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PREFACE
Foreword to Module M 5 *“ Optics’

This book is the fifth module of the discipline “Physics”. It helps to
elucidate essential principles of wave optics.

As a result of studying this module, students must know the defi-
nitions of such concepts as light ray, coherence, basic regularities of
light propagation and such phenomena as interference, diffraction,
polarization, dispersion.

Students must get sSkills to research and apply theoretical and
experimental methods of wave optics, plot graphs, estimate errors of
physical measurements and use theoretical knowledge for solving
practical problems.

It is necessary to understand, that such phenomena as interference,
diffraction, polarization, dispersion are based on the wave nature of
light.

The differential and integral calculus is widely used in the module
but for the first year students’ level.

The module "Optics" consists of the following Study Units (SU):

SU 1 — Electromagnetic properties of light;

SU 2 — Interference of light;

SU 3 — Diffraction of light;

SU 4 — Polarization of light;

SU 5 — Dispersion of light;

SU 6 — Laboratory works;

SU 7 — Individual home tasks;

Supplementary SU — Key words, Help tables.

The Preliminary unit contains the basic concepts and laws of
electricity and magnetism and oscillations and waves that are necessary
to study efficiently this module and a glossary with explanations of
mathematics and physics terminology.

“Study Units 1-5” include theoretical material, test questions, sample
problems, as well as problems for work in class. “Study Unit 6 gives
instructions on how to perform laboratory works. “Study unit 77
contains problems to be solved by students on their own.
“Supplementary Units” are aimed at facilitating the module study.

For effectiveness, we advise using self-check questions. Each question
is provided with information where to find an answer. Concepts, which are
studied in the module, are basic for all engineering fields of study; they are
used in aeronavigation, radiolocation, technical electrodynamics etc.



Study Unit 1

ELECTROMAGNETIC PROPERTIESOF LIGHT

Optics is a science about light phenomena. Historically it has two
stages of development. The first stage corresponds to classical or
wave optics (till 1900) and is based on the wave nature of light; the
second one is connected with a discovery of photons — quanta of
electromagnetic energy (so cold quantum optics).

In this manual we shall treat the wave (classical) optics that
considers light as electromagnetic waves.

As it was pointed in Module 4 “Oscillation and Waves”, Maxwell
established that light is an electromagnetic wave. So, light phenomena
must be described by the same equations that express the origin and
propagation of electromagnetic waves including their interaction with
substances.

According to the Maxwell’s electromagnetic theory, we have to
regard three characteristics of substance: permittivity €, permeability
u and conductivity ¢. Conductivity ¢ determines absorption of

waves, and permittivity € and permeability [ determine the phase
velocity of the electromagnetic waves propagation in a medium

v=1/eg,up, .

As the phase velocity of light in vacuum is:

c=1/\lg,, (=1, u=1), so v:c/\/a.

The ratio of the speed of light in vacuum c to its phase velocity in a
medium v is called the absolute refractive index n:

n=—,
v

where n = \/a .

For the majority of transparent substances L =1, therefore n = Je.

The refractive index characterizes the optical density of the medium:
a medium with »n=constis called optically homogeneous, a medium
with a greater nis called optically denser.



A line along which light energy propagates is called a ray. In
optically homogeneous medium for a plane or spherical wave the rays
are straight. In isotropic medium the rays are perpendicular to the wave
surfaces, in anisotropic medium they are not.

1.1. Reflection and Refraction of Plane Electromagnetic
Waves at | nterface Between Two Dielectrics

Experiments show that if a light wave falls on the interface between
two dielectrics, it is divided into two waves: one of them is reflected on
the interface and is propagated in the first medium, and the second wave
is refracted and propagated in the second medium. It may be shown that
the frequencies of the reflected and refracted waves coincide with that
of the falling (incident) wave.

1.1.1. Constancy of Wave Fregquency at Reflection and Refraction

Let us regard a plane electromagnetic wave that falls on the infinite
interface between two homogeneous isotropic dielectrics with the
refractive indexes n, and n,. Let us determine the direction of

propagation by means of the wave vector k for the incident wave, the

wave vector k” for the reflected wave and the wave vector k” for the
refracted wave. The behavior of the wave at the interface where free
charges and currents are absent is determined by the boundary
conditions:

E,=E

T2

H,=H,, (1.1

E, and H,, H_, are the tangential components of electric

where E 4 H,

Tl
and magnetic field intensities in the first and second media (see Module 3
“Electricity and Magnetism”, subsections 1.5 and 4.3).

