUT
K CIBHUIY IIOJIOCHI, HaOIIOAaeMOMY Ha
PHUCYHKE.

Ecan N3MCHCHMUC JJIMHBI BOJIHBI

AJ0CTATOYHO AOJId TOIO, yTOOBI BBHI3BATH

AD = 2m, TO TOJOCHl Ha PHUCYHKE

CIABUTAIOTCS uepe3 IMEeJbId TMEepHoJ, Hu
KapTHUHA BBITJISIUT TaK JKE.

DTO MPUBOJUT K BAXKHOMY OI'PAaHUYCHUIO
WHCTPYMEHTA.

Eciu rpaHuIpl CcIBHUTarOTCs CIMIIKOM
CHWJIbHO, MBI MOXKEM 3aIlyTaTbCsl B TOM,

qTo HUMCHHO HN3MCHUIIOCH n3-3a

MEPUOANYECKON MPUPObI TPAHHULI.
Ecimu nBe IWHBI BOJHBI HEIOCTATOYHO

OJIU3KH, TO TPaAHUIBl OJHOW JJTHHBI

BOJIHBI MOI'YT OBITH CABHHYTHI 3a

IIpEeJebl HECKOJIBKUX TPaHul] JIpyrou

JJINHBI BOJIHBI, W MBI HC CMOXCM

BbISIBUTH, HACKOJIBKO OHHM OTINYAaKOTCA.

DTO BBOJUT TIIOHSATHE CBOOOJHOIO

CIICKTPAJIbHOI'O  JHAlla30Ha, KOTOpHﬁ

MpeCTaBIseT COO0M M3MEHEHUE JJIMHBI

BoaHbl AAFSR, koTopoe 3acTtaBiseT

ITOJIOCHI CMCIIATBLCA YCPEC3 OAUH IICPHUO.



We find this by setting equal to 2.

After rearranging, we get AAFSR = A 2
vac 2nld cos61.

The free spectral range tends to be
extremely

narrow; a  Fabry-Perot

instrument is not well suited for
measuring wavelength ranges wider than
this. In summary, the free spectral range
iIs the largest change in wavelength
permissible while avoiding confusion.

To convert this wavelength difference
AMNFSR into a corresponding frequency

difference, one differentiates.

We next consider the smallest change in
wavelength that can be noticed, or

resolved with a Fabry-Perot instrument.

For example, if two very near-by
wavelengths are sent through the
instrument  simultaneously, we can

distinguish them only if the separation
between their corresponding fringe peaks
Is at least as large as the width of an

individual peak.

This situation of two barely resolvable
fringe peaks is illustrated in Fig. for a

diverging beam traversing an etalon.

Ml HaxoJquM 3TO, YCTAHOBUB YPABHCHHC

PaBHBIM 2T.
Ilocne mnepecTaHOBKM MBI  IOJIy4YaeM
ANFSR = A 2 vac 2nldcos6l.

CBOOOJIHBIN  CHEKTPaJbHBIM JuanazoH
UMEET TEHACHIMIO OBITh Ype3BbIYailHO

y3kuM; npubop ®adpu-Ilepo He oueHb

XOpomo moaAXoaAuT OJi1  HU3MCPCHHA
AraIta30HOB JJIUH BOJIH mupe
MpCaACTAaBJICHHOTO.

Yro0b! NpeoOpa3zoBaTh JAHHYIO Pa3HOCTh

e BOJTH AAFSR B COOTBETCTBYIOIIYIO

Pa3HOCTh 4acToT, HY>KHO
nuddepeHupoBaTh.

3areM MBI pPacCMOTPUM HaWMEHbIIIEE
U3MEHEHHE JUTMHBI BOJHBI, KOTOpOE

MOXKHO 3aMETUTh WJIH pPa3peuIuTh C
nomotibio npudopa dadpu-Ilepo.

Hanpumep, ecnu  dyepe3  mpubop

OJHOBPEMEHHO IIPOXOJAT [JIB€ OYEHb

Ou3KHUe JJIUMHBI BOJH, MBI MOXEM

Pa3indnuTh HX TOJBKO B TOM CJIy4ac,
cClin

paccrosiHue MEXY

COOTBCTCTBYIOIIMMU KM I10JJOCOBBIMH

NMUKaMA TI0 MEHBIIEA MeEpe PaBHO
HIAPUHE OTJICJIBHOIO MHKA.

JlanHast CUTYyaIUs JIBYX e/Ba
pa3peImnMbIX KpPaeBbIX MMHUKOB

MPOWJUIIOCTPUPOBAHA HA PHUCYHKE IS

pacxofsierocs Jyda, IepeceKaroliero



We will look for the wavelength change
that causes a peak to shift by its own
width.

We define the width of a peak by its full
width at half maximum (FWHM).

Again, let ® be a multiple of 2z where a
peak in transmittance occurs.
In this case, we have from (4.23) that
dopmyaa since sin(®/2) = 0.
When @ shifts to a neighboring value
OxOFWHM/2, then, by definition, the

transmittance drops to one half.

Next, we suppose that ®FWHM/4 is
rather small so that we may represent the

sine by its argument.

This approximation is okay if the finesse

coefficient F is rather large (say, 100).

Here we have set the origin within each

layer at the left surface.

Then when making the connection with
the subsequent layer at the right surface,
we must specifically take into account
the phase.

This corresponds to the phase acquired

by the plane wave field in traversing the

3TaJIOH.
MpbI HaXOAMM U3MEHEHUE JIJTMHBI BOJHEI,
KOTOpOE€ MPHUBOJIUT K CMEIIEHHUIO IHKa
Ha €ro COOCTBEHHYIO LIUPHUHY.

Msl ompenensieM MIMPUHY MHKA MO €ro
MOJIOBUHHOM

OJTHOM

makcumyMme (FWHM).

HIUPUHE TPU
Onsare ke, nycte @ kpatHO 2m, TI€
MPOUCXOJIUT MUK MPOMYCKaHUSI.

B nannom ciyuae cienyet ,uto Gopmyina
umeet By Sin (¢ / 2) = 0.

Korma @ cmemjaercss K cocegHEMy
3HaueHuro ~ O+OFWHM/2,

TO, TIO

ONPEAEIICHUIO, ko3 puIreHT
MPOITYCKAHUS MMaIaeT J10 MTOJIOBUHBI.
Hanee MBIl  TPEANOJIOKUM, 4TO
OFWHM/4 noBoNBLHO Maj, TaK YTO MBI
MOXEM TPEACTaBUTh CHUHYC IO €ro
apryMeHTY.

OT0 NpUONMKEHHE  XOpOIIo,  eCIH
kod(ddunmenT ToHKOocTH F  J0BOJIBHO
BeJUK (ckaxeM, 100).

3necb MBIl YCTAHOBWJIM  Hayalo
KOOpPJAMHAT BHYTPU KaXKJIOro CJIOS Ha
JIEBOW MOBEPXHOCTH.

3aTem, YycTaHaBIuBasi COEAUHEHUE C
MOCIEAYIOIMM  CJIOEM  Ha  IPaBoOU
MOBEPXHOCTH, MBI JOJDKHBI CHEIUATBHO
YUUTHIBATH (Ha3blI.

10

COOTBETCTBYET dbaze,

NpUOOPETEHHOW MOJIEM MIOCKOW BOJHBI



layer with thickness dj . The right-hand
sides of (4.44) and (4.45) need no phase
adjustment since the (j +1)th field is
evaluated on the left side of its layer.

At the final

conditions are /

interface, the boundary

At this point we are ready to solve.

We would like to eliminate all fields
besides E (p) 0, E (p) 0, and E (p) N+1.
Then we will be able to find the overall
reflectance and transmittance of the

multilayer coating.

In solving, we must proceed with care, or

the algebra can quickly get out of hand.

Fortunately, you have probably had
training in linear algebra, and this is a
case where that training pays off. We
first write a general matrix equation that
summarizes the mathematics in (4.42)—

(4.47), as follows dhopmyier

Many different types of multilayer
coatings are possible.
For Brewster’s

example, a angle

polarizer has a coating designed to

IpU TPOXOXKIACHUU CJIOST TOJIIMHON dj .
[IpaBple yacTH W HE HYKIAIOTCSI B
(a30BOM pEryaupoBKe, TaK Kak I0Je
OLICHMBAETCSI HA JIEBOM CTOPOHE €ro
CJ1041.
Ha  koHewyHol  rpanune  paszgena
IPAHUYHBIC YCIOBUS TaKOBBI.

Ha naHHOM dTame Mbl TOTOBBI PEIINTH
IPYrue YpaBHEHHUS.

Mpb1 xoTenu Obl HUCKIIOYHMTH BCE TMOJS,
kpome E (p) 0, E (p) 0 u E (p) N+I.
Torga ™Mbl CMOXEM HaWTH OOIIyIO
OTpa)KaTeJbHYI0 CIIOCOOHOCTD U
Kod pulreHT IIPOIYCKaHHUS
MHOT'OCJIONHOTO MOKPBITHS.

B pemenun ypaBHEHHH, Mbl JOJHKHBI
NENCTBOBATh OCTOPOKHO, MHaye
BBIUHUCIIEHUS MOTYT OBICTPO BBIUTH WH3-
0/ KOHTPOJISI.

K cuacTblo, Bbl, BEpOSITHO, IPOILIIU KypC
JUHEHHON aireOphl, U 3TO TOT CIIydYai,
KOrJa JlaHHOe OOydYeHHEe  SBIACTCS
HeoOxonuMbIiM. CHauana Mbl 3amluIlIeM

o0liee MaTpUYHOE ypaBHEHHUE, KOTOPOE

UTOTOBBIM  MAaTEMaTUYECKOM  BHJE,
NpeACcTaBIeHO B Buae  (QopMyibl
CICAYIOIHIM 00pa3oM.

Cy1iecTByIOT pa3IMYHbIC BHJIBI
MHOTOCJIOMHBIX TOKPBITH.

Hanpumep,  yrimoBoi  moasipu3aTop
bprocrepa, UMEET MOKPBITHE,



transmit with high efficiency p-polarized
light while simultaneously reflecting s-

polarized light with high efficiency.

left

uncoated where p-polarized light passes

The backside of the substrate is

with 100% efficiency at Brewster’s angle
substrate.
Sometimes multilayer coatings are made

with repeated stacks of layers.

If the same series of layers in is repeated
many times, say q times, Sylvester’s

theorem can come in handy.

A block of matrices, corresponding to a
repeated pattern within the stack, can be

conveniently taken to any power.

Sylvester’s theorem requires that the
determinant of the matrix be to equal
one, which is true for matrices of the
form (4.55) and (4.63) or any product of

them.
It is common for high-reflection coatings
to be designed with alternating high and

low refractive indices.

For high reflectivity, each layer should

NpeJHa3HAYeHHOE JUI1 [epefadun ¢
BBICOKOM 3 (HEKTUBHOCTHIO p-
HOJIIPU30BAHHOTO cBeTa u

OJTHOBPEMEHHOTO OTPAXKEHUS C BBICOKOU
3 PeKTUBHOTO S-TIOJIIPU30BAHHOTO
CBETA.

3anHAs CTOpPOHA TMOMJIOKKH OCTaeTCs
HEIIOKPBITOM, Tae P-monsipu3oBaHHBIN

CBET IPOXOAUT co 100%
a¢dexTuBHOCTHIO 1TOA yriioM bprocrepa.
NHornga  MHOTOCIOWHBIE — TOKPBITUS
U3TOTABJIMBAIOTCS W3 MHOTOYMCIIEHHBIX
CJIOEB.

Eciu omuH M TOT K€ pAx CIOEB B
IIOBTOPSIETCS MHOT'O Pa3, CKaXeM ( pas, B

JaHHOM CJIydac HCIIOJIB3YCTCA TCOpCMa

CunbBecTpa.
brox cocrosmias u3 MaTpHII,
COOTBETCTBYIOIIUM  TMOBTOPSIOMIEMYCS

ma0JIOHy BHYTPH CTE€Ka, MOXET OBITh
BO3BEJICH B JIIOOYIO CTETICHB.

CornacHo Teopeme CuibBecTpa Tpedyer,
9TOOBI

HEO0OX0IUMO OTIpEICTUTEIb

MaTpuIbl ObUI paBeH EAMHUIE, YTO
CIIpaBeJIIMBO 11l MaTpull Bunaa (4.55) u
(4.63) wiam FOOOT0 WX TPOU3BEACHUS.
OOBIYHO BBICOKOOTPKAIOIIIHE
TTOKPBITHUS MPOEKTUPYIOTCA c
YepeAYIOIMIMMUCA BBICOKUMHU U HU3KUMHU
MOKa3aTeIsIMU MPETOMIICHUS.

Jlist

BBICOKOM OTpa)kaTeJIbHOU



have a quarter wave thickness.

Since the layers alternate high and low
indices, at every other boundary there is
a phase shift of = upon reflection from
the interface.

Hence, the quarter wavelength spacing is
constructive

appropriate  to  give

interference in the reflected direction.

A Fabry-Perot interferometer has silver-
coated plates each with reflectance R =
0.9, 0.05,
absorbance A = 0.05.

transmittance T = and

The plate separation is d = 0.5 cm with

interior index nl1 = 1.

Suppose that the wavelength being
observed near normal incidence is 587
nm.

What is the maximum and minimum
transmittance through the interferometer
What are the free spectral range AAFSR
and the fringe width AAFWHM (c) What

Is the resolving power.

Generate a plot like Fig. 4.13, showing

the fringes you get in a FabryPerot etalon

CIIOCOOHOCTH KaXKIbl CJIOW JIOJKEH
UMETH TOJIINHY B YETBEPTH BOJIHBI.

[TockosbKy COM 4YepeAyrOT BBICOKHE H
HU3KWME HHJIEKChI, Ha KaXIOU Ipyrom
rpanuiie HaOmoaaercs (pa3oBblid CABUT T
Opy OTPAXKEHUM OT TpaHUllbl paszfiena.
CrnenoBaTenpHO, PACCTOSTHUE B YETBEPTH

JJIUHBI BOJIHBI MABJISICTCA ITOAXOIAIIHNM

TUISL CO37aHUs KOHCTPYKTHBHOM
uHTEpPEepeHIINH B OTPAKEHHOM
HaIlpaBJICHUH.

Nutepdepomerp Dabpu-Ilepo wumeer
nocepeOpeHHbBIC IIACTHHBI, KaXKIas W3
KOTOPBIX

UMEET K03 HULIHEeHT

orpaxenuss R = 0,9, xoapdunment
npomyckanus T = 0,05 u ko3 durment
norsomenus A = 0,05.

Paccrosinue MEXTY MIACTUHAMHU
coctraBiger d = 0,5 cM Cc BHYTpEeHHUM
naaexcom nl = 1.

4TO  JUIMHA

[Tpenmnonoxum, BOJIHBI,

HaOmromaemMas  BOJIM3M  HOPMAJIBHOTO
najeHus, cocrasiusier 587 Hwm. (a)
KakoBo MakcuMaiabHOE M MUHHUMAJIBHOE
nporryckanue yepe3 uarepdepomerp (b)
KakoBel  CBOOOJHBIN  CIEKTpaIbHBIN
nuanazoH AAFSR u mupuHa MOJOCKHI
AMFWHM (c) kakoBa ux pazpemniaronias
CIIOCOOHOCTb.

Coznaiite rpaduk, mMogoOHBIA PHUCYHKE.
4.13,

nom%maroumﬁ I'paHUIBbI,



when 01 is varied.

Let T max =1, F =10, Avac = 633 nm, d
=1lcm,andnl=1.
Consider the configuration depicted in

Fig. 4.12, where the center of the

diverging light beam Avac = 633 nm
approaches the plates at normal
incidence.

Suppose that the spacing of the plates
(near d = 0.5 cm) is just right to cause a

bright fringe to occur at the center.

Find the angle for the m circular bright
fringe surrounding the central spot (the
Oth fringe corresponding to the center).
HINT: cosf~=1-6 2 /2.

The answer has the form a p m; find the
value of a.

Characterize a Fabry-Perot etalon in the
laboratory using a HeNe laser (Avac =
633 nm).

Assume that the bandwidth AAHeNe of
the HeNe laser is very narrow compared
to the fringe width of the etalon
ANFWHM.

Assume two identical reflective surfaces

separated by 5.00 mm.

KOTOpBIE BBl IIOJy4aeTe B OTaJIOHE
FabryPerot, xorna 01 nusmensercs.

[lycte T max = 1, F = 10, Avac = 633
Hm,d=1cmunl =1.
Paccmotpum KOH(UTypaluio,
n300paxeHHyro Ha puc. 4.12, rie 1eHTp
pacxosIIerocsi CBETOBOIO My4ykKa Avac =
633 Hm npubnmxkaercs K IUlacTUHAM
IpY HOPMAJIBHOM IaJICHUU.
[IpenmnonoxkuM, 4TO pacCTOSTHUE MEKIY
mnactuHaMu (okojio d = 0,5 cM) Takoe,
4yTOOBl B IIEHTpPE OOpa3oBasiach spKas
b6axpoma.

Haitnure yrom m mis  Kpyrjiod spKou
MOJIOCHI,

OKpYXalolel [eHTpabHOe

nATHO (0-s1 monoca, COOTBETCTBYIOILLIAS
LEHTPY).

3HaueHWE MMEET BHUJ a p m; HaWJIeM
3HA4YCHHUE a.

OxapakrepuzoBaB 3TanioH Dabdpu-Ilepo
B Jaboparopun ¢ mnomombio HeNe-
nasepa (Avac = 633 Hwm).

[Ipennonoxum, uro A AHeNe wumeer
IIPONYCKHYIO crocobHocth, AHeNe
COCTOMT W3 TEJIHO-HEOHOBOIO Jia3epa,
KOTOPBIN SBIISIETCA Y3KOU IO CPABHEHUIO
c HIUPUHOM uHTEp(PEPEeHITMOHHOMN
nosiockl AAFWHM stanoHna.
[IpeanonoxuM, 4YTO JABE OJMHAKOBbBIC

OoTpaXaromuc IIOBCPXHOCTHU Pa3aCICHBI

JIpyr OT Jpyra pacCTOSIHUEM pPaBHOE



Deduce the free spectral range AAFSR,
the fringe width AAFWHM, the resolving

power RP, and the reflecting finesse f.

Use the Fabry-Perot etalon characterized
in the previous exercise to observe the
Zeeman splitting of the yellow line A =
587.4 nm emitted by a krypton lamp

when a magnetic field is applied.

As the line splits and moves through half
of the free spectral range, the peak of the
decreasing wavelength and the peak of
the increasing wavelength meet on the
screen.

When this happens, by how much has
each wavelength shifted.

(@) What should be the thickness of the
high and the low index layers in a

periodic high-reflector mirror.

Let the light be p-polarized and strike the

mirror surface at 45¢ .

Take the indices of the layers be nH =
2.32 and nL = 1.38, deposited on a glass
substrate with index n = 1.5.

Let the wavelength be Avac = 633 nm.
(b) Find the reflectance R with 1, 2, 4,

5,00 MM.
Boeipazum cBOOOJHBINA  CHEKTpPAIbHBIN
muanazoH AAFSR, mupuHy mnonocel
AMFWHM, pa3pemaroniyo cnocoOHOCTb
RP u TonkocTh oTpaxenus f.

Hcnonb3yem nanublii stanon  dabpu-
ONIMCAHHBIA B

ITepo, NPEABbIAYIIEM

yIpaKHEHUH, YTOOBI Ha0II0/1aTh

3eeMaHOBCKOE PaCIICIINIICHUC JKEJITOM

mmaun A = 587,4 Hwm, wucnyckaemoit
KPUIITOHOBOM JIAMIIOW MPU MPHUJIOKEHUU
MarHUTHOT'O MOJIS.

Korna nuHus pacuieruisieTcs ¥ IPOXOIUT
MOJIOBUHY CBOOOJHOTO CHEKTPaIbHOTO
Jvaria3oHa, MWK YyOBIBAIOIIEH JJTUHBI
BOJHBI M TIMK BO3pACTAIONIECH JIMHBI
BOJIHBI BCTPEYAIOTCS HA dKpaHe.

B  nmanHoM cioydae, Ha  CKOJBKO
CIBUHYJIACh KaXKJas JJIMHA BOJHBI.

a) KaKoBa JIOJKHA OBITh TOJIIIMHA CIIOEB
C BBICOKMM H HHU3KHM MHJIEKCOM B
MIEPUOJIUUYECKOM 3€pKaje€ C BBICOKUM
OTpakaTeJIeM.

[lycTh CBET p-mOJISIpU30BaH U MajJaeT Ha
3EpPKAJIbHYI0 TOBEPXHOCTh TOJ YIJIOM
45°,

Bo3bMeM umHAEKCHI ¢clloeB n = 2,32 U n =
1,38, HaHECEHHBIX Ha CTEKISIHHYIO
MOJVIOKKY C MHJIEKCOM n = 1,5.

[Tycth nnuHa BoaHBI Avac = 633 Hwm.

(0) naitnem ko3 duieHT oTpaxenus R



and 8 periods in the high-low stack.

Find the high-reflector matrix for s-
polarized light that corresponds to.

Consider an anti-reflection coating
designed for use at normal incidence
between air (n0 = 1) and glass (ng =
1.50): (@) Show that the reflectance of a
single-layer A/4 coating (where A is the

wavelength in nl) is

In this problem, we will see that the trick
used, employing a bilayer to improve
anti reflection, doesn’t get better with

repeated bilayers.

Consider a bilayer anti-reflection coating
(each coating set for A/4) using n1 = 1.38
and n2 = 1.38 applied to a glass substrate

ng = 1.50 at normal incidence.

Suppose the coating thicknesses are
550 nm (in the

middle of the visible range) and ignore

optimized for Avac =

possible variations of the indices with A.

Use a computer to plot R(Aair) for 400 to

c 1, 2, 4 u 8 nepuogamMu BBICOKUMHU U
HHU3KAMH YaCTOTaMH .

Haiinem BBICOKOPEDIEKTOPHYIO
MaTpUIly JJisl S-TIOJISIPU30BAHHOTO CBETA,

PacCMOTPEHHOTO HA PUCYHKE.

Paccmorpum AHTHOTpaXkarolee
IIOKPBITHE, IIPEIHa3HAYCHHOE IUIsL
VICIIOJIb30BAaHUA pu HOPMaJIbHOM

najeHuu Mexay BoznyxoMm (n0 = 1) wu
creksioM (ng = 1.50): (a) mokaxute, 4YTO
K03 puLeHT OTPAKEHUS
OJIHOCJIOMHOTO TIOKpHITUS A/4 (Thoe A-
JUIMHA BOJIHBI B nl) paBeH ClenyOIIHii
dbopmyire.

B ﬂaHHOﬁ 3aa4C pacCMaTpUuBaACTCA

BapuaHT, Korja OepeTcss Owucion mis

VIYYIIEHUST aHTHOTPAXEHUsS, M HE
CTAHOBUTCS Jydylle C T[OBTOPHBIMU
OuCIOAMHU.

PaccmoTpum JIBYXCJIOMHOE

aHTHOTpaXKarollee TMOKpPhITUE (KaXI0e
MOKPBITUE yCTaHABIUBACTCS ISl A/4) C
ucnoap3oBaduem nl = 1,38 u n2 = 1,38,
HAHECEHHBIX HA CTEKIISIHHYIO MOIJIOXKKY
ng = 1,50 npu HOpMaTLHOM MaICHUU.

[IpeanonoxuM, 4YTO TOJIIMHA MOKPHITUS
onTuMu3upoBaHa s Avac = 550 Hm (B
vana3oHa) U

CepEeIUHE  BUIUMOIO

UTHOPUPYET  BO3MOXKHBIC  BapHallUH
WHIEKCOB C A

Jns moctpoeHust rpaduka UCMONb3YUTCS



700 nm (visible range). kommeoTep R(Aair) mms 400-700 Hw
(BUAUMBIN JUAIa30H).

Do this for a single bilayer (one layer of Pa3pabateiBacTcss a1 OJHOTO OHCIIOS

each coating), two bilayers, four bilayers, (oxuH ciloif KaXa0ro MOKPBITHS), IBYX

and 25 bilayers. HINT: OoucnoeB, deTblpex OucioeB u 25

OUCIIOEB.
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