E
P59

MINISTRY OF EDUCATION AND SCIENCE OF UKRAINE_;'_/_}‘ ~ ]

NATIONAL AEROSPACE UNIVERSITY
“KHARKIV AVIATION INSTITUTE"

Series ENGINEERING EDUCATION

PHYSICS FOR ENGINEERS

WAVE OPTICS

Yakiv Karpov
Vliadislav Demenko
Olga Naumenko
Valeny Sikulskiy "oreuecas |||

auﬁnuorena

e 18 llMH!lNl‘llll/lMl‘l

62,2 ,/ mt0120502

Editor-in-Chief Yakiv Karpov

HAYKOBO-TEXHIYHA
BIBJIIOTEKA
HauioHaibHoro aepokocMiuHoro
viisepcuiery i, M.E.JKykosewkoro
s Xaprincerudi asianiitanti incruryrs

Kharkiv 2008




YIIK: 535
UDK; 535

@isuka aos bexenepis.  XBHIb0Ba OnTHKAD  HABU. nocionuk / A.C. Kapnos, B.®D. Jlemenxo,
0.B. Haymenko ta in.: — X.: Hau, aepoxocM. yn-T*Xapk, asiau. it-1", 2008, - 178 c.

Physics for Engineers. Wave Opties: textbook / Ya. Karpov, V. Demenko, O.Naumenko and others: -
Kharkiv: National Aerospace University “Kharkiv Aviation Institute”, 2008. — 178 p.

ISBN 978-966-662-175-0

Tlogano TeopeTHumy iHAOPMAILIIO 3 OITHKH — HayKH, 1O BHBYAE CBITIO, AKE € HACTHHOIO CNEKTPA
CACKTPOMATHITHOTO BHIPOMIHIOBAHHA,

OnMcano XBHILOBY MOAETh ENCKTPOMATHITHOIO BHNPOMIHIOBAHHA, OAMH 3 JIBOX MOACIHBHX
MAXOAIB 10 aHAjdisy ONTHURMX ABHIL, MO € BXKTHBHM [UIS POIYMIHHA 3araibinx [POLECIB B OITHIL:
nonspuaanii, inrepdepenidil it mdparuir.

BHCBITICHO BAMCHBI NpaKTisii 3acTocyBatna Qituunol onTHky: iHTEpdepoMeTpiIo, nmdppakitiiivi
FPATH B MPEHATIHNX BHMIDIOBAHHAX, PEHTIEHIBCLKY kpctanorpadiio #i criekTpockonito, ronorpadiio.

Hapefcno BeAMKy KIMBKICTH NPAKTHYHHX 3aBIaHB Ta  BIpas, NOB A38HHX 3 POINTIHHYTHMH
TEOETHUHHMIT TMHTAHIAMY, Bakinei npunasn MiCTaT pO3B'sIKH, AKi JIOMOMAraloTh YAOCKOHATHTH
BMIHNA | HABHYKH THTAYE,

Jlist CTYACHTIB BHIIHX TEXHIMHHX HABYAIBHHX 34knajiB, & TAKOXK CTYACHTIB, K HABYAKOTLEA 3a
cnemianshicTio «[IpHKTANEA NiHCBICTHEAY, NPH BHRYEHHI AHTIIACHKOT MOBH (Texmiunuii nepexaan). Mowe
GyTH KOPHCHHM JUIA CTY/CHTIB, 10 TOTYIOTHCH JIO CTAKYBAHHA B TexHiunux yHisepenterax €pponn i
CIIA, A TAKOK iHOICMHHX TPOMA/AH, AKi HABUAKOTECA B YKpaiHi.

In, 80. Ta6n. 26. Bidniorp.: 15 nais

The texthook contains theoretical information on optics, the science studying light, which is known
to be a part of electromagnetic radiation spectrum.

Wave model of electromagnetic radiation as one of two possible approaches in optical phenomena
analysis is important for understanding gencral optical processes such as polarization, interference, and
diffraction.

Important practical applications of physical optics ~ interferometry, diffraction gatings, precise
measuring, x-ray crystallography, spectroscopy, and holography are considered.

The book includes a wide range of questions, problems, exercises, connected with theoretical issues.
Important examples with solutions help to improve the reader’s performance and skills.

The textbook is intended for the students of higher technical universities, as well as for those
students who are trained in “Applied Linguistics” field, when learning English (technical translation). It may
also be useful for those students who are preparing for their practical training al universities of Europe and
the USA, as well as for the foreign citizens who are trained in Ukraine.

Ilustrations 80, Tables 26. Bibliographical references: 15 names

Penensenrn: A-p Texs. nayk, npod. B.K. Konui,
A-p TexH. uayk, mpod. C.A. biukos,

Reviewed by: Doctor of Technical Sciences, Professor V. Kopyl,
Doctor of Technical Sciences, Professor S. Bychkov,

ISBN 978-966-662-175-0

© Haujonansmuii aepokocmisnuit ynisepenrer im. MLE. HKykorcnkoro
"XapxiBchkuii aniauifinmii incuTyT", 2008

© Konexrus asropis, 2008

© National Aerospace University “Kharkiv Aviation Institute”, 2008
© Group of authors, 2008



CONTENTS

BEIBCE o saseeseimrdiei e lafog o
Introduction ....................

Chapter 1 Interference of Light Waves ...............ccoooooovoooo
I.1  Nature ofL[ght
1.2 Sources of Light.....

1.3 Speed of Light....
1.4 Waves, Wave Suriaceq dee Fronls and Rays

1.5 Index of Refraction ...
1.6  Huygens's Pnnclple b, w120
1.7 Huygens's Principle App!led to Reﬂeulmn and Retracuon ....... 21
1.8 Coherent Sources of Light ..............cooooovvevommvoroooo 23
1.9 Interference Pattern due Two Light Sources .......................... 24
110 Young’s Double — Slit Experiment.... v 2T
L.11 Intensity Distribution of the Douh]e-SIn Interterence Panem 35
112 N -Slit Interference Pattern 39
1.13 " Change of Phase due to Reflection ...............................__ 42
1.14 Interference in Thin Film ...........ccooccoomovomoo 43
1.15 Newton's Rings ... S e B s iina S
1.16 The Michelson’s Interfemmuler T &
1.17 Holography.......... ... 56

Chapter 2 Diffraction... e s )
2.1 Introduction to leﬁ'acl]on T T LN 7.
2.2 Huygens-Fresnel’s Prmuple 66
2.3 Fresnel’s Zones .. ST 0T
2.4  Fresnel's Diffrac.uon trom (.trcular Aperlure s D
2.5  Fresnel’s Diffraction from a D:sk 72
2.6  Fraunhoffer’s Diffraction from a Single Slit ....ccovvvrvviirrn. 73
2.7 Intensity of Single-Slit Diffraction Pabterlnsmnmiimiman.
2.8 Intensity of Two-Slit Diffraction Pattern.........ccocevvvveccnnnn, 81
2.9 Fraungoffer Diffraction from Diffraction Grating..................... 82
2.10 Resolution of Single Slit and Circular APt ..., .cobeunivisiiins 89
2.11 Resolving Power of the Diffraction Grating e 04
2,12 X-ray ETRONT. o iivsiiiiaianioiasssisermrssmcrmmesemsssssensssbeissises @5

oD ~1 ta

= e
o =

~1 n




4

Chapter 3 Polarization of Light Waves................cc..cccocooocenrrvirvenennnnn. 101
3.1  Polarized and Unpolarized Light ...........cc.o.coovcervcererrrenererrnrenn. 101
3.2 Polanzers..o. ol sxsisit e S
33 Polanzahon by Sclectwe Absorpt:on Malus s Law veeee 108
3.4 Polarization by Reflection. Brewster's Law 113
3.5 Polarization by Double Refraction.................cooovoooevrevesreerrrnernnn. 115
3.6 Circular and Elliptical Polarization...................c.ccoevvevesriersrnesnn 117
3.7 Polarization by Scattering ................cco.oovveerrreeerrserersressvesseennes 123
3.8  OpLCAl AU, o bassssiasssisss ssapaabiossssssiasssansasssinsnises 124

Chapter 4 Propagation of Light through Substance............................. 131
P0G SE SR L § |

4.1.1 Introduction 10 DiSPErSiOn ...........ecccveivereserrseereesesssssssessenss 131

4.1.2 Classical Theory of DiSPersion...............ccc.cuiervecerueessieseeernerss 136

4.2 Absorption of Light.......ccccoocuurmrereruinrsienireesiesssessssesssnnrenssensne: 140

4.8 . NavovsCherenkov EfRct. .. wsssssensasiosisssesssess 142
APDERIIEISS st bl LS O SRR b
Appendix A Symbols, Dimensions, and Units...................... 145

Appendix B Conversion Factors... P TNMRTCIY WU | |

Appendix C Some Fundamental Constams Bt 161

Appendix D Useful Mathematical Formulae ST T E VI | .

O R R eI s i et e e B . o s s 168
References S R o e S G e S O RO | . .
English- Russum Ukramaan D:clmnary shriavsstiesusess isgvsbis TR inasiasriansnciae 1O




Preface

Physics is the most fundamental of all natural sciences. Following
engineering disciplines are based on fundamental physical principles. That’s why
it is important, that students would understand and be able to apply the physical
concepts and theories discussed in the textbook. It should be better for student to
read carefully the textbook before attending lectures on the covered material to
accomplish the understanding the basic concepts and principles perfectly.

The authors had attempted to present an interesting, helpful textbook. Our
general goal is to provide a broad, rigorous introduction to fundamentals of optics.
Because this textbook is intended for students majoring in science and
engineering, the material covers fundamental topics in wave optics and provides
an introduction to modern physics.

We emphasize on the physical principles and the development of problem-
solving ability, rather than on historical background or specialized applications.
The use of easily understandable language is at the core of our effort without
sacrificing of the subject. In addition, it is important for the student to see relevant
application of the material to everyday life.

This book is divided in four parts. Chapter 1 deals with interference,
chapter 2 covers diffraction, chapter 3 — polarization and chapter 4 — interaction of
light with substance.

The text contains a variety of aids to the students that should make their
study of physical science more effective. These aids are included to help students
clearly understand the concepts and principles that serve as the foundation of
physical science. They are the following.

Introductory overview. Each chapter begins with an introductory overview.
It helps students to organize their thoughts for the coming chapter materials.

Bold words. As students read each chapter they will notice that some words
appear in bolds. They signify an important terms that students will need to
understand and remember to fully comprehend the material in which these terms

appear. The important terms are defined in text the first time they are used.



Italics words. ltalics words are meant to emphasize their importance in
understanding explanation of ideas and concepts discussed.

Solved examples. Most important types of problems are included as solved
examples in order to clarify the concepts of the chapter. Each topic discussed
contains one or more solved examples of varying difficulty to promote student’s
understanding of the concepts. In many cases, the examples serve as models for
solving the end-of-chapter problems. Some of them serve to understand the
relevance of physical science to conform many issues we face in our day-to-
day life.

End-of-chapter exercises. At the end of“each chapter students will find
questions and exercises that can be performed at home or in the classroom to
demonstrate important concepts and reinforce their understanding of them. There
are two groups of exercises. One of them has answers in the text. The exercises of
other group are similar to that of the first group and easier for solving, they don’t
contain answers in the text. More than 200 questions and exercises are included.
Special attention has been paid for providing 80 illustrative figures.

Key terms. Each chapter contains a list of key terms that reviews the
important concepts discussed.

Summary. Each chapter contains a summary that reviews the important
concepts discussed.

SI units have been used. At the end of the book a lot of referenced data,
which can be useful for solving problem, are placed.

Indexes. At the end of the textbook there is a list of all important terms that
are page-referenced, where students can find the terms defined in text.

: We welcome suggestions and comments from our users, especially the
students and teachers. We wish our readers a great success in studying of physics
science.

The authors



Introduction

The nature and properties of light has been a subject of great interest and
speculation since ancient times. The Greeks believed that light consisted of tiny
particles (corpuscles) that were emitted by a light source and that these particles
stimulated the perception of vision upon striking the observer's eye. Newton used
this corpuscular theory to explain the reflection and refraction of light. In 1678,
one of Newton's contemporaries, the Dutch scientist Christian Huygens, was able
to explain many other properties of light by proposing that light is a wave. In
1801, Thomas Young showed that light beams can interfere with one another,
giving strong support to the wave theory.

In 1865, Maxwell developed a brilliant theory that electromagnetic waves
travel with the speed of light. He showed that light is an electromagnetic wave —
and thus that optics, the study of visible light, is a branch of electromagnetism.
Spurred on by Maxwell's work, Heinrich Hertz discovered what we now call ra-
dio waves and verified that they move at the same speed as visible light. By that
time, the wave theory of light seemed to be firmly established.

However, at the beginning of the 20th century, Max Planck returned to the
corpuscular theory of light to explain the radiation emitted by hot objects. Ein-
stein then used the corpuscular theory to explain how electrons are emitted by a
metal exposed to light. Today, scientists view light as having a dual nature - that
is, light exhibits characteristics of a wave in some situations and characteristics of
a particle in the others.

We now know a wide spectrum (or range) of electromagnetic waves, re-
ferred to by one imaginative writer as "Maxwell's rainbow.” We are bathed in
electromagnetic waves throughout this spectrum. The Sun, whose radiations de-
fine the environment in which we as a species have evolved and adapted, is the
dominant source. We are also crisscrossed by radio and television signals. Mi-
crowaves from radar systems and from telephone relay systems may reach us.
There are electromagnetic waves from lightbulbs, from the heated engine blocks
of automobiles, from X-ray machines, from lightning flashes, and from buried ra-
dioactive materials. Beyond this, radiation reaches us from stars and other objects
in our galaxy and from other galaxies. Electromagnetic waves also travel in the
other direction. Television signals, transmitted from Earth since about 195 0, have
now taken news about us to whatever technically sophisticated inhabitants there
may be on whatever planets may encircle the nearest 400 or so stars.

The visible region of the spectrum is of course of particular interest to us.
Figure I.1 shows the relative sensitivity of the human eye to light of various
wavelengths. The center of the visible region is about 555 nm, which produces
the sensation that we call yellow-green.

The limits of this visible spectrum are not well defined because the eye sen-
sitivity curve approaches the zero-sensitivity line asymptotically at both long and
short wavelengths. If we take the limits arbitrarily, as the wavelengths at which
eye sensitivity has dropped to 1% of its maximum value, these limits are about
430 and 690 nm; however, the eye can detect electromagnetic waves somewhat
beyond these limits if they are intense enough.
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INTRODUCTION

In secondary school we began to
study optics from the special case
where the wave picture can be simpli-
fied further by representing light in
terms of rays. The ray representation

\ forms the basis of geometrical optics
60 and is the model used to analyze mir-
, \ rors, lenses, and common optical in-
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struments. Geometrical optics is more
40 limited in its scope than the general
I \ wave picture, but it is much simpler.

Relative sensitivity, (%)

20 / We used it to study the optical behavior

/ \ of several practical devices, including

A cameras, projectors, optical systems,

0 the human eye, and various kinds of
400 450 500 550 600 650 700 micro%cope{g. e[md tfglescopcs.

he field of geometric optics in-

Wavelenght (nm) volves the_study of the propagation of

Figure |1 The relative sensitivity of the av- light, with the assumption that light

erage human eye to electromagnetic waves travels in a fixed direction in a straight

at different wavelength line as it lpasses through uniform me-

dium and changes its direction when it meets the surface of medium or if the opti-

cal properties of the medium are not uniform in either space or time. In the wave

approximation, we assume that a wave moving through a medium travels in a

straight line in the direction of its rays.

If the wave meets a barrier in which there is a circular opening whose di-
ameter d is much larger than the wavelength (d >>4), the wave emerging from
the opening continues to move in a straight line (apart from some small edge ef-
fects): hence, the ray approximation is valid. If the diameter of the opening is of
the order of the wavelength (d = A ), the waves spread out from the opening in all
directions. Finally, if the openil*::F is much smaller than the wavelength (d << 1),
the opening can be approximated as a point source of waves.

In this volume of “Physics for Engineers” we proceed to several optical
phenomena that require the more eneral wave description of light for their un-
derstanding. Interference and difiraction phenomena show departures of light
from the straight-line propagation that would occur if the ray picture were exactly
correct. The corresponding branch of optics is called ph sical optics, to distin-
guish it from the more restricted geometrical optics. Interference effects enable us
to measure wavelengths of light, design nonreflective coatings for lenses, measure
atomic spacing in crystal lattices, and understand the fundamental limitations on
the resolution of optical instruments. Finally, we study the principles of hologra-
phy, one of the most exciting and useful developments in modern optics and a
striking application of the wave nature of light.

We know that light waves, as any electromagnetic waves, are transverse. In
this volume we study polarization of light waves, wide-range application of this
phenomenon for investigation of different objects from tiny viruses to huge galax-
1es.

Next we examine the processes which take place in a medium when light
propagates through it. We consider dispersion and understand why rainbow and
diamond are so beautiful. We study the process of light absorption and understand
why the sky is red in the morning and evening and blue at noon.



Chapter 1

Interference of Light Waves

The term interference refers to any situation in which two or more coherent
waves overlap in space. To understand interference, we must g0 beyond the re-
strictions of geometrical optics and employ the full power of wave optics. In fact,
as you will see, the existence of interference phenomena is perhaps our most con-
vincing evidence that light is wave — because interference cannot be explained
other than with waves. ,

Sunlight, as the rainbow shows us, is a composite of all the colors of the
visible spectrum. The colors reveal themselves in the rainbow because the inci-
dent wavelengths are bent through different angles as they pass through raindrops
that produce the bow. However, soap bubbles and oil slicks can also show striking
colors, produced not by refraction but by constructive and destructive interfer-
ence of light. The interfering waves combine either to enhance or to suppress cer-
tain colors in the spectrum of the incident sunlight. This selective enhancement or
suppression of wavelengths has many applications. When light encounters an or-
dinary glass surface, for example, about 4% of the incident energy is reflected,
thus weakening the transmitted beam by that amount. This unwanted loss of light
can be a real problem in optical systems with many components. A thin, transpar-
ent "interference film," deposited on the glass surface, can reduce the amount of
reflected light (and thus enhance the transmitted light) by destructive interference.
The bluish cast of a camera lens reveals the presence of such a coating. Interfer-
ence coatings can also be used to enhance - rather than reduce — the ability of a
surface to reflect light.

1.1 Nature of Light

Before the beginning of the 19th century, light was considered to be a
stream of particles that either was emitted by the object being viewed or emanated
from the eyes of the viewer. Newton, the chief architect of the particle theory of
light, held that particles were emitted from a light source and that these particles
stimulated the sense of light upon entering the eye. Using this idea, he was able to
explain reflection and refraction.

Most scientists accepted Newton's particle theory. During his lifetime, how-
ever, another theory was proposed — one that argued that light might be some sort
of wave motion. In 1678, the Dutch physicist and astronomer Christian Huygens
showed that a wave theory of light could also explain reflection and refraction.
The wave theory did not receive immediate acceptance. It was argued that, if light
were some form of wave, it would bend around obstacles; hence, we should be
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able to see around corners. It is now known that light does indeed bend around the
edges of objects. This phenomenon, known as diffraction, is not easy to observe
because light waves have such short wavelengths. Thus, although Francesco Gri-
maldi (1618 — 1663) provided experimental evidence for diffraction in approxi-
mately 1660, most scientists rejected the wave theory and adhered to Newton's
particle theory for more than a century.

In 1801, Thomas Young (1773 — 1829) provided the first clear demonstra-
tion of the wave nature of light. Young showed that, under appropriate conditions,
light rays interfere with each other. Such behavior could not be explained by a
particle theory because there was no conceivable way in which two or more parti-
cles could come together and cancel one another. Several years later, a French
physicist, Augustin Fresnel (1788 — 1827), performed a number of experiments
dealing with interference and diffraction. In 1850, Jean Foucault (1819 — 1868)
provided further evidence of the inadequacy of the particle theory by showing that
the speed of light in liquids is less than its speed in air. According to the particle
model, the speed of light would be higher in liquids than in air, Additional devel-
opments during the 19th century led to the general acceptance of the wave theory
of light, the most important resulting from the work of Maxwell, who in 1873 as-
serted that light was a form of high-frequency electromagnetic wave. In 1887
Henrich Hertz provided experimental confirmation of Maxwell's theory by pro-
ducing and detecting electromagnetic waves. Furthermore, Hertz showed that
these waves underwent reflection and refraction and exhibited all the other char-
acteristic properties of waves.

Although the wave model and the classical theory of electricity and magnet-
ism were able to explain most known properties of light, they.could not explain
some subsequent experiments. The most striking of these is the photoelectric ef-
fect, also discovered by Hertz: when light strikes a metal surface, electrons are
sometimes ejected from the surface. As one example of the difficulties that arose,
experiments showed that the kinetic energy of an ejected electron is independent
of the light intensity. This finding contradicted the wave theory, which held that a
more intense beam of light should add more energy to the electron. An explana-
tion of the photoelectric effect was proposed by Einstein in 1905 in a theory that
used the concept of quantization developed by Max Planck (1858 — 1947) in
1900. The quantization model assumes that the energy of a light wave is present
in bundles called photons; hence, the energy is said to be quantized. According to
Einstein's theory, the energy of a photon is proportional to the frequency of the
electromagnetic wave:

E=hv,

where the constant of proportionality A =6.63x107* Js is Planck's constant. It is
important to note that this theory retains some features of both the wave theory
and the particle theory. The photoelectric effect is the result of energy transfer
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from a single photon to an electron in the metal, and yet this photon has wave-
like characteristics because its energy is determined by the frequency (a wave-
like quantity). In view of these developments, light must be regarded as having a
dual nature: Light exhibits the characteristics of a wave in some situations and the
characteristics of a particle in other situations. Therefore, the question "is light a
wave or a particle?" is an inappropriate one. Sometimes light acts like a wave, and
at other times it acts like a particle.

Question

1.1 Though quantum theory of light can explain a number of phenomena
observed with light, it is necessary to retain the wave nature of light to explain the
phenomenon of

a) photoelectric effect;

b) diffraction;

¢) Compton’s effect;

d) black body radiation.

1.2 Sources of Light

The Sun, stars, lightbutbs, and burning materials all give off light. When
something produces light it is said to be /uminous. The Sun is a luminous object
that provides almost all of the natural light on the Earth. A small amount of light
does reach the earth from the stars but not really enough to see by on a moonless
night. The moon and planets shine by reflected light and do not produce their own
light, so they are not luminous.

Burning has been used as a source of artificial light for thousands of years.
A wood fire and a candle flame are luminous because of their high temperatures.
When visible light is given off as a result of high temperatures, the light source is
said to be incandescent. A flame from any burning source, an ordinary lightbulb,
and the sun are all incandescent sources because of high temperatures. All heated
bodies emit electromagnetic radiation as a result of thermal motion of their mole-
cules; this radiation, called thermal radiation, is a mixture of different wave-
lengths, One of the brightest sources of light is the carbon arc. Two carbon rods,
typically 10 to 20 em long and 1 cm in diameter, are connected to a 120 or 240 V
de source. They are touched together momentarily and then pulled apart a few
millimeters. An arc forms, and the resulting intense electron bombardment of the
positive rod causes an extremely hot crater to form at its end. This crater, whose
temperature is typically 4000°C, is the source of light. Carbon-arc lights are used
in most theater motion-picture projectors and in large searchlights and light-
houses.

Some light sources use an arc discharge through a conducting metal vapor,
such as mercury or sodium. The vapor is contained in a sealed bulb with two elec-
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trodes, which are connected to a power source. Argon is sometimes added to
permit a glow discharge that helps vaporize and ionize the metal. The bluish i ght
of mercury-arc lamps and the bright orange-yellow of sodium-vapor lamps are
familiar in highway and other outdoor lighting,

An important variation of the mercury-arc lamp is the fluorescent lamp,
consisting of a glass tube containing argon and mercury vapor, with tungsten elec-
trodes. When an electric discharge takes place in the mercury—argon mixture, the
emitted radiation is mostly in the ultraviolet region. The ultraviolet radiation is
absorbed in a thin layer of material, called a phosphor, which is the white coating
on the interior walls of the glass tube. The phosphor has the property of fluores-
cence, which means that it emits visible light when illuminated by ultraviolet ra-
diation. Various phosphors can be used to obtain various colors of light. Fluores-
cent lamps have much higher efficiency of conversion of electrical energy to visi-
ble light than do incandescent lamps. !

Phosphorus, oxidized in air, glows due to energy which liberates at chemi-
cal transformations. Such type of a glowing called hemiluminescence. Glowing,
occurring at any type of self-maintained discharge is called electroluminescence.
Glowing due to electromagnetic radiation absorbed by a body is called photolu-
minescence.

A special light source that has attained prominence in the last years is the
laser. It can produce a very narrow beam of enormously intense radiation. High—
intensity lasers have been used to cut through steel, fuse high-melting-point ma-
terials, and bring about many other effects that are important in physics, chemis-
try, biology, and engineering. An equally significant characteristic of laser light is
that it is much more nearly monochromatic, or single—frequency, than any other
light source.

Questions

1.2. What is the fundamental source of all electromagnetic radiation?
1.3. What kind of light sources do you now?

1.3 Speed of Light

Light travels at such a high speed (¢ ~3x10% m/s) that early attempts to
measure its speed were unsuccessful. Galileo attempted to measure the speed of
light by positioning two observers in towers separated by approximately 10 km.
Each observer carried a shuttered lantern, One observer would open his lantern
first, and then the other would open his lantern at the moment he saw the light
from the first lantern. Galileo reasoned that, knowing the transit time of the light
beams from one lantern to the other, he could obtain the speed of light. His results
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were inconclusive. Today we realize (as Galileo concluded) that it is impossible
to measure the speed of light in this manner because the transit time is so much
less than the reaction time of the observers,

A lot of attempts were made to determine the speed of light and now we de-
scribe two of them.

Roemer's Method

In 1675, the Danish astronomer Ole Roemer (1644 — 1710) made the first
successful estimate of the speed of light. Roemer's technique involved astronomi-
cal observations of one of the moons of Jupiter, Io, which has a period of revolu-
tion around Jupiter of approximately 42.5 h. The period of revolution of Jupiter
around the Sun is about 12 year; thus, as the Earth moves through 90° around the
Sun, Jupiter revolves through only (1/12)90° = 7.5° (Figure 1.1).

An observer using the orbital T
motion of lo as a clock would expect . \
the orbit to have a constant period.
However, Roemer, after collecting :
data for more than a year, observed a v
systematic variation in lo's period. He \
found that the periods were longer
than average when the Earth was re-
ceding from Jupiter and shorter than
average when the Earth was approach-
ing Jupiter. If To had a constant period,
Roemer should have seen it become
eclipsed by Jupiter at a particular in-
stant and should have been able to
predict the time of the next eclipse.
However, when he checked the time of
the second eclipse as the Earth receded lo

from Jupiter, he found that the eclipse
was late. If the interval between his
observations was three months, then
the delay was approximately 600 s.

Figure 1.1 Roemer's method for measuring
the speed of light. In the time it takes the
Earth to travel 90° around the Sun (three
months), Jupiter travels about only 7.5°

Roemer attributed this variation in period to the fact that the distance be-
tween the Earth and Jupiter changed from one observation to the next. In three
months (one quarter of the period of revolution of the Earth around the Sun), the
light from Jupiter must travel an additional distance equal to the radius of the

Earth's orbit,

Using Roemer's data, Huygens estimated the lower limit for the speed of

light to be approximately 2.3x 108

m/s. This experiment is important historically

because it demonstrated that light does have a finite speed and gave an estimate of

this speed.
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Fizeau's Method

The first successful method for measuring the speed of light by means of
purely terrestrial techniques was developed in 1849 by Armand L. Fizeau (1819 —
1896). Figure 1.2 represents a simplified diagram of Fizeau's apparatus. The basic
procedure is to measure the total time it takes light to travel from some point to a
distant mirror and back. If d is the distance between the light source (considered
to be at the location of the wheel) and the mirror and if the transit time for one
round trip is 7, then the speed of light is ¢ =2d /1.

To measure the transit time,
Fizeau used a rotating toothed wheel,
which converts a continuous beam of
light into a series of light pulses. The
rotation of such a wheel controls what
an observer at the light source sees.
For example, if the pulse traveling to-
ward the mirror and passing the open-
ing at point 4 in Figure 1.2 should re-
turn to the wheel at the instant, when
tooth B had rotated into position to
cover the return path, the pulse would
not reach the observer. At a greater

Figure 1.2 Fizeau's method for measuring rate of rotation, the opening at point C

the speed of light with rotating tooth wheel. Ccould move into position to allow the
The light source is considered to be at the lo- reflected pulse to reach the observer.

cation of the wheel; thus the distance d is Knowing the distance . the number
known of teeth in the wheel, and the angular

Toothed Mirror
wheel

speed of the wheel, Fizeau arrived at a value ¢=3.1x10% m/s. Similar measure-
ments made by subsequent investigators yiclded more precise values for ¢, ap-

proximately 2.9979x10® m/s.

Fizeau's apparatus was modified by Foucault, who replaced the toothed
wheel with a rotating mirror. The most precise measurements by the Foucault
method were made by Albert A. Michelson (1852 — 1931). His first experiments
were performed in 1878; the last, underway at the time of his death, were com-
pleted in 1935 by Pease and Pearson.

Today the value for the speed of light is determined as

¢ =2.99792458x 108 mys.

This number is based on the definition of the meter in terms of the krypton
wavelength and the definition of the second in terms of the cesium clock. The
definition of the second is precise to within one part in 10 trillion (10", whereas
the definition of the meter is much less precise, about four parts in a billion (10%).
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According to Maxwell’s electromagnetic theory, speed of any electromag-
netic wave, including light, in empty space is:
1

c=— 3
VEOHg

e e =12 ofe
where permittivity constant £5 =8.85x10 12 and permeability constant

(1.1)

Jo =4 % 1077 H/m. In any medium light travels with a less speed, namely:

p=—, (1.2)
n
where n is index of refraction of the medium.

Examples

Example 1.1

Assume that Fizeau's wheel has 360 teeth and is rotating at 27.5 rev/s when
a pulse of light passing through opening A4 in Figure 1.2 is blocked by tooth B on
its return. If the distance to the mirror is 7500 m, what is the speed of light?

Solution

The wheel has 360 teeth, and so it must have 360 openings. Therefore, be-

cause the light passes through opening A but is blocked by the tooth immediately

adjacent to A4, the wheel must rotate through an angle of 1/720 rev in the time it

takes the light pulse to make its round trip. From the definition of angular speed,
that time is

g (1/720)rev

== =——

@ 27.5revls

Hence, the speed of light is
__2d _ 2(7500m)
p ot eI

! 505x1073s

=5.05x1077 s.

=2.97x10% m/s.

Exercises

1.4. During a thunderstorm we always see the flash of lightning before hear-
ing the accompanying thunder. Discuss this in terms of the various wave speeds.
Can this phenomenon be used to determine how far away the storm is?

1.5. Fizeau’s measurements of the speed of light were continued by Cornu,
using Fizeau's apparatus but with the distance from the toothed wheel to the mir-
ror increased to 22.9 km. One of the toothed wheels used was 40 mm in diameter
and has 180 teeth. Find the angular velocity at which it should rotate so that light
transmitted though one opening will return through the next.

1.4 Waves, Wave Surfaces, Wave Fronts and Rays

The concepts of wave surface and wave front provide a convenient lan-
guage for describing the propagation of any kind of wave. We define a wave sur-
Jace as the locus of all points at which the phase of vibration of a physical quan-
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tity associated with the wave is the same. A familiar example is the crest of a wa-
ter wave; when we drop a pebble in a calm pool, the expanding circles formed by
the wave crests are wave surfaces. When sound waves spread out in all directions
from a pointlike source, any spherical surface concentric with the source is a wave
surface. The surfaces over which the pressure is maximum and those over which
it is minimum form sets of expanding spheres as the wave travels outward from
the source. The phase of the pressure variation is the same at all points on one of
the spherical surfaces.

In diagrams of wave motion we usually draw only a few wave surfaces, of-
ten those that correspond to the maxima and minima of the disturbance, such as
the crests and troughs of a water wave. For a sinusoidal wave, wave surface cor-
responding to maximum displacements in opposite directions are separated from
each other by one-half wavelength. Two consecutive wave surfaces correspond-
ing to maximum displacement in the same direction are separated by one wave-
length. Wave surface, which separates the region of space, where the wave is pre-
sent and region, which wave doesn’t reach yet, is called a wave front. In a given
instant of time there is only one wave front, whereas there are a lot of wave sur-
faces.

For a light wave (or any other electromagnetic wave), the quantity that cor-
responds to the pressure in a sound wave is the electric or magnetic field. Often it
is not necessary to indicate in a diagram either the magnitude or the direction of
the field; instead we simply show the shapes of the wave fronts or their intersec-
tions with some reference plane. For example, the electromagnetic waves radiated
by isolated small source of light may be represented by spherical surfaces concen-
tric with the source or, as in Figure 1.3 (a), by the intersections of these surfaces
with the plane of the diagram. The equation of spherical wave is:

E=§Qcos(ax—£'?+a), (1.3)
r

where E( is the initial amplitude of light wave, =2 is wave amplitude at the
r

point under consideration, 7 is the position vector from the center of light wave

to the point, k is wave vector and @ — phase constant.

At a sufficiently great distance from the source, where the radii of the
spheres become very large, the spherical surfaces can be considered as planes and
we have a plane wave, as in Figure 1.3 (b). The equation of a plane wave has form:

Eoncos{(w—EFJra). (1.4)

For some phenomena, it is convenient to represent a light wave by rays
rather than by wave fronts. From the wave viewpoint, a ray is an imaginary line
drawn in the direction in which the wave is traveling. Thus in Figure 1.3 (a) the
rays are the radii of the spherical wave surfaces, and in Figure 1.3 (b) they are the
straight lines perpendicular to the wave surfaces. In fact, in every case where
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waves travel in a homogeneous isotropic material, the rays are straight lines nor-
mal to the wave fronts. At a boundary surface between two materials, such as the
surface between a glass plate and the air outside it, the direction of a ray changes,
but the portions in the air and in the glass are straight lines.