The electric field intensity of the incidence wave that propagates in

the direction of vector & may be presented in the form:
E=E @™, (1.2)

According to the superposition principle (see subsection. 2.1) the
electric field intensity in the first medium is determined by the
intensities of the incident and reflected waves:

E =E+E'=Ee™™ + Eje ™, (1.3)



and in the second medium by the intensity of the refracted wave only:
B, = Bk, (1.4)
Here E,=|E|e™, E;=|E,
amplitudes of the incident, reflected and refracted waves; o, o, o
are the initial phases of these waves correspondingly; 7 is the position
vector that starts arbitrary and ends at the wave falling point at the
interface of dielectrics.

According to the equation (1.1), the tangential components at the
interface must be the same:

Eorei(u)t—lzf) +E(;Tei(u)'t71?7) :E(;'Tei((n"t—lz';’). (1.5)
For this equality at any time and at any point at the interface such
conditions are necessary and sufficient:

io” 7 _ | 7| io”
e, E0—|E0|e are the complex

=t=0"t=>0=0=0". (1.6)
ki=kP=kF=kr=kr=kr=k =k =k”, (1.7)
where k_, k., k are the projections of the wave vectors onto the vector 7.

It follows from the equation (1.6), that the frequency of the
electromagnetic wave at reflection and refraction does not change.

1.1.2. Relation between Angles of Incidence,
Reflection and Refraction

Let us regard a plane electromagnetic wave that falls on the interface
between two homogeneous isotropic dielectrics with the refractive
indexes n, and n, (Fig. 1.1).
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Let us determine the direction of propagation with the aid of the
wave vector k for the incident wave, the wave vector k' for the

reflected wave and the wave vector k” for the refracted wave. The
angles O, ¥ and 9 that are counted from the normal Z, are called the
angle of incidence (©), the angle of reflection () and the angle of
refraction (O”).

Law of reflection of light: the reflected and incident rays and the
normal to the point of incidence lie in one plane; the angle of reflection
equals the angle of incidence:

¥=19. (1.8)

Law of refraction of light (Snell’ s law): the refracted and incident
rays and the normal to the point of incidence lie in one plane; the ratio
of the sine of the angle of incidence to the sine of the angle of refraction
is constant for given substances and is equal to the relative refractive
index of these substances:

sin ¥
sind” Ny . (1.9)

The relative refractive index of the second substance with respect to
the first one equals the ratio of their absolute refractive indices n, =c/7,

and n, =c/v,. Therefore,
n,=-2=-L1, (1.10)

In the general case a refractive index depends on a wave length,
temperature and pressure.
Transforming the equations (1.9) and (1.10) as:

n sin®=n,sin®y,
we may understand, that when light passes from an optically less denser
medium to an optically denser one (n, <n,), the angle of incidence is

greater then the angle of refraction 9 >9" (Fig. 1.1). On the contrary, if
light passes from an optically denser medium to an optically less denser
one (n, >n,), the angle of refraction is greater then the angle of
incidence ¥ <" and the refracted ray moves away from a normal to the
interface of the media (Fig. 1.2, a).



If the angle of incidence U increases, the angle of refraction
¥ grows even more rapidly (Fig. 1.2, b) and, at so called the critical
(limit) angle of incidence U, the angle of refraction becomes equal

V¥ =m/2 (Fig. 1.2, c). It is clear that

sind, =n, /n, =n,, (n >n,). (1.11)
- Ve | O,
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Fig. 1.2

For the angles of incidence 0>, (i.e. from U, to ©/2), the light
wave penetrates into the second medium to a distance of the order of a
wavelength A and then returns to the first medium. This phenomenon is
called fotal internal reflection.

Phenomenon of total internal reflection is used, for example, in a
right-angle prism to return the direction of rays on 90° and 180° or to
overturn the image (Fig. 1.3 a, b, ¢).

B

Fig. 1.3

1.1.3. Fresnel’s Formulas

For a complete description of reflection and refraction of light it is
necessary to know the relation between the amplitudes and phases of
electromagnetic waves at the interface of two media. These relations
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were derived first by Fresnel (1823) and they are called Fresnel’s
formulas. Using Maxwell’s electromagnetic theory it is possible to
obtain these formulas.

We know that what oscillates in an electromagnetic wave are the

vectors £ and H . But the most actions of light (photoelectrical,
photochemical, physiological, etc.) are due to the oscillations of the

electric field intensity vector E. Therefore we shall regard in the
following the behavior of this electric vector E (sometimes it is called

the light vector) remembering, that the magnetic vector H is always
perpendicular to it.

Assume that a plane electromagnetic wave falls on the interface of
two transparent homogeneous and isotropic media. As in the general

case light is natural, the vector E (and H ) oscillations occur in all
planes and change with time. But at any moment of time each of these
vectors may be resolved on two components, directed parallel and
perpendicular to the plane of incidence. Therefore we shall consider two
cases:

1) the electric vector lies in the plane of incidence (||) (and the
magnetic vector is perpendicular to it);

2) the electric vector is perpendicular to the plane of incidence (L)
(and the magnetic vector lies in it).

These two cases are shown in Fig. 1.4, @ and b.
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As it follows from Maxwell’s equations, there is a relation for the
amplitudes of a plane electromagnetic wave: |EO|\/8078 =|H0|\/@ (see
Module 4 “Oscillations and Waves”, subsection 4.2). For transparent
dielectrics 1 =1 (in an optical region of spectrum), so the absolute
refractive index is 7 =+/¢ , and the magnetic field intensity is:
€€ _ n|E0| _n|EO|

Ko _\/Ho/eo Sz

where the constant value Z=./u,/¢,=377Q is called the wave

|H,|=|E,| (1.12)

resistance of vacuum. As at a certain space point the vectors E and H
oscillate in phase, the connection between the amplitudes [the equation
(1.12)] holds also for the instantaneous values:
nk
H=—-. 1.12a
~ (1.12a)
For the case shown in Fig. 1.5, a, according to the boundary
conditions the equation (1.1) and the equation (1.12a), we get:
E,cosO+ E, cosO=E,cos®; nE,—mE,=nkE, . (1.13)
According to the equations (1.6) and (1.7), at the interface of two
dielectrics the phase factor exp(wt—lgﬁ) is the same for the incident,
reflected and refracted waves. Therefore the ratio of the instantaneous
values of electric field intensities of these waves is equal to the ratio of
their amplitudes. The ratio E,/E, =E,/E, we denote as 7, and
EV/E =Eg/Ey —as .
Here E,,, E;, and Ej, are, in general, the complex amplitudes of
the plane wave that is polarized parallel to the plane of incidence.
The values 7, and ¢, are called the amplitude coefficients of

reflection and transmission for a plane wave, polarized in the plane of
incidence.
Now the equation (1.13) may be rewritten as:

cosO+ 7, cosO=1,cosV’; n —nn =nt,. (1.14)

Solving this system of equations using the law of refraction
sin®/sin®y” =n, / n, , we obtain:

10



CONTENTS

Preface....oooouiiiiiece e e 3
STUDY UNIT 1. Electromagnetic properties of light..............c.cccveenin. 4
1.1. Reflection and Refraction of Plane Electromagnetic
Waves at Interface Between Two Dielectrics ........coceevveevieeecieeenveennnenn. 5
1.1.1. Constancy of Wave Frequency at Reflection
and Refraction ..........coccoveiieiinieeee e 5
1.1.2. Relation between Angles of Incidence,
Reflection and Refraction...........ccccoceeviiniiniiniiiicicececeeeee, 6
1.1.3. Fresnel’s Formulas .........ccccoooeiiiinieiinieeceeeeeee 8
TSt QUESHIONS ....eoeneeeeeiieeiie et et et e et et e s ette et esbee et esaee e e 14
SAMPLE PrODIETS .......ooceveiieeieieeeeeese et 14
PrODICINS ...ttt e 15
STUDY UNIT 2. Interference of light..........c.ccovevieviiniieiiiniieennns 16
2.1. Superposition PrinCiple ...........ccoeveerienienirniienieeieeeeeeeeenn 16
2.2. Conception of Coherence. Interference of Light Waves........... 16
2.3. Optical Path Difference..........ccccoovvevveriienieniecieereereeeeieeenn 21
2.4. Width of Interference Fringes .........c.ccccevvevvereenieenciencrennennnn. 22
2.5. Intensity DisStribution...........cceeveerieereenienienieeie e 24
2.6. CONCIEICE ... .ottt 24
2.6.1. Time Coherence. Coherence Length ...........cccccvvevveinnnnnns 24
2.6.2. Space CONREIENCE ......cceecvveviieriieiieiieciiecie e 27
2.7. Methods of Producing of Coherent Light Beams ..................... 29
2.7.1. Method of Wavefront DiviSion..........ccoceeeerereerieneneeenne 30
2.7.2. Method of Amplitude DiviSion.........cccecveveververciencreniennnen. 31
2.8, INterferOMELETS ....c.ueeeieieiiieiiesite ettt 38
TSt QUESTIONS ....eeeeveeeeeeeereeeeieesieeeeteeesreeseteesseeesseessaeesaeesnsaeennes 39
SAMPLE PrODICTNS .....oc.vvevveeiieeieeiieciieciesee e 40
PFODICINS ...ttt 45
STUDY UNIT 3. Light diffraction.........ccccceeeeeveniecienenieieeeeenee. 46
3.1. Huygens-Fresnel principle ..........cccooveveeviienienciencienieeieeieeenn 46
3.2, FIESNEl ZONES ...ccuvviiiiiiciie ettt e 47
3.3. Graphical calculation of the resultant amplitude.
Z0NE PIALC.....vieeieeirieiietieeeree st ete e ettt e b e e e saaestaesareenreens 52



3.4. Fresnel diffraction by simple obstacles ..........ccceevveeveceeninnnen. 55

3.5. Fraunhofer Diffraction..........c.cccceeeviiiiiieeciieiieceecee e 63
3.6. Diffraction grating..........ccceeeeeeeieeeiiieesieeriee e esieeeseveeeveeevee s 73
3.6.1. Resolution of the lens 0bjective ........cccvvevveevieerienieerieennnnns 80

3.7. Diffraction by two-dimensional and
three-dimensional gratings. X-ray diffraction...........cccccceeeeieerveennenns 83
TSt QUESTIONS ....evveeeeeeeeieeeieeeeieeeieeeeteesteeeeeeessseesnsaesnnseesnseeensseens 88
SAMPLE PFODICINS ......ccvvoeeeeeiieiieiiecieeeecee et &9
PFODICIS ...ttt e e 89
STUDY UNIT 4. Polarization of light...........cccceeviieriienciieieenen. 90
4.1. Natural and polarized light............ccevvevieriiiniinecee e 90
4.1.1. MalUuS JaW .. 94
4.2. Polarization in case of light reflection and refraction on interface
OF tWO AICIECIIICS ..t 96
4.2.1. Brewster's laW .......cccooeevieninieieneeieeeeeeeseeeee e 96
4.3. Polarization by birefringence.............ccceccveveenieneeneenieeieeenn, 99
4.3.1. Ordinary and extraordinary rays..........ccoceceeerverererreeresseernnnas 101
4.3.2. Polarization devices (PIiSIMS) .......ccevvvrverereruerererueresessesesennns 103

4.3.3. Elliptic, circular and linear polarizations of light.
Transmission of the polarized light through

a CryStalling Plate.......cecvvievierieiiiieie et 105
4.3.4. Analysis of polarized light...........cccoceeirrerineienneereees 108
4.3.5. Interference of the polarized waves..........ccccceeveeveveernens 109
4.3.6. Artificial double refraction...........ccccceeeeveneniceiireeees 111
4.3.7. Rotation of polarization plane ...........cccceevverververcvennennnn. 114
TSt QUESLIOMNS ....vveeeneeveeeeeiieeeeeireeeesreeeesieeeesareeeesasaeeeeaseaesennseas 118
SAMPLE PrODIETNS .......c..vveevieeiieeeieeceeeie et esvee e 118
PFODICHIS ...ttt 120
STUDY UNIT 5. Interaction of electromagnetic
waves With SUDSTANCE. .........coeviiiiiiieiieie e 121
5.1. Dispersion of light .........ccccoevviiiiiiiiiiieieeece e 121
5.1.1. Normal and abnormal diSpersion..............cceeeververveennnne 125
5.1.2. Oscillator strength, static dielectric permittivity ............. 127
5.1.3. Lorentz—Lorenz Formula............cccccooiriiiininiicee, 129
5.1.4. Dispersion of plasma...........ccoecvvevrvereereeneeneeniesieeeeenns 132
5.2. Group VEIOCILY ..cveeiirieeieiiiteienietesetee et 133
5.3. Absorption of light .........cceeveviiiiiiiiiie e, 136



5.3.1. BOUGUET 1aW ....oceviiiieiieiieieeece e 137

5.3.2. Bouguer-Beer [aw .........cccoocveiiiiiiinieneee e 140
5.4. Scattering of light .........ccceeeiiiiiiiiiieee e 140

5.4.1. Rayleigh laW.......cccooviiviienieieciececeeeereee e 142
TSt QUESHIONS ....oeeeeeieeeee et eeeeeeeeeiee et e steeesateesaeeesnteesaaeeens 144
STUDY UNIT 6. Laboratory WorkS.........cccccvevververvenvencieniennnens 145
Laboratory work 1. Determination a lens curvature
radius and light wavelength using Newton's rings ...........cccccveevnenn. 145
Self-examination QUESIION ..........c..ccveeueeeeeeeeseeneeseeeresseenseenseenns 153

Laboratory work 2. Determination of the
monochromatic light wavelength by the

dIffraction Grating..........cceecveeevieiieriierierie e e ere e e 153
Self-examination QUESIION .............cceeeeeceeseesieniesieeee e esee e 159
Laboratory work 3. Plane polarized light property

INVESTIZALION ...evviiieeiieieeie e e e e ereesteesteeseresenesebeesbeesseesseennes 159
Self-examination QUESIION ..........c..ccueeeeeeeeeesieniesieeereeseesseesseenns 163
STUDY UNIT 7. Individual Home Tasks.........cccecuveuieciienininnne. 164
PrODBIOMIS ...t 165
FN 0] 0153116 USRI 171
LITERATURE LIST ...ttt 171

174