Rays Rays

Wave surfaces  Wave front Wave surfaces Wave front
(a) (b)

Figure 1.3 Wave fronts, wave surfaces and rays. (a) When the wave surfaces are spherical,
the rays radiate out from the center of the spheres; (b) When the wave surfaces are planes,
the rays are parallel

Although the ray picture provides an adequate description of many reflec-
tion and refraction phenomena found in mirrors and lenses, several other optical
phenomena, such as polarization and diffraction, require a more detailed wave
theory for their understanding.

Exercises

1.6. What is wave surface?

1.7. What is wave front? Show on a diagram, the direction of a ray relative
to a wave front,

1.5 Indéx of Refraction

The index of refraction » of a medium is the ratio

speed of light in vacuum e (15)
speed of light in a medium v’ :

From this definition, we see that the index of refraction » is a dimen-
sionless number greater than unity because v is always less than ¢. Furthermore,
n is equal to unity for vacuum,

From the other hand, according to the Snell’s law of refraction (incident and
refracted rays and the normal to the surface all lie in the same plane and the ratio of
the sine of the angle of incidence and sine of the angle of refraction equals to the
index of refraction, Figure 1.4), the index of refraction can also be expressed as

singr
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. Incident Normal Reflected
0, ray ray

(a)

Glass
)

1
i
]
)
I
. B
]

Refracted
ray

(b)

Figure 1.4 (a) A view from the fish's eye: 92 > 6'|: (b) mp > my. All rays and normal lie in the

same plane

When light interacts with matter, the electrons in the material absorb energy

from the light and undergo vibration motion with the same frequency as the light.
This motion causes reradiation of the energy with the same frequency. When light
passes from one material to another, its frequency f does not change but its
wavelength A does (Figure 1.5). The relationship v=A4/ must be valid in both
media and because f; = f> = f, we see that

Vi =A|f and V2=Azf.

Because vy # v, it follows that
/?.1 * ZQ .

We can obtain a relationship be-
tween index of refraction and wave-
length:

= |n

—

ﬁ_i_c;’n]_@_

A =
5 V b vy oclm o
I This gives

M
2 f— v "1["! = /12?12 .
Ao If medium 1 is vacuum, or for all
B practical purposes, air, then ny =1 and
o it follows,
ny=— Ag = Apn,
"2 where /4 is wavelength in vacuum and

Figure 1.5 As a wave moves from medium 1
to medium 2, its wavelengths changes but its
frequency remains constant

n =

A, is wavelength in a medium with in-
dex n, that is, the wavelength 4, of
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light in a material is less than the wavelength A of the same light in vacuum, by
a factor n:

/ln = % . { | ?)
In Table 1.1 indexes of refraction for several substances are represented.
Table 1.1 Some Indexes of Refraction

Medium Index Medium Index
. Typical crown |
Vacuum Exactly 1 ghiss 1.52
Air (STR) 1.00029 | Sodium chloride 1.54
Water (20°C) 1.33 Polystyrene 1.55
Acelone 1.36 Carbon disulfide 1.63
Ethyl alcohol 1.36 Heavy flint glass 1.65
Sugar solution .
(30%) 1.38 Sapphire 1.77
Fused quartz 1.46 Heaviest flint glass 1.89
Sugar solution :
(80%) 1.49 Diamond 2.42
Example 1.2

Laser Light in a Compact Disc. A laser in a compact disc player generates
light that has a wavelength of 780 nm in air.

a) Find the speed of this light once it enters the plastic of a compact disc
(n=1.55).

Solution

We expect to find a value less than 3x 10% m/s because n>1. We can ob-
tain the speed of light in the plastic by using Eg. (1.2)
¢ 3.0x10%m/s

y=Sa 2T T L 1.94%10% ms.
n 1.55

b) What is the wavelength of this light in the plastic?

Solution
We use Eq. (1.7) to calculate the wavelength in plastic, noting that we are
given the wavelength in air to be Ay =780 nm:

L e
n 1.55
Exercises

1.8. Sunlight or starlight passing though the earth’s atmosphere is always
bent toward the vertical. Why? Does this mean that a star is not really where it
appears to be?
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1.9. An object submerged in water appears to be closer to the surface than it
actually is. Why?

1.10. Does a light ray traveling from one medium into another always bend
toward the normal? Explain.

1.11. As light travels from one medium to another, does the wavelength of
the light change? Does the frequency change? Does the speed change? Explain.

1.12. Two light pulses are emitted simultaneously from a source. Both
pulses travel to a detector, but one first passes through 6.20 cm of crown glass.
Determine the difference in the pulses’ times of arrival at the detector.

(Ans.: 1.74x10717 s).
1.13. The speed of yellow light (from a sodium lamp) in a certain liquid is

measured to be 1.92x10% m/s. What is the index of refraction of this liquid for
the light?  (Ans.: 1.56). 2

1.14. Light of wavelength 436 nm in air enters a fishbowl filled with water
and then exits through the crown glass wall of the container (Figure 1.4.) What is
the wavelength of the light (a) in the water and (b) in the glass?
(Ans. 4,, =328 nm, 4, =287 nm.)

1.6 Huygens' Principle

The principles of reflection and refraction of light rays were discovered ex-
perimentally long before the wave nature of light was firmly established. These
principles may, however, be derived from wave considerations and thus shown to
be consistent with the wave nature of light. To establish this connection we use a
principle called Huygens' principle. This principle, stated originally by Christian
Huygens in 1678, is a geometrical method for finding, from the known shape of a
wave front at some instant, the shape of the wave front at some later time. Huy-
gens assumed that: All points on a given wave front are taken as point sources Jor
the production of spherical secondary waves, called wavelets, which propagate
outward through a medium with speed characteristics of wave in that medium. Af-
ter some time has elapsed, the new position of wave front is the surface tangent to
the wavelets.

Let us consider a plane wave moving through free space, as shown in Fig-
ure 1.6 (a). At 1=0, the wave front is indicated by the plane labeled AA'.
In Huygens’ construction, each point on this wave front is considered a point
source. For clarity, only three points on 44’ are shown. With these points as a
sources for the wavelets, we draw circles, each of radius cAf, where ¢ is the
speed of light in free space and At is the time of propagation from one wave front
to the next. The surface drawn tangent to these wavelets is the plane BB', which
is parallel to 44'. In a similar manner, Figure 1.6 (b) shows Huygens’s construc-
tion for a spherical wave.
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I

Old

New Old
wave front T

wave front wave front

New
wave front

Al B
(a) At (b)

Figure 1.6 Huygens's construction for (a) a plane wave propagating to the right and (b) a
spherical wave propagating to the right

Question

1.15. Why does the light appear to travel in a straight line in spite of its
wave nature?

1.7 Huygens' Principle Applied to Reflection and Refraction

The Snell’s laws of reflection and refraction were stated experimentally
without proof. We now derive these laws, using Huygens's principle.

For the law of reflection refer to Figure 1.7 (a). The line 4A4' represents a
wave front of the incident light. As ray 3 travels from A4’ to C, ray 1 reflects
from A and produces a spherical wavelet of radius AD . (Recall that the radius of
a Huygens wavelet is ¢At.) Because the two wavelets having radii A'C and AD
are in same medium, they have the same speed ¢ ; therefore, 4'C = 4D.

(a) (b)
Figure 1.7 (a) Huygens' construction for proving the law of reflection; (b) Triangle ADC is
congruent to triangle 44'C
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From Huygens' principle, we find that the reflected wave front is CD, a line
tangent to all the outgoing spherical wavelets (and perpendicular to the rays). The
remainder of our analysis depends on geometry, as summarized in Figure 1.7 (b).
Note that the right triangles ADC and AA'C are congruent because they have the

same hypotenuse AC and because

Thus, sin@| =sing; and

0, =6,

AD = A'C. From Figure 1.7 (b), we have

(1.8)

i.c., angle of incidence 6 cquals to angle of reflection ¢ which is the Snell's
law of reflection.

Figure 1.8 Huygens' construction for proving
Snell's law of refraction

(b)

Figure 1.9 Schematic representation of (a)
specular reflection where reflected rays are all
parallel to each other; (b) Diffuse reflection,
where the reflected rays travel in a random di-
rection

(a)

Now let us use Huygens' princi-
ple and Figure 1.8 to derive Snell's law
of refraction. Note that in the time in-
terval Af, ray 1 moves from A to B
and ray 2 moves from 4' to C. The
radius of the outgoing spherical wave-
let centered at A is equal to voAr. The
distance A'C is equal to vjAr. Geo-
metric considerations show that angle
A'AC equals 6; and that angle ACB
equals 6. From triangles A4'C and
ACB , we find that

LAY

ooa . A v At
smt?[—AC and

sinfh = C
If we divide the first equation by the
second, we obtain
sinfy _ v
sinfh ~ vz’
But we know that v; =c/n and
that vy =c¢/ny . Therefore,

sinfy _c/m _m

’

siny clm m
and, finally,
sinfy _my
Sil‘lgz m !

which is Snell’s law of refraction.
Two final comments about re-
flection and refraction need to be
made. First, reflection occurs at a
highly polished surface of an opaque
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material such as a metal. There is no refracted ray, but the reflected ray still be-
haves according to Snell’s law. Second, if the reflecting surface of either a trans-
parent or an opaque material is rough, with irregularities of a scale comparable to
or larger than the wavelength of light, reflection occurs not in a single direction
but in all directions; such reflection is called diffuse reflection. Conversely, re-
flections in a single direction from smooth surfaces are called regular reflections
or specular reflections (Figure 1.9).

1.8 Coherent Sources of Light

We that adding together of two mechanical waves can be constructive or
destructive. In constructive interference, the amplitude of the resulting wave is
greater than that of either individual wave, whereas in destructive interference, the
resultant amplitude is less than that of either individual wave. Light waves also
interfere with each other. All interference associated with light waves arises when
the electromagnetic fields of individual waves combine. In such cases the total
displacement at any point at any instant of time is governed by the principle of
linear superposition. This principle, the most important in all of physical optics,
states that when two or more waves overlap, the resultant displacement at any
point and at any instant may be found by adding the instantaneous displacements
that would be produced at the point by the individual waves if each were present
alone. The term displacement means the magnitude of the electric or magnetic
field. When light of extremely high intensity passes through matter, the principle
of linear superposition is not precisely obeyed, and the resulting phenomena are
classified under the heading nonlinear optics.

Interference effects in light waves are not easy to observe because of the

short wavelengths involved (from 4x107" to Tx1077 m). For sustained interfer-
ence in light waves to be observed, the sources must be coherent — that is, have
the same frequency (@, = @y) and they must maintain a constant phase difference
& with respect to each other (8 = ay —ay = const).

There is no practical way to achieve such a relationship with two separate
sources. If two lightbulbs are placed side by side, no interference effects are ob-
served because the light waves from one bulb are emitted independently of those
from the other bulb. The reason is a fundamental one associated with the mecha-
nisms of light emission. In ordinary light sources, atoms of the material of the
source are given excess energy by thermal agitation or by impact with accelerated
electrons. An atom thus “excited” begins to radiate energy and continues until it

has lost all the energy it can, typically in a time of the order of 1078 5. A source
ordinarily contains a very large number of atoms, and they radiate in an unsyn-
chronized and random phase relationship. Thus emission from two such sources
has a rapidly varying phase relation. The result is an interference pattern that con-
stantly changes in a random manner, and ordinary observation does not show a
visible interference pattern at all. Such light sources are said to be incoherent.
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The common methods of producing coherent sources use the division of
wave front. In these methods the wave front is divided into two or more parts with
help of mirrors or prisms. The common methods are: Young’s double-slit ar-
rangement, Fresnel’s biprism method, Lloyd’s mirror method, and Fresnel’s mir-
ror method. One of these methods we describe now, with the others we will meet
later.

Fresnel's Biprism Method

A biprism is essentially a combination of two acute prisms placed base to
base. In fact this combination is obtained from plane glass plate by proper grind-
ing and polishing. A narrow adjustable slit S is illuminated by a monochromatic
source of light in Figure 1.10. Biprism is adjusted parallel to the edge of the slit.
Light passes through biprism, whose upper and lower parts creates virtual images
Sy and S, respectively. The images S) and S are in the same vertical plane and
serve as two coherent sources. The interference fringes are obtained in the region
of overlapping AB on the screen. Let n be the index of refraction of the prism, f
is the angle of refraction of the prism, a is the length of CO and b is the length
of SC. Each part of biprism deflects the paraxial ray at angle (n—1)4. The dis-
tance d between images S; and Sy equals to d = 55, =2b(n—1)# whereas the
angular distance between them is @ =d(a+b) . Then the width of fringe will be
sl o MEYD)

Ta 2bn-1p°

In all of the methods used, how-
ever, if the light from a single source is
split so that parts of it emerge from
two or more regions of space, forming
two or more secondary sources, any
random phase change in the source af-
fects these secondary sources equally
and does not change their relative
phase. Two such sources derived from

Figure 1.10 Fresnel's biprism apparatus for 5 single source and having a definite
obtaining two coherent source of light phase relation are coherent.

Ax

1.9 Interference Pattern due Two Light Sources

Suppose that the two slits represent coherent sources of light waves such
that the two waves from the slits have the same angular frequency @ and a con-
stant phase difference &. The total magnitude of the electric field at point P on
the screen in Figure 1.11 is the vector superposition of the two waves. Assuming
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that the two waves have the amplitudes £y and E; respectively, we can write the
magnitude of the electric field at point P due to each wave separately as
Eycos(owf +a)) and  E,cos(mt +as).

Using the phasor addition of waves, we can obtain the magnitude of the re-
sultant electric field at point P:

E? = B? + B2 + 2By cos§, (1.9)
where & = ay —a is phase difference.

As intensity of light is proportional to the squared amplitude, the resultant
intensity is:

I'=I+1y+ 2l coss. (1.10)

The latest term in Eq. (1.10) is so-called interference term. At the points
with cosd >0, the resultant intensity [ > I} + I>, whereas at the points where
cosd <0, the resultant intensity / < I + I5. Therefore the redistribution of en-
ergy in space occurs at interference phenomena. Maximum of intensity appears at
certain points in space and minimum of intensity appears at the others as a result
of this redistribution of energy. For comparison, if we add two incoherent light
waves, the resultant intensity is simply the sum of the individual intensities:

I=h+1,.

Let’s return to Figure 1.11. In
general case two waves can propagate
through different substances which are
characterized by different indices of
refraction m and »n,, respectively.
Let the distance between two sleets is
d, that between two—slits screen and
viewing screen is L and that from the
axis of symmetry and point P is y.

To arrive at point P the first wave
travels the path /; in a medium with

Figure 1.11 Construction for analyzing two-
source interference pattern. A bright fringe, or
index of refraction ny, whereas the intensity maximum, is observed at O

second wave travels the path /, in a
medium with index of refraction n, . If oscillations have the same phases equal to

@t at the both slits, then the oscillation at P due to the first wave will be
Eycosa(r -1y /vy), and that due to the second wave will be Eycosat =1y /vy).
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Therefore the phase difference of these oscillations at P is

g a{i’l*i}Q(mh —nmh).
fgf 2

After substitution < as =%~ =% e , (A9 — wavelength of light in vacuum)
(4
the previous expression we can rewrite as:
5=2EA, (111
% )
where
AZH:)_!Z—'NIII. (H2)

Parameter A is so-called optical path difference and n/ is the optical path of wave.

It is clear from Egs. (1.11) and (1.12), that when optical path difference
equals the integer number of wavelength in vacuum

A=tmiy, « m=0,1,2,. (1.13)

then & =+2mm, and hence the oscillations at P have the same phase and con-
structive interference occurs at this point (i.e. this point is the point of maximum).
Integer m is called order of spectrum or order number.

When optical path difference is:

1
A:(m+§]ﬂo‘ (1.14)
then & =+(2m+ 1)z and the oscillations come at P out of phase and minimum,

or destructive interference will be at point P,

Example 1.3
Light waves from two sources of intensities / and 4/ interfere. Find inten-

sities at points, where phase difference is (a) % and (b) 7.

Solution
As intensities are [} = EIZ =l and I = E% =4/, then the resultant inten-
sity, according Eq. (1.10)
Ip=1+41+2I x4l cosd=51+4lcosé.

(a) When 6 = % , resultant intensity is Ip =5/ +41 cos% =57,

(b) When & = r, resultant intensity is g =5/ +4/cosx=1.

Example 1.4
Two waves of amplitudes E; and E, interfere with each other. Find the ra-

tio of intensities of maxima to that of minima.
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Solution
When two light waves of amplitudes E| and E,, differing by phase ¢, in-
terfere, the intensity of the resultant light is given by
I= Elz + E22 +2E1Eycosé.
The intensity of light will be maximum, when & = 0. Hence,
Imax = Ei* + Ey? + 2B, Ey cos0 = (E; + E;)°.
On the other hand, intensity of light will be minimum, when & = x. Therefore,
"’min = E]z * E22 + ZE|EQ COST = (El o E2 )2 :

2
Hence :!L“_a_?.‘_ = M

! inin (£ '"Eg)z
Exercises

1.16. Can two independent sources of light produce interference?

1.17. At points of constructive interference between waves of equal ampli-
tude, the intensity is four times that of either individual wave. Does this violate
the energy conservation? If not, why not?

1.18. Two coherent sources whose intensity ratio is 16:1 produce interfer-
ence fringes. Calculate the ratio of intensity of maxima and minima in the fringe
system. (Ans.: 9:1).

1.19. Two sources of intensities / and 4/ are used in interference experi-
ment. Obtain intensities at points, where the waves from two sources superimpose
with a phase difference of (a) 0, (b) # and (¢) #/2. (Ans.: (a) 9/, (b) 5/
and (c) /).

1.20. What is the necessary condition on the optical path difference between
two waves that interfere (a) constructively and (b) destructively?

1.21. How the phase difference & depends on the optical path differ-
ence A7

Questions

1.22. Two sources of light are said to be coherent if the wave produced by
them have the same:

a) wavelength,

b) amplitude,

¢) frequency and a constant phase difference,

d) frequency and the same amplitude.

1.10 Young's Double - Slit Experiment

Interference in light waves from two sources was first demonstrated by
Thomas Young in 1801. A schematic diagram of the apparatus that Young used is
shown in Figure 1.12 (a).
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Figure 1.12 (a) Schematic diagram of Young's double-slit experiment. Slits Sy and S; be-

have as coherent sources of light waves produce an interference pattern on a viewing
screen; (b) Interference pattern due to Young double-slit experiment

Light is incident on a first barrier in which there is a slit So. The waves
emerging from this slit arrive at a second barrier that contains two parallel slits §)
and S5. These two slits serve as a pair of coherent light sources because waves
emerging from them originate from the same wave front and therefore maintain a
constant phase relationship. The light from S; and Sy produces on a viewing
screen a visible pattern of bright and dark parallel bands called fringes. (See Fig-
ure 1.12. (b)) When the light from S and that from S, arrive in phase at a point
on the viewing screen, constructive interference occurs at that location, a bright
fringe appears. When the light from the two slits combines destructively at any
location on the screen dark fringes results.
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Figure 1.13 shows some of the ways in which two waves can combine at the
screen. In Figure 1.13 (a) the two waves, which leave the two slits in phase, strike
the screen at the central point P. Because both waves travel the same distance in
the same medium, they arrive at P in phase. As a result, constructive interference
occurs at this location, and a bright fringe is observed. In Figure 1.13 (b), the two
waves also start in phase, but in this case the upper wave has to travel one wave-
length farther than the lower wave to reach point Q. Because the upper wave falls
behind the lower one by exactly one wavelength, they still arrive in phase at 0,
and so a second bright fringe appears at this location. At point R in Fig-
ure 1.13 (c), however, midway between points P and @, the upper wave has
fallen half a wavelength behind the lower wave. This means that a trough of the
lower wave overlaps a crest of the upper wave; this gives rise to destructive inter-
ference at point R. For this reason, a dark fringe is observed at this location.

We can describe Young's experiment quantitatively with the help of
Figure 1.14.

Si
Slits ) g
Bright
S2 frmge Bright
fringe
(a) Viewingscreen (b)
_.<-P
R Dark
fringe
_I.Q

(c)
Figure 1.13 (a) Constructive interference occurs at point P when the waves combine; (b)
Constructive interference occurs at point Q because the upper wave falls a wavelength be-

hind the lower wave; (c) Destructive interference occurs at R when two waves combine be-
cause the upper wave falls half a wavelength behind the lower wave
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The viewing screen is located a
perpendicular distance L from the
double-slit barrier. §; and Sp are
separated by a distance d, and the
source is monochromatic. To reach
any arbitrary point P, a wave from the
lower slit travels farther than a wave
from the upper slit by a distance |
dsin@. This distance is the optical
path difference A. If we assume that
I, and I, are parallel, which is ap-
proximately true because L is much
greater than d, then A is given by

A=l -l =dsin0. (1.15)

The value of A determines
whether the two waves are in phase
when they arrive at point P. If A is
either zero or some integer multiple of
the wavelength, then the two waves
are in phase at point P and construc-
i tive interference results. Therefore, the
i condition for bright fringes, or con-

structive interference, at point P is
) Azdsin9:1m1=12mi,
e [y =1} =dsin0 2

\)) m=0,1,2,... (1.16)
(b) The number m is called the or-

Viewing screen

(a)

Figure 1,14 (a) Geometric construction for
describing Young's double—slit experiment;
(b) When we assume that /| is parallel to /3.
the path difference between the two rays is
A=l —Ip =dsin@ . For this approximation

der number. The central bright fringe
at =0 (m=0) is called the zeroth-
order maximum. The first maximum
on either side, where m = +1, is called
the first-order maximum, and so on.

When A is an odd multiple of
212, the two waves arriving at point
P are 180° out of phase and give rise to destructive interference. Therefore, the
condition for dark fringes, or destructive interference, at point P is

A=dsin9=i(2m+l]%, m=0;1,2 (1.17)

It is useful to obtain expressions for the positions of the bright and dark
fringes measured vertically from O to P. In addition to our assumption that
L >>d we assume that d >> 4. These can be valid assumptions because in prac-
tice L is often of the order of 1 m, @ a fraction of a millimeter, and 4 a fraction

to be valid, it is essential that L >> d
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of a micrometer for visible light. Under these conditions, & is small; thus, we can
use the approximation sin# = tan@. Then, from triangle OPQ in Figure 1.14 (a),
we see that
y=Ltan@=Lsiné. (1.18)
Solving Eq. (1.16) for sin@ and substituting the result into Eq. (1.18), we
see that the positions of the bright fringes measured from O are given by the ex-
pression

¥ =%L-m. (1.19)
Using Eqs. (1.17) and (1.18), we find that the dark fringes are located at

yd=%(m+—;—} (1.20)
Now we obtain the width of bright and dark fringes. The m-th bri ght fringe

is formed when y,,, = iL—nrr. Similarly the position of (m+1) bright fringe is:
mh d

Him+1),, = ’}L—{(m +1). Hence the width of the m -th dark fringe is given by

AL AL L
Ay, = - =—(m+l)—m=—141,
Vb =Yomslyy ~Ymp = (m+1) T
Similar procedure for the width of bright fringes gives us the same result:

L
Ayg = Ym+1)y = Ymg = E/{ )

Le., the width of all bright fringes are the same, the width of all dark fringes are
the same and, finally, the width of bright fringes and the width of dark fringes are
equal to each other and equal to:

L
Ay=—A41, 1.21
Y4 p ( )

Young's double-slit experiment provides a method for measuring the wave-
length of light. In fact, Young used this technique to do Just that. Additionally, the
experiment gave the wave model of light a great deal of credibility as it was in-
conceivable that particles of light coming through the slits could cancel each other
in a way that would explain the dark fringes.

Example 1.5
In a two-slit interference experiment with two slits 0.2 mm apart and a
screen at a distance of 1 m, the third bright fringe is found to be displaced 7.5 mm
from the central fringe. Find the wavelength of the light used.
Solution
Let A4 be the unknown wavelength. Then
a—i’ﬁ— 75%0.2 mm

=—————=5x10" cm.
mL  3x1000mm
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Example 1.6

A radio station operating at a frequency of 1500 kHz=1.5x 10% Hz has two

identical vertical dipole antennas spaced 400 m apart. Where are the intensity
maxima and minima in the resulting radiation pattern?

Solution
The wavelength is A=¢/f =200 m. The directions of the intensity

maxima are those for which the path difference is zero or an integer number of
wavelengths, as given by Eq. (1.16). Inserting the numerical values, we find
sing="1% - 20O M o0, 30P, 490,

: d 400m 2

In this example, values of m greater than 2 give values of sin@ greater than
unity and thus have no meaning; there is no direction for which the path differ-
ence is three or more wavelengths. Similarly, the directions having zero intensity
(complete destructive interference) are given by:

(2m+])~% (2412000

sinf = ~ 2 9=+145° +48.5°.
d 400m
In this case values of m greater than 1 have no meaning, for the reason just
mentioned.

Example 1.7

Measuring the Wavelength of a Light Source.

A viewing screen is separated from a double-slit source by 1.2 m. The dis-
tance between the two slits is 0.030 mm. The second-order bright fringe (m=2)

is 4.5 cm from the center line.
a) Determine the wavelength of the light.

Solution
We can use Eq. (1.19), with (m=2), y2=4.5x10"> m, L=12 m, and
d=3.0x10"> m:
Cdyy _ (3.0x107m)(4.5x102m)
" mL 2(1.2m)
b) Calculate the distance between adjacent bright fringes.

=5.6x1077 m.

Solution
From Eq. (1.19) and the results of part (a), we obtain

g SRR S =22x107> m.
Ymel = Vm i d d 3.0x10°m X

Note that the spacing between all fringes is equal.
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Example 1.8

A light source emits visible light of two wavelengths: A=430 nm and
A'=510 nm. The source is used in a double-slit interference experiment in which
L=1.5 m and d=0.025 mm. Find the separation distance between the third-
order bright fringes.

Solution
Using Eq. (1.19), with m =3, we find that the fringe positions correspond-
ing to these two wavelengths are

gm0
3 d d

el 3L 9185102 m.
d d

Hence, the separation distance between the two fringes is
Ay =3~ y3=9.18x10 > m~7.74x10"2m =1.4x10"2 m.

Exercises

1.23. A double-slit arrangement produces interference fringes for sodium
light (2 =5890 A) that are 0.20° apart. What is the angular fringe separation if
the entire arrangement is immersed in water? (Ans.: 0.15°),

1.24. Light with a wavelength of 442 nm passes through a double-slit sys-
tem that has a slit separation d =0.40 mm. Determine how far away a screen
must be placed so that a dark fringe appears directl Yy opposite both slits, with just
one bright fringe between them.

1.25. Aleksey asserted that it is impossible to observe interference fringes in
a two-source experiment if the distance” between sources is less than half the
wavelength of the wave. Do you agree? Explain,

1.26. An amateur scientist proposed to record a two-source interference pat-
tern by using only one source, placing it first in position S} in Figure 1.14 (a) and
turning it on for a certain time, then placing it at S, and turning it on for an equal
time. Does this work?

1.27. If a two-slit interference experiment were done with white light, what
would be seen?

1.28. In Young’s double-slit experiment, the monochromatic source of light
is replaced by white light source. What would be the central fringe?

1.29. Does the fringe width for dark fringe is different from that for white
fringe?

1.30. What happens to the interference pattern when the entire arrangement
of double-slit experiment is dipped in water?
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131. What will be the effect on interference pattern obtained in Young's
double-slit experiment if

1) one slit is covered,

2) a source of light of higher frequency is used,

3) distance between two slits be increased,

4) distance between screen and double-slitted barrier is increased.

1.32. Two slits are separated by 0.320 mm. A beam of 500-nm light strikes
the slits and produces an interference pattern. Determine the number of maxima
observed in the angular range —30.0° < ¢ <30.0°.

133, In the double-slit arrangement of Figure 1.14, d=0.150 mm,
L =140 cm, A =643 nm, and y=1.80 cm. (a) What is the path difference A for
the rays from the two slits arriving at point P? (b) Express this path difference in
terms of 1. (¢c) Does point P correspond to a maximum, a minimum, or an in-
termediate condition?  (Ans.: (a) 1.93 pm, (b) 3.00 &, (c) maximum).

1.34. Two slits are spaced 0.3 mm apart and are placed 50 cm from a
screen. What is the distance between the second and third dark lines of the inter-
ference pattern when the slits are illuminated with light of 600-nm wavelength?
(Ans.: 1.0 mm).

1.35. Young's experiment is performed with sodium light (A4 =589 nm).
Fringes are measured carefully on a screen 100 cm away from the double-slit, and
the center of the twentieth fringe is found to be 11.78 mm from the center of the
zeroth fringe. What is the separation of the two slits?

1.36. Light from a mercury-arc lamp is passed through a filter that blocks
everything except for one spectrum line in the green region of the spectrum. It
then falls on two slits separated by 0.6 mm. In the resulting interference pattern
on a screen 2.5 m away, adjacent bright fringes are separated by 2.27 mm. What
is the wavelength?  (Ans.: 545 nm).

1.37. In Young's double-slit experiment, why do we use monochromatic
light? If white light is used, how would the pattern change?

1.38. A laser beam ( A = 632.8 nm) is incident on two slits 0.200 mm apart.
How far apart are the bright interference fringes on a screen 5.00 m away from
the slits?  (Ans.: 1.58 cm).

1.39. A Young's interference experiment is performed with monochromatic
light. The separation between the slits is 0.500 mm, and the interference pattern
on a screen 3.30 m away shows the first maximum 3.40 mm from the center of

the pattern. What is the wavelength?  (Ans.: 5.5x 1077 m).

1.40. Young's double-slit experiment is performed with 589-nm light and a
slit-to-screen distance of 2.00 m. The tenth interference minimum is observed
726 mm from the central maximum. Determine the spacing of the slits.
(Ans.: 1.54 mm).
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1.41. A pair of narrow, parallel slits separated by 0.250 mm is illuminated
by green light (4 =546.1 nm). The interference pattern is observed on a screen
1.20 m away from the plane of the slits. Calculate the distance (a) from the central
maximum to the first bright region on either side of the central maximum and (b)
between the first and second dark bands. (Ans.: (a) 2.62 mm, (b) 2.62 mm.)

1.11 Intensity Distribution of the Double-Slit Interference Pattern

Note that the edges of the bright fringes in Figure 1.12 (b) are fuzzy. So far
we have discussed the locations of only the centers of the bright and dark fringes
on a distant screen. We now direct our attention to the intensity of the light at
other points between the positions of maximum of constructive and destructive
interference. In other words, we now calculate the distribution of light intensity
associated with the double-slit interference pattern.

Again, suppose that the two slits represent coherent sources of sinusoi-
dal waves such that the two waves from the slits have the same angular fre-
quency @ and a constant phase difference o . The total magnitude of the elec-
tric field at point P on the screen in Figure 1.14 (a) is the vector superposition
of the two waves. Assuming that the two waves have the same amplitude Ej,
we can write the magnitude of the electric field at point P due to each wave
separately as

Ey=Eysinet and £y = Eysin(af +6).

Although the waves are in phase at the slits, their phase difference & at
point P depends on the optical path difference A=/ —/5 =dsin#. Because a
path difference of 4 (constructive interference) corresponds to a phase differ-
ence of 27 rad, we obtain the ratio

Nos O

A 2r!
L S A
d= /lA ,{dsmﬁ.

This equation tells us precisely how the phase difference & depends on
the angle 6.
Using the superposition principle, we can obtain the magnitude of the
resultant electric field at point P:
Ep = E\ + Ey = Eg[sin o +sin(at + 5)).
To simplify this expression, we use the trigonometric identity

sinA+sinB=25in(A+B]cos(A;B}Taking A=wt+6 and B=ar, we can

write the expression for Ep in the form

Ep=2E, cos(%}sin(ax + (—_f-J (1.22)
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This result indicates that the
electric field at point P has the same
frequency ® as the light at the slits,
but that the amplitude of the field is
multiplied by the factor 2cos(6/2).
To check the consistency of this result,
note that if &=0,27,4x,..., then the
electric field at point P is 2k, corre-

sponding to the condition for construc-
tive interference. These values of &
are consistent with Eq. (1.16) for con-
structive interference. Likewise, if
) 1 A 2N 8 =, 37, 57,.., then the magnitude of

the electric field at point P is zero;

this is consistent with Eq.(1.17) for
Figure 1.15 Light intensity versus dsin®  gestructive interference
for a double-slit interference pattern when J 4 » :
the screen is far from the slits (L >> d) Finally, to obtain an expression
for the light intensity at point P, recall

that the intensity of a wave is proportional to the square of the resultant electric
field magnitude at that point.
We can therefore express the light intensity at point P as

[ o E% = E(% cosz(%)sinz[w{ +%} (1.23)

Most light-detecting instruments measure time-averaged light intensity,

—»dsin®

and the time-averaged value of sin?‘(a)t +8/2) over one cycle is 1/2. Therefore,
we can write the average light intensity at point P as
)
I =y cnsz[i], (1.24)
where I, is the maximum intensity on the screen and the expression

represents the time average. Substituting the value for & given by Eq. (1.11)
into this expression, we find that

mism{)} (1.25)

2
I = I pay cOS ( )

Alternatively, because sinf = y/L for small values of @ in Figure 1.14,
we can write the intensity in the form

2 md
I = I 1ax COS [H_v}.
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Constructive interference, which produces light intensity maxima, occurs
when the quantity mdy/AL is an integral multiple of x, corresponding to
y=(AL/d)m. This is consistent with Eq. (1.19).

We have seen that the interference phenomena arising from two sources de-
pend on the relative phase of the waves at a given point. Furthermore, the phase
difference at a given point depends on the path difference between the two waves.
The resultant light intensity at a point is proportional to the square of the resultant
electric field at that point. That is, the light intensity is proportional to (£ + Ez)?'.
[t would be incorrect to calculate the light intensity by adding the intensities of

the individual waves. This procedure would give E,Z + E;!Z, which of course is not
the same as (£ +E3)2. Note, however, that (E; +Ez)2 has the same average

value as E]2 * E% when the time average is taken over all values of the phase dif-
ference between E) and E, . Hence, the law of conservation of energy is not vio-

lated.

We can apply phasor method for description of interference pattern.
Figure 1.16 represents the phasors diagrams for various values of the phase
difference & and the corresponding values of the path difference A. The
light intensity at a point is a maximum when Ep is a maximum; this occurs

at § =0,27,4x,... The light intensity at some point is zero when Eg is zero;
this occurs at 6 = 7,37,5x,... These results are in complete agreement with
analytical procedure described earlier.

Eg =2E,
E, E
T 0
A=0
Ep=0___180°
B N\
Ey
5-180° §=270° 5=360°
A\ A=3\/4 A=)

Figure 1.16 Phasor diagram for a double-slit interference pattern. The resultant phasor F R s
amaximum when & =0,+27,% 4x,... and is zerowhen & = +7,%37,...
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Example 1.9

If the two slits in Young's experiment have width in the ratio wy : wy =4:9,
then find the ratio of intensity at the maximum to the intensity at the minimum in
the interference pattern.

Solution

The intensity of light due to a slit is directly proportional to the width of the
slit. Therefore,

LB R
Iy w
A wp 4
Since — = —, we have
1)
L, 4 ]
L= (i)
I, 9
If £y and E, are amplitudes of the waves from the two slits, then
2
4 _Ei (i)
Ly E3
From equations (i) and (ii) we have
-2
E:-}i = i. or ﬂ :3, or Ez = |.5E|.
E2 9 Ez 3

Now, using Eq. (1.9),
J'(ma:ng = {El + E2 )2 & (E] + iSEl )2 :E =

5 5 25:1.
Imin (B -E»)" (B -15E)" 1

Exercises

1.42. Suppose that the slit openings in a Young's double-slit experiment
have different sizes so that the electric fields and the intensities from each slit are
different. If E) =Egysinat and Ej = Eqpsin(at +a), show that the resultant

electric field is E = Egsin(at +0), where Eg= JEmz + E(,zz +2Eg Egp cosa
and sinf = ME—
. Ey
1.43. Widths of two slits in a Young’s experiment are in ratio 4:1. What is
the ratio of the amplitudes of light waves from them?  (Ans.: Ey: By =2:1.)
1.44. What is the ratio of slits widths, when the amplitudes of light waves

from them have aratio v2:1?  (Ans.: wyiwpy =2:1.)
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1.45. 1f the two slits in Young’s double-slit experiment have width ratio
4:1, deduce the ratio of intensities at minima and maxima in the interference pat-
tem.  (Ans.: [/, =9:1).

1.12 N -Slit Interference Pattern

Using phasor diagrams let us analyze the interference pattern caused by
N equally spaced slits. For simplicity we'll take N =3. We can express the
electric field components at a point P on the screen caused by waves from the
individual slits as

El = EU sin @t ,
Ey = Eg sin(@t +6),
E| = Eg sin(ar + 26),
where & is the phase difference between waves from adjacent slits. We can
obtain the resultant magnitude of the electric field at point P from the
phasor diagram in Figure 1.17.

The phasor diagrams for various values of & are shown in Figure 1.18.
Note that the resultant magnitude of the electric field at P has a maximum
value of 3E; at condition that occurs when 6 =0, + 27, +4x,... These points
are called primary maxima. Such primary maxima occur whenever the three
phasors are aligned as shown in Figure 1.18 (a).

We also find secondary
maxima of amplitude Eg occurring
between the primary maxima at
points where &=+x,13x,.. For
these points, the wave from one slit
exactly cancels that from another slit
(Figure 1.18 (d)). This means that
only light from the third slit con-
tributes to the resultant, which con-
sequently has total amplitude of Ej.

Maximum of amplitude 2E; occurs

at points where & = x/3 as shown in
Figure 18 (b). Total destructive in-
terference occurs whenever the three
phasors form a closed triangle, as shown in Figure 1.18 (¢). These points
where Ep =0 correspond to & =127/3, +4x/3,... You should be able to

construct other phasor diagrams for values of & greater than 7.

Figure 1.17 Phasor diagram for three equally
spaced slits
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Eg =2Ey Ep=0
Ep=Ey
Ep=3E 120°
120° gt NI
Ey E, Ey

5=0 8 =60° 5 =120° 5 =180°
A=0 A=ATE A=2/3 )
(a) (b) (c) (d)

Figure 1.18 Phasor diagrams for three equally spaced slits at various values of & . Note from
(a) that there are primary maxima of amplitude 3Ey and from (d) that there are secondary

maxima of amplitude £

Figure 1.19 shows multiple-slit interference patterns for a number of
configurations. For three slits, note that the primary maxima are nine times
more intense than the secondary maxima as measured by the height of the
curve.

This is because the intensity varies as E Rz. For N slits, the intensity

of the primary maxima is N? times greater than that due to a single slit. As
the number of slits increases, the primary maxima increase in intensity and
become narrower, while the secondary maxima decrease in intensity relative
to the primary maxima. Figure 1.19 also shows that as the number of slits
increases, the number of secondary maxima also increases. In fact, the num-
ber of secondary maxima is always (N —2), where N is the number of slits.

Exercises

1.46. Would the headlights of a distant car form a two-source interference
pattern? If so, how might it be observed? If not, why not?

1.47. Light from two coherent sources is reaching a screen. If the path dif-
ference at a point on the screen for the yellow light be 34/2, then what will be
the color of the fringe at that point?

1.48. At points of constructive interference between waves of equal ampli-
tude, the intensity is four times that of either individual wave. Does this violate
energy conservation? If not, why not?

1.49. In using the superposition principle to calculate intensities in interfer-
ence and diffraction patterns, could one add the intensities of the waves instead of
their amplitudes? What is the difference?
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o

Single
st

Primary maximum
Secondary maximum

-k A

dsin®

Figure 1.19 Multiple-slit interference patterns. As N, the number of slits, is increased,
the primary maxima (the tallest peaks in each graph) become narrower but remain fixed
in position, and the number of secondary maxima increases
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1.13 Change of Phase due to Reflection

Young's method for producing two coherent light sources involves illumi-
nating a pair of slits with a single source. Another simple, yet ingenious, ar-
rangement for producing an interference pattern with a single light source is
known as Lloyd's mirror (Figure 1.20). A light source is placed at point S close
to a mirror, and a viewing screen is positioned some distance away at right angles
to the mirror. Light waves can reach point P on the screen either by the direct
path SP or by the path involving reflection from the mirror. The reflected ray can
be treated as a ray originating from a virtual source at point §'. As a result, we
can think of this arrangement as a double-slit source with the distance between
points S and S' comparable to length d in Figure 1.14. Hence, at observation
points far from the source (L >>d), we expect waves from points S and S’ to
form an interference pattern just like the one we see from two real coherent

Viewing sources.
screen An interference pattern is indeed
observed. However, the positions of
P the dark and bright fringes are reversed
Real relative to the pattern created by two
source real coherent sources (Young's ex-
8 periment). This phenomenon occurs
because the coherent sources at points

> P S and §' differ in phase by 180° a

) : phase change produced by reflection.
o Mirror . e 5 :
ol To illustrate this further, consider point
. S . P', the point where the mirror inter-
i;gﬂ”;:"n1ifumolj3\$: aT:;L?r:t F’?"m'"l;:“::::i sects the screen. This poixfn is cquid%s-
as a result of combination of the direct ray and tant from points S and §'. If path dif-
reflected ray from the mirror. The reflected ray  ference alone were responsible for the
undergoes a phase difference of 7 phase difference, we would see a
bright fringe at point P’ (because the path difference is zero for this point), corre-
sponding to the central bright fringe of the two-slit interference pattern. Instead,
we observe a dark fringe at point P because of the 180° phase change produced
by reflection. In general, an electromagnetic wave undergoes a phase change of
180° upon reflection from a medium that has a higher index of refraction than the

one in which the wave is traveling.

It is useful to draw an analogy between reflected light waves and the reflec-
tions of a transverse wave pulse on a stretched string. The reflected pulse on a

Fe— S
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string undergoes a phase change of 180° when reflected from the boundary of a
denser medium, but no phase change occurs when the pulse is reflected from the
boundary of a less dense medium. Similarly, an electromagnetic wave undergoes
a 180° phase change when reflected from a boundary leading to an optically
denser medium, but no phase change occurs when the wave is reflected from a
boundary leading to a less dense medium (Figure 1.21). These rules can be de-
duced from Maxwell's equations.
1 80° phase change No phase change

i . Rivsd Stsnort Free support
n <n, Stringanalogy TIE! PP > m

(a) (b)

Figure 1.21 (a) For nj < ny, alight ray traveling in medium 1 when reflected from the surface
of medium 2 undergoes a 180° phase change. The same thing happens with a reflected pulse
traveling along a string fixed at one end, (b) For ) > 17, a light ray traveling in medium 1 un-

dergoes no phase change when reflected from the surface of medium 2. The same is true of a
reflected wave pulse on a string whose supported end is free to move

1.14 Interference in Thin Film

Interference effects are commonly observed in thin films, such as thin lay-
ers of oil on water or the thin surface of a soap bubble. The varied colors observed
when white light is incident on such films result from the interference of waves
reflected from the two surfaces of the film,

Consider a film of uniform thickness ¢ and index of refraction », as shown
in Figure 1.22. Let us assume that the light rays traveling in air are nearly normal
to the two surfaces of the film. To determine whether the reflected rays interfere
constructively or destructively, we first note the two following facts:

1. A wave traveling from a medium of index of refraction n) toward a me-

dium of index of refraction ny undergoes a 180° phase change upon reflection
when 1, >y and undergoes no phase change if 1y <ny.
2. The wavelength of light 4,, in a medium whose refraction index is n is

=2,

where A is the wavelength of the light in free space.
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Let us apply these rules to the film of Figure 1.22, where n g, > ng;, . Re-

flected ray 1, which is reflected from the upper surface (4), undergoes a phase
change of 180° with respect to the incident wave. Reflected ray 2, which is re-
flected from the lower film surface ( B), undergoes no phase change because it is
reflected from a medium (air) that has a lower index of refraction. Therefore ray
1 is 180° out of phase with ray 2, which is equivalent to a path difference of /2.
However, we must also consider that ray 2 travels an extra distance 2d be-
fore the waves recombine in the air above surface 4. If 2d = 4,,/2, then rays |
and 2 recombine in phase, and the result is constructive interference. In general,
the condition for constructive interference in such situations is
2d =+(2m+ l}-l-l"zh,
This condition takes into account two factors: (1) the difference in path
length for the two rays (the term mA,,) and (2) the 180° phase change upon reflec-
tion (the term A4,,/2). Because A, = 4y /n, we can write:

m=0,1,2,3,... (1.26)

2nd =+(2m+ I)%
If the extra distance 2d traveled by ray 2 corresponds to a multiple of 4,,,
then the two waves combine out of phase, and the result is destructive interfer-
ence. The general equation for destructive interference is
2nd =+mAi m=1,23.... (1.28)
Consider a general case of in-
terference in thin film, when angle
1 2 of incidence is nonzero (Fig-
ure 1.23). 4B is a wave front. Ray 1

m=0,1,2,3,... (127)

180°phase No phase
change change

¥t Hair <N fiim travels extra distance BC in air be-
A fore the waves recombine in point C.
Film V d Additionally it is reflected from the

medium with larger index of refrac-
B tion and hence undergoes a 180°
Asp \ phase change with respect to the in-

cident wave, i.e. its optical path is

Figure 1.22 Interference in light reflected (BC)ng; +A/2. Optical path of the
from a thin film is due to a combination of rays . - .
reflected from the upper and lower surface of TdY 2 is (A0 +0C)n figy,. Then opti-

the film cal path difference
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A
A:(AO+OC)nﬁ;m—(BC)na,-r——z-. (1.29)
It is clear from Figure 1.23 that
BC = ACsini =2d tanrsini
and
(AO+0C) = = .
cosr
Substituting these values in (1.29) we obtain
2o bl
A 2dn —2dlanrsim’—i =2d” nsinrsini _i.
cosr 2 neosr 2
According to Snell’s law of refraction, nsinr =sini, hence
neosr :\/nz —nzsinz r =\/nz —sinzr' 5
and, finally, the optical path difference can be written as
A=2d n2~sin2:‘—§. (1.30)

The foregoing conditions for con- 4
structive and destructive interference are
valid when the medium above the top
surface of the film is the same as the
medium below the bottom surface. The
medium surrounding the film may have
a refractive index less than or greater
than that of the film. In either case, the n
rays reflected from the two surfaces are
out of phase by 180°. If the film is ~
placed between two different media, one
with n<ng,, and the other with

Figure 1.23 Interference in thin film when
angle of incidence is not zero

n>n gy, then the conditions for con-
structive and destructive interference are
reversed. In this case, either there ‘s a phase change of 180° for both ray 1 reflect-
ing from surface 4 and ray 2 reflecting from surface B or there is no phase
change for either ray; hence, the net change in relative phase due to the reflections
is zero.

The thin—film interference is used in nonreflective coatings for lenses. A
thin layer or film of hard transparent material with an index of refraction smaller
than that of the glass is deposited on the surface of the glass, as in Figure 1.24. If
the coating has the proper index of refraction, equal quantities of light will be re-
flected from its outer surface and from the boundary surface between it and the
glass. Furthermore, since in both reflections the light is reflected from a medium
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of greater index than that in which it is traveling, the same phase change occurs in
cach reflection. It follows that if the film thickness is 1/4 wavelength in the film
(normal incidence is assumed), the light reflected from the first surface will
be 180° out of phase with that reflected from the second, and complete destructive
interference will result.

Of course, the thickness can be
1/4 wavelength for only one particular
wavelength. This is usually chosen in
the yellow—green portion of the spec-
Nonreflecting One-fourth of | trum (about 550 nm), where the eye is

A

Air

Film the wavelength | nost sensitive. Some reflection then
in the film takes place at both longer and shorter
wavelengths, and the reflected light has
a purplé hue. The overall reflection
Glass

from a lens or prism surface can be re-
duced in this way from 4% to a fraction
of 1%. The treatment is extremely ef-
fective in eliminating stray reflected
Figure 1.24 Destructive interference results light and increasing the contrast in an
when the film thickness is one—quarter of the image formed by highly corrected
wavelength in the film lenses having a large number of air-
glass surfaces. A commonly used coating material is magnesium fluoride, MgF»,
with an index of refraction 1.38. With this coating, the wavelength of green light
in the coating is

-9
550 5
dy =20 30N _ 41075 om
n 1.38

and the thickness of a "nonreflecting" film of MgF, is 107 cm.

If a material whose index of refraction is greater than that of glass is depos-
ited on glass to a thickness of wavelength, then the reflectivity is increased. For
example, a coating of index 2.5 will allow 38% of the incident energy to be re-
flected. instead of the usual 4% when there is no coating. By use of multilayer
coatings, it is possible to achieve reflectivity for a particular wavelength of almost
100%. These coatings are used for "one-way" windows and reflective sunglasses.

Example 1.10

Suppose the two glass plates in Figure 1.25 are two microscope slides
10 cm long. At one end they are in contact, and at the other end they are separated
by a thin piece of tissue paper 0.02 mm thick. What is the spacing of the resulting
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interference fringes? Is the fringe adjacent to the line of contact bright or dark?
Assume monochromatic light with 4 =500 nm.

Solution &

To answer the second question
first, the fringe at the line of contact is
dark because the wave reflected from the
lower surface of the air wedge has un-
dergone a half-cycle phase shift, while
that from the upper surface has not. For
this reason, the condition for destructive
interference (a dark fringe) is that the
path difference 2d be an integer number
of wavelengths:

2d =mA, (m=0,1,2,3,..).
From similar triangles in Fig- Figure 1.25 Interference between two light

ure 1.25, d is proportional to the dis- Wwaves reflected from the two sides of an air

tance x from the line of contact: wedge separating two glass plates. The
path difference is 2d

d_h
- LT
Combining this with path difference, we find
Z%h =mA,

JA (0.1m)x(500x10 " m)

orx=m-—=m = B
2h 2x(0.02x10 " m)

Thus successive dark fringes, corresponding to successive integer values of

m, are spaced 1.25 mm apart.

m(1.25%107) m.

Example 1.11

Calculate the minimum thickness of a soap-bubble film (7 =1.33) that re-
sults in constructive interference in the reflected light if the film is illuminated
with light whose wavelength in free space is A =600 nm,

Solution.
The minimum film thickness for constructive interference in the reflected
light corresponds to m =0 in Eq. (1.27). This gives 2nd =A/2, or
, A 600nm
C4n 4(133)

=113 nm.
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Example 1.12

Nonreflective Coatings for Solar Cells.

Solar cells — devices that generate electricity when exposed to sunlight -
are often coated with a transparent, thin film of silicon monoxide (SiO, n=1.45)
to minimize reflective losses from the surface. Suppose that a silicon solar cell
(n=3.5) is coated with a thin film of silicon monoxide for this purpose. Deter-
mine the minimum film thickness that produces the least reflection at a wave-
length of 550 nm, near the center of the visible spectrum.

Solution
The reflected light is a minimum when rays | and 2 in Figure 1.23 meet the
condition of destructive interference. Note that both rays undergo a 180° phase
change upon reflection: ray 1 from the upper SiO surface and ray 2 from the
lower SiO surface. The net change in phase due to reflection is therefore zero, and
the condition for a reflection minimum requires a path difference of 4/2. Hence
2d = A/2n, and the required thickness is
_ A _550nm
4n  4(1.45)
A typical uncoated solar cell has reflective losses as high as 30%; a SiO |
coating can reduce this value to about 10%. This significant decrease in reflective
losses increases the cell's efficiency because less reflection means that more
sunlight enters the silicon to create charge carriers in the cell. No coating can ever
be made perfectly nonreflecting because the required thickness is wavelength-
dependent and the incident light covers a wide range of wavelengths.
Glass lenses used in cameras and other optical instruments are usually
coated with a transparent thin film to reduce or eliminate unwanted reflection and
enhance the transmission of light through the lenses.

=94.8 nm.

Exercises

1.50. A colorless clean layer of oil is spread on water surface. When white
light is incident on the layer, the reflected light appears green. What is the reason?

1.51. What is the optical path difference at interference in thin film?

1.52. When a thin oil film spreads out on a puddle of water, the thinnest part
of the film looks lightest in the resulting interference pattern. What does this tell
you about the relative magnitudes of the refractive indexes of oil and water?

1.53. A glass windowpane with a thin film of water on it reflects less than

~when it is perfectly dry. Why?

1.54, White light reflected at perpendicular incidence from a soap film has,
in the visible spectrum, an interference maximum at 6000 A and a minimum at
4500 A, with no minimum in between. If n=1.33 for the film, what is the film
thickness, assumed uniform?
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1.55. A soap bubble (n=1.33) is floating in air. If the thickness of the bub-
ble wall is 115 nm, what is the wavelength of the light that is most strongly re-
flected?

1.56. An oil film (n=1.45) floating on water is illuminated by white light
at normal incidence. The film is 280 nm thick. Find (a) the dominant observed
color in the reflected light and (b) the dominant color in the transmitted li ght. Ex-
plain your reasoning.  (Ans.: (a) green, (b) violet).

1.57. A thin film of oil (n=1.25) is located on a smooth, wet pavement.
When viewed perpendicular to the pavement, the film appears to be predomi-
nantly red (640 nm) and has no blue color (512 nm). How thick is the oil film?

1.58. A possible means for making an airplane invisible to radar is to coat
the plane with an antireflective polymer. If radar waves have a wavelength of
3.0 cm and the index of refraction of the polymer is (n=1.50), how thick would
you make the coating?  (Ans.: 0.50 cm).

1.59. A material having an index of refraction of 1.30 is used to coat a piece
of glass (n=1.50). What should be the minimum thickness of this film if it is to
minimize reflection of 500-nm light?

1.60. A film of MgF, (n=1.38) having a thickness of 1.0x10™> ¢m is used
to coat a camera lens. Are any wavelengths in the visible spectrum intensified in
the reflected light?  (Ans.: no reflection maxima in the visible spectra).

1.61. A plane wave of monochromatic light is incident normally on a uni-
form thin film of oil that covers a glass plate. The wavelength of the source can be
varied continuously. Fully destructive interference of the reflected light is ob-
served for wavelength of 500 and 700 nm and for no wavelengths in between. If
the index of refraction of the oil is 1.50, find the thickness of the oil film.

1.62. An air wedge is formed between two glass plates separated at one
edge by a very fine wire, as shown in Figure 1.25. When the wedge is illuminated
from above by 600-nm light, 30 dark fringes are observed. Calculate the radius of
the wire.  (Ans.: 4.35 pum).

1.63. Two rectangular flat glass plates (n=1.52) are in contact along one

end and separated along the other end by a sheet of paper 4.0 x 10~ cm thick (see
Figure 1.25). The top plate is illuminated by monochromatic light ( A = 546.1 nm).
Calculate the number of dark parallel bands crossing the top plate (include the dark
band at zero thickness along the edge of contact between the two plates).

1.64. Light of wavelength 500 nm is incident perpendicularly from air on a

film 1x10~* ¢m thick and of refractive index 1.375. Part of the light is reflected
from the first surface of the film, and part enters the film and is reflected back at
the second surface.

a) How many waves are contained along the path of this second part of the
light in the film?

b) What is the phase difference between these two parts of the light as they
leave the film?
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1.65. In Example 1.7 suppose the top plate is glass with n=1.4, the wedge
is filled with silicone grease having n=1.5, and the bottom plate is glass with
n=1.6. Calculate the spacing between the dark fringes.  (Ans.: 0.833 mm).

1.66. A sheet of glass 10 cm long is placed in contact with a second sheet
and is held at a small angle with it by a metal strip 0.1 mm thick placed under one
end. The glass is illuminated from above with light of 546-nm wavelength. How
many interference fringes are observed per centimeter in the reflected light?

1.67. Two rectangular pieces of plane glass are laid one upon the other on a
table. A thin strip of paper is placed between them at one edge so that a very thin
wedge of air is formed. The plates are illuminated by a beam of sodium light at
normal incidence (4 =589 nm). Interference fringes are formed, with ten fringes
per centimeter length of wedge measured normal to the edges in contact. Find the

angle of the wedge.  (Ans.: 2.94x 1074 rad = 0.0168° ).

1.68. s a thin film of quartz suitable as a nonreflecting coating for fabulite?
If so, what is the minimum thickness of the film required?

1.69. What is the thinnest film of a 1.40 refractive index coating on glass
(n=1.5) for which destructive interference of the violet component (400 nm) of
an incident white light beam in air can take place by reflection? (Ans..

7.14x10 % m).

1.70. Consider a dark fringe in an interference pattern, at which almost no
light is arriving. Light from both slits is arriving at this point, but the waves are
canceling, Where does the energy go?

1.71. An oil film on water appears brightest at the outer regions, where it is
thinnest. From this information, what can you say about the index of refraction of
oil relative to that of water?

1.72. In our discussion of thin-film interference, we looked at light reflect-
ing from a thin film. Consider one light ray, the direct ray that transmits through
the film without reflecting. Consider a second ray, the reflected ray that transmits
through the first surface, reflects from the second, reflects again from the first,
and then transmits out into the air, parallel to the direct ray. For normal incidence,
how thick must the film be, in terms of the wavelength of light, for the outgoing
rays to interfere destructively? Is it the same thickness as for reflected destructive
interference?

1.73. If we are to observe interference in a thin film, why must the film not
be very thick (on the order of a few wavelengths)?

1.74. Why is the lens on a high-quality camera coated with a thin film?

1.75. A broad source of light (4=6800 A) illuminates normally two glass
plates 12 cm long that touch at one end and are separated by a wire 0.048 mm ina
diameter at the other. How many bright fringes appear over 12-cm distance?

1.76. A thin film 4x10™> cm thick is illuminated by white light normal to

its surface. Its index of refraction is 1.5. What wavelengths within the visible
spectrum will be intensified in the reflected beam?  (Ans.: A=4800 A).
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1.15 Newton's Rings

Another method for observing interference in light waves is to place a
planoconvex lens on top of a flat glass surface, as shown in Figure 1.26 (a). With
this arrangement, the air film between the glass surfaces varies in thickness from
zero at the point of contact to some value b at point P If the radius of curvature
R of the lens is much greater than the distance r, and if the system is viewed
from above using light of a single wavelength A, a pattern of light and dark rings
is observed, as shown in Figure 1.26 (b). These circular fringes, discovered by
Newton, are called Newton's rings.

(b)

Figure 1.26 (a) The interference effect is due to the combination of ray 1, reflected from the
flat plate, with ray 2, reflected from the curved surface of the lens. Ray 1 undergoes a phase
change of 180° upon reflection (because it is reflected from a medium of higher refractive in-
dex), whereas ray 2 undergoes no phase change (because it is reflected from a medium of
lower refractive index); (b) Newton's rings

The contact point at O is dark,as seen in Figure 1.26 (a), because ray | un-
dergoes a 180° phase change upon external reflection (from the flat surface); in
contrast, ray 2 undergoes no phase change upon internal reflection (from the
curved surface). Using the geometry shown in Figure 1.26 (a), we can obtain ex-
pressions for the radii of the bright and dark bands in terms of the radius of curva-
ture R and wavelength 4.

RP=(R-b+r* =R2-2Rb+b%+,2.
As b% <<r , we can neglect b2 and then
R*=R? —2Rb+r2, or

r2

h=—o.
Hence the optical path difference is
Aoy it 4
A=2bn+—=—4+—. (1.31)
2RO 2

Fa
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In the locations with A=mA, bright circulars appear and at the points, in
that with A =(2m+1)A4/2, dark circulars appears.

From Eq. (1.31) is clear that the bright rings have radii given by the expres-

r:,/%ﬂm—l), (1.32)

Rim. (1.33)

We can obtain the wavelength of
the light causing the interference pat-
tern by measuring the radii of the
rings, provided R is known. Con-
vérsely, we can use a known wave-
length to obtain R.

One important use of Newton's
rings is in the testing of optical lenses.
A circular pattern like that pictured in
Figure 1.26 (b) is obtained only when
the lens has perfectly symmetric cur-
vature. Variations from such symmetry

Figure 1.27 These variations indicate how might produce a pattern like that
the lens must be repolished to remove the im- & 9

perfections. Variations in film thickness pro- shown in Figure 1.27.
duce the interesting color pattern

sion

whereas dark rings have radii:

Exercises

1.77. The diameter of the tenth bright ring in a Newton’s rings apparatus
changes from 1.40 to 1.27 cm as a liquid is introduced between the lenses and the
plate. Find the index of refraction of the liquid. (Ans.: n= 1.21).

1.78 A lens with outer radius of curvature R and index of refraction 1,
rests on a flat glass plate, and the combination is illuminated with white light
from above. Is there a dark spot or a light spot at the center of the lens? What
does it mean if the observed rings are noncircular?

1.79. In a Newton’s rings experiment, a plano-convex lens having a diame-
ter 10 cm is placed on a flat plate. When a 630-nm light is incident normally,
35 bright rings are observed, with the last ring right on the edge of the lens. What
is the radius of the curvature of the lens?
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1.16 The Michelson’s Interferometer

The interferometer, invented by A. A. Michelson (1852 — 1931), splits
a light beam into two parts and then recombines the parts to form an interfer-
ence pattern. The device can be used to measure wavelengths or other lengths
with great precision.

A schematic diagram of the interferometer is shown in Figure 1.28.
A ray of light from a monochromatic source is split into two rays by mirror
M , which is inclined at 45° to the incident light beam. Mirror M , called a
beam splitter, transmits half the light incident on it and reflects the rest. One
ray is reflected from M vertically upward toward mirror M), and the second
ray is transmitted horizontally through M toward mirror M;. Hence, the two
rays travel separate paths L and L;. Afier reflecting from M, and M,, the
two rays eventually recombine at M to produce an interference pattern,
which can be viewed through a telescope. The glass plate P, equal in thick-
ness to mirror M , is placed in the path of the horizontal ray to ensure that the
two returning rays travel the same thickness of glass.

The interference condition for the two rays is determined by their path
length differences. When the two rays are viewed as shown, the image of M,
produced by the mirror M is at M5, which is nearly parallel to M;. (Because
M, and M, are not exactly perpendicular to each other, the image M5 is at
a slight angle to M,). Hence, the space between M5 and M, is the equiva-
lent of a wedge-shaped air film. The effective thickness of the air film is var-
ied by moving mirror M| parallel to itself with a finely threaded screw ad-
Justment. Under these conditions, the interference pattern is a series of bright
and dark parallel fringes. As M) is moved, the fringe pattern shifts. For ex-
ample, if a dark fringe appears in the field of view (corresponding to de-
structive interference) and M, is then moved a distance 1/4 toward M , the
path difference changes by 4/2 (twice the separation between M, and M5).
What was a dark fringe now becomes a bright fringe. As M; is moved an
additional distance 1/4 toward M, the bright fringe becomes a dark fringe.
Thus, the fringe pattern shifts by one-half fringe each time M, is moved a
distance A/4. The wavelength of light is then measured by counting the
number of fringe shifts for a given displacement of M, . If the wavelength is
accurately known (as with a laser beam) mirror displacements can be meas-
ured to within a fraction of the wavelength.
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If the fringes are observed through a telescope whose eyepiece is equipped
with a cross hair, and m fringes cross the cross hair when the mirror is moved a
distance x, then
x=m & or A= 5 .
2 m
If m is several thousand, the distance x is large enough so that it can be
measured with good precision, and hence a precise value of the wavelength 4 can

be obtained.
M, Ex __’I Adjustable mirror

My T2 Image of M,
Ly
M 2 My

Light source 4 i
i A, i

Beam
splitter

Telescope

Figure 1.28 Diagram of the Michelson interferometer. A single ray of light is split into two
rays by mirror M , which is called a beam splitter. The path difference between the two rays
is varied with the adjustable mirror M}, As M| is moved toward M , an interference pat-
tern moves across the field of view
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Until recently the meter was defined as a length equal to a specified number
of wavelengths of the orange-red light of krypton-86. Before this standard could
be established, it was necessary to measure as accurately as possible the number
of these wavelengths in the former standard meter, defined as the distance be-
tween two scratches on a bar of platinum—iridium. The measurement was made
with a modified Michelson interferometer many times and under very carefully
controlled conditions. The number of wavelengths in a distance equal to the old
standard meter was found to be 1 650 763.73 wavelengths. The meter was then
defined as exactly this number of wavelengths. As we mentioned, this definition
has recently been superseded by a new length standard based on the unit of time.

Another application of the Michelson interferometer with considerable his-
torical interest is the Michelson-Morley experiment. To understand the purpose
of this experiment, we must recall that before the electromagnetic theory of light
and Einstein's special theory of relativity became established, physicists believed
that the propagation of light waves occurred in a medium called the ether, which
was believed to permeate all space. In 1887 Michelson and Morley used the
Michelson interferometer in an attempt to detect the motion of the Earth through
the ether.

Suppose the interferometer in Figure 1.28 was moving from left to right
relative to the ether. According to nineteenth-century theory, this would lead to
changes in the speed of light. There would be fringe shifts relative to the posi-
tions the fringes would have if the instrument were at rest in the ether. Then,
when the entire instrument was rotated 90°, the other portions of the paths
would be similarly affected, giving a fringe shift in the opposite direction.

Michelson and Morley expected a fringe shift of about four-tenths of a
fringe when the instrument was rotated. The shift actually observed was less than
@ hundredth of a fringe and, within the limits of experimental uncertainty, ap-
peared to be exactly zero. Despite its orbital velocity, the Earth appeared to be at
rest relative to the ether. This negative result baffled physicists of the time, and to
this day the Michelson-Morley experiment is the most significant "negative-
result" experiment ever performed.

Understanding of this result had to wait for Einstein's special theory of rela-
tivity, published in 1905. Einstein realized that the velocity of a light wave has the
same magnitude ¢ relative to all reference frames, whatever their velocity may
be relative to each other. The presumed ether then plays no role, and the very
concept of ether has been given up. The theory of relativity is a well-established
cornerstone of modern physics.
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Exercises

1.80. A thin film with n=1.40 for a light of wavelength 5890 A is placed in
one arm of a Michelson’s interferometer. If a shift of 7.0 fringes occurs, what is
the film thickness?

1.81. How far must the mirror M, (Figure 1.28) of the Michelson’s inter-
ferometer be moved so that 3000 fringes of krypton-86 light (4 =606 nm) will
move across a line in the field of view?

1.82. Light of wavelength 550.5 nm is used to calibrate a Michelson’s inter-
ferometer, and mirror M, is moved 0.180 mm. How many dark fringes are

counted?

1.83. Mirror M in Figure 1.28 is displaced a distance AL. During this dis-
placement, 250 fringe reversals ( formation of successive dark or bright bands) are
counted. The light being used has a wavelength of 632.8 nm. Calculate the dis-
placement AL. (Ans.: 39.6 um).

1.84. Monochromatic light is beamed into a Michelson’s interferometer.
The movable mirror is displaced 0.382 mm; this causes the interferometer pattern
to reproduce itself 1 700 times. Determine the wavelength and the color of the
light.

1.85. One leg of a Michelson’s interferometer contains an evacuated cylin-
der 3.00 cm long having glass plates on each end. A gas is slowly leaked into the
cylinder until a pressure of 1 atm is reached. If 35 bright fringes pass on the

screen when light of wavelength 633 nm is used, what is the index of refraction of

the gas?  (Ans.: 1.000369).

1.86. One leg of a Michelson’s interferometer contains an evacuated cylin-
der of length L having glass plates on each end. A gas is slowly leaked into the
cylinder until a pressure of 1 atm is reached. If N bright fringes pass on the
screen when light of wavelength A is used, what is the index of refraction of the
gas?

1.87. If mirror M, in Michelson’s interferometer is moved through
0.233 mm, 792 fringes are counted. What is the wavelength of the light?

1.17 Holography

One of the most interesting applications of interference is holography,
“which is used to create three-dimensional images found practically everywhere,
from credit cards to postage stamps.

Holography is a technique for recording and reproducing an image of an
object without the use of lenses. Unlike the two-dimensional images recorded by
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an ordinary photograph or television system, a holographic image is truly three-
dimensional. Such an image can be viewed from different directions to reveal dif-
ferent sides, and from various distances to reveal changing perspective.

The basic procedure for making a hologram is very simple in principle. A
possible arrangement is shown in Figure 1.29 (a), We illuminate the object to be
holographed with monochromatic light, and we place a photographic film so that
it is struck by scattered light from the object and also by direct light from the
source. In practice, the source must be a laser, for reasons to be discussed later.
Interference between the direct and scattered light leads to the formation and re-
cording of a complex interference pattern on the film. To form the images, we
simply project laser light through the developed film, as shown in Figure 1.29 (b).
Two images are formed, a virtual image on the side of the film nearer the source,
and a real image on the opposite side. A complete analysis of holography is be-
yond our scope, but we can gain some insight into the process by examining how
a single point is holographed and imaged. Consider the interference pattern
formed on a photographic film by the superposition of an incident plane wave and
a spherical wave, as shown in Figure 1.30 (a). The spherical wave originates at a
point source P a distance dp from the film: P may in fact be a small object that
scatters part of the incident plane wave. In any event, we assume that the two
Wwaves are monochromatic and coherent, and that the phase relation is such that
constructive interference occurs at point O on the diagram.

Laser bcan1M1rmr
Laser beam Film

(b)

Figure 1.29 (a) The hologram is record on film of the interference pattern formed with light
directly from the source and light scattered from the object; (b) Images are formed when
light is projected through the hologram

Then constructive interference will also occur at any point Q on the film
that is farther from P than O is, by an integer number of wavelengths. That is, if
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d,, —dg =mA, where m is an integer, then constructive interference occurs. The
points where this condition is satisfied form circles centered at O, with radii r,

given by
dm —do = -\Jdoz +Fm2 "d(} =mA.

Solving this equation for rmz, we find

rn2 = A2dmg +m*2).

Ordinarily dp is very much larger than 4, so we neglect the second term in

parentheses, obtaining
i =+]2mAdy .

Since m must be an integer, the interference pattern consists of a series of
concentric bright circular fringes, with the radii of the brightest regions. Betwecn
these bright fringes are darker fringes. .

Now we develop the film and make a transparent positive print, so the
bright-fringe arcas have the greatest transparency on the film. It is then illumi-
nated with monochromatic plane-wave light of the same wavelength as that used
initially. In Figure 1.30 (b), consider a point P' at a distance dy along the axis
from the film. The centers of successive bright fringes differ in their distances
from P’ by an integer number of wavelengths, and therefore a strong maximum
in the diffracted wave occurs at P’. That is, light converges to P' and then di-
verges from it on the opposite side, and P' is therefore a real image of point P.

" Plane wave
ane wave
o, = || |].
A < Spherical LR R
I /§<Q 8 ll‘. ll'. ;. wave i “.I l'.‘ i |
7 /1/ o A 1144
4 // ] H J y !
Screen of film Film
(a) (b)

Figure 1.30 (a) Constructive interference of the plane and spherical waves occurs in the
plane of the film at every point O for which the distance dj, from P is greater than the dis-
tance dg from P to O by an integer number of wavelengths m4 . For the point shown,
m =2; (b) When the plane wave strikes the developed film, the diffracted wave consists of a

wave converging to P' and then diverging again, and a diverging wave that appears to origi-
nate at . These waves form the real and virtual images, respectively
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This is not the entire diffracted wave, however; there is also a diverging
spherical wave, which would represent a continuation of the wave originally
emanating from P if the film had not been present. Thus the total diffracted wave
is a superposition of a converging spherical wave forming a real image at P’ and
adiverging spherical wave shaped as though it had originated at P, forming a vir-
tual image at P.

Because of the principle of linear superposition, what is true for the imaging
of a single point is also true for the imaging of any number of points. The film re-
cords the superposed interference pattern from the various points, and when light
is projected through the film the various image points are reproduced simultane-
ously. Thus the images of an extended object can be recorded and reproduced just
as for a single point object.

In making a hologram, several practical problems must be overcome. First,
the light used must be coherent over distances that are large compared to the di-
mensions of the object and its distance from the film. Ordinary light sources do
not satisfy this requirement, for reasons discussed earlier, and laser light is essen-
tial. Second, extreme mechanical stability is needed. If any relative motion of
source, object, or film occurs during exposure, even by as much as a wavelength,
the interference pattern on the film is blurred enough to prevent satisfactory im-
age formation. These obstacles are not insurmountable, however, and holography
promises to become increasingly important in research, entertainment, and a wide
variety of technological applications.

The discussed above holograms can be called two-dimensional, as they used
photoplate with thin films of emulsion. In 1962 the Soviet scientist
J.N Denisiuk. obtains the three—dimensional holograms at the photoplates with
thick films of emulsion. His method combines the principles of holograph and
Flippmant’s colored photograph. The thickness of photograph layer is approxi-
mately equals to 15 — 20 pm, which is 30 — 40 wavelength of green color. The
photolayer is so transparent that the holographed object can be illuminated
through it. The reference plane monochromatic laser wave is incident at the glass
side of the photoplate. Passing the photoplate it illuminates the holographed ob-
ject. The wave scattered by the object, propagates towards the reference wave
giving interference in the thickness of photoemulsion. Interference pattern repre-
sents the standing waves superposed by intricate figure of fine component due to
maximum and minimum, as only reference wave among interfering waves is the
plane one. The developed and fixed photoplate serves as a Denisiuk hologram.
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Reactivation of the object wave is reactivated by diverging beam of white
light. Each layer of rejected silver serves as two-dimensional hologram and gives
weak virtual and real images of the object. At multi-beam interference the rein-
forcement of the waves with wavelengths equal to that of the laser, and in the di-
rection where the phase difference between the waves due to the adjacent silver
layers equals 27 occurs only. As a result images of same color as that of laser
light emerges. The rest images damp each other at interference.

The Denisiuk’s method, similarly to the tree-colored photography, allows
obtaining the image of objects in the natural colors. For that the hologram due to
three lasers is obtained at the same phtopolate. The lasers are different in wave-
length in such a way that they reproduce the color of the object perfectly at mix-
ing.

The holography is independent, rapidly developing branch of science, tech-
nique and art, which has a brilliant future. -

Summary

Monochromatic light is light having a single definite frequency. Coherent
waves are the waves of the same frequency and unchanging phase relationship be-
tween them. When two coherent waves overlap they produce an interference pat-
tern. Interference is the redistribution of intensity in the region of superposition of
two or more coherent waves. The principle of linear superposition states that the
total wave disturbance at a point at any instant is the sum of the disturbances from
the separate waves. When the sources are in phase, constructive interference at a
point occurs when the optical path difference

A=mly—nyly
from the two sources is zero or an integer number of wavelengths:

A= iZm-;i, m=0,1,2,3,...

Destructive interference occurs when the optical path difference is a half-integer
number of wavelengths

A=+(2m +1)%, AL

In the Young double-slit experiment when the line from the sources to a
point P makes an angle @ with the line perpendicular to the line of the sources,
and when the distance between sources is « , the condition for constructive inter-
ference is

dsinf=+mA (m=0,1,2,3,...),
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and the condition for destructive interference is
dsin@=+(m+ %)A m=0,1,2,3,..

When @ is very small, the position y,, of the m-th bright fringe is given by
AL
Ybright = _d',” m
and the position y,, of the mth dark fringe is

AL 1
Ydarc = 7(”’ - 5}
When two sources emit waves in phase, the phase difference & of the
waves arriving at point P is related to the optical difference in path length A by

0= 27”("1’1 —mh)=kmh-msy) =k,

where k =27/ is wave number.
When two sinusoidal waves of amplitude £ and phase difference ¢ are su-
perposed, the resultant amplitude £ pis
E,? =4E% cos?(8/2),
and the intensity / s given by
"',D = 1| + fz +2\|I'1]12 cosd .

The optical path difference for the case of thin film is expressed as
2 _nsinrsini A

% —Zdtanrsinc‘:Zdn——-———-.
cosr nCosF 2

The Michelson interferometer uses an extended monochromatic source and
can be used for high-precision measurements of wavelengths. Its original purpose
was to detect motion of the Earth relative to hypothetical ether, the supposed me-
dium for electromagnetic waves. The concept of ether has been abandoned; the
speed of light is the same relative to all observers. This is part of the foundation
of the special theory of relativity.

A=

A hologram is photographic record of an interference pattern formed by
light scattered from an object and light coming directly from the source. It can be
used to form three-dimensional images of the object.
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Chapter 2
Diffraction

In this chapter we shall discuss diffraction of light waves. Its essence is this:
if a wave meets an obstacle that has an opening of dimensions comparable with
its wavelength, the part of the wave that passes through the opening will flare
(spread) out — will diffract- into the region beyond the barrier. The flaring is con-
sistent with the spreading of wavelets in the Huygens® construction. Diffraction
occurs for waves of all types, not just light waves.

Diffraction limits geometrical optics, in which we represent an electromag-
netic wave with a ray. If we actually try to form a ray by sending light through a
narrow slit, or through a series of narrow slits, diffraction will always defeat our
effort because it always causes the light to spread. Indeed, the narrower we make
the slits (in the hope of producing a narrower beam), the greater the spreading is.
Thus, geometrical optics holds only when slits or other apertures that might be lo-
cated in the path of light do not have dimensions comparable to or smaller than
the wavelength of the light.

2.1 Introduction to Diffraction

When light waves pass through a small aperture, an interference pattern is
observed rather than a sharp spot of light. This behavior indicates that light, once
it has passed through the aperture, spreads beyond the narrow path defined by the
aperture into regions that would be in shadow if light traveled along straight lines
(Figure 2.1). Instead, Huygens’ principle requires that the waves spread out from
the slits as shown in Figure 2.2. In other words, the light deviates from a straight
line path and enters the region that would otherwise be shadowed. This diver-
gence of light from its initial line of traveling is called diffraction. Other waves,
such as sound waves and water waves also have this property of spreading when
passing through apertures or by sharp edges. This phenomenon can be described
only with wave model,

In general, diffraction occurs when waves pass through small openings,
around obstacles, or small sharp edges, as shown in Figure 2.3. When an opaque
object is placed between a point source of light and a screen, no sharp boundary
exists on the screen between a shadowed region and an illuminated region. The
illuminated region above the shadow of the object contains alternating light and
dark fringes. Such a display is called a diffraction pattern.

The essential features observed in diffraction effects can be predicted with
the help of Huygens' principle: Every point of a wave surface can be considered
the source of secondary wavelets that spread out in all directions. At every point
we must combine the displacements that would be produced by the secondary
wavelets, taking into account their amplitudes and relative phases. The mathe-
matical operations are often quite complicated.




64 Chapter 2 DIFFRACTION
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Figure 2.1 According to geometrical optics, Figure 2.2 The light waves from two slits

the transmitted beam should have the same overlap as they spread out, filing what we
cross section as the slit expect to be shadowed region with light and

producing interference fringes
Viewing
screen

Opaque object

Figure 2.3 Light from a small source passed by the edge of an opaque object. We might
expect no light to appear on the screen below the position of the edge of the object. In reality,
light bends around the top edge of the object and enter this region. Because of these effects,

_ a diffraction pattern consisting of bright and dark fringes appears in the region above the
edge of the object

Diffraction patterns are not commonly observed in everyday life because
most ordinary light sources are not point sources of monochromatic light. If the
shadow of obstacles cast by an incandescent lamp, for example, the light from
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every point of the surface of the lamp forms its own diffraction pattern, but these
overlap to such an extent that no individual pattern can be observed.

The term “diffraction™ is applied to problems involving the resultant effect
produced by a limited portion of a wave front. Since in most diffraction problems
some light is found within the region of geometrical shadow, diffraction is some-
times defined as "the bending of light around an obstacle”.

It should be emphasized, however, that the process by which diffraction ef-
fects are produced is going on continuously in the propagation of every wave.
Only if part of the wave is cut off by some obstacle do we observe diffraction ef-
fects. But every optical instrument uses only a limited portion of a wave; for ex-
ample, a telescope uses only that portion of a wave admitted by the objective lens.
Thus diffraction plays a role in practically all optical phenomena.

Diffraction phenomena are divided into two classes. When wave front is
sphere (both the point source and the screen are at finite distances from the obsta-
cle forming the diffraction pattern), this situation is described as Fresnel diffrac-
tion (after Augustin Jean Fresnel, 1788 — 1827), and the resulting pattern on the
screen is called a Fresnel diffraction pattern (Figure 2.4). If the wave front is
plane (source, obstacle and screen are far enough away so that the lines from the
source to the obstacle and from the obstacle to a point in the pattern formed on the
screen can be considered to be parallel), the phenomenon is called Fraungofer
diffraction (after Joseph von Fraungofer, 1787 — 1826) (Figure 2.5). The latter
situation is simpler to treat in detail.

Lot U TE A

—_—

—l -

—_—

—_—

Slit

Incoming

wave

. e N Viewing screen
Figure 2.4 Diffraction pattern created by the Figure 2.5 Fraungofer's diffraction from a
illumination of a small ball, with the ball posi- single slit

tioned midway between the screen and light
source
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Exercises

2.1. Why can you hear around corners but not see around them?

2.2, Observe the shadow of your book when it is held a few centimeters
above a table while illuminated by a lamp several meters above it. Why is the
shadow somewhat fuzzy at the edges?

2.3. Knowing that radio waves travel at the speed of light and that a typical
AM radio frequency is 1000 kHz while an FM radio frequency might he
100 MHz, estimate the wavelengths of typical AM and FM radio signals. Use this
information to explain why FM radio stations often fade out when you drive
through a short tunnel or underpass but AM radio stations do not.

2.4, State the condition for diffraction of light to occur.

2.2 Huygens - Fresnel's Principle

In the beginning of XIX century Fresnel developed a technique, which
could explain diffraction phenomenon and created method for its quantitative cal-
culation. He was lucky to show that the law of rectilinear propagation of light is
the approximate solution of general problem of diffraction of light. It was found,
that this law, as well as all the geometrical optics is valid only in limit when
wavelength of light 4 — 0 in comparison with dimensions of obstacles.

Huygens’s principle says nothing about the amplitude and, hence, intensity
of light waves. Fresnel complemented this principle. He proceeded from several
basic statements, assumed without proving and form meaning of Huygens —
Fresnel’s principle.

First, according to Huygens, Fresnel considered that in the problem of
propagation of light waves from any source §, one can replace the source S by
equivalent system of virtual secondary sources and secondary wavelets excited by
them. Small elements of any wave surface can be chosen as these sources.

Second, Fresnel developed the Huygens’ principle essentially by assump-
tion that secondary sources are coherent. Hence at any point out of the wave sur-
face, waves propagating from source S are the result of interference of secondary
wavelets.

Third, Fresnel assumed that any secondary source radiates mainly in the di-
rection of external normal 4 to the wave surface at that point. Therefore, if ¢ is
the angle between 7 and direction of propagation, the amplitude of secondary
wavelets decreases with increasing ¢ and equals zero at ¢ > 7/2.

Hence according to Huygens-Fresnel’s principle every element of wave sur-
Jace serves as the source of secondary wavelets with amplitude proportional to
the area dA of this element. The amplitude of spherical wave decreases with dis-
tance r from the source as 1/r. Hence, the oscillation

dE=K ﬂcos(rm —kF + @)dA, (2.1)
r




Chapter 2 DIFFRACTION 67

due to any surface element d4 is coming at point P located beyond the wave sur-
face. In expression (2.1) the (@t +¢) is the phase of oscillation at the wave sur-

face A, k is the wave vector, 7 — the vector from element dA to the point P.
The amplitude of light oscillation at d4 is defined as Ey_ The coefficient K de-
pends on the angle ¢ between the normal # to the surface d4 and direction from
/i to point P, i.e., vector 7. The coefficient K has maximum value for @ =0

and minimum for ¢ = g

Theoretically we could compute the intensity at any point P of the diffrac-
tion pattern by dividing the area of the wave front into small elements, finding the
resulting wave amplitude and phase at P, and then integrating over all the area of
the wave front to find the resultant amplitude and intensity. Analytical expression
of Huygens-Fresnel's principle has form:

E= IdE = IK &cos{(w —kr +@)dA. (22)
r
A

In practice, the integration cannot be carried out in terms of elementary
functions and has to be done by numerical approximation.

Calculation according to Eq. (2.2) is rather difficult, but Fresnel showed
that for some symmetric cases the geometrical or algebraic summing rather then
integration can be applied. This method is known as Fresnel’s zones method.

2.3 Fresnel's zones

Fresnel suggested the original technique of subdividing of wave surface into
zones, which simplifies the solving of the diffraction problem.

The technique for construction of Fresnel’s zones is shown in Figure 2.6,
Let point source of light is placed at §. The spherical light wave is propagating in
an isotropic medium. Wave front of such a wave is symmetrical with respect to
line SP. The arc is the spherical wave front, 4 is distance from wave front to P,

Points located at distance b = b +% from source § serve as the boundary of the
: ; A
first (central) zone. Points at distance by =b + 25 from source S are the bound-

A , s
ary of the second zone and so on (b, = b+m§ ). Obviously the oscillations at P

due to two adjacent zones are out of phase as their optical path difference to point
P is A/2. Hence at superposition they interfere destructively at P.

As amplitude is proportional to the area of zone, we need areas of zones.
The path difference between waves coming to point P from similar point of adja-
cent zones is A/2 (Figure 2.6).
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Figure 2.6 Construction of Fresnel's zones Figure 2.7 Fresnel's zone of radius 1y,

Area of m-th zone can be defined as
tl;f = Am T Am-] ’
where A4, and 4,,_| are the areas of the spherical segments due to outer bound-
ary of m and m—1 zones, respectively. From Figure 2.7 it is clear, that
rm2 =d* —(a—hm)z,

1 2
rm2=[b+m§-] ~(b+hy)?,

where a is the radius of the wave front, r,, is the radius of outer boundary of m-
th zone. The previous expressions can be rewritten as follows:

2
tl =2ahy ~hy2, ryt= bml+mz[%) L3R R (23)
Then

bmA+m*(A/2)?
2a+b)
__bma
i Aa+b)’ (34
(As A is small, we neglect the term with /12}. The area of spherical segments is
A=2aRh (R is the radius of the sphere and 4 is the height of segment). Hence
mab

Ay, =2mh, =—mAi,
a+b

™

and the area of m -th zone equals to

b
A, =A, —A, 1 =—A7.
m m m-1 e
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This expression doesn’t depend on m. Hence (when m is not very large),
Fresnel's zones are approximately equal in area.
The radii of Fresnel’s zones can be determined from Eq. (2.3). As h,, <<a

We can assume rmz =2ah,, and then radius of m-th Fresnel’s zone will be:

ab
T = mmi : (2.5)
The areas of Fresnel's zones are approximately equal, angle ¢ between the
normal to the surface and direction to the point P increases with m, the distance
by, also increases with m , that is why the amplitude E,, of oscillation due to m-
th zone monotonically decreases with m:
By >'Ey 3 By oSl >l
As the oscillations due to adjacent zones are out of phase then the resultant
amplitude at point P can be written as:
Ep=E -Ey+E3-Eq4+.. or

B, B\ (Bs g Bs
E= [2 E+2] (2 E+2]+.. (2.6)
Due to monotonous decreasing of E we can write that
_ Em-1 + Emi1
Em - 2 .
Then the expressions in brackets in Eq. (2.6) equal zero and it reduces to
E=%+—Eﬂ2"—]—f§m ( m-even);
E= £21- T %ﬂ (m-odd). (2.7

Hence the amplitude at point P due to the whole wave surface is one half
of the amplitude due to the first zone plus one-half of the E,, amplitude (for m-
odd). At large m the amplitude E,, is small and the resultant amplitude £ at

point P due to whole spherical surface equals to one-half of amplitude due to
only one central zone.

Examples

Example 2.1

Calculate radius of the first (central) Fresnel's zone for the case when the
distance from the light source to the wave surface is a=1 m, the distance from
wave surface to the viewing point is #=1 m and wavelength of light is
A=0.5 pym.

e —

e
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Solution
The radius of the first (m =1) zone is
b
n =\/ C_ma = Jmlxﬁjx]{)_ﬁ =0.50mm=5x10" m.
a+b 1+1

Radii of the following zones increase as Jm.
Exercise

2.5. Calculate the radii of the first five Fresnel's zones m=(l...5) for plane

wave, if lhe distance from wave surface to the viewing point is # =1 m and wave-
length of light is A =0.5 pin. (Note, that for plane wave a = and

b

o :Ja—fﬂf?. :JwXbml =~vbml).
a+b wo+b

(Ans.. n=07lmm, rn=10mm, r=122mm, r=141mm,

rs=1.58mm.)

2.4 Fresnel's Diffraction from Circular Aperture

Let’s place an opaque screen with circular aperture on the way of the
spherical light wave. When the radius of aperture rp is much less than both a and

barrier screen b, then the length a can be treated as
the distance from light source S to the

j é obstacle and the length & as the dis-

tance from obstacle to the point P

P
> 0 7 !ﬁ I % (Figure 2.8 (a)). If the distances a and

b satisfy the expression:

’ ab

a . = - mi,

(a) (b) (©) i a+b

Figure 2.8 (a) The aperture opens m Fres- where m is an integer, then the aper-
nel's zones; intensity distribution for (b) odd  (yre remains m first Fresnel's zones

iy ceen it opened. Hence, the number of un-

closed Fresnel’s zones is defined as:

2
m= ’O—[i+l]. (2.8)
Ala b
According to (2.6) the resultant amplitude at point P will be equal:
E=E -Ey+E3—.tE,. (2.9)
The E,, is positive when m is odd and negative when m is even. Then
E =ﬂ+E—’” (m-odd) (Figure 2.8 (b));

2 52
E:Q'F-E—M—Em

5 > ( m-even) (Figure 2.8 (c)).
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The amplitudes of adjacent zones are approximately equal, so the expres-

& [E.. , 2 ;
sion [%‘ = Em] can be substituted by [FT’"] . As a result we obtain:

p=b1 Em (2.10)
2072

When m is small, the amplitudes £, and E,, are approximately equal to
each other.
For odd m the amplitude at P will be approximately £ antl for even m

will be zero. If we take off the obstacle, the amplitude in the point P become
equal to £)/2. Hence, the obstacle, which opens several Fresnel's zones, does

not only reduce the intensity, but instead, multiplies up amplitude twice and, as a
result, intensity — four times.

The diffraction pattern formed by a circular aperture consists of a series of
bright and dark rings. Central spot will be bright when m is odd, or dark when m
is even (Figure 2.9).

If we move the obstacle toward
or from the source of light, we obtain
at the screen an alternating dark and
bright central spots, as we change the
distance b between the viewing screen
and obstacle, and as a results the num-
ber of Fresnel’s zone passing through
the aperture.

The oscillations from odd and
even zones come to the point P out of
phase and therefore lead to interfer-
ence minimum. If plate which would
block all odd or all even zones is
placed on the way of light, then the in- Figure 2.9 The diffraction pattern of circular
tensity of light at point P increases. aperture consists of a central bright disk, sur-
Sich a ‘olate. which 35 called amoli- rounded by concentric bright and dark rings

plate, whic ca p
tude zone plate, serves as a convex lens. We can achieve even more impressive
effect, if we would not block zones, but, instead, change their phase by 7 . This can
be made by use of a transparent plate, thickness of which varies in a certain way in
the places which corresponds to odd or even zones. Such a plate is called phase
zone plate. In comparison with amplitude zone plate, it gives additional growth in
amplitude and intensity.

R W

e

T
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Exercises

2.6. The diffraction pattern is observed at the screen located at distance
[ =4 m from point source of light with 4 =500 nm. Midway the screen and light
source there is an obstacle with aperture of radius R. Find the radius R, if the
disk at the viewing screen, surrounded by concentric bright and dark rings is

darkest. (Ans.: R=r =42abA/(a+h)=1 mm).
2.7. Beam of parallel rays from monochromatic source of light (A4 = 0.6 o)

is incident normally on the circular aperture of diameter D=6 mm. Viewing
screen is placed at distance =3 m. How many Fresnel’s zones can pass through
the aperture? Will the center of diffraction pattern be bright or dark?

2.5 Fresnel Diffraction from a Disk

Figure 2.4 shows a diffraction pattern formed by a ball about 2 mm in di-
ameter. Note the rings in the pattern, both outside and inside the geometrical
shadowed area, and the bright spot at the very center of the shadow. From the
viewpoint of geometrical optics (in which light is viewed as rays traveling in
straight lines), we expect the center of the shadow to be dark because that part of
the viewing screen is completely shielded by the ball.

The existence of this spot was predicted in 1818 by the French mathemati-
cian Simeon Poisson, Ironically, Poisson himself was not a believer in the wave
theory of light, and he published this “apparently absurd result” as a final ridicule
of the wave theory. But almost immediately, the bright spot was observed ex-
perimentally by Arago. It had, in fact, been observed much earlier, in 1723 by
Maraldi, but its significance was not recognized then.

Let’s place an opaque disk between light source and point 7. If the disk
shuts m first Fresnel’s zones, then the amplitude at point P will be:

E=Ey 1~ Epya+Epy3-..=
:E-’Eﬂ+(§;-ﬂw£‘m+2 +-—-—E”;3J+...

The expression in bracket is approximately zero, therefore the resultant am-

plitude is

_ Emp 9
E= Fr (2.11)

When the number m of shut Fresnel's zones is small, the amplitude E,,,
is approximately equal to amplitude E; and the intensity at point P will be ap-

proximately the same as that without any obstacle. The diffraction pattern formed
by a disk consists of a central bright spot surrounded by a series of bright and
dark rings (Figure 2.4).
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Exercise
2.8. The diffraction pattern is observed at the screen located at distance | m
from point source of light (A =600 nm). An opaque obstacle with diameter D is
placed at distance a =0.5/ from the light source. Calculate the distance / if disk
shuts only central Fresnel’s zone. (Ans.: | =167 m).

2.6 Fraunhofer Diffraction from a Single Slit

Suppose a monochromatic plane wave (in the ray picture, a beam of parallel
rays) is incident on an opaque plate having a narrow slit. According to geometri-
cal optics, the transmitted beam should have the same cross section as the slit, and
a screen in the path of the beam would be illuminated uniformly over an area of
the same size and shape as the slit, as in Figure 2.1. What is actually observed is
the pattern shown in Figure 2.10, The
beam spreads out after passing through / /
the slit, and the diffraction pattern mix
consists of a central bright band,
which may be much wider than the slit
width, bordered by alternating dark
and bright bands of decreasing inten-
sity. You can easily observe a diffrac- g I
tion pattern of this sort by looking at a S .
point source such as a distant street T T &
light through a narrow slit formed be- B b b
tween two fingers in front of your eye. (a)

The retina of your eye then corre-
sponds to the screen. ’ m—l-ll
According to Huygens' principle,

each element of area of the slit open- (b)
ing can be considered as a source of Figure 2.10 (a) Fraunhofer diffraction pattern
secondary wavelets. In particular, we from a single slit. The pattern consists of a

P | % of f d central bright fringe flanked by much weaker
hay Imagine clements of area formed 0 alternating with dark fringes. @ is the

by subdividing the slit into narrow angle of diffraction; (b) Photograph of a single-
strips parallel to the long edges, per- slit Fraungofer's diffraction pattern
pendicular to the page in Figure 2.11.

In Figure 2.11 a screen is placed to the right of the slit. The resultant inten-
sity at a point P is calculated by adding the contributions from the individual
wavelets, taking proper account of their various phases and amplitudes. The prob-
lem becomes much simpler if the screen is far away, so the rays from the slit to
the screen are parallel, or when a lens is placed as in Figure 2,11, in which case
the rays to the lens are parallel and the lens forms in its focal plane an image of
the pattern that would be formed on an infinitely distant screen without the lens.
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You might ask whether the lens introduces additional phase shifts that are differ-
ent for different parts of the wave front; it can be shown quite generally that the
lens does not cause any additional phase shifts. Some aspects of Fraunhofer dif-
fraction from a single slit can be deduced easily. First consider two narrow strips,
one just below the top edge of the slit and one at its center, as in Figure 2.11. The
difference in path length to point P is (a/2)sin#, where the slit width is a. Sup-

pose this path difference happens to be equal to A/2; then light from these two
strips arrives at point P with a half-cycle phase difference, and cancellation oc-
curs, Similarly, light from two strips just below these two will also arrive a half-
cycle out of phase; and, in fact, light from every strip in the top half cancels out
that from a corresponding strip in the bottom half; resulting in complete cancella-
tion and giving a dark fringe in the interference pattern. Thus a dark fringe occurs
whenever

Esint‘a‘zii or sin0=ii.
2 e a

s

ST

Figure 211 Fraunhofer diffraction by a single slit. The wave front is divided into a large
number of narrow strips

We may also divide the slit into quarters, sixths, and so on, and use the ar-
gument above to show that a dark fringe occurs whenever sinf)=+21/a,
+3A4/a and so on. Hence the condition for a dark fringe is

sin9=imi. (2.12)

a
Between the dark fringes there are bright fringes. We also note that
sinf=0 is a bright band, since then light from the entire slit arrives at P in
phase. The central bright fringe is therefore twice as wide as the others, as Fig-
ure 2.10 (a) shows. A photograph of an actual diffraction pattern is shown in Fig-
ure 2.10 (b).
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Note that the intensity of the central maximum is much greater than at any
of the others, and that the peak intensities drop off rapidly as we go away from
the center of the pattern.

The central peak occurs when @=0. It can be shown (from certain tran-
scendent equation) that side maxima occur approximately when
sin9=i(2m+1)5’1— (m=1,23,..). (2.13)

o

Note that these maximum intensities occur between the minima that we
found earlier.

The wavelength of light A is ordinarily much smaller than the slit width a
and the approximation sin® =@ is very good. With this approximation, the posi-
tion @ of the first minimum beside the central maximum,

& 15. (2.14)

When a is of the order of a s
centimeter or more, & is so small g Y2 sin® =20/a
that we can consider practically all 0 M sin® =A/a
the light to be concentrated at the g
geometrical focus. “I:" 0 sin0=0

The general features of the —- ¥28in0 =-A/a
intensity distribution are shown in L —yy sin@ =-2A/a
Figure 2.12. A broad central bright
fringe is observed; this fringe is ) Viewing screen

flanked by much weaker bright Figure 2.12 Intensity distribution for a Fraungo-
fringes  alternating  with  dark fer diffraction from a single slit of width «. The
fringes. The various dark fringes positions of two minima on each side are shown
oceur at the values of @ that satisfy Eq. (2.12). Note that the central bright maxi-
mum is twice as wide as the secondary maxima.

Example 2.2

Light of wavelength 580 nm is incident on a slit having a width of
0.300 mm. The viewing screen is 2.00 m from the slit. Find the positions of the
first dark fringes and the width of the central bright fringe.

Solution
The two dark fringes that flank the central bright fringe correspond to
m=+1in Eq. (2.12). Hence, we find that

-7
sin@=+4=+38x107'm _ 1y 93,1073
a  030x10°m
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From the triangle in Figure 2.12, note that tan@ = y; /L. Because 6 is very |
small, we can use the approximation sin@ ~ tan@: thus, sin@ =~ y; /L . Therefore,
the positions of the first minima measured from the central axis are given by

n~Lsinf=+L%=4387x1073 m.
a

The positive and negative signs correspond to the dark fringes on either side
of the central bright fringe. Hence, the width of the central bright fringe is equal

to 2|y1[=?.?4><1{)_3m =7.74 mm. Note that this value is much greater than the

width of the slit. However, as the slit width is increased, the diffraction pattern
narrows, corresponding to smaller values of @. In fact, for large values of a, the
various maxima and minima are so closely spaced that only a large central bright
area resembling the geometric image of the slit is observed. This is of great im-

portance in the design of lenses used in telescopes, microscopes, and other optical
instruments.

Exercises

2.9. Describe the change in width of the central maximum of the single-slit
diffraction pattern as the width of the slit is made narrower.

2.10. Parallel rays of green mercury light of wavelength 546 nm pass
through a slit of width 0.437 mm covering a lens of focal length 40 cm. In the fo-
cal plane of the lens, what is the distance from the central maximum to the first
minimum?

2.11. Monochromatic light from a distant source is incident on a slit 0.8 mm
wide. On a screen 3.0 m away, the distance from the central maximum of the dif-
fraction pattern to the first minimum is measured to be 2 mm. Calculate the wave-
length of the light.  (Ans.: 533 nm).

2.12. Light of wavelength 589 nm from a distant source is incident on a slit
1.0 mm wide, and the resulting diffraction pattern is observed on a screen 2.0 m
away. What is the distance between the two dark fringes on either side of the cen-
tral bright fringe?

2.13. Helium-neon laser light (4 =632.8 nm) is sent through a 0.300-mm-
wide single slit. What is the width of the central maximum on a screen 1.00 m
from the slit?  (Ans.: 4,22 mm).

2.14. A beam of green light is diffracted by a slit with a width of 0.550 mm.
The diffraction pattern forms on a wall 2.06 m beyond the slit. The distance be-
tween the positions of zero intensity on both sides of the central bright fringe is
4.10 mm. Calculate the wavelength of the laser light.

2.15. A screen is placed 50.0 cm from a single slit, which is illuminated
with 690-nm light. If the distance between the first and third minima in the dif-
fraction pattern is 3.00 mm, what is the width of the slit? (Ans.: 0.230 mm).
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2.16. Coherent microwaves of wavelength 5.00 cm enter a long, narrow
window in a building otherwise essentially opaque to the microwaves. If the win-
dow is 36.0 cm wide, what is the distance from the central maximum to the first-
order minimum along a wall 6.50 m from the window?

2.17. Light with a wavelength of 587.5 nm illuminates a single slit
0.750 mm in width. (a) At what distance from the slit should a screen be located if
the first minimum in the diffraction pattern is to be 0.850 mm from the center of
the screen? (b) What is the width of the central maximum?

2.18. The second-order bright fringe in a single-slit diffraction pattern is
1.40 mm from the center of the central maximum. The screen is 80.0 em from a
slit of width 0.800 mm. Assuming that the incident light is monochromatic calcu-
late the light's approximate wavelength,

2.7 Intensity of Single-Slit Diffraction Pattern

We can use phasors to determine the light intensity distribution for a single-
slit diffraction pattern. Imagine a slit divided into a large number of small zones,
each of width Ay as shown in Figure 2.13. Each zone acts as a source of coherent
radiation, and each contributes an incremental electric field of magnitude AE at
some point P on the screen. We obtain the total electric field of magnitude £ at
point P by summing the contributions from all the zones. The light intensity at
point P is proportional to the square of the magnitude of the electric field.

The incremental electric field magnitudes between adjacent zones are out of
phase with one another by an amount AJ, where the phase difference A& is re-
lated to the path difference A = Aysin® between adjacent zones by the expression

Ad = %%Aysin 0.

To find the magnitude of the total electric field on the screen at any angle
6, we sum the incremental magnitudes AE due to each zone. For small values of
0, we can assume that all the AE values are the same. It is convenient lo use
phasor diagrams for various angles, as shown in Figure 2.14. When 6=0, all
phasors are aligned as shown in Figure 2.14 (a) because all the waves from the
various zones are in phase. In this case, the total electric field at the center of the
sereen is £p = NAE, where N is the number of zones. The resultant magnitude
Eg at some small angle & is shown in Figure 2.14 (b), where cach phasor differs
in phase from an adjacent one by an amount AS. In this case, Ep is the vector
sum of the incremental magnitudes and hence is given by the length of the chord.
Therefore, Eg < Ey. The total phase difference & between waves from the top
and bottom portions of the slit is

§:NA:YzZT’rNAysin9:%~{’£asin€, 2.15)
where a = NAy is the width of the slit.



78

Chapter 2 DIFFRACTION

Viewing
scren
Figure 2.13 Fraungofer diffraction from a sin-
gle slit. The light intensity at point P is the
resultant of all the incremental electric field

magnitudes from zones of width Ay

8 =2n
- Y
(a) (c)
0=3n
Ep
(b) (d)

Figure 2.14 Phasor diagrams for obtaining the
various maxima and minima of a single-slit dif-
fraction pattern

As @ increases, the chain of phasors eventually forms the closed path

shown in Figure 2.14 (c). At this point, the vector sum is zero, and so Ep =0,
corresponding to the first minimum on the screen. Noting that § = NAS =27 in
this situation, we see from Eq. (2.15) that

2z

asinf and sinﬁ‘:i.
a

That is, the first minimum in the
diffraction pattern occurs  where
sin@ = A/a; this is in agreement with
Eg. (2.12).

At greater values of @, the spiral
chain of phasors tightens. For exam-
ple, Figure 2.14 (d) represents the
situation corresponding to the second
maximum, which occurs  when
& =360°+180°=540° (37 rad). The
second minimum (two complete cir-
cles, not shown) corresponds to
& =720° (47 rad), which satisfies the
condition sin@=24/a.

We can obtain the total electric
field magnitude Eg and light intensity
I at any point P on the screen in Fig-
ure 2.13 by considering the limiting
case in which Ay becomes infinitesi-

2r=

-Figure 2.15 Phasor diagram for a large num-
ber of coherent sources. All the ends of the
phasors lie on the circular arc of radius R
The resultant electric field magnitude Ep

equals the length of the chord mal (dy)and N approaches o, In this
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limit, the phasor chains in Figure 2.14 (b) become the curve of Figure 2.15. The
arc length of the curve is Ep because it is the sum of the magnitudes of the
phasors (which is the total electric field magnitude at the center of the screen),
From this figure, we see that at some angle @, the resultant electric field magni-
tude Ex on the screen is equal to the chord length. From the triangle containing
the angle & /2, we see that

where R is the radius of curvature. But the arc length Ey is equal to the product

R&, where & is measured in radians. Combining this information with the previ-
0us expression gives

.0 Eg) . o6 in(d/2
Ep= 2Rsmé = 2[-—Q)sm2 = [y Sm(f) ) ;
2 o) 2 812
Because the resultant light intensity / at point P on the screen is propor-
tional to the square of the magnitude Eg, we find that

P sin(d/2) =
— imax 5;2 3
where /5 is the intensity at #=0 (the central maximum). Substituting the ex-
pression for &, defined by Eq. (2.15), into Eq. (2.16), we have
sin(msin 6/ 4) |2
masin /A j
From this result, we see that minima occur when
masin @
=mn
A

(2.16)

A":!max{ (2']7)

or
- A
smG:mE. m=11+2 43,
which is in agreement with Eq. (2.12).

Figure 2.10 (a) represents a plot of Eq. (2.17), and Figure 2.10 (b) is a pho-
tograph of a single-slit Fraunhofer diffraction pattern. Note that most of the light
intensity is concentrated in the central bright fringe.

It can be shown that the intensity at the m -th side maximum is

J=

it )
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Putting m=1, m=2, we find the series of intensities 0.0450/,
0.0162 1. 0.0083 /; and so on. So even the first side peak has less than 5% of the

intensity of the central peak, and the intensities drop off rapidly. This is in con-
trast to the two-slit interference pattern, where the side maxima were approxi-
mately as intense as the central maximum, Also, the central maximum in the sin-
gle-slit pattern is twice as wide as the others, an effect not seen in the two-slit pat-
tern.

Example 2.3
Find the ratio of the intensities of the secondary maxima to the intensity of
the central maximum for the single-slit Fraungofer diffraction pattern.

Solution

To a good approximation, the secondary maxima lie midway between the
zero points. From Figure 2.10 (a), we see that this corresponds to &/2 values of
37/2, 5212, Tx/2,.. Substituting these values into Eq. (2.16) gives for the first

two ratios

I _[sin{3m2}]2_ |

=———=0.045,
!max (37/2) 97 /4

2
I =[sm{5m’2)} 1 12 1 g
Imax | (57/2) 257% /4

That is, the first secondary maxima (the ones adjacent to the central maxi-
mum) have an intensity of 4.5% that of the central maximum, and the next secon-
dary maxima have an intensity of 1.6% that of the central maximum.

Exercises

2.19. A diffraction pattern is formed on a screen 120 ¢m away from a
0.400-mm-wide slit. Monochromatic 546.1 nm light is used. Calculate the frac-
tional intensity 7/ /o at a point on the screen 4.10 mm from the center of the
principal maximum.

2.20. Determine the intensity relative to the central maximum, of the secon-
dary maxima corresponding to m= +3 for the single-slit Fraunhofer diffraction
‘pattern.

2.21. Coherent light with a wavelength of 501.5 nm is sent through two par-
allel slits in a large flat wall. Each slit is 0.700 pm wide, and the slits' centers are
2.80 pm apart. The light falls on a semi—cylindrical screen, with its axis at the
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midline between the slits. (a) Predict the direction of each interference maximum
on the screen, as an angle away from the bisector of the line joining the slits;
(b) Describe the pattern of light on the screen, specifying the number of bright
fringes and the location of each; (c) Find the intensity of light on the screen at the
center of each bright fringe, expressed as a fraction of the light intensity /; at the
center of the pattern.

2.22. The intensity of light in the Fraunhofer diffraction pattern of a single

slit is /= !max(sinﬁ‘/[)‘)z, where f=(msinf/ A1), Show that the equation for
the values of # at which / is a maximum is tan § = f3.

2.8 Intensity of Two-Slit Diffraction Pattern

When more than one slit is present, we must consider not only diffraction
due to the individual slits but also the interference of the waves coming from dif-
ferent slits. To determine the effects of both interference and diffraction, we sim-
ply combine Eq. (1.25) and Eq. (2.17):

=1 msz[misinﬁ][sin{mstn&!&)]z
ey A masind/ A '

Although this formula looks complicated, it merely represents the diffrac-
tion pattern (the factor in brackets) acting as an "envelope" for a two-slit interfer-
ence pattern (the cosine-squared factor), as shown in Figure 2.16.

Equation for the conditions for interference maxima is FEq.(1.19):
dsin®=mA , where d is the distance between the two slits. Eq. (2.12) specifies
that the first diffraction minimum occurs when asin® =4, where a is the slit
width. Dividing Eq. (1.19) by Eq. (2.12) (with m=1) allows us to determine
which interference maximum coincides with the first diffraction minimum:

dsind _mld
asinf A’
sz.

a

In Figure 2.16 g Ab gl 6. Thus, the sixth interference maximum (if
a 3.0um

we count the central maximum as m=0) is aligned with the first diffraction
minimum and cannot be seen.
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A Diffraction
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Figure 2.16 The combined effects of diffraction and interference. This is the pattern produced
when 600-nm light waves pass through two 3.5-um slits that are 20 ym apart. Notice how the
diffraction pattern acts as an "envelope" and controls the intensity of the regularly spaced inter-
ference maxima

2.9 Fraunhofer Diffraction from Diffraction Grating

Suppose that instead of a single slit or two slits side by side, we have a very
large number of parallel slits, all with the same width and spaced equal distances
apart. Such an arrangement is called a diffraction grating; the first one was con-
structed by Fraungofer with fine wires. Gratings are now made by using a dia-
mond point to scratch a large number of equally spaced grooves on a glass or
metal surface, or by photographic reduction of a black-and-white pattern drawn
with a pen.

In Figure 2.17, GG represents the grating; the slits are perpendicular to the
plane of the page. Only five slits are shown in the diagram, but an actual grating
may contain several thousands, with spacing d of the order of 0.002 mm. A plane
monochromatic wave is incident normally on the grating from the left side. The
problem of finding the intensity pattern in the light transmitted by the grating then
combines the principles of interference and diffraction. Each slit creates a diffrac-
tion pattern, and these then interfere with each other to produce the final pattern.
The lens is included so we can view the pattern on a screen at a finite distance
from the grating and still meet the conditions for Fraungofer diffraction, that is,
parallel rays emerging from the grating.
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Let us assume that the slits are very narrow, so the diffracted beam from
each slit spreads out over a wide enough angles for it to interfere with all the other
diffracted beams. Consider first the light proceeding from elements of infinitesi-
mal width at the lower edges of each opening and traveling in a direction making
an angle @ with that of the incident beam, as in Figure 2.17 (a). A lens at the right
of the grating forms in its focal plane a diffraction pattern similar to that which
would appear on a screen at infinity. Suppose the angle & in Figure 2.17 (a) is
taken so that the distance ab equals A, the wavelength of the incident light. Then
cd =24, ef =34, and so on. The waves from all these elements, since they are in
phase at the plane of the grating, are also in phase along the plane A4 and there-
fore reach the point P in phase. The same holds true for any set of elements in
corresponding positions in the various slits.

Figure 2.17 (a) The diffraction grating; (b) First-order maximum occurs when ab = A, sec-
ond-order —when ab=2A and soon

If the angle & is increased slightly, the waves from the various grating slits
no longer arrive at A4 in phase, and even an extremely small change in angle re-
sults in almost complete destructive interference among them, provided there are
a large number of slits in the grating. Roughly speaking, for each slit in the grat-
ing we can find another slit whose wave arrives a half-cycle out of phase with the
first one and cancels it. Hence the maximum at the angle @ is an extremely sharp
one, differing from the rather broad maxima that result from interference or dif-
fraction effects with a small number of openings.

As the angle @ is increased still further, a position is eventually reached in
which the distance ab in Figure 2.17 (b) becomes equal to 24. Then cd equals
41, ef equals 64, and so on. The waves at A4 are again all in phase; the path

difference between adjacent waves is now 24, and another maximum results,
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Still others appear when ab=34,44,... We also find maxima at corresponding

angles on the opposite side of the grating normal, as well as along the normal it-
self, since in the latter position the phase difference between waves reaching A4
is zero.

From Figure 2.17 (b) we can find the angles of deviation at which the
maxima occur. Consider the right triangle 4ba. Let d be the distance between
successive grating elements, called the grating spacing. The necessary condition
for a maximum is that ab =mA, where m=0,£1,£2,..., and so on. It follows that

dsin@=+ml (m=0,1,2,...), (2.18)
or sinfl= imi
d

is the necessary condition for a maximum. The angle @ is also the angle by which
the rays corresponding to the maxima have been deviated from the direction of
the incident light.

The necessary condition for minimum, which are located between
maxima, 18

dsinB:i(’ZnHl]-;— (m=0,1,2,..). (2.19)

In practice, the parallel beam of rays which incident on the grating is usu-
ally produced by a lens with a narrow illuminated slit at its first focal point. These
are not shown in Figure 2.17. Each of the maxima in the diffraction pattern
formed by the grating is then a sharp image of the slit. If the slit is illuminated by
light consisting of a mixture of two or more wavelengths, the grating forms two or
more series of images of the slit in different positions; each wavelength in the
original light gives rise to a set of slit images deviated by the appropriate angles.
If the slit is illuminated with white light, the diffraction grating forms a continu-
ous group of images side by side. That is, white light is dispersed into continuous
spectra. In contrast with the single spectrum produced by a prism, a grating forms
several spectra on either side of the normal. Those that correspond to m==1 in
Eq. (2.18) are called first order; those that correspond to m =12 are called sec-
ond order; and so on. Since for m =0 the deviation is zero, all colors combine to
produce a white image of the slit in the direction of the incident beam.

As Eqg. (2.18) shows, the sine of the deviation angles of the maxima are pro-
portional to the ratio A/2. Thus for substantial deviation to occur, the grating
spacing d should be of the same order of magnitude as the wavelength 4. Grat-
ings for use in or near the visible spectrum are ruled with from about 500 to
1500 lines per millimeter. Period of diffraction grating d is related to number of
lines N in diffraction gratingas d =1/ N.
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The diffraction grating is widely used in spectrometry, instead of a prism, as
a means of dispersing a light beam into spectra. If the grating spacing is known,
then from a measurement of the angle of deviation of any wavelength, the value
of this wavelength may be computed. This is not true for a prism; the angles of
deviation are not related in any simple way to the wavelengths but depend on the
characteristics of the prism material.

The intensity distribution for a diffraction grating obtained with the use of' a
monochromatic source is shown in Figure 2.18. Note the sharpness of the princi-
pal maxima and the broadness of the dark areas.

It worth to be emphasized the m» -2 | 0 1 2
distinction between interference and
diffraction:

1. Interference is due to superpo-
sition of wavelets of different wave
fronts, whereas the diffraction is due
to a superposition of wavelets of the
same wave front. 2 A L 2h

2. In interference the intensities “d g4 0 d d

of all bnght‘ ['rlng.cs are the same, Figure 2.18 Intensity versus sing for a dif-
whereas at diffraction they gradually fraction grating
fall off.

A schematic drawing of a simple apparatus used to measure angles in a dif-
fraction pattern is shown in Figure 2.19, This apparatus is a diffraction grating
spectrometer. The light to be analyzed passes through a slit, and a collimated
beam of light is incident on the grating. The diffracted light leaves the grating at
angles that satisfy Eq. (2.18), and a telescope is used to view the image of the slit.
The wavelength can be determined by measuring the precise angles at which the
images of the slit appear for the various orders.

Example 2.4

Light reflected from the surface of a compact disc is multicolored. The col-
ors and their intensities depend on the orientation of the disc relative to the eye
and relative to the light source. Explain how this works.

Solution

The surface of a compact disc has a spiral grooved track (with adjacent
grooves having a separation on the order of 1 pm). Thus, the surface acts as a re-
flection grating. The light reflecting from the regions between these closely
spaced grooves interferes constructively only in certain directions that depend on
the wavelength and on the direction of the incident light.

Any one section of the disc serves as a diffraction grating for white light,
sending different colors in different directions. The different colors you see when
viewing one section change as the light source, the disc, or you move to change
the angles of incidence or diffraction.
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Collimator

Telescope

Grating

Figure 2.19 Diagram of a diffraction grating spectrometer. The collimated beam incident on
the grating is diffracted into the various orders at the angles @ that satisfy the equation
dsind = mn, where m=40,1.2,...

Example 2.5

Monochromatic light from a helium-neon laser (4 =632.8 nm) is incident
normally on a diffraction grating containing 6 000 lines per centimeter. Find the
angles at which the first-order, second-order, and third-order maxima are ob-
served.

Solution
First, we must calculate the slit separation, which is equal to the inverse of
the number of lines per centimeter:

g Ko I on,
6000
For the first-order maximum (m = 1), we obtain
A 6328
inf ===——=0.3796,
s d 1667
6,=2231°.
For the second-order maximum (m = 2 ), we find
S ae e 759,
d 1667

0 = 49.39°.
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For m =3, we find that sin#; =1.139. Because sin@ cannot exceed unity,

this does not represent a realistic solution. Hence, on ly zeroth-, first-, and second-
order maxima are observed for this situation.

Example 2.6

The wavelengths of the visible spectrum are approximately 400 to 700 nm.
Find the angular breadth of the first-order visible spectrum produced by a plane
grating having 6000 lines per centimeter, when white light is incident normally on
the grating.

Solution

The grating spacing d is

d=%=].6?xi0_6 m.
6000 cm

The angular deviation of the violet is

-9
sing = 300x1077m _ o540 g=13.9°.

1.67x10"°m
The angular deviation of the regqis
sing =X T _ 0420, 5 _pg g0
1.67x10 "m b b

Hence the first-order visible spectrum includes an angle of
24.8°-13.9°=10.9°,

Example 2.7
Show that the violet of the third-order spectrum overlaps the red of the sec-
ond-order spectrum.

Solution

The angular deviation of the third-order violet is

(3)(400x107%)
d

sinf =

]

and of the second-order red it is
-9
sinf = w&iu X

Since the first angle is smaller than the second, whatever the grating spac-
ing, the third order will always overlap the second.

Exercises

Note: In the following problems, assume that the light is incident normally
on the gratings.
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2.23. (a) What is the wavelength of light that is deviated in the first order
through an angle of 20° by a transmission grating having 6000 lines/cm?

(b) What is the second-order deviation of this wavelength?

2.24. A plane transmission grating is ruled with 4000 lines/cm. Compute the
angular separation in degrees between the « and & lines of atomic hydrogen in the
second-order spectrum. The wavelengths of these lines are, respectively, 656 nm
and 410 nm.  (Ans.: 12.5%).

2.25. The wavelengths of the visible spectrum are approximately 400 nm to
700 nm. Find the angular breadth of the first-order visible spectrum produced by a
plane grating having 6000 lines per centimeter.

2.26. White light is spread out into its spectral components by a diffraction
grating. If the grating has 2 000 lines per centimeter, at what angle does red light
of wavelength 640 nm appear in first order?  (Ans.: 7.35%)

2.27. Light from an argon laser strikes a diffraction grating that has
5310 lines per centimeter. The central and first-order principal maxima are scpa-
rated by 0.488 m on a wall 1.72 m from the grating. Determine the wavelength of
the laser light.

2.28. The hydrogen spectrum has a red line at 656 nm and a violet line at
434 nm. What is the angular separation between two spectral lines obtained with a
diffraction grating that has 4 500 lines per centimeter?  (Ans.: 5.91° in first or-
der, 13.2° in the second order, 26.5° in third order).

2.29. A helium-neon laser (A4 =632.8 nm) is used to calibrate a diffraction
grating. If the first-order maximum occurs at 20.5°, what is the spacing between
adjacent grooves in the grating?

2.30. Three discrete spectral lines occur at angles of 10.09, 13.71, and
14.77° in the first-order spectrum of a grating spectroscope. (a) If the grating has
3 660 slits per centimeter, what are the wavelengths of the light? (b) At what an-
gles are these lines found in the second-order spectrum?  (Ans.: (a) 478.7,
647.6, and 696.6 nm; (b) 20.51, 28.30, 30.66°).

2.31. A diffraction grating has 800 rulings per millimeter. A beam of light
containing wavelengths from 500 to 700 nm hits the grating. Do the spectra of
different orders overlap? Explain.

2.32. A grating with 250 lines per millimeter is used with an incandescent
light source. Assume that the visible spectrum ranges in wavelength from 400 to
700 nm. In how many orders can one see (a) the entire visible spectrum and (b)
the short-wavelength region?  (Ans.: (a) 5 orders; (b) 10 orders.)

2.33. Show that, whenever white light is passed through a diffraction grat-
ing of any spacing size, the violet end of the continuous visible spectrum in third
order always overlaps the red light at the other end of the second-order spectrum.

2.34. Light of wavelength 600 nm are incident normally on a plane trans-
mission grating having 500 lines/mm. Find the angles of deviation in the first,
second, and third orders.  (Ans.: 17.5, 36.9, 64.2°).
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2.10 Resolution of Single Slit and Circular Aperture

The ability of optical systems to distinguish between closely spaced objects
is limited because of the wave nature of light. To understand this difficulty, let us
consider Figure 2.20, which shows two light sources far from a narrow slit of
width a. The sources can be considered as two noncoherent point sources S and
§, — for example, they could be two distant stars. If no diffraction occurred, two
distinct bright spots (or images) would be observed on the viewing screen. How-
ever, because of diffraction, each source is imaged as a bright central region
flanked by weaker bright and dark fringes. What is observed on the screen is the
sum of two diffraction patterns: one from Sj, and the other from §,.

If the two sources are far enough apart to keep their central maxima from
overlapping, as shown in Figure 2.20 (a), their images can be distinguished and
are said to be resolved. 1f the sources are close together, however, as shown in
Figure 2.20 (b), the two central maxima overlap, and the images are not resolved.
In determining whether two images are resolved, the following condition is often
used: when the central maximum of one image falls on the first minimum of the
other image, the images are said to be just resolved. This limiting condition of
resolution is known as Raleigh’s criterion.

Slit Viewing screen Slit Viewing screen
(a) (b)

Figure 2.20 Two point sources far from a narrow slit each produce a diffraction pattern.
(a) The angle subtended by the sources at the slit is large enough for diffraction pattern to be
distinguishable; (b) The angle subtended by the sources is so small that their diffraction pat-
tern is overlapping, and the images are not resolved
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(c)
Figure 2.21 Individual diffraction patterns of two point sources (solid curves) and the resultant
patterns (dashed curves) for various angular separations of the sources. In each case, the
dashed curve is the sum of the two solid curves. (a) The sources are far apart, and the pat-
terns are well resolved: (b) The sources are closer together such that the angular separation
just satisfies Raleigh' criterion, and the patterns are just resolved; (c) The sources are so close
together that the patterns are not resolved
From Raleigh’s criterion, we can determine the minimum angular separa-
tion fy;, subtended by the sources at the slit for which the images are just re-
solved. Eq. (2.12) indicates that the first minimum in a single-slit diffraction pat-
tern occurs at the angle for which
sing =24,
a

where O, is expressed in radians. Hence, the angle subtended by the two
sources at the slit must be greater than A/a if the images are to be resolved.

Many optical systems use circular apertures rather than slits. The diffraction
pattern of a circular aperture, shown in Figure 2.22, consists of a central circular
bright disk surrounded by progressively fainter bright and dark rings. (The central
bright spot is called the Airy disk, in honor of Sir George Airy (1801 — 1892), As-
tronomer Royal of England, who first derived the complete expression for the in-
tensity of the pattern.)

Analysis shows that the limiting angle of resolution of the circular aper-
ture is

Bini = Lzz-:%, .21
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where D is the diameter of the aperture,
Note that this expression is similar to
Eq. (2.20) except for the factor 1.22,
which arises from a complex mathe-
matical analysis of diffraction from the
circular aperture.

Example 2.8

Resolution of a microscope.

Light of wavelength 589 nm is
used to view an object under a micro-
scope. If the aperture of the objective
has a diameter of 0.900 cm, (a) what is

the limiting angle of resolution? Figure 2.22 The diffraction pattern of a cir-
Solution cular aperture consists of a central bright
. . - - disk surrounded by concentric bright and
(a) Using Eq. (2.21), we find that dark e

the limiting angle of resolution is

Omin = 1.22[&—'@} =7.98x107 rad.
0.90%10™%m
This means that any two points on the object subtending an angle smaller
than this at the objective cannot be distinguished in the image.
(b) If it were possible to use visible light of any wavelength, what would be
the maximum limit of resolution for this microscope?

Solution

To obtain the smallest limiting angle, we have to use the shortest wave-
length available in the visible spectrum. Violet light (400 nm) gives a limiting an-
gle of resolution of

-9
Qi = 1.22(%—111_&] =5.42x107° rad,
0.90x10"%m
(c) Suppose that water (n=1.33) fills the space between the object and the
objective. What effect does this have on resolving power when 589 nm light is
used?

Solution
We find the wavelength of the 589 nm light in the water
g
Awater =—2—= aJom 443 nm.
Myater 1.33

The limiting angle of resolution at this wavelength is now smaller than that
calculated in part (a):

-9
Omin = 1.22(@‘—‘—‘12—’“] =6.00x107° rad.
0.90x102m
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Example 2.9

Resolution of a telescope.

The Hale telescope at Mount Palomar has a diameter of 5.08 m. What is its
limiting angle of resolution for 600 nm light?

Solution
Because D=5.08 mand 4 =6.00x1077 m, Eq. (2:21) gives

-1
Omin = 1.2?_£=1_22 M._u_]
b 5.08m

]: 1.44x10™ " rad = 0.03".

Any two stars that subtend an angle greater than or equal to this value are
resolved (if atmospheric conditions are ideal).

The Hale telescope can never reach its diffraction limit because the limiting
angle of resolution is always set by atmospheric blurring. This seeing limit is usu-
ally about 1 s of arc and is never smaller than about 0.1 s of arc. (This is one of
the reasons for the superiority of photographs from the Hubble Space Telescope,
which views celestial objects from an orbital position above the atmosphere.)

Example 2.10
Estimate the limiting angle of resolution for the human eye, assuming its
resolution is limited only by diffraction.

Solution

Let us choose a wavelength of 500 nm, near the center of the visible spec-
trum. Although pupil diameter varies from person to person, we estimate a diame-
ter of 2 mm. We use Eq. (2.21), taking 2 =500 nm and D =2 mm:

-9
Omin _1nt-im 5-———'00"103 -
D 2x10"m

We can use this result to determine the minimum separation distance d be-
tween two point sources that the eye can distinguish if they are a distance L from
the observer. Because i, is small, we see that

; d
sin Oin = Omin = 7

]=3x10_4mdal’.

d = Lbgin.
For example, if the point sources are 25 cm from the eye (the near point),
then

d = (25cm)(3 % IO'drad) =8x107cm.
This is approximately equal to the thickness of a human hair.
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Exercises

2.35. A child is standing at the edge of a straight highway watching her
grandparents' car driving away at 20.0 m/s. The air is perfectly clear and steady,
and after 10.0 min the car's two taillights appear to merge into one. Assuming the
diameter of the child's pupils is 5.00 mm, estimate the width of the car.
(Ans.: 1.90 m if the predominant wavelength is 650 nm).

2.36. A binary star system in the constellation Orion has an angular inter-

stellar separation of 1.00 x 107> rad. If 2 =500 nm, what is the smallest diameter
a telescope must have to just resolve the two stars.

2.37. A circular radar antenna on a ship has a diameter of 2.10 m and radi-
ates at a frequency of 15.0 GHz. Two small boats are located 9.00 km away from
the ship. How close together could the boats be and still be detected as two ob-
jects?  (Ans.: 105 m).

2.38. If we were to send a ruby laser beam (A =694.3 nm) outward from
the barrel of a 2.70-m-diameter telescope, what would be the diameter of the big
red spot when the beam hit the Moon 384 000 km away? (neglect atmospheric
dispersion.)

2.39. The angular resolution of a radio telescope is to be 0.100° when the
incident waves have a wavelength of 3.00 mm. What minimum diameter is re-
quired for the telescope's receiving dish?  (Ans.: 210 m).

2.40. When Mars is nearest the Earth, the distance separating the two plan-

ets is 88.6x10® km. Mars is viewed through a telescope whose mirror has a di-
ameter of 30.0 cm. (a) If the wavelength of the light is 590 nm, what is the angu-
lar resolution of the telescope? (b) What is the smallest distance that can be re-
solved between two points on Mars?

2.41. Find the radius of a star image formed on the retina of the eye if the ap-
erture diameter (the pupil) at night is 0.700 em and the length of the eye is 3.00 cm.
Assume that the representative wavelength of starlight in the eye is 500 nm.

2.41. A helium-ncon laser emits light that has a wavelength of 632.8 nm.
The circular aperture through which the beam emerges has a diameter of 0.500 cm.
Estimate the diameter of the beam 10.0 km from the laser.  (Ans.: 3.09 m).

2.42. The Impressionist painter Georges Seurat created paintings with an
enormous number of dots of pure pigment, each of which was approximately
2.00 mm in diameter. The idea was to locate colors such as red and green next to
each other to form a scintillating canvas. Outside what distance would one be un-
able to discern individual dots on the canvas? (Assume that A =500 nm and that
the pupil diameter is 4.00 mm.)

2.43. Suppose that you are standing on a straight highway and watching a
car moving away from you at a speed v. The air is perfectly clear and steady, and
after a time ¢ the taillights appear to merge into one. Assuming the diameter of
your pupil is d , estimate the width of the car.
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2.44. The pupil of a cat's eye narrows to a vertical slit of width 0.500 mm in
daylight. What is the angular resolution for horizontally separated mice? Assume
that the average wavelength of the light is 500 nm.  (Ans.: 1.00 rad).

2.11 Resolving Power of the Diffraction Grating

The diffraction grating is most useful for measuring wavelengths accu-
rately. Like the prism, the diffraction grating can be used to disperse a spectrum
into its wavelength components. Of the two devices, the grating is the more pre-
cise if one wants to distinguish two closely spaced wavelengths.

For two nearly equal wavelengths 4; and 4 between which a diffraction
grating can just barely distinguish, the resolving power R of the grating is de-
fined as

o i (2.22)
Ay-4 A
where A = (4 + A2)/2 and A=A, — 4. Thus, a grating that has a high resolving
power R can distinguish small differences in wavelength. If N lines of the grat-
ing are illuminated, it can be shown that the resolving power in the m-th-order
diffraction is

R=Nm. (2.23)

Thus, resolving power increases with increasing order number and with in-
creasing number of illuminated slits.

Note that R =0 for m=0; this signifies that all wavelengths are indistin-
guishable for the zeroth-order maximum. However, consider the second-order dif-
fraction pattern (m = 2) of a grating that has 5 000 rulings illuminated by the light
source. The resolving power of such a grating in second order is
R =5000x2 =10000, Therefore, for a mean wavelength of, for example, 600 nm,
the minimum wavelength separation between two spectral lines that can be just

resolved is AA=A/R=6.00x 10" 2nm. For the third-order maximum R = 15000
and AA=4.0x] [J_2 nm, and so on.
Example 2.11

When an element is raised to a very high temperature, the atoms emit radia-
tion having discrete wavelengths. The set of wavelengths for a given element is
- called its atomic spectrum. Two strong components in the atomic spectrum of so-
dium have wavelengths of 589.00 and 589.59 nm.
a) What must be the resolving power of a grating if these wavelengths are to
be distinguished?
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Solution
ik 589.3nm _ 589.3nm
A4 589.59nm-589.0nm  0.59nm
b) To resolve these lines in the second-order spectrum, how many lines of
the grating must be illuminated?

=999,

Solution
From Eq. (2.23) and the results to part (a), we find that
N= _}_2_ = 2 =500 lines.
s
Exercises

2.45. A diffraction grating with a width of 4.00 cm has been ruled with
3000 grooves per centimeter. (a) What is the resolving power of this grating in the
first three orders? (b) If two monochromatic waves incident on this grating have a
mean wavelength of 400 nm, what is their wavelength separation if they are just
resolved in the third order?  (Ans.: (a) 12000, 24000, 36000; (b) 11.1 pm).

2.46. A source emits 531.62 and 531.81 nm light. (a) What minimum num-
ber of lines is required for a grating that resolves the two wavelengths in the first-
order spectrum? (b) Determine the slit spacing for a grating 1.32 cm wide
that has the required minimum number of lines. (Ans.: (a) 2800 lines;
(b) 4.72 pm).

2.47. Two wavelength A and A+ A4 (with AA << 1) are incident on a dif-
fraction grating. Show that the angular separation between the spectral lines in the
m-th order spectrum is

Ag=— A4

Jd/m)? -2 '

where d is the slit spacing and m is the order number.

2.48. The yellow sodium D lines are a doublet with wavelength of 589.0
and 589.6 nm and equal intensities. How many lines/cm are required for a diffrac-
tion grating to resolve these two lines in the first-order spectrum? Assume the
grating is placed 0.5 m from a screen and the source image is 0.1 mm wide, so
that resolution of the lines means their centers are 0.1 mm apart on the screen.

2.49. A source emits 531,62 and 531.81 nm light. What minimum number
of lines is required for a grating that resolves the two wavelengths in the first-
order spectrum?  (Ans.: 2800 lines).

2.12 X-ray Diffraction

X-rays were discovered by Roentgen in 1895, and early experiments sug-
gested that they were electromagnetic waves with wavelengths of the order of
10" m. It was also strongly suspected at this time that in a crystalline solid the
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Figure 2.23 Crystalline structure of sodium
chloride (NaCl). The length of the cube edge is
a=0.562737 nm

Incident
beam

Reflected
beam

Upper plane
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dsinf

Figure 2.24 Scattering of radiation from a
square array

Lower plane-e

atoms are arranged in a lattice in a
regular repeating pattern, with spacing
between a%jacem atoms also of the or-
der of 10" m. Putting these two ideas
together, in 1913 Russian scientist
G.Wolf and English physicist Max
von Lauer suggested independently of
each other that a crystal might serve as
a kind of three-dimensional diffraction
grating for x-rays. That is, a beam of
x-rays might be scattered by the indi-
vidual atoms in a crystal, and the scat-
tered waves might interfere just as the
individual waves from a diffraction
grating interfere.

The first x-ray diffraction ex-
periments were performed by Frederic
and Knipping, and interference effects
were observed. These experiments
thus verified in a single stroke the hy-
pothesis that x-rays are waves, or at
least have wavelike properties, and
that the atoms in a crystal are arranged
in a regular pattern. Since that time,
the phenomenon of x-ray diffraction
by a crystal has proved an invaluable
research tool, both as a way to meas-
ure x-ray wavelengths and as a
method of studying the structure of
crystals. Figure 223 is a diagram of
the structure of a familiar crystal, so-
dium chloride.

To introduce the basic idea in a simple context, we consider first a two-
dimensional scattering situation, as shown in Figure 2.24, where a plane wave is
incident on a square array of scattering centers. The situation might be a ripple
tank with an array of small posts, or 3 ¢m microwaves with an array of small con-
ducting spheres, or x-rays with an array of atoms. In the case of electromagnetic

waves, the wave induces an oscillating e

lectric dipole moment in each scatterer,

and each one emits a scattered wave. The total interference pattem is the superpo-
sition of all these scattered waves. To compute its nature we have to consider the
total path differences for the various scattered waves, including the distances both
from source to scatterer and from scatterer to observer.

—

s gl STAR L LsT e



Chapter2 DIFFRACTION 97

As Figure 2.24 shows, the path length from source to observer is the same
for all the scatterers in a single row, as shown. Scattered radiation from adjacent
rows is also in phase if the path difference is an integer number of wavelengths.
Figure shows that the path difference for adjacent rows is 2dsin @, where 8 is the
angle between the incident x-ray and the atomic row. Thus the condition for ra-
diation from the entire array to reach the observer in phase is that the path differ-
ence for adjacent rows must equal mA, where m is an integer. We can express
the condition as

2dsind=1miA, (m=1,2,3,.). (2.24)

At points where this condition is satisfied, a strong maximum in the inter-
ference pattern is observed; otherwise no strong maximum is seen because there
is no point where the radiation from all scatterers arrives in phase. We can de-
scribe this interference in terms of reflections of the wave from the horizontal
rows of scatterers in Figure 2.24. Strong interference occurs at angles such that
Eq. (2.24) is satisfied.

We can extend this discussion to a three-dimensional array. Instead of rows,
we consider planes of scatterers. Waves from all the scatterers in a given plane
interfere constructively.

There is also constructive interference between planes when Eq. (2.24) is
satisfied, where d is now the distance between adjacent planes. Because there are
many different sets of parallel planes, there are also many values of d and many
sets of angles corresponding to constructive interference for the whole crystal lat-
tice. This phenomenon is called Wolf-Bragg reflection, and Eq. (2.24) is called
the Wolff-Bragg condition, in honor of Russia crystallographer George Wolf and
Sir William Bragg and his son Laurence Bragg, the pioneers in x-ray analysis. We
must not let the term reflection obscure the fact that we are dealing with an inter-
ference effect.

Figure 2.25 is one of the experi-
mental arrangements for observing x- X-rays

ray diffraction from a crystal. The dif-
fracted beams are very intense in cer-
tain directions, corresponding to con-

structive interference from waves re- Crystal
flected from layers of atoms in the crys-  X_ray
tal. The diffracted beams can be de- tube
tected by a photographic film, and they -
form an array of spots known as a Collimator th?'ﬁrrnaphjc

Lauer pattern. ) 2

Diffraction of x-rays on crystals Figure 2.25 Schematic diagram of the tech-
¥ gas; f taillyiils nique used to observe the diffraction of x-ray
I basis ol two vially important by 5 crystal. The array of a spots formed on
branches of science and engineering. the film is called a Laue pattern
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1. X-ray spectroscopy. If the crystal lattice spacing is known, we can de-
termine the wavelength of radiation under investigation from the diffraction pat-
tern, just as we determined wavelengths of visible light from measurements of
diffraction patterns from slits or gratings.

2. X-ray structure analysis. Conversely, if we know the x-ray wavelength,
we can use x-ray diffraction to explore the structure and lattice spacing of crystals
of unknown structure. One can deduce the crystalline structure by analyzing the
positions and intensities of the various spots in the pattern.

Indeed, x-ray diffraction has been by far the most important experimental
tool in the investigation of crystal structure of solids. Atomic spacing in crystals
can be measured precisely, and the details of the lattice arrangement of complex
crystals can be determined. More recently, x-ray diffraction has played an impor-
tant role in studies of the structures of liquids and of organic molecules.

Exercises

2.50. Potassium iodide (KI) has the same crystalline structure as NaCl, with
d =0.353 nm. A monochromatic x-ray beam shows diffraction maximum when
the grazing angle is 7.60°. Calculate the x-ray wavelength (assume first order).

2.51. A wavelength of 0.129 nm characterizes K, x-rays from zinc, When a
beam of these x-rays is incident on the surface of a crystal whose structure is
similar to that of NaCl, a first-order maximum is observed at 8.15°, Calculate the
interplanar spacing.

2.52. If the interplanar spacing of NaCl is 0.281 nm, what is the predicted
angle at which 0.140 nm x-rays are diffracted in a first-order maximum?

2.53. The first-order diffraction maximum is observed at 12.6° for a crystal
in which the interplanar spacing is 0.240 nm. How many other orders can be ob-
served?

2.50 Monochromatic x-rays of the K, line from a nickel target
(A=0.166 nm) are incident on a potassium chloride crystal surface. The interpla-
nar distance in KCI is 0.314 nm. At what angle (relative to the surface) should
the beam be directed for a second-order maximum to be observed?

2.51 In water of uniform depth, a wide pier is supported on pilings in sev-
eral parallel rows 2.80 m apart. Ocean waves of uniform wavelength roll in, mov-
ing in a direction that makes an angle of 80.0° with the rows of posts. Find the
three longest wavelengths of waves that will be strongly reflected by the pilings.
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Summary

Diffraction of light is deviation from straight line path arising when light
passes through an aperture, around a sharp edge or propagates through the inho-
mogeneous medium. When source and observer are so far away from the ob-
structing surface that the outgoing rays can be considered parallel, it is called
Fraunhofer diffraction, and when source and observer is at a finite distance it is
Fresnel diffraction. For a single narrow slit of width a, the condition for destruc-
tive interference at a point P at an angle @ from the perpendicular to the surface
of the slit is

asinf=tmi (m=12,3..).

A diffraction grating consists of a large number of thin parallel slits, spaced
a distance d apart. The condition for maximum intensity in the diffraction pat-
tern s

dsinf =tmd i e D e T

A crystal serves as a three-dimensional diffraction grating for waves having
wavelengths of the order of magnitude of the lattice spacing; namely, x-rays. For
a set of crystal planes spaced a distance d apart, constructive interference occurs
when

2dsind =tmA (m=09;1,2;3,..).

This is so-called the Wolff-Bragg condition.

Diffraction sets the ultimate limit on resolution (image sharpness) of optical
instruments. The limiting angle of resolution for a slit of width a is

Omin = i,
a
where 6,;, is expressed in radians.

The limiting angle of resolution of the circular aperture is
. —1224
Omin =1.22 D’
where D is the diameter of the aperture.

The resolving power R of the grating is defined as
A A

G TR TR
where A=(A1+42)/2 and AA=A2-4;. If N lines of the grating are illumi-

nated, it can be shown that the resolving power in the m -th-order diffraction is
R=Nm.




100

Chapter2 DIFFRACTION

diffraction

Fresnel diffraction
Fraungofer diffraction
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Chapter 3

Polarization of Light Waves

Waves are of two types:

I. Longitudinal waves, in which the particles oscillate along the direction of
propagation of the waves.

2. Transverse waves, in which the direction of oscillation of particles is per-
pendicular to the direction of propagation of the waves.

Both types of these waves exhibit the phenomena of reflection, refraction,
diffraction and interference but polarization of the waves can only be exhibited by
transverse waves. This is the only phenomenon, where the two types of waves es-
sentially differ from one another.

According to Maxwell, light is electromagnetic in nature. An electromag-
netic wave consists of varying electric and magnetic fields, such that the two
fields are mutually perpendicular to each other and to the direction of propagation
of waves. The optical phenomena, i.e. phenomena concerning light, are described
by the electric field vector in electromagnetic waves. Therefore, transverse nature
of light may be attributed to the vibrations of electric field vector in a direction
perpendicular to the direction of propagation of light.

3.1 Polarized and Unpolarized Light

Light, like all electromagnetic radiation, is predicted by electromagnetic
theory to be a transverse wave, the directions of the vibrating electric and mag-
netic vectors being at right angles to the direction of propagation. The transverse
nature of light cannot be predicted from the interference or diffraction experi-
ments so far described because longitudinal waves such as sound also show these
effects. An experimental basis for believing that light waves are transverse was
predicted by Tomas Young in 1817. Two of his contemporaries, Dominique-
Francois Arago (1786 — 1853) and Augustin Jean Fresnel (1788 — 1827), were
able, by allowing a light beam to fall on a crystal of calcite, to produce two sepa-
rate beams. Astonishingly, these beams although coherent, produced no interfer-
ence fringes but only a uniform illumination. Young deduced from this that light
must be a transverse wave and that the planes of vibration in the two beams must
be at right angles to each other, because wave disturbances that act at right angles
to each other cannot show interference effect.

An ordinary beam of light consists of a large number of waves emitted by
the atoms of the light source. Each atom produces a wave having some particular
orientation of the electric field vector E, corresponding to the direction of atomic
vibration. The plane of vibration of each individual wave is defined to be the
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plane in which the electric field is vi-
brating. In Figure 3.1, this direction
happens to lie along the xy plane. How-
ever, an individual electro-magnetic
wave could have its E vector in the z
plane, making any possible angle with
the y axis. The plane formed by H and
the direction of propagation is called the
Figure 3.1 Schematic diagram of an elec-  plane of polarization of the wave. Fig:
tromagnetic wave propagating in the s
X -direction. The electric field vibrates in the Ur¢ 3.1 represents the resultant of all in-
xy-plane, and the magnetic field vibrates in ~ dividual waves; the plane of polarization
the xz plane is the xz plane. Plane of polarization is
perpendicular to the plane of vibration.

The phenomenon, due to which the vibrations of light are restricted in a par-
ticular plane, is called the polarization of light.

Light from ordinary sources is not polarized for a slightly subtle reason. The
“antennas” that radiate light waves are the molecules of which the light sources
are composed. The electrically charged particles in the molecules acquire energy
in some way and radiate this energy as electromagnetic waves of short wave-
length. The waves from any one molecule may be linearly polarized, but since
any actual light source contains a tremendous number of molecules, oriented af
random, the light emitted is a random mixture of waves linearly polarized in all
possible transverse direction. Thus the light propagated in a given direction con-
sists of independent wave-trains whose planes of vibration are randomly orientec

E E about the direction of propagation. Sucl
light, though still transverse, is unpolar
ized. Such an unpolarized light beam i
represented in Figure 3.2 (a). The direc
tion of wave propagation in this figure i
perpendicular to the page. The arrow:
show a few possible directions of the

(a) (b) electric field vectors for the individua
Figure 32 (a) An unpolarized light beam WAaVES making up the resultant beam. A
viewed along the direction of propagation any given poinl and at some instant o
{pespendicuiar to the page), Ths iransyerse time, all these individual electric fiel

electric field can vibrate in any direction in

the plane of the page with equal probability; vectors add to give one resultant electri
(b) A linearly polarized light beam with the Soid et
electric field vibrating in the vertical direction  11¢1¢ VECiOT.
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A wave is said to be linearly polarized if the resultant electric field £ vi-
brates in the same direction at a particular point, as shown in Figure 3.2 (b).
Sometimes, such a wave is called plane-polarized, or simply polarized.

Consider two mutually perpendicular electric field oscillations, which vi-
brate along x and y axis, correspondingly, and have phase difference o

E,=Ejcosar and E,=FE;cos(ax+0). (3.1)
The resultant vector E is the vector sum of E, and E, (Figure 3.3).
The angle @ between the vectors 7 S E

E and E, is defined by the expression:
E, E, cos(wt+35)
- E cosat

When the phase difference & )
changes randomly then the angle @, i.e.
the direction of light vector changes in- E;
termittently and randomly also. There-
fore the natural (unpolarized or polar-
ized randomly) light can be represented
as a superposition of two incoherent
electromagnetic waves of the same intensity which are polarized in two mutually
perpendicular planes. Such representation simplifies essentially the study of pass-
ing of unpolarized light through polarizing devises.

Let the light waves E, and E, are coherent and the phase difference & be-

tan@ =

Figure 3.3 The resulting electric field inten-
sity £ is the vector sum of Ey and £,

tween them equals to 0 or 7. Then according to Eq. (3.1)

tan @ = ig—z-zconst. (3.2)
|
Hence the resultant vector vibrates in a fixed direction and the wave occurs
to be plane-polarized.
In the particular case when E} = £ and 6 =+7/2:
tang =tlanar,
[cos(ar + 7 /2)=Fsiner |. It follows that the plane of polarization rotates about
the direction of ray with angular velocity equal to the frequency of oscillations w.
In this situation light occurs to be circular polarized.
To study the character of resulting oscillation in the case of arbitrary but
constant &, take into account that £, and E, in Eq. (3.1) can be treated as coor-

dinates of the tip of the resultant vector E (Figure 3.4).

From the theory of oscillations it is known that two mutually perpendicular
harmonic oscillations of the same frequency being superposed give as a result a
motion along an ellipse in general case.
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y In particular cases motion along a
straight line or along a circle can be ob-
tained. Similarly, the point with coordi-
nates, defined by Egs. (3.1), that is, the
tip of light vector E, moves along el-
lipse. Therefore, two coherent plane-
polarized light waves with mutually per-
pendicular planes of vibration being su-
perposed give elliptically polarized light
wave.

When phase difference & equals
S TR e S to oo ellipse degene.rates ?nm
cillations being superposed give as a result straight line and plane-polarized light
motion along an ellipse occurs as a result. When 8§ =+7/2 and

amplitudes £ and E; are equal, ellipse transforms into circumference and we

obtain circular polarized light.

It is possible to obtain linearly polarized beam from an unpolarized beam by
removing all waves from the beam except those whose electric field vectors oscil-
late in a particular plane. There are four processes for producing polarized light
from unpolarized light:

1. Polarization by selective absorption.

2. Polarization by reflection.

3. Polarization by double refraction.

4. Polarization by scattering.

Exercises

3.1. Sound waves cannot be polarized. Why?

3.2. Will ultrasonic waves show any polarization? Give reason for your an-
swer.

3.3. What information does one obtain from polarization about the nature of
light?

3.4. Does the value of wavelength of light have any role in polarization?

3.5. What is plane-polarized light?

3.6. Which plane is defined as the plane of polarization in a plane-polarized
electromagnetic wave?
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3.2 Polarizers

In this book we study electromagnetic waves, especially light, but to intro-
duce basic concepts we first consider the mechanical example of transverse waves
on a string. For a string whose equilibrium position is along the x-axis, the dis-
placements may be along the y-direction, as in Figure 3.5 (a). In this case the
string always lies in the xy-plane. But the displacements might instead be along
the z-axis, as in Figure 3.5 (b), so that
the string lies in the xz-plane.

A wave having only
y-displacements in the discussion

above is said to be linearly polarized in
the y-direction, and the one with only
z-displacements is linearly polarized
in the z-direction. It is easy in princi-
ple to construct a mechanical filter that
permits only waves with a certain po-
larization direction to pass. An exam-
ple is shown in Figure 3.5 (c); the
string can slide vertically in the slot
without friction, but no horizontal mo-

Figure 3.5 (a) Transverse wave on a string
polarized in the y -direction; (b) Wave polar-

ized in the z-direction; (c) Barrier with a fric-
: : : tionless vertical slot passes components po-
tion is possible. This filter passes larized in the V-direction but blocks those

waves polarized in the y-direction but  polarized in the z-direction, acting as a polar-

blocks those polarized in the 2"9fiter

z-direction. This same language can be applied to light and other electromagnetic
waves. As we have learned, an electromagnetic wave consists of fluctuating elec-
tric and magnetic fields, perpendicular to each other and to the direction of propa-
gation. By convention, the direction of polarization is taken to be that of the elec-
tric-field vector, not the magnetic field, because most mechanisms for detecting
electromagnetic waves employ principally the electric-field forces on electrons in
materials. That is, the most common manifestations of electromagnetic radiation
are due chiefly to the electric-field force, not the magnetic-field force.

Polarizing filters, or polarizes, can be made for electromagnetic waves;
the details of construction depend on the wavelength. For microwaves having a
wavelength of a few centimeters, a grid of closely spaced, parallel conducting
wires insulated from each other will pass waves whose £ fields are perpendicular
to the wires but not those with £ fields parallel to the wires.
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A Nicol prism or tourmaline crystal cut light parallel to its crystallographic
axis behaves in a similar manner for light waves as the slit does in case of the
wave motion produced in the string.

The most common technique for producing polarized light is to use a mate-
rial that transmits waves whose electric fields vibrate in a plane parallel to a cer-
tain direction (called the optical axis or polarizing axis) and that absorbs waves
whose electric fields vibrate in all other directions. In 1938, E. H. Land (1909 -
1991) discovered a material, which he called polaroid that polarizes light through
selective absorption by oriented molecules. This material is fabricated in thin
sheets of long-chain hydrocarbons. The sheets are stretched during manufacture
so that the long-chain molecules align. After a sheet is dipped into a solution con-
taining iodine, the molecules become good electrical conductors. However, con-
duction takes place primarily along the hydrocarbon chains because electrons can
move easily only along the chains. As a result, the molecules readily absorb light
whose electric field vector is parallel to their length and allow light whose electric
field vector is perpendicular to their length. The emerging light will be plane-
polarized. Such polarizing filter is widely used for sunglasses and polarizing fil-
ters for camera lenses. They pass waves polarized parallel polarizing axis with
80% or more transmission, but offering only 1% or less transmission to waves
with polarization perpendicular to this axis.

Artificial colloid films serve for obtaining a polarized light. Herapathite,
which is compound of iodine and quinine, is common material for preparation of
polaroid. The compound is introduced in a celluloid or gelatin film. In the film ul-
tramicroscopic herapathite crystals by any way (usually mechanically) orient
theirs axis along certain direction. The obtained mass, similarly to tourmaline act
as single crystal and absorbs light oscillations, which have electrical vector, per-
pendicular to the optical axis.

An ideal polarizer (or simply polarizer) has the property that it passes 100%
of the incident light polarized in the direction of the filter's polarizing axis but
blocks completely all light polarized perpendicular to this axis. Such a device is
an unattainable idealization, but the concept is useful in clarifying the basic ideas.

In an ideal polarizer, all light with E parallel to the transmission axis is
transmitted, and all light with E perpendicular to the transmission axis is ab-
sorbed.

The polarizer which blocks not all the light polarized perpendicular to
transmission axis is called imperfect polarizer. The light emerging from the im-
perfect polarizer is not plane-polarized completely. There ex ist oscillations of all
direction, but direction parallel to the axis of polarizer is predominated. Such a
light is called partially polarized light. It can be represented as a mixture of po-
larized and unpolarized light. Partially polarized light, just like unpolarized one,
can be represented as a superposition of two incoherent waves with mutually per-
pendicular planes of vibration. But in unpolarized light these waves are of equal
intensities, whereas in the partially polarized light the wave intensities are different.
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If partially polarized light passes through polarizer, then at rotation of the
polarizer about the direction of light beam, the intensity of emerging light varies
from Imax up to Imin, though transition from one of the above values to the
other will happen at turning at angle @ = z/2 . That is during one complete revo-
lution maximum value will be reached twice as well as minimum value does. The
expression

o3 Imax = I'min (3.3)
Imax + Imin '
defines a degree of polarization. For the plane-polarized light /min =0 and
P=1. For unpolarized light /max = /min and P=0.

Historically polarization studies were made to investigate the nature of
light. Today we reverse the procedure and deduce something about the nature of
an object from the polarization state of light emitted by or scattered from that ob-
ject. It has been possible to deduce, studying the polarization of light reflected
from them, that the grains of cosmic dust present in our galaxy have been oriented
in the weak galactic magnetic field so that their long dimension is parallel to this
field. Polarization studies have shown that Saturn’s rings consist of ice crystal.
The size and the shape of virus particles can be determined by the polarization of
ultraviolet light scattered from them. Much useful information about the structure
of atoms and nuclei is gained from the polarization studies of their emitted radia-
tions in all parts of the clectromagnellc spectrum. Thus we have a useful research
technique for structures ranging in size from a galaxy (~ 10" m) to a nucleus
(~10"m). Polarized light also has many practical applications in industry and in
engineering science.

Polaroid sheets whose polarizing direction is vertical are used in sunglasses
for reducing the intensity of direct sunlight and reduce glare of reflected light.
Most reflected light are partially plane-polarized. Hence a major component of
reflected light is absorbed and the transmitted light is of reduced intensity.

In three-dimensional moves, two pictures of the same scene are projected
slightly displaced from each other on a curved screen. The scene on the screen
looks blurred to the naked eye. When viewed with a pair of glasses made of po-
laroids, one with vertical polarizing direction and other with horizontal polarizing
direction, each eye sees a separate scene. The brain interprets the two pictures as a
single picture with depth.

In natural light the random orientation of the planes of vibration produces
symmetry about the propagation direction, which, on casual study, conceals the
true transverse nature of the waves. To study this transverse nature, a way must be
found to distinguish the different planes of vibration. Device which serves for
transformation of unpolarized or partially polarized light into plane-polarized
light is called polarizer.
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Exercises

3.7. Why do sunglasses made of polarizing material have a marked advan-
tage over those that simply depend on absorption effect?

3.8. Derive a way to identify the polarizing direction of a sheet of polaroid.

3.9. Can you detect by naked eye, whether a given light is polarized or not?

3.10. What is a polaroid?

3.11. Write several uses of polaroids.

3.3 Polarization by Selective Absorption. Malus's Law

Let oscillation of amplitude £ vibrates in a plane that makes angle & with

plane of polarizer. The oscillation can be resolved into two mutually perpendicu-
lar oscillations with amplitudes E| = Egcos@ and E; = Egsin@, respectively
(Figure 3.6). The first oscillation passes through the device, whereas the second
one is blocked.

Unpolarized light has equiprobable
Plane : ;
— of palarizer value of &. Hence, the part of light,
transmitted through the polarizer is pro-

portional to the average value of cos 6,
i.e. 1/2. Therefore when polarizer ro-
tates about the direction of unpolarized
light beam, then the intensity of trans-
mitted light remains constant.

Ey Figure 3.7 represents an unpolar-
Figure 3.6 The light oscillation can be re- ized light beam E* incident on a polar-
solved into two oscillations along x and y izing sheet, called the polarizer. The
axes with amplitudes Ej = Egcosf) and component of E* parallel to the polariz-
ing axis passes through the polarizer,
whereas the component, perpendicular to
the polarizing axis, is blocked. Intensity varies as the square of amplitude, so we
can conclude that intensity of this plane-polarized light will be one-half of the un-

Eo

E; = Eysin @, respectively

polarized light intensity, i.e. Jo = ~:[): ! b

After polarizer the unpolarized light emerges as the plane-polarized one Ej.
Because the transmission axis is oriented vertically in the figure, the light trans-
mitted through this sheet is polarized vertically.
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Unpolarized
light i Polarizer
: Analyzer

. Polarized
Transmission li
: ight
axis

Figure 3.7 Two polarizing sheets whose transmission axes make an angle # with each

other. Only a fraction of the polarized light incident on the analyzer is transmitted through it
A second polarizing sheet, (usually called, when so used, an analyzer), in-
tercepts the beam. In Figure 3.7, the analyzer transmission axis is set at an angle
@ to the polarizer axis. The component of E parallel to the analyzer axis, which

is allowed through the analyzer, is £ = Ejcos@, and intensity of light transmitted
through the analyzer will be

1:10(:0529:%1*00529. (3.4)

Eq. (3.4), called the law of Malus, was discovered by Etienne Louiz Malus
(1775 — 1812) experimentally in 1809, Eq. (3.4) describes precisely the lack of
symmetry about the propagation direction that must be exhibited by plane-
polarized transverse waves.

Electromagnetic waves in the radio and microwave range exhibit polariza-
tion character readily. Such a wave, generated by the surging of charge up and
down in the dipole that forms the transmitting antenna has (at large distances
from the dipole and at right angles to it) an electric field vector parallel to the di-
pole axis. When the plane-polarized wave falls on a second dipole connected to a
microwave detector, the alternating clectric component of the wave will cause
electrons to surge back and forth in the receiving antenna, producing a reading on
the detector. If we turn the receiving antenna through 90° about the direction of
propagation, the detector reading drops to zero. In this orientation the electric
field vector is not able to cause charge to move along the dipole axis because it
points at right angles to this axis. We can reproduce this experiment by turning
the receiving antenna of a TV set (assumed an electric dipole type) through 90°



110 Chapter 3 POLARIZATION OF LIGHT WAVES

about an axis that points towards the transmitting station. It is interesting to men-
tion that television antennas in England are oriented vertically, but those in USA
are horizontal.

Note that the intensity of light transmitted trough the system is maximum
when the transmission axes of polarizer and analyzer are parallel (¢ =0 or 180°)
and that it is zero (complete absorption by the analyzer) when the transmission
axes are perpendicular (6 =90°) to each other. When polarizer and analyzer are
perpendicular to each other we say that they are crossed. This variation in trans-
mitted intensity through a pair of polarizing sheets is illustrated in Figure 3.8.

(a) (b) (c)
Figure 3.8 The intensity of light transmitted through two polarizes depends on the relative ori-
entation of their transmitted axes. (a) The transmitted light has maximum intensity when the
transmission axis is aligned with each other; (b) The transmitted light has lesser intensity when
the transmission axis is at an angle of 45° with each other; (c) The transmitted light has mini-
mum intensity when the transmission axes are at right angle with each other

Examples

Example 3.1
In Figure 3.7 the incident unpolarized light has intensity / *. Find the inten-
sity transmitted by the first polarizer and by the second if the angle ¢ is 30°.
Solution
As explained above, the intensity after the first filter is / * /2. According to
Eq. (3.4), the second filter reduces the intensity by a factor of cos230°=3/4.
) s

Thus the intensity transmitted by the second polarizer is [%][E] ) L2

Example 3.2
Two polarizing sheets have their polarizing directions parallel so that the in-
tensity /,, of the transmitted light is a maximum. Through what angle must either

sheet be turned if the intensity is to drop by one-half?
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Solution
From Eg. (3.4), since / =%Im. we have

1
Efm =I,,,c0529, or

0= arccos(i—l-} =+45% 135°.

2

The same effect is obtained no matter which sheet is rotated or in which direction.

Example 3.3

Two polaroids are placed at 90° to each it other. What happens, when N -1
more polaroids are between them? Their axes are equally spaced. How does the
transmitted intensity behave for large N?

Solution,

When N -1 polaroids are inserted between two polaroids, the total number
of polaroids becomes N +1. The axes of all the polaroids are equally spaced. If
is angle between the axes of two adjacent polaroids, then

0,465+ 0y + ..ot Oy =90°, or NO=90°, or 0 ”

TN’
According to Malus law, the intensity of light on passing through a pair of

polaroid is proportional to cos? . Before the light passes out of the last polaroid,
this change in intensity will be repeated N times. If I; is intensity of the incident
light and / the intensity of light after passing through all the polaroids then

I = Ip(cos? O)N = Iy(cos0)*" |

P 2N
I:Io(cnsﬁ] :

When N is very large, angle = -ﬁ% approaches zero and hence {cus -E—]

or

approaches 1. Therefore, when N is very large, / will approach /.

Exercises

3.12. How can one distinguish between an unpolarized light beam and a
linearly polarized beam using a polaroid?
3.13. What do you mean by term crossed polaroids?
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3.14. Unpolarized light falls on two polarizing sheets so oriented that no
light is transmitted. If a third polarizing sheet is placed between them, can light be
transmitted?

3.15. Unpolarized light passes through two polarized sheets. The axis of the
first is vertical, and that of the second is 30° to the vertical. What fraction of the
initial light is transmitted?  (Ans.: 3/8).

3.16. Unpolarized light of intensity 1" is incident on a polarizing filter, and
the emerging light strikes a second polarizing filter with its axis 45° to that of the
first. Determine (a) the intensity of the emerging beam; (b) its state of polariza-
tion.  (Ans.: (a) Iy/4, (b) Linearly polarized, parallel to axis of second polarizer).

3.17. A polarizer and an analyzer are oriented so that the maximum amount
of light is transmitted. To what fraction of its maximum value is the intensity of
the transmitted light reduced when the analyzer is rotated through:

a) 30°?

b) 45°?

¢) 60°7

3.18. Three polarizing filters are stacked, with the polarizing axes of the
second and third at 45° and 90°, respectively, with that of the first. (a) If unpolar-

ized light of intensity / * is incident on the stack, find the intensity and state of
polarization of light emerging from each filter. (b) If the second filter is removed,

how does the situation change? (Ans.: (a) 114, I*M. 1" /8. In each case the

light is linearly polarized, along the axis of the polarizer; (b) 1" /2 for the first, 0
for the next).

3.19. A beam of unpolarized light of intensity 10 mW/m’ is sent through a
polarizing sheet. (a) Find the maximum value of the electric field of the transmit-
ted beam. (b) What radiation pressure is exerted on the polarizing sheet?  (Ans.:
(a) 1.9 V/m; (b) 1.7x107'! Pa).

3.20. Plane-polarized light is incident on a single polarizing disk, with the
direction of Eg parallel to the direction of the transmission axis. Through what
angle should the disk be rotated so that the intensity in the transmitted beam is re-
duced by a factor of (a) 3.00, (b) 5.00, (c) 10.00?  (Ans.: 54.7,63.4,71.6°).

3.21. An unpolarized beam of light is incident on a group of four polarizing
sheets which are lined up so that the characteristic direction of each is rotated by
30°clockwise with respect to the preceding sheet. What fraction of the incident
intensity is transmitted?

3.22. A horizontal beam of vertically polarized light of intensity 43 W/m?

is sent through two polarizing sheets. The polarizing direction of the first is at
70° to the vertical, and that of the second is horizontal. What is the intensity of

light transmitted by the pair of sheets?  (Ans.: 4.4 mez).
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3.4 Polarization by Reflection. Brewster's Law

When an unpolarized light beam is reflected from a surface, the reflected
light may be completely polarized, partially polarized, or unpolarized, depending
on the angle of incidence. Anyone who has watched the sun's reflection in water,
while wearing a pair of sunglasses made of polarizing sheet, has probably noticed
the effect. It is necessary only to tilt the head from side to side, thus rotating the
polarizing sheets, to observe that the intensity of the reflected sunlight passes
through a minimum. If the angle of incidence is 0°, the reflected beam is unpolar-
ized. For other angles of incidence, the reflected light is polarized to some extent,
and for one particular angle of incidence, the reflected light is completely polar-
ized. Let us now investigate reflection at that special angle.

Suppose that an unpolarized light beam is incident on a surface, as shown in

Figure 3.9 (a).
Incident Reflected Incident Reflected
beam beam beam beam
0
0, 0, 0 p P
n m
"y 90° m
82/
0,
Refracted beam Refracted beam
(a) (b)

Figure 3.9 (a) When unpolarized light is incident on a reflecting surface, the reflected and re-
fracted beams are partially polarized; (b) The reflected beam is completely polarized when the

angle of incidence equals the polarizing angle Up, which satisfies the Eq. 7, = tan Qp

Each individual electric field vector can be resolved into two components:
one parallel to the surface (and perpendicular to the page in Figure 3.9, repre-
sented by the dots), and the other (represented by the arrows) perpendicular both
to the first component and to the direction of propagation. Thus, the polarization
of the entire beam can be described by two electric field components in these di-
rections. It is found experimentally that the parallel component reflects more
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strongly than the perpendicular component, and these results in a partially polar-
ized reflected beam. Furthermore, the refracted beam is also partially polarized.

Now suppose that the angle of incidence @ is varied until the angle be-
tween the reflected and refracted beams is 90°, as shown in Figure 3.9 (b). At this
particular angle of incidence, the reflected beam is completely polarized (with its
electric field vector parallel to the surface), and the refracted beam is still only
partially polarized. The angle of incidence at which this polarization occurs is
called the polarizing angle 6,,.

We can obtain an expression relating the polarizing angle to the index of re-
fraction of the reflecting material by using Figure 3.9 (b). From this figure, we see

that {)p | % +6, =m; thus, 0, = %— @ . Using Snell's law of refraction, we have

_my _sing _sing,
hy ===

ﬂ] Sin 92 Sin 92 ’
where n, is index of refraction of the second material and ny is the index of re-
fraction of the first material. Because sind, :sinl90°—64p)= cos@,, we can

Sl i ; n ; ;
write this expression for n, == as n, =sin 0,/ cosd,, which means that
m
ﬂlz =13H9P. (3.5]
This expression is called Brewster's law, and the polarizing angle @, is
sometimes called polarizing angle or Brewster's angle, after its discoverer, Sir
David Brewster (1781 — 1868). It should be mentioned that as »n varies with
wavelength for a given material, Brewster's angle is also a function of wave-
length. Polarization by reflection is a common phenomenon. Sunlight reflected
from water, glass, and snow is partially polarized. If the surface is horizontal, the
electric field vector of the reflected light has a strong horizontal component. Sun-
glasses made of polarizing material reduce the glare of reflected light. The trans-
mission axes of the lenses are oriented vertically so that they absorb the strong
horizontal component of the reflected light. If you rotate sunglasses 90°, they will
not be as effective at blocking the glare from shiny horizontal surfaces,

Example 3.4
A ray of light is incident on the surface of a glass plate of refractive index
1,536 at the polarizing angle. Calculate the angle of refraction.
Solution
Here, n=1.536. If 8, is polarizing angle, then
tanf, =1.536 or 6, =56°56".

If 8, is the angle of refraction, then

6r =90°-56°56" =33°4" .
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Example 3.5
We wish to use a plate of glass (n=1.5) as a polarizer. What is the polariz-
ing angle? What is the angle of refraction?

Solution
Polarizing angle Qp according Brewster law is:
6, =arctanl.5 = 56.3°.
The angle of refraction @, follows from Snell's law:
sind, = nsiné,
or
_§in56.3°

sin @
" 1.5

=0.555, 6, =33.7°.

Exercises

3.23. Can polarization by reflection occurs if light is incident on the inter-
face from the side with the higher index of refraction (glass to air, for example).

3.24. Certain sunglasses use a polarizing material to reduce the intensity of
light reflected from shiny surfaces. What orientation of polarization should the
material have to be most effective?

3.25. Light traveling in air strikes a glass plate at an angle of incidence of
60°; part of the beam is reflected and part is refracted. It is observed that the re-
flected and refracted portions make an angle of 90° with each other. What is the
index of refraction of the glass?

3.26. The angle of incidence of a light beam onto a reflecting surface is con-
tinuous variable. The reflected ray is found to be completely polarized when the
angle of incidence is 48.0°. What is the index of refraction of the refracting mate-
rial?

3.27. At what angle above the horizontal must the sun be for sunlight re-
flected from the surface of a calm body of water to be completely polarized?
What is the plane of the E vector in the reflected light?

3.28. A parallel beam of unpolarized light is incident at an angle of 58°
(with respect to the normal) on a plane glass surface. The reflected beam is com-
pletely linearly polarized. (a) What is the refractive index of the glass?
(Ans.: 1.6). (b) What is the angle of refraction of the transmitted beam?
(Ans.: 32.0°).

3.5 Polarization by Double Refraction

Although direct sunlight is unpolarized, light from much of the sky is at
least partially polarized by scattering. Bees use the polarization of sky light in
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navigation to and from their hives. Similarly, the Vikings used it to navigate
across the North Sea when the daytime Sun was below the horizon because of the
high latitude of the North Sea). These early seafarers had discovered certain crys-
tals (now called cordierite) that changed color when rotated in polarized light. By
looking at the sky through such a crystal while rotating it about their line of sight,
they could locate the hidden Sun and thus determine which way was sough.

In previous chapters we assumed that the speed of light, and hence, the di-
electric permittivity and, hence, index of refraction, is independent on the direc-
tion of propagation in the medium and of the state of polarization of light. Lig-
uids, amorphous solids such as glass, and crystalline solids having cubic symme-
try normally show this behavior and said to be optically isotropic.

In certain anisotropic crystalline materials, however, such as calcite and
quartz, the speed of light is not the same in all directions. Such materials are char-
acterized by two indexes of refraction. Hence, they are often referred to as dou-
ble-refracting or birefringent materials.

Upon entering a calcite crystal, unpolarized light splits into two plane-
polarized beams that travel with different velocities, corresponding to two angles
of refraction, as shown in Figure 3.10. The two beams are polarized in two mutu-
ally perpendicular directions, as indicated by the dots and arrows. One beam,
called the ordinary (O) beam, is characterized by an index of refraction n,, that
is the same in all directions.

Unpolarized This means that if one could
B place a point source of light inside the

crystal, as shown in Figure 3.11, the
ordinary waves would spread out from
the source as spheres. Ordinary beam
does obey the laws of geometric optic.
'~ The second plane-polarized
beam, called the extraordinary (E)

O ray

Figure 3.10 Unpolarized light incident on a

calcite crystal splits into an ordinary (O) ray
and an extraordinary (E) ray. These two rays
are polarized in mutually perpendicular direc-
tions

beam, travels with different speeds in
different directions and hence is char-
acterized by an index of refraction n,

that varies with the direction of propa-

gation. The point source in Figure 3.11 sends out an extraordinary wave having

wave fronts that are elliptical in cross-section. Extraordinary beam does not obey
the laws of geometric optic.

Note from Figure 3.11 that there is one direction, called the optical axis,

along which the ordinary and extraordinary beams have the same speed, corre-

sponding to the direction for which n, = n,. It should be mentioned that optical

axis is not a straight line but a certain direction in a crystal and any straight line
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parallel to this direction is called an
optical axis. Any plane constructed
through the optical axis named a prin-
cipal cross section or principal plane.
The oscillation plane of ordinary ray is
perpendicular to the principal plane,
whereas the oscillation plane of ex-
traordinary one is parallel to it. After
emerging the crystal the both rays dif-
fer only in the direction of polariza-
tion, hence the concepts of ordinary
and extraordinary rays are important
only inside the crystal.

The difference in speed for the
two beams is a maximum in the direc-
tion perpendicular to the optical axis.
For example, in calcite, n, =1.658 at

Optic axis _E
e

I

Figure 3.11 A point source S inside a dou-
ble-refracting crystal produces a spherical
wave front corresponding to the ordinary ray
and an elliptical wave front corresponding to
the extraordinary ray. The two waves propa-
gate with the same velocity along the optical
axis

a wavelength of 589.3 nm, and n, var-

ies from 1.658 along the optic axis to 1.486 perpendicular to the optic axis. If we
place a piece of calcite on a sheet of paper and then look through the crystal at
any writing on the paper, we see two images. These two images correspond to one
formed by the ordinary beam and second formed by the extraordinary beam.

Exercises

3.29. Is the optical axis of a doubly refracting crystal simply a line or a di-
rection in space?

3.30. Does the E-wave in doubly refracting crystals always travel at a speed
given ¢/n,?

3.31. What is birefringent material?

3.32. What happens when unpolarized light enters birefringent material?

3.33. In what direction the difference in speed for ordinary and extraordi-
nary beams is a maximum?

3.34 Explain how the cross-polarized light with different speeds can exists
in a birefringent material?

3.6 Circular and Elliptical Polarization

Up to this point we have discussed polarization phenomena in terms of line-
arly polarized light. Light (and all other electromagnetic radiation) may also have
circular or elliptical polarization. To understand these new concepts, we return
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again to mechanical waves on a stretched string. In Figure 3.5, suppose the two
linearly polarized waves in parts (a) and (b) are in phase and have equal ampli-
tude. When they are superposed, each point in the string has simultaneously y-
and z-displacements of equal magnitude, and a little thought shows that the resul-
tant wave lies in a plane oriented at 45° to the y — and z — axes (i.e., in a plane

making a 45° angle with the xy — and xz — planes). The amplitude of the resul-

tant wave is larger by a factor of 2 than that of both component wave and the
resultant wave is again linearly polarized.

But now suppose one of the equal-amplitude component waves differs in
phase by a quarter-cycle from the other. Then the resultant motion of each point
corresponds to a superposition of two simple harmonic motions at right angles
with a quarter-cycle phase difference. The motion is then no longer con fined to a
single plane, and it can be shown that each point on the rope moves in a circle ina
plane parallel to the yz — plane. Successive points on the rope have successive
phase differences, and the overall mation of the string then has the appearance of
a rotating helix. This particular superposition of two linearly polarized waves is
called circular polarization. By convention, the wave is said to be right circu-
larly polarized when the motion of a particle of the string, to an observer looking
backward along the direction of propagation, is clockwise. The wave is left circu-
larly polarized when it appears counterclockwise to that observer, Left circular
polarization would be the result if the phase difference between y — and z -

components were opposite to that in our example.

If the phase difference between the two component waves is something
other than a quarter-cycle, or if the two component waves have different ampli-
tudes, then each point on the string traces out not a circle but an ellipse. The re-
sulting wave is said to be elliptically polarized.

For el=ctromagnetic waves of radio frequencies, circular or elliptical polari-
zation can be produced by using two antennas at right angles, fed from the same
transmitter but with a phase-shifting network that introduces the appropriate
phase difference. For light, the phase shift can be introduced by use of a birefrin-
gent material.

We now seek to understand, in terms of the atomic structure of optically
anisotropic crystals, how cross-polarized light wave with different speeds can ex-
ist. Light is propagated through a crystal by the action of the vibrating E vectors
of the wave on the electrons in the crystal. These electrons, which experience
_electrostatic restoring forces if they are moved from their equilibrium positions,
are set into forced periodic oscillation and pass along the transverse wave distur-
bance that constitutes the light wave. The strength of the restoring forces may be
measured by a force constant &, as for simple harmonic oscillation. In optically
isotropic materials the force constant k is the same for all directions of displace-
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ment of the electrons from their equilibrium positions. In doubly refracting crys-
tals, however, & varies with direction. For electron with displacements in a plane
at right angles to the optical axis & has the constant value %,, no matter how the
displacement is oriented in this plane. For displacements parallel to the optic axis,
k has the larger value k,. Also, for crystals with three principal indexes of re-
fraction, there will be three principal force constants. Such crystals have two op-
tics axes and are called biaxial. The crystals which have only one single optic
axis are called uniaxial. The speed of a wave in a crystal is determined by the di-
rection in which the £ vectors vibrate and not by the direction of propagation. It
is the transverse E -vector vibrations call the restoring forces into play and thus
determine the wave speed. Note too, that the stronger the restoring force, that is,
the larger k, the faster the wave. For waves traveling along a stretched cord, for
example, the restoring force for the transverse displacements is determined by the
tension in the cord.

Let’s discuss a linearly polarized light passing through a plate of anisotropic
substance of thickness d. Before entering the plate the electric field intensities
E, and E, of ordinary and extraordinary beams vibrates in the same phase, giv-

ing linearly polarized light £ = E, + E, as a result. Inside the plate ordinary and
extraordinary waves propagate with different velocities and after the plate electric
field vectors E, and E, have optical path difference

A=d(n,-n,)
and corresponding phase difference:
27 2:&1
Ap= =Nnz)s
g io

where Ay is the wavelength of light in vacuum. Hence after passing the plate the
light becomes elliptically polarized in general case. Depending on thickness of a
plate several particular cases are possible:

1. A quarter-wave plate. Thickness of such a plate satisfies the condition:

d(n, —n,)= i(m + i}!o 1

where m=0,1,2,... After such a plate vectors £, and £, have phase difference
of /2. 1f additionally & =7 /4 light will be circularly polarized.

. A half-wave plate. d(n,-n,)= +[m+ J/?.ﬂ After such a plate the

phase difference is 7. Emerging light remains linearly polarized but directions of
polarizations of incident and emerging light are symmetric about the principal
plane of polarization.

3. A wave plate. For this case d(n, —n,)=+mAy. Emerging light remains
linearly polarized and directions of polarization remain the same.
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Some doubly refracting crystals have the interesting property, called di-
chroism. in which one of the polarization components is strongly absorbed within
the crystal, the other being transmitted with little loss. Dichroism, illustrated in
Figure 3.12 is the basic operating principle of the commercial polaroid sheet. The
many small crystallites, imbedded in a plastic sheet with their optical axes paral-
lel, have a polarizing action equivalent to that of a single large crystal slab.

Unpolarized light Example 3.6

A quartz quarter-wave plate is said
to be used with sodium light 2 =5890A.
What must its thickness be?

Solution

Two waves travel through the slab
at speed corresponding to the principal
indexes of refraction ne =1.553 and
no = 1.544 . If the crystal thickness is x,
the number of wavelength of the first
wave contained in the crystal is:

Plane-polarized light R
Figure 3.12 Showing the absorption of one where. Ae s the wavclengtb of the E-
polarization component inside a dichroic ' Wave In the crystal and 4 is the wave-
crystal of the type used in Polaroid sheets & length in air.

H
Ne_.r:xe

For the second wave the number of wavelengths is
N, =X 2o
& Zo j, 1
where A, is the wavelength of the O — wave in the crystal. The difference
N, — N, must be one-fourth, or

P i’(”e"”a]-
This equation yields
it A = 5890 A4
4(n,—n,) 4(1.544-1.533)
This plate is rather thin: most quarter-wave plates are made from mica,

splitting the sheet to the correct thickness by trial and error.

=0.016 mm.

Example 3.7
A beam of circularly polarized light falls on a polarizing sheet. Describe the
emerging beam.
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Solution
The circularly polarized light, as it enters the sheet, can be represented by
E.=E,snat and E,=E, cosar,
where x and y represent arbitrary perpendicular axes. These equations correctly
represent the fact that a circularly polarized wave is equivalent to two plane-
polarized waves with equal amplitude and a 90° phase difference.
The resultant amplitude in the incident circularly polarized wave is

Ey= JEIZ + JE."._.2 = Jf:’,,,z(sin2 ot +¢os” ) = By

an expected result if the circularly polarized wave is represented as a rotating vec-
tor. The resulting intensity in the incident circularly polarized wave is propor-

_ .
tional to £,,°, or
I (3.6)

Let the polarizing direction of the sheet make an arbitrary angle # with x
axis. The instantaneous value of the plane-polarized wave transmitted by the sheet
is

E=E,sinf+E, cos = E, coswrtsin@ + E,, sinat cosd = E,, sin(wt + ).

The intensity of the wave transmitted by the sheet is proportional to E 2 , or
i s
I By sin®(wf +6).
The eye and other measuring instruments respond only to the average inten-

sity /, which is found by replacing sinz(ax +0) by its average value over one or
more cycles (=1/2), or
1
2
Comparison with (3.6) shows inserting the polarizing sheet reduces the in-
tensity by one-half. The orientation of the sheet makes no difference, since @
does not appear in this expression; this is to be expected if circularly polarized
light is represented by a rotating vector, all azimuths about the propagation direc-
tion being equivalent. Inserting a polarizing sheet in an unpolarized beam has just
the same effect, so that a simple polarizing sheet cannot be used to distinguish be-
tween unpolarized and circularly polarized light.

EL2

I =

Example 3.8 i
A beam of light is thought to be circularly polarized. How may this be veri-
fied?

Solution
Insert a quarter-wave plate. If the beam is circularly polarized, the two
components will have a phase difference of 90° between them. The quarter-wave
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plate will introduce a further phase difference of +90° so that the emerging light
will have a phase difference of either zero or 180°. In either case the light will
now be plane-polarized and can be made to suffer complete extinction by rotating
a polarizer in its path.

Exercises

3.35. Explain the existence of elliptically and circularly polarized light.

3.36. Distinguish between right circularly polarized light and left circularly
polarized light.

3.37. What is quarter-wave plate?

3.38. When does rotation of plane of polarization take place?

3.39. Derive a way to identify the direction of the optic axis in a quarter-
wave plate.

3.40. If plane-polarized light falls on a quarter-wave plate with its plane of
vibration making an angle of 0°, or 90° with the axis of plate, describe the trans-
mitted light. If this angle is arbitrary chosen, the transmitted light is called ellipti-
cally polarized; describe such light.

3.41. What would be the action of a half-wave plate (that is, a plate twice as
thick as a quarter-wave plate) on (a) plane-polarized light (assume the phase of
vibration to be at 45° to the axis of the plate); (b) circular polarized light and (c)
unpolarized light?

3.42. You are given an object which may be (a) a disk of grey glass, (b) a
polarizing sheet, (c) a quarter-wave plate, or (d) a half-wave plate. How could you
identify it?

3.43. Would you expect a quarter-wave plate made from calcite to be
thicker than one made from a quartz?

3.44. What is the state of polarization of the light transmitted by a quarter-
wave plate when the electric vector of the incident linearly polarized light makes
an angle of 30° with the optic axis?

3.45. A beam of right circularly polarized light is reflected at normal inci-
dence from a reflecting surface. Is the reflected beam right or left circularly polar-
ized? Explain.

3.46. Can a plane-polarized light be represented as a sum of two circularly
polarized light beam of opposite rotation? What effect has changing the phase of
one the circular components on the resultant beam?

3.47. A beam of light is said to be unpolarized, linearly polarized, or circu-
larly polarized. How could you choose among them experimentally?

3.48. What is dichroism?
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3.7 Polarization by Scattering

When light is incident on any material, the electrons in the material can ab-
sorb and reradiate part of the light. Such absorption and reradiation of light by
electrons in the gas molecules that make up air is what causes sunlight reaching
an observer on the Earth to be partially polarized. You can observe this effect —
called scattering — by looking directly up at the sky through a pair of sunglasses
whose lenses are made of polarizing material. Less light passes through at certain
orientations of the lenses than at others.

Figlll‘{: Fe 13 illustrates how Unpolarized
sunlight becomes polarized when it is light
scattered. An unpolarized beam of
sunlight traveling in the horizontal di-
rection (parallel to the ground) strikes a

molecule of one of the gases that makes Air

up air, setting the electrons of the mole- molecule
cule into vibration. These vibrating T

charges act like the vibrating charges in >O('
an antenna. The horizontal component 1

of the electric field vector in the incident ‘
wave results in a horizontal component

of the vibration of the charges whereas | -~
the vertical component of the vector re- el -
sults in a vertical component of vibra- P
tion. If the observer in Figure 3.13 is //'
looking straight up (perpendicular to the //
original direction of propagation of the |~
light), the vertical oscillations of the -]
charges send no radiation toward the ob-

server. Thus, the observer sees light that
is completely polarized in the horizontal
direction, as indicated by the arrows. If
the observer looks in other directions,
the light is partially polarized in the Figure 3.13 The scattering of unpolarized
horizontal direction. ?ugtlisi?alv;?r air mole;ulels. t‘l’h?h sgatl;reci
Some phenomena involving the dgm is plall'llg—pz?aqr)i‘z’gdlil;:u:e the vertical
scattering of light in the atmosphere can iy ations of the charges in the air molecule
be understood as follows. When light of  send no light in this direction
various wavelengths A is incident on

gas molecules of diameter d, where d << A, the intensity of the scattered light
varies according to Raleigh law as 1/
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The condition d << A is satisfied for scattering from oxygen (02 ) and ni-
trogen (N7) molecules in the atmosphere, whose diameters are about 0.2 nm.

Hence, short wavelengths (blue light) are scattered more efficiently than long
wavelengths (red light). Therefore, when sunlight is scattered by gas molecules in
the air, the short-wavelength radiation (blue) is scattered more intensely than the
long-wavelength radiation (red).

When you look up into the sky in a direction that is not toward the Sun, you
see the scattered light, which is predominantly blue; hence, you see a blue sky. If
you look toward the west at sunset (or toward the east at sunrise), you are looking
in a direction toward the Sun and are seeing light that has passed through a large
distance of air. Most of the blue light has been scattered by the air between you
and the Sun. The light that survives this trip through the air to you has had much
of its blue component scattered and is thus heavily weighted toward the red end of
the spectrum; as a result, you see the red and orange colors of sunset. However, a
blue sky is seen by someone to your west for whom it is still a quarter hour before
sunset.

Exercises

3.49. Explain the process of polarization at scattering.

3.50. Why the sky is red at sunrise and sunset and blue at daytime?

3.51. Explain the Rayleigh’s law.

3.52. During the “day™ on the Moon (that is, when the Sun is visible), you
see a black sky and the stars are clearly visible. During the day on the Earth, you
see a blue sky and no stars. Explain this difference.

3.53. You can make the path of a light beam visible by placing dust in the
air (perhaps by shaking a blackboard eraser in the path of the light beam). Explain
why vou can see the beam under these circumstances.

3.54. Is light from the sky polarized? Why is it that clouds seen through Po-
laroid glasses stand out in bold contrast to the sky?

3.55. When observing a clear sky through a polarizing sheet, one finds that
the intensity varies by a factor of two on rotating the sheet. This does not happen
when one views a cloud through the sheet. Can you devise an explanation?

3.8 Optical Activity

Rotation of Plane of Polarization. In 1811 D. Arago discovered a beam
of linearly polarized light was sent through crystal of quartz along its optical axis,
the direction of polarization of the emerging linearly polarized light is found to be
different from the original direction. If the plane-parallel plate of quartz, cut per-
pendicularly to its optical axis is placed between crossed polarizer and analyzer,
the field of view of analyzer clarifies. For complete darkening of the field of view
the analyzer should be turned about the beam at certain angle @, which is equal to
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the rotation angle in the quartz plate. This phenomenon is called the rotation of
the direction of polarization and substance that exhibit this effect are said to be
optically active.

Further investigations show that the phenomenon is inherent to several
other substances. Not only other birefringent crystals (cinnabar), but some opti-
cally isotropic crystals, solutions (for example, camphor in benzol, water solution
of sugar, glucose) and pure liquids (turpentine, nicotine) are optically active. It
was found that all the substances which are optically active in liquid state (includ-
ing solutions), display the same property in crystalline state. At the same time
some substances, which are optically active in the crystalline state, are not opti-
cally active in liquid state (melted quartz).

For the most optically active crystals two modifications, which ensure rota-
tion of plane of polarization in opposite directions, are revealed. One of them im-
plements clockwise rotation, the other — anticlockwise rotation of plane of polari-
zation. Those that rotate the direction of polarization to the right, looking along
the advancing beam, are called dextrorotatory, or right-handed, those that rotate
it to the left are levorotatory, or lefi-handed. Optical activity may be due to an
asymmetry of the molecules of a substance, or it may be a property of a crystal as
a whole.

In optically active crystals and pure liquids the rotation angle of plane of
polarization @ is proportional to the thickness / of substance passed by light:

0=al, (3.8)
where constant @ is so-called specific rotational constant. Coefficient & is nu-
merically equal to the rotation angle of plane of polarization caused by layer of
optically active substance of unit thickness. Specific rotational constant depends
on nature of substance, temperature, and wavelength of light (rotational disper-
sion). Far from regions of absorption of light by substance, dependence of @ on

A satisfies law of Bio: a ~1/ A2 . For dextrorotatory and levorotatory modifica-
tions of the same substance the values of & differ only in sign.

It was shown by J. Bio that in solutions the angle of rotation depends on the
property of active substance [a], concentration of solution ¢ and the length / of
the light path through it:

0=laki, (3.7)
where [a] is specific rotational constant of solution. 1t depends on nature of the
optically active substance and its solvent, temperature, and wavelength of light.
The rotation of plane of polarization by a sugar solution is used commercially as a
method of determining the proportion of sugar in a given sample.

Crystalline quartz is also optically active; some natura crystals are right-
handed and others left-handed. Here the optical activity is a result of the crystal-
line structure, since the activity disappears when the quartz is melted and allowed
to resolidify into a glassy, noncrystalline state called fused quartz. The angle
through which the light is rotated by a crystal depends on the property of a crystal
and length of the path:

f=al, (3.8)

here a is so-called rotational constant.
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Photoelastivity. Molecular asymmetry determines whether a material is
optically active. For example, some proteins are optically active because of their
spiral shape. Other materials, such as glass and plastic, become optically active
when being stressed. This is the basis of photoelastivity. Suppose that an un-
stressed piece of plastic is placed between a polarizer and an analyzer so that light
passes from polarizer through plastic to analyzer. When the plastic is unstressed
and the analyzer axis is perpendicular to the polarizer axis, none of the polarized
light passes through the analyzer. In other words, the unstressed plastic has no ef-
fect on the light passing through it. If the plastic is stressed, however, it becomes
optically active due to difference of indexes of refraction of ordinary and extraor-
dinary rays and the regions of greatest stress rotate the polarized light through the
largest angles. Hence, a series of bright and dark bands is observed in the trans-
mitted light, with the bright bands corresponding to regions of greatest stress.
There was experimentally established that difference of indexes of refraction is
proportional to the stress ¢ at a given point:

n, —n, =ko,
where k is the coefficient of proportionality which depends on the property of the
substance.

Scientists and engineers often use this technique, called optical stress
analysis, in designing structures ranging from bridges to small tools. They build a
plastic model and analyze it under different load conditions to determine regions
of potential weakness and failure under stress. Some examples of a plastic model
under stress are shown in Figure 3.14. Very complicated stress distributions, such
as those around a hole or gear tooth, that are practically impossible to analyze
mathematically, may thus be studied by optical methods.

Figure 3.14 (a) Strain distribution in a plastic model of a hip replacement used in a medical
research laboratory. The pattern is produced when the plastic model is viewed between a po-
farizer and analyzer oriented perpendicular to each other; (b) A plastic model of an arch struc-
ture under load conditions observed between perpendiculars polarizes. Such patterns are use-
ful in the optimum design of architectural components
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Kerr Effect. Liquids are not usually doubly refracting, but some of them
obtain the property when an electric field is established within them. This phe-
nomenon is known as Kerr effect, after John Kerr (1824 — 1907). The liquid crys-
tal displays found in most calculators have their optical activity changed by the
application of electric potential across different parts of the display.

Kerr cell with transparent walls contains the liquid between a pair of paral-
lel plates. The cell is inserted between crossed polaroids. Light is transmitted
when an electric field is set up between the plates and is cut off when the field is
removed. Experiments proved that liquid polarized and get properties of uniaxial
birefringent crystal when is inserted between plates of parallel-plate capacitor.
Optical axis of liquid coincides with direction of electric field strength E of ca-
pacitor.

The resulting difference of indexes of refraction for ordinary and extraordi-
nary beams of monochromatic light in direction perpendicular to the vector Eis
proportional to the squared electric field intensity:

n, —n, = BAE 2,
where A is wavelength of light, B — so—called Kerr constant. Kerr constant de-
pends on the nature of substance, wavelength A and temperature and usually de-
creases with increasing of the last.

Kerr cell placed between crossed polarizer and analyzer, acts on the light in
the same manner as plane—parallel plate. It produces phase difference between or-
dinary and exraordinary beams and the corresponding phase difference can be ex-
pressed as

2
P %{no Jah Soagpptislon ki (3.9)
Py

Where d is the length of cell, which is equal to the length of plates of ca-
pacitor, ¥ = Ea — potential difference between the plates of capacitor, and a —
distance between the plates of capacitor. At ¥ =0 the cell is completely isotropic
and does not change the character of polarization of light, incident at it. Therefore
light does not pass through the cell. As far as potential difference increases, the
phase difference increases according to Eq. (3.9). As a result the intensity of light
emerging from analyzer, increases, and reaches maximum at ¥ corresponding to
S==x.

a?

" 2dB’
Kerr effect is inertialess practically; the duration of processes of transition

V

from isotropic state into anisotropic one and reverse does not exceed 102 1_0_10 s.
Therefore giving alternative voltage V' on the plates of capacitor, we have oppor-
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tunity to modulate the intensity of light through the analyzer according to oscilla-
tion of . The existence of the Kerr effect makes it possible to construct an elec-
trically controlled “light valve™, high—speed photography and so on.

Liquid crystals. Displays for digital watches and calculators use liquid
crystals, Try turning a piece of polaroid directly over a liquid crystal display
(LCD). The contrast between the displayed information and the background is
changed. Liquid crystals are not rigid and can flow, but molecules are in a regular
order just like atoms in a solid crystal. Each LCD is a matrix of segments, each
segment activated by a tiny electric current which make it darker than its back-
ground. So by activating a suitable combination of segments, the LCD can be
made to display any number required.

The reason why a segment becomes darker when activated is that it does
not reflect light when it is activated. The segment is constructed from a cell of
liquid crystal between crossed polaroids. The underside of the top piece of the cell
is marked with lots of fine parallel lines along which the molecules of the liquid
crystal line up. The bottom of the cell is also marked with fine parallel lines, but
positioned at right angles to the top set, so the line~up of molecules changes by
90° from the top to the bottom. As a result, light which passes through the cell has
its plane of polarization turned through 90°. Therefore even though the cell is be-
tween crossed polaroids, light can pass through it. With no voltage across the cell,
light from the room passes through it, reflects off a mirror underneath, and passes
back out again: so the cell allows the light to be reflected. When a voltage is ap-
plied across the cell, the molecules line up along the electric field instead of the
twisted arrangement explained above. The light cannot pass through since the
new line does not rotate the plane of polarization. Hence the cell is dark when ac-
tivated.

Cotton — Mutton effect. In 1907 E. Cotton and X. Mutton discovered that
isotropic substances display optical anisotropy when placed in strong magnetic
field. The difference between indexes of refraction of ordinary and extraordinary
beams advancing perpendicular to the direction of optical axis, i.e., vector H of
uniform magnetic field has the form:

Ny —Np = SCaH?.

Faraday's Effect. Some optically inactive substance obtains the property
to rotate plane of polarization when inserted in magnetic field. This phenomenon
‘was discovered by Faraday and is called Faraday effect. 1t can be observed only
when light advances along direction of magnetic field. Therefore for observation
of Faraday's effect several apertures are drilled through pole lead of electromag-
net to let the light beam. The substance under investigation is placed between the
poles of electromagnet.




Chapter 3 POLARIZATION OF LIGHT WAVES 129

The rotation angle of polarization plane ¢ is proportional to the path /,

passed by light in substance, and magnetic field strength H :

p=VIH , (3.10)
where the coefficient V' is so-called Verde constant or specific magnetic rotation.
Verde constant depends on the nature of substance and wavelength of light.

The direction of rotation is defined by direction of magnetic field, it doesn’t
depend on the direction of light ray. Therefore when light reflected from a mirror
the angle of rotation is doubled. Magnetic rotation is caused by precession of
electron orbits in magnetic field.

Optical active substances being exposed to magnetic field gain additional
ability to rotate the plane of polarization, which is added to their own one.

Exercises

3.56. What substances are called optically active and why they have such a
property?

3.57. Write and explain angle of rotation of plane of polarization for solu-
tions and solids.

3.58. Explain the photoelastivity phenomena.

3.59. What is optical stress analysis?

3.60. Explain the Kerr effect.

3.61. Explain the Faraday effect.

Summary

Electromagnetic waves, like all transverse waves, exhibit polarization. The
direction of polarization of a linearly polarized wave is defined as the direction of
the E field. A polarizing filter passes radiation that is linearly polarized in the di-
rection of its polarizing axis, and blocks radiation polarized perpendicularly to
that axis. When linearly polarized light is incident on a polarizing filter with its
axis at an angle & to the direction of polarization, the transmitted light intensity is

2
I=Iaxc05"8,
where /., is the intensity at @=0. This relation is called Malus' law. When un-

polarized light strikes an interface between two materials, the reflected light is
completely polarized perpendicular to the plane of incidence if the angle of inci-
dence 6, is given by

n
tanf, =—=.
P n

This relation is called Brewster's law.
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Materials having different indexes of refraction for two perpendicular direc-
tions of polarization are said to be birefringent. Those that show preferential ab-
sorption for one polarization direction are dichroic; they are used in polarizing fil-
ters for light. Some materials become birefringent under mechanical stress; these
form the basis of photoelastic stress analysis.

Light can be scattered by air molecules. The scattered light is preferentially
polarized.

When two linearly polarized waves with a phase difference are superposed,
the result is circularly or elliptically polarized light. In this case the E vector is
not confined to a plane containing the direction of propagation but describes a
circle or ellipse in the planes perpendicular to the direction of propagation.

Key Terms
lineary polarized light  nonspusoBanHsIii cBET TMOJAPU30BAHE CBITIO
polarizer NONAPH3ATOP MOJSPU3ATOP
polarizing axis 0Ch NOJIsIpH3aTOpa BiCBh NOJAPH3aTOpA
Malus’ law Maumoca 3akon Manioca 3aKoH
Brewster’s law bpioctepa 3akoH Bproctepa 3akoH
polarizing angle yron nonspusanuy (Bproctepa  KyT nonsApusauii
yroin) (Bproctepa kyT)
L 2 no/iBiHe npomMeHesa-
birefringent JBOITHOE JTydenpenomienne
JIOMJICHHS
dichroism JMXPOM3M JHXPOI3M
circular polarization ~ KpyroBas noJjspu3aus KpyroBa noJspu3atlis
Kerr effect Keppa s¢dexr Keppa edexr

Faraday effect ®apagies s dexr dapapes edekt
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Chapter 4 Propagation of Light through Substance
4.1 Dispersion of Light

When materials are exposed to electromagnetic radiation, it is important to
be able to predict optical properties of different materials, and understand the
mechanisms responsible for their optical behaviors. In this chapter we discuss
phenomena of dispersion of light, absorption of light and Vavilov—Cherenkov's
radiation.

4.1.1 Introduction to Dispersion

It had been known for centuries that small fragments of colorless glass and
precious stones glittered in bright colors when white light passes through them,
but it was not until the middle of the seventeenth century that Sir [saac Newton
investigated the problem systematically. Newton's work on this subject arose out
of the need for finding a way of removing coloration from the images seen
through a telescope.

Most light beams are a superposition of waves with different wavelengths
extending throughout the visible spectrum. The speed of light in vacuum is the
same for all wavelengths but the speed of light in a material is different for
different ones.

It means that index of refraction » encountered by light in any medium
except vacuum depends on the wavelength of the light. The dependence of »n on
wavelength implies that when a light beam consists of rays of different
wavelengths, the rays will be refracted at different angles by a surface; that is, the
light will be spread out by the refraction. This spreading of light is called
chromatic dispersion, in which "chromatic" refers to the colors associated with
the individual wavelengths and "dispersion" refers to the spreading of the light
according to its wavelengths or colors,

The dispersion can be characterized by functions:

n=f(4) or n=f(w).

This dependence is not linear, i.e., dn # const . In the region of visible light

di
(which is usually far from absorption region), for all transparent substances

% <0 or gf- >0 (Figure 4.1). Such dispersion is called normal dispersion.
@
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Figure 4.1 Variation of index of refraction n
with vacuum wavelength for three materials
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Figure 4.2 Typical dependence of n on A
and @

If substance partially absorbs

incident light, then in absorption

dn dn )
H—}:)O or E)‘(O and
dispersion is known as abnormal
dispersion. Figure 4.2 shows typical
dependence of n on 1 and @. Region
from 4; and 4y or from @ o @,
respectively, corresponds to abnormal
dispersion. For example, absorption
regions of glass lie in ultraviolet and
infrared regions and there will be
abnormal dispersion.

In general, index of refraction of
a given medium is greater for a shorter
wavelength (corresponding to, say,
violet light) than for a longer
wavelength (say, red light). Thus light
of longer wavelength usually has
greater speed in a material than does
light of shorter wavelength. It means
that blue light bends more than red
light does when passing into a
refracting medium.

As an example, Figure 4.1 shows
how the index of refraction of crown
glass, acrylic and fused quartz depends
on the wavelength of light. To
understand the effect that dispersion
exerts on light, let’s consider what
happens when light strikes a prism
(Figure 43). A ray of single-
wavelength light incident on the prism
from the left emerges refracted from
its original direction of travel by an
angle &, called the angle of deviation.

region

Now suppose that a beam of white light (a combination of all visible
wavelengths) is incident on a prism, as illustrated in Figure 4.4, The rays that
emerge spread out in a series of colors known as the visible spectrum. These
colors, in order of decreasing wavelength, are red, orange, yellow, green, blue,
indigo and violet. Clearly, the angle of deviation & depends on wavelength.
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Violet light deviates the most, red the least, and the remaining colors in the visible
spectrum fall between these extremes. Newton showed that each color has a
particular angle of deviation and that the colors can be recombined to form the
original white light. }

Deviation of
White yellow light

Sereen

Figure 4.3 A prism refracts a single- Figure 4.4 Dispersion by a prism. The
wavelength light ray through an angle & band of colors on the screen is called a
spectrum

Since the index of refraction of optical glass varies more rapidly at the
violet end than at the red end of the spectrum, the spectrum formed by a prism is
always spread out more at the violet end than it is at the red. Also, while a prism
deviates red light the least and violet the most, the reverse is true for a diffraction
grating.

A prism is often used in an instrument known as a spectrometer, the
essential elements of which are shown in Figure 4.5. The instrument is commonly
used to study the wavelengths emitted by a light source. Light from the source is
sent through a narrow, adjustable slit to produce a parallel, or collimated, beam.
The light then passes through the prism and is dispersed into a spectrum. The
dispersed light is observed through a telescope. The experimenter sees an image
of the slit through the eyepiece of the telescope. The telescope can be moved or
the prism rotated so that the various images formed by different wavelengths at
different angles of deviation can be viewed.

All hot, low-pressure gases emit Slit
their own characteristic spectra. Thus, one \
use of a prism spectrometer is to identify
gases. For example, sodium emits two
wavelengths, 589.0 and 589.6 nm, in the
visible spectrum, which appear as two
closely spaced yellow lines. Thus, a gas Telescope
emitting these colors can !:le ldenu‘hed B Fialea s Disgram  of g’ pram
h‘_“"mg_ sodium as one of its consttltuems. spectrometer. The various colors in the
Likewise, mercury vapor has its own yisible spectrum are viewed through
characteristic  spectrum,  dominated telescope :
“fingerprints” of that gas.

Sourse
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The rainbow. The dispersion of light into a spectrum is demonstrated
most charming in nature by the formation of a rainbow, which is often seen by an
observer positioned between the sun and a rain shower. Sometimes, during a light
drizzle or immediately after rain, concentric colored arcs are seen in the sky,
when the sun is at the back of the observer. The formation of rainbows is due the
dispersion of white light from the sun due to phenomenon of total internal
reflection from the water droplets suspended in the air.

To understand how a rainbow is formed, let us consider Figure 4.6. A ray of
sunlight (which is white light) passing overhead strikes a drop of water in the
atmosphere and is refracted and reflected as follows: It is first refracted at the
front surface of the drop, with the violet light deviating the most and the red light
the least. At the back surface of the drop, the light is reflected and returns to the
front surface, where it again undergoes refraction as it moves from water into air.
The rays leave the drop such that the angle between the incident white light and
the most intense returning violet ray is 40° and the angle between the white light
and the most intense returning red ray is 42°. This small angular difference
between the returning rays causes us to see a colored bow (Figure 4.7).

Sometimes two rainbows, called
the primary rainbow and the secondary
rainbow are seen. However, the common
centre of both rainbows lies on the line
joining the sun and the observer.

Primary rainbow. The primary
rainbow has violet color on the inner
edge and the red color on the outer edge
of the rainbow, as shown in Figure 4.7.
It is formed, when the light from the sun
after undergoing dispersion from the
water droplets reaches the observer after
suffering one internal reflection. It can
be mathematically proved that an
observer receives intense red light in a
direction making angle of 42° and
intense violet light in a direction making
an angle of 40° with the line joining the
Figure 46 Refraction of sunlight by a sun and the observer. This line is called
spherical raindrop the axis of rainbow.

Sunlight

R
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White

_ White

Figure 4.7 The formation of a rainbow

Secondary rainbow. The secondary rainbow has red color on the inner edge
and the violet color on the outer edge of the rainbow, i.e. the sequence of colors in
the secondary rainbow is just reverse of that in the primary rainbow. It is formed,
when light from the sun undergoing dispersion from the suspended water
droplets, reaches the observer after suffering two internal reflections. The
calculations show that the violet light is received by the observer in a direction
making an angle of 55° and red light in a direction making an angle of 52° with
the axis of the rainbow.

It is found that the region of the sky between the two rainbows is
comparatively darker and the regions below the primary rainbow and above the
secondary rainbow are comparatively brighter than the rest of the sky.

Two observers cannot see the same rainbow. For a primary rainbow to be
seen by an observer, the rays emerging out from water droplets must subtend a

o 40°+42° y : i
mean angle of 41° = WO at the observer's eye and for a secondary rainbow,
: o 52°455° i :
a mean angle of 53.5 :—2—-. The positions of the water droplets, which

send such rays, depend upon the position of the observer. Hence, two observers at
different positions do not see the rainbow formed by the same set of raindrops.
Another attractive example of dispersion effect is diamonds. The brilliance
of diamond is due partly to its large dispersion and partly to its unusually large
index of refraction. As index of refraction of the diamond » = 2.4 is considerably

greater than the index of refraction n, for air, the critical angle for total internal

reflection is small: #=24°. Any ray inside the diamond that approaches the
surface at an angle greater than this is completely reflected back into the stone.
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This property, combined with proper faceting, causes diamonds to sparkle. The
angles of the facets are cut so that light is "caught" inside the stone through
multiple internal reflections. These multiple reflections give the light a long path
through the medium, and substantial dispersion of colors occurs. By the time the
light exits through the top surface of the stone, the rays associated with different
colors have been fairly widely separated from one another.

Cubic zirconium also has a high index of refraction and can be made to
sparkle very much like a genuine diamond. If a suspect jewel is immersed in corn
syrup, the difference in n for the cubic zirconium and that for the syrup is small,
and the critical angle is therefore great. This means that more rays escape sooner,
and as a result the sparkle completely disappears. A real diamond does not lose all
of its sparkle when placed in corn syrup.

Questions

4.1. What is dispersion?

4.2. What is normal and abnormal dispersion?

4.3. Show typical dependence of # on A or @.

4.4, What wavelength has greater speed a material: longer or shorter?

4.5. What light: red or violet bends more when passing into a refracting
material?

4.6. At what end the spectrum formed by a prism is always spread out more:
at the violet or at the red?

4.7. What is the difference between dispersion and diffraction spectrums?

4.8. Explain the formation of a rainbow.

4.9. When two colors X and Y are sent through a glass prism, X is bent
more than Y. Which color travels more slowly in the prism?

4,10, Why does the arc of a rainbow appear with red on top and violet on
the bottom?

4.1.2 Classical Theory of Dispersion

The dispersion phenomenon is the result of interaction between
electromagnetic waves with charged particles of substance. Classical theory of
dispersion was developed only after creation of electron theory of substance by
G. Lorenz. It follows from Maxwell’s theory that index of refraction of substance
n is related to the dielectric constant of the substance as:

n=ve. (4.1)

At first sight it seems that Eq. (4.1) is in contradiction with experimental
dates. For example, for water £ = 81. But its index of refraction for visible light is
1.33, not 9. This “contradiction” is result of neglecting of dispersion, that is, it is
incorrect to use Eq. (4.1). The quantity & and hence n has to depend on
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frequency f of varying electromagnetic field. Indeed, the great magnitude of
dielectric constant of water in electrostatic field £(0)=81 is caused by

orientational polarization, i.e. by dominating orientation of water molecules with
great dipole moment. :

In alternating electric fields molecules cannot change their orientation
immediately. That is why dielectric constant & would be equal to £(0) only at
low frequencies of alternating electric fields at which water molecules have
enough time to reorient along field. In alternating fields of higher frequencies
orientational polarization of water or any other dielectric with polar molecules
must disappeared practically. That is why in the region of visible light

{j‘»lO'st} the magnitude of & for medium depends only on electron

polarization, i.e. on forced oscillations of electrons in atoms, molecules or ions of
substance under influence of electromagnetic field of light wave. Therefore

e(f)<e(0) and n=le(f) <9.
When light of frequency / is incident on the substance, it forces electrons

in the substance to oscillate with the same frequency. As a result electric dipole
moments of atoms vary periodically with frequency f. Therefore atoms radiate

secondary waves of the same frequency. Average distances between particles of
substance are much less then extent of one wave-train. Hence secondary waves
radiated by a lot of adjacent atoms of homogeneous medium are coherent as with
themselves as with a primary wave. Being superimposed, they interfere and the
result of interference depends on relationship of amplitudes and phases.

In the case of optically inhomogeneous medium the superposition of
primary and secondary waves leads to scattering of light, And at last, when light
falls on the interface of two different substances the interference causes not only
transmitted wave, but reflected wave as well,

Let’s discuss classical theory of dispersion of light in homogenous
dielectric in details. From electromagnetic theory it follows that dispersion can be
formally treated as a consequence of dependence of dielectric constant £ on
frequency f of light waves,

Lorenz proved that hypothesis about existence of electrons bounded quasi-
clastically in atoms, is enough for qualitative understanding of many optical
phenomena. Being displaced from equilibrium positions these electrons begin to
oscillate, gradually losing energy for radiation of electromagnetic waves. As a
result the oscillations will be dumped. The dumping can be taken into account by
introducing so—called “friction force of radiation”, which is proportional to the
velocity.

When electromagnetic wave passes through the substance, each electron is
exerted by Lorenz’s force

F = ~¢E — e|vB|= —E - euy|vH |, (42)
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(—e — is the charge of electron). In electromagnetic wave the ratio of magnetic
field strength H to the electric field strength E is

H o
E \m

Hence the ratio of magnetic force to electric force experienced by electron
is defined as

HovH £0 . v
= OV, | = V& ==,
R 1 VEOHO =

Even if the amplitude of electron’s oscillation would reach A (10 "m), (the
order of atom magnitude), the amplitude of electron’s speed A would be
approximately

107 x3x10"¥ m/s =3x10° mJs.
(@=2xf is approximately equals to 3x 107" s™). Hence, %« 10~ and we can

neglect the second term in Eq. (4.2).
Thus, when electromagnetic wave passes through substance, each electron
experiences the force
F =—eE cos(at + ),

where Ej is the amplitude of electric field in electromagnetic wave, @ — quantity

defined by the coordinates of a given electron.

The visible light acts more strongly on the outer, so-called valence or
optical electrons because the natural frequencies of inner electrons differ very
much from the frequencies of optical waves and hence the oscillations of inner
electrons by a visible light are not exited.

Next, for the simplicity we assume that there is only one optical electron in
atom. We assume also that atoms don’t interact with each other (which are valid
for gases). Additionally, in the very beginning of derivation we neglect damping
due to radiation. Later we’ll take account of the dumping by introducing certain
corrections into the obtained formulas.

In such a case the equation of motion of electron has form:

d*r(r)
2

+ &)gr(f) =—(e/m)Eqy cos(at +a) ,
dt

where @y is the natural frequency of electron. It follows from the theory of
differential equations that the solution of this equation is:

() = l(ez/m—)-E?Ucos{ax+a) = ‘“—S{E)EE(")-
ay” - o —w
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As the mass of electron is much less than nuclear mass we can neglect the
displacement of nuclear from its equilibrium position due to electric field of light
wave. Then the molecular dipole moment can be expressed as

2
5 {”; S E(1).

i) =—erlf) =i
@y

Let’s denote the number of
molecules per unit volume as N. Then
the product Np(t) gives the polarization

of substance P(r).

2
P(1) :ME(!).
ay” —w”

As in an isotropic dielectrics the
polarization P is related to the electric
field strength £ by simple relationship

P= ZE{)E‘
where y is susceptibility, then the
dielectric constant £ is
PR N e Y
E—]+I—I+W]Et ‘”EHFJ'

And, finally, recalling that £ = n* a

we obtain:
2
n® = 1+ﬂ~‘—Z’L. (4.3)
£0 (UUZ _ w2
When frequencies @ differ greatly
from the natural frequency @y, the
second term in the expression (4.3) is
small in comparison with unity, and that

is why n? ~1. In the vicinity of the
natural frequency ey the function (4.3)
approaches to +o when @ comes from
the left and approaches to —o when it
comes from the right (Figure 4.8).

Such behavior of theoretical curve
is caused by neglecting of dumping of
radiation. When we take into account
this dumping, we obtain function as that
at Figure 4.9.
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Figure 48 The dependence of n° on @
in the region of absorption
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Figure 4.9 n as a function of @ in the
vicinity of the region of absorption.
Dispersion curve. (1-2) and (34)
corresponds to the normal dispersion, (2-3)
corresponds to the abnormal dispersion.
Dash line shows dependence of absorption
coefficient in the absorption region
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For all transparent substances the function n(w) has a form, shown in

Figure 4.9. When frequency increases, the index of refraction increases too, i.e.
dn/dw>0. The sections (I — 2) and (3 - 4) at Figure 4.9 correspond to the
normal dispersion. If substance absorbs some part of light, then in the region of
absorption the dispersion shows anomaly — index of refraction decreases with
increasing of @, that is dn/dw <0 (2 - 3).

Exercises

4.11. Explain the process of interaction of light with substance.

4.12. Show the regions of normal and abnormal dispersion.

4.13. Why index of refraction decreases with increasing of @ in the region
of abnormal dispersion?

4.14. Derive the dependence of index of refraction on frequency.

4.15. Explain the dependence of index of refraction on frequency
(qualitatively)

4.16. Explain the dependence of index of refraction on frequency
(quantitatively)

4.2 Absorption of Light

It was proved experimentally that intensity of light wave decreases when
light passes though the substance. This phenomenon is called absorption of light.
When light passes through a substance, some part of wave energy spends
for the excitation of electron oscillations. Partially this energy returns to the
radiation in the form of secondary waves. Partially it transforms into the internal
energy of the substance and substance is heated. As a result the intensity of light
decreases — the light is absorbed by the substance. Forced oscillations of electrons
and, hence, the absorption of light becomes especially intensive at the vicinity of
resonance [requency. :
There was established experimentally that intensity of light decreases
exponentially when light is passing through the substance:
I =Iyexp(-al). (4.4)
Expression (4.4) is called Burger’s law, after French scientist Pier Burger
(1698 — 1758). Here I is the initial intensity of light that enters the absorbing
layer (at the boundary or any point inside the substance), / — thickness of
absorbing layer, a -absorption coefficient, depending on properties of absorbing
substance and wavelength or frequency of light.
Taking the derivative of (4.4) we obtain
dl =-alyexp(-al)dl =-aldl . (4.5)
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From Eq. (4.5) it follows that the loss of intensity at the path df is
proportional to the length of this path and intensity / itself. The absorption
coefficient & serves as a coefficient of proportionality.

According to (4.4) the intensity / become e times smaller /;, at distance

[=1/a. It means that the absorption coefficient @ is the physical quantity
inversely proportional to the thickness of absorption layer corresponding to the e
times decreasing of intensity. 1t should be mentioned that the absorption
coefficient depends on wavelength of light and does not depend on its intensity.

For substances, in which atoms (or molecules) practically does not interact
with each others, (gases, vapors of metals at low pressure), the absorption
coefficient for the most wavelengths approaches to zero and only for very narrow
spectral bands (about several angstroms in width) it shows the sharp maxima.

These maxima correspond to the resonance frequencies of electron
oscillations inside atoms (Figure 4.10). In the case of manyatomic molecules the
frequencies, corresponding to oscillations of atoms inside molecules, is found out.
As masses of molecules are much greater then mass of electron, the molecular
frequencies are much less then the atomic ones — they are found in infrared region
of spectrum. When pressure of gas increases, absorption maxima, (initially very
narrow), become broader and broader and at high pressures spectrum of
absorption of gases approaches to the spectrum of absorption of liquids. This
proves that broadening of the absorption band is the result of interaction between
atoms.

Solid bodies, liquids and gases at high pressure show wide bands of
absorption as shown in Figure 4.11.

Experiments show that absorption coefficient of monochromatic light in
solution of absorbing substance is proportional to concentration ¢ of solution:

a=aqc.

This expression is law of Bar. The Bar’s law is valid for diluted solution.

The absorption coefficient @; depends on the frequency @ (or wavelength 4 ) of

the light.

UﬂJL I

Figure 4,10 The dependence of absorption
coefficient on frequency for gases and
vapors of metals at low pressure

o

}

0 ()

Figure 411 Gases at high pressure, liquids
and solid states give a broad absorption band
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And finally, it should be mentioned that metals are practically opaque for
light (their absorption coefficient @ has the magnitude of order 10° m '; whereas
the absorption coefficient for glass is a ~1). This is due to existence of free
electrons in metals. Free electrons go into motion under electric field of
electromagnetic wave. As a result rapidly varying currents with joule heating
appear in metal and energy of light wave decreases rapidly, being transformed
into the internal energy of metal.

Questions

4.17. Why solid states and liquids have broader band of absorption then
gases?

4.18. Write and explain Burger’s law.

4.19, Determine the physical meaning of absorption coefficient.

4.20. Write and explain Bar’s law.,

4.3 Vavilov — Cherenkov's Effect

In 1934 two soviet scientists Pavel Cherenkov and Igor Vavilov discovered
that certain substances being exposed by ¥ and f-rays emit light. This radiation
differs from usual type of luminescence. Analysis of properties of the radiation
shows that it has nothing common with luminescence. Thus for example, it was
observed in all pure liquids, irrespective of their chemical composition, and its
intensity did not depend on neither temperature of liquids, nor admixtures, which
should cause decreasing of radiation, if it would be luminescence. Vavilov made
an assumption that glow is caused by motion of free electrons through the
substance. However, the attempts to explain the glow by slowing-down of
electrons in liquids failed. As calculation showed, for all liquids under
investigations, the intensity of glow though was small, but exceeds all possible
values of intensity of slowing-down radiation of electrons.

The effect has following explanation. According to electromagnetic theory,
the moving charge radiates the energy when it moves with acceleration and
doesn’t radiate the energy when it moves with constant speed. But proof of this
statement is based on the assumption that no particle cannot move with the speed
greater than the speed of light. This assumption seemed to be so obvious
consequence of relativistic theory that nobody even try to analyze it. Actually, the
theory of relativity only allow to state that speed v of any charged particle always
Jless then speed of light ¢ in vacuum: i.e. v <c. That is why, the charge moving
uniformly along straight line in vacuum, really, doesn’t radiate electromagnetic
waves. In transparent medium phase speed of visible light is always less than c. It
is equal to c¢/n, where n>1 is refractive index of substance. Therefore, in
substance charge can move with “superlight” speed ¢ >v > ¢/n. Soviet scientists
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Tamm and Franck showed that charge moving in substance with “superlight”
speed must radiate electromagnetic waves.

It should be mentioned that during Vavilov — Cherenkov’s radiation the
energy and speed of radiating free particle decrease, that is, particle decelerates.
But it is important to emphasize that unlike slowing-down radiation, which is the
result of acceleration of particle, the decrease of speed in Vavilov — Cherenkov
effect is rather not the cause but result of radiation. In other words, if decrease of
energy at Vavilov — Cherenkov effect would compensated by some way and the
particle all the time would move with “superlight” speed, the Vavilov —
Cherenkov radiation all the same would take place, whereas any slowing-down
radiation would not be,

Charged particle induces short-timed polarization of substance along line of
its motion. As a result molecules of substance become short-timed coherent
sources of light which produce interference at overlapping. When v<c/n the
secondary wavelets interfere destructively and eliminate each other. When
v>c/n the secondary wavelets interfere
constructively and reinforce each other.

The Vavilov — Cherenkov’s effect
was experimentally observed in liquids 0
and solids. The short waves are inherent v
mainly for this radiation that is why it has
a blue color. But the main property of this
radiation is following: it is emitted not
over all directions but only along the Figure 412 The Vavilov — Cherenkov ra-
conical surface which axis coincides with diation is emitted along the conical
the direction of velocity of the particle surface
(Figure 4.12).

The angle & between the direction of radiation and velocity of the particle
is defined by expression:

—

ZAIRN

2
——

cosf=CN_ € (4.6)

The Vavilov — Cherenkov’s effect is widely used in experimental
techniques for investigations of radioactivity and elementary particles.

Summary

The index of refraction of a material n depends on the wavelength of light
A. It usually decreases with increasing wavelength. This phenomenon is called
dispersion. In general, index of refraction of a given medium is greater for a
shorter wavelength (corresponding to, say, violet light) than for a longer
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wavelength (say, red light). It means that blue light bends more than red light
does. On the basis of classical electromagnetic theory it can be shown that

N 22/m

235
n- =1+ 5

0 py? -0

The intensity of light decreases exponentially when light is passing through
the substance according Burger’s law:

I'=1Iyexp(—kl).

Experiments show that absorption coefficient of monochromatic light in
solution of absorbing substance is proportional to concentration ¢ of solution:

a=ac.

This expression is law of Bar.

Certain substances being exposed by » and f-rays emit light. This
radiation differs from usual type of luminescence. One of main property of this
radiation is: it is emitted not over all directions but only along the conical surface
which axis coincides with the direction of velocity of the particle The angle
between the direction of the Vavilov — Cherenkov’s radiation and velocity of the
particle is defined by expression:

cosf=Cln_C
v nv
Key Terms
dispersion aHcnepeHa auenepcis
normal dispersion HOPMaTbHAS THCTIEPCHS HOpMAITEHA JIHCnepcis
abnormal dispersion  aHOMaJbHAsA UCIIEPCHUS aHOMAalIbHA cHepeis
Burger’s law byrepa 3akon Byrepa saxon
Vavilov — Cherenkov's ~ Basunosa — Uepenkosa Baginosa — Yepenkona
radiation HATY4CHHE BHIIPOMiHIOBAHHSA

Bar’s law bapa 3xon Bepa 3axon
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Appendix A Symbols, Dimensions, and Units

Table A.1 Base S| Units
Tabnuua A.-1  OcHoBHbie eauHULL CU
Tabruus A1 OcHosHi oguruyi Cl
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Name of Value Sl units
No. Sym- Engli§h Dimen— .
bol Russian sions English Russian Ukrainian
Ukrainian

] | |length L m M M
JUTHHA (meter) (meTp) (metp)
JTIOBKHHA

2 | m |mass M kg KT KT
Macca (kilogram)| (xumorpamm) | (kisorpam)
Maca

3 t  |time T s é c
BpeMst (second) | (cekynnma) | (cexymna)
Hac

4 I |electric current I A A A
CHJIA MMEKTPHUYECKOTO (ampere) (amnep) (ammep)
TOKa
CHITA ENEKTPUYHOTO
CTpyMy

5 T |thermodynamic tem- 0 K K K
perature (kelvin) | (kenbBHH) | (keubBiH)
'TePMOIMHAMHYCCKas
TeMnepaTypa
TEPMO/IMHAMIYHA TeM-
neparypa

6 N |amount of substance N mol MOIE MOJTh
KOJIMYECTBO BEIECTBa
KiIBKICTH PeYOBHHH

7 I |luminous intensity J cd K11 KI
CHJIa CBETA (candela) | (xanpena) | (kampena)

cHJIa CBITIA
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Table A.2 S| Supplementary Units
Tabnuua A.2 [lononHutensHbie eauHuubl CU
Tabnuus A.2 [ogatkosi oguhuui Cl

Name of Value Sl units
No. |Sym- English Dimen- _ )
| bol Russian sions English Russian Ukrainian
Ukrainian
1 | @ B |plane angle 1 rad pan pan
y |nnockwit yron (radian) | (pamman) | (papian)
TJIOCKHI KYT
2 0 |solid angle 1 ST cp cp
TeNecHBIH yron (steradian)|(crepanuan)| (cTepaian)
TiIeCHHMIT KyT

Table A.3 Sl Special Named Derivative Units
Tabnuua A.3 MpoussogHele eaunnusl CU, umelowime cneuvansHoe HaisaHue
Tabnuua A3 TMoxigxi ogunudi Cl, Wwo mManTk cneuiansHi Hassu

Name of Value Sl units
No Sym- English Dimen- Sl base units
‘| bol Russian sions English | Russian | Ukrainian | relationships
Ukrainian
1 2 ] 3 4 5 6 [ 8
1| f |frequency T Hz I I'n ITu=1¢"
yacToTa (hertz) | (repu) | (repu)
YacToTa ”
2| F [|force, weight LMT? N H H 1H=
CcUIIa, BEC (newton) | (HbtoTon)| (HBIOTOR)| = 1 Krm/c’
CHfa, Bara
3| p |pressure, me- LIMT? Pa I1a Ma 1 I'la=2
chanical stress (pascal) |(mackans)|(nackans)| =1 H/m
JlaBJIeHHe, Me-
XAHHYECKOE Ha-
npsKeHHe
THCK, MeXaHivyHe
HapyKeHHs
4 | E, A, |work, energy, LMT? J Tk Jlx Tk =
W, Q |quantity of heat (joule) |(mxoymw)|(axoyns)| =1Hwm
sneprus, pabo-
Ta, KOJIUYECTBO
Terna
enepris, po6ora,
KUIBKICTB TETUIa
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Table A3 (continued)
Tabnuuya A.3 (npogomxkenrue)
Tabnuus A.3 (npopoBkeHHs)

3

6 7 8

power, energy
flux

MOLIHOCTb, MOTOK
IHEPIUM
HOTYXHICTE, 10-
TIK eHeprii

L’MT?

(watt)

Br Br I Br=
(BarT) (Bart) | =1 Ow/c

charge, quantity
of electricity
INEKTPHUECKHH
3apsl, KOMHYecT-
BO MIEKTPHUECTRA

CNEeKTPHUHHMIT 3a-
pAil, KIIBKICTh
ENEKTPHKH

TI

G
(coulomb)

Kn Kn | Kn=
(kysion) | (kymon) | =1A-c

o U

potential differ-

ence, electromo-
tive force (emf),
voltage

ICKTPHHECKHH
MOTeHIHa, pa3-
HOCTh JEKTPH-
YECKHX TOTEH-
IHANOB, YIEKTPH-
YECKOE HAMpsKe-
HHE, HeKTpo-
JBIKYLIAN chia
(AC)
CHCKTPHYHHI [0~
TEeHIia, pi3HHILA
CNeKTPHYHHX 110~
TEHLIANIB, eNeKT-
pHYHa Hanpyra,
CJICKTPOpYILiiiHa
cuna (EPC)

mri!

(volt)

B B 1B=
(BoneT) | (BombT) | =1 B1/A

electric(al) ca-
pacitance
MeKTpHYECKas
EMKOCTh

CIICKTPHYHA €M-
HICTh

L °M'TY?

F
(farad)

(dapana)| (papana) | = 1 Ki/B
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Table A.3 (continued
Tabruua A.3 (npogorkenue
Tabnuus A.3 (NpopoBkeHHs)

-

3

6

7

8

electric(al)
resistance

MMEKTPHYECKOE
CONPOTHBIIEHHE

CNEKTPHYHHI
orip

LMT1?

(ohm)

Om
(om)

Om
(om)

1OmM= |
=1 B/A

electric(al) con-
ductivity
JleKTpHYecKast
NPOBOJHMOCTE
eNeKTPHYHA
IPOBLIHICTD

LM

S
(siemens)

Cm
(cumenc)

Cm
(cimenc)

I1Cm=
=10m"

magnetic flux

MarHHTHBIH Mo-
TOK

MarHiTHHi mo-
TIK

LMT 1!

Wh
(weber)

B6
(Bebep)

B6
(Bebep)

12

induction (mag-
netic flux den-
sity)
MarHuTHAA HH-
NyKiusa (nnot-
HOCTb MArHuT-
HOT'O MOTOKA)
MartiTHa iHmy-
KIis (rycTHua
MAarsiTHOr o 1o-
TOKY)

MT !

(tesla)

Tn
(Tecna)

Tn
(Tecna)

L L,

inductance

HHIYKTHBHOCTb,
B3aHMHasl UH-
IDYKTHBHOCTH

ilmyngsuicn,
B3AEMOIH /Y KTH-
BHICTB

L’'MT 17

(henry)

I'n
(renpmu)

I'n
(reupi)

ITh=
=1 B6/A

luminous (light)
flux

CBCTOBOH MOTOK
CBITIOBHII MOTIK

M
(nmromen)

M
(Juomen)

l mm=
=1 wrcp

15

illuminance
OCBEILCHHOCTh

OCBIT/ICHICTh

K
(oKc)

JIK
(moKc)

lak=_
=1 am/m°
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Table A.4 Sl Derived Units of Space and Time
Tabnuua A4 MNpon3sogHbie eAUMHNLLI BENUYUH, OMMCHIBAIOLLIMX NPOCTPAHCTBO U BpeMms
Tabnuua A4 TMoxigHi OAMHALI BENWYMH, O ONMCYIOTH NPOCTIP | Yac

Name of Value Sl units
No. | Sym- English Dimen-
| bol Russian sions English Russian Ukrainian
Ukrainian
I | @ |angular velocity T 5 c' ¢
yrioBas (Kpyrosas) qac- (rad/s) (pan/c) (pam/c)

TOTa, yriosas CKOPOCThb

KyTOBa (Kpyrosa) 4acro-
Ta, KYTOBa IIBHKICTh

2 | a |angular acceleration T3 rad/s’ paw/c’ pan/c’
YI7I0BOE yCKOpeHHe
KYTOBE IIPHCKOPEHHS

3 | v |velocity LT m/s m/c m/c
CKOPOCTh
UIBHJIKICTh
4 a |acceleration LT™> m/s’ mlc’ m/c?
ycKopeHue
MPHCKOPEHHS
5 | g |acceleration due to grav- | LT? m/s
ity

YCKOpeHHe cBoboHOro

NnajcHus, rpaBUTallHOH-
HOE yCKOpeHune

NPHCKOPEHHSA BUILHOTO
na/iHKs, rpasitaniiine

M/C

TIPUCKOPEHHS

6 |a B y|plane angle 1 rad pan pan
TUIOCKHIA yron (radian) | (pagman) | (pamian)
IUTOCKHH KyT

7 2 |solid angle 1 sr cp cp
TECCHBII yron (steradian)|(cTepaaman)| (crepani-
TieCHHH KyT o)

8 | 4,8 |area B m* M M
I101a/ b

_|nnowwa

9 V' |volume £ m’ M M

obbeM

00’eM
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Table A.5 Sl Derived Units of Periodic Processes and Phenomena
Tabnuua A.5 TMpouasopHbie equHWLBI BENWYMH, ONUCLIBAIOLWNX Nepuoanyeckme
npowueccsl 1 ABNEHUR
Tabnuus A.5 ToxiaHi oguHKLI BENWYMH, WO ONKCYIOTE NEpIogUYHI Npouecy Ta feuuia

Sym-
No. bol

Name of Value

English
Russian
Ukrainian

Dimen-
sions

Sl units

English

Russian

Ukrainian

1 2

3

5

6

7

L f

frequency
4acToTa
4acTOTA

—I——-I

Hz
(hertz)

I'n
(repm)

I'a
(repu)

rotational frequency
4acToTa BpalicHua
vacToTa obepranus

/s

ob/c

0b/c

period
nepuos
nepios

§
(second)

¢
(cekynma)

c
(cexynna)

relaxation time
BpeMsl pellaKcalnm
yac penakcautii

angular velocity

yriosas (Kpyrosas)
4acToTa, yrjioBas cko-
pocThb

KyTOBa (Kpyropa) yac-
TOTA, KYTOBA WBHJI-
KICTB

S— 1
(rad/s)

wavelength
JUTHHA BOJIHBI
TTOBIKHHA XBHJII

damping coefficient
koa(uumenT 3aTyxa-
HIs

koedilienT 3racaHns

damping decrement
(logarithm)

siorapuMuyeckHit
JCKPEMEHT 3aTyXaHus

norapuMIuHHIT 1eK-

EMEHT 3racaHHs
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Table A6 Sl Derived Units of Electric and Magnetic Values
Tabnuua A.6 MPOM3BOAHLIE €ANHULLI BNEKTPUHECKUX U MArHUTHBIX BENWYNH
Tabnuus A6 ToxigHi OAUHWLI ENEKTPULHNX | MATHITHUX BENWMYNH

Name of Value Sl units
No Sym English Dimen-
| bol Russian sions English Russian Ukrainian
Ukrainian

1 2 3 4 5 6 7

1 0 c!}a}'ge, quantity of elec- Tl 0 Kn Kn
tricity (coulomb)| (kynon) | (kynoH)
NEKTPHYUECKHH 3apsaj,
KOJIMYECTBO JIEKTPHYE-
cTBa
eNEKTPHYHHIHA 3apsL, Ki-
JABLKICTH CNEKTPUKH

2 | & |electric charge density | LTI C/m’ Kn/m’ Ki/m®

(surface)

OBEPXHOCTHAA TUIOT-
HOCTB HIEKTPHHECKOTO
3apsajia

NOBEPXHEBA I'YCTHHA
eIeKTPHYHOTO 3apay
3 | D |electric induction, elec- | LTI C/m’ Kn/m® Ki/m?
tric-flux density
EKTPHYECKOE CMEILIE-
HHE (BEKTOP 3NCKTPH-
4ECKOI HHYKLIHH)
eNIeKTPUYHE 3MILICHHS
(BEKTOp eNeKTPHYHOI
IHAYKLIT)

4 | p |electric charge density LTl C/m’
(volume)

(0BbeMHAsA) TIOTHOCTE
HNCKTPUUECKOro 3apaia
(06’emua) rycTHa elne-
KTPHHMHOTO 3apany

5 E |electric field strength LMT T Vim B/m B/m
HaNPSKEHHOCTD HJ1eK-
TPHHECKOTO 11015

HAMPYKEHICTh ENEKT-
PHYHOTO 110115

Ku/m® Kn/m®
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Table A.6 (continued)
Tabnuua A6 (npopomkexue)
Tabnuus A.6 (npofoexeHHs)
1. ]2 3 4 5 6 7
6 |V, |voltage L*MT T \% B B
U |nanpsxenue, pasHOCTb (volt) (BoabT) | (BOMIBT)
MOTEHIIHAJIOB
HANpPYKEHICTh, Pi3HULA
MOTEHILIANIB
7 | ¢ |electric potential L'MT 1 Vv B B
INEKTPHUECKHIT OTECH- (volt) (BosbT) | (BOJIBT)
IHAT
eNeKTpHIHUIT TTOTeH A
8 | E |electromotive force L*MT 1! \Y B B
IMEKTPOABHIKYILAS CHIA, “(volt) (BonsT) | (BOMBT)
IJ1C
eAEKTPOpPYIIIHHA CHIa,
EPC
9 | ¢ |electric capacitance LM TP F @ @
IMEKTPHYECKan eMKOCTh (farad) | (dapanma) | (dapana)
ENeKTPHYHA CMHICTE
10 | g |dielectric permittivity L°M'TE!| Fm /M O/M
abcomoTHas AUIIEKTPH-
qecKas NPOHHLIAEMOCTH
abcomoTHa JlieneKTpHY-
HA POHUKHICTh
11 | g [relative dielectric permit- - o = _
tivity
OTHOCHTENLHAS HDIICK-
TpUUECKas NMPOHHIAe-
MOCTh
BIIHOCHA Jlie/IeKTPUYHA
NPOHUKHICTh
16 | H |magnetic field strength L A/m A/M A/M
HANpAKCHHOCTL MATHAT- (am- (am- (am-
HOTO MoJs pere/m) | nep/metp) | nep/merp)
HaMpyKeHICTb MarHiTHO-
ro o
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Table A6 (finished)
Tabnuua A6 (okoH4aHue)
Tabnuus A6 (3akiH4eHHs)

3

5

6

7

Zx mm

magnetic induction
(magnetic flux density),
remanent induction,
saturation induction

MarHuTHas HHIYKIHs,
(MIOTHOCTH MarHHTHOTO
noToka),

MarHiTHa iHJyKILis,
(rycruna mMarsitHoro
NOTOKY)

OCTATOYHAA MATHHTHAA
HHAYKIHA

3AIMLIKOBA MATHITHA
iHayKLiS

MarHHTHas HHIYKLHA
HACLIIIEHHA

MarfiTHa IHAyKILs Ha-
CHYEHHS

MT T

T = Wb/m’
(tesla=
= weber/m”)

Tn
(Tecna)

Tn
(Tecina)

magnetic flux
MArHUTHBIH MOTOK
MAarHiTHHI NoTIK

M1 1!

Wb
(weber)

B6
(Bebep)

B6
(Bebep)

magnetic permeability
MarHHTHas
NPOHHUIIAEMOCTh

MAarHiTHA POHUKHICTh

LMT1?

H/m
(henry/m)

'u/m
(ren-

pu/metp)

'a/m
(ren-

pi/merp)

20

Ly

relative magnetic per-
meability
OTHOCHTENILHAA Mar-
HUTHAs NPOHHLAEMOCTh
BIIHOCHA MarHiTHa
MPOHHKHICTE

25

resistance
AMEKTPHIECKOE CONPO-
THRJICHHE

ENEKTPHYHHIT oriip

LMT 1

(ohm)

Om

phase angle
pasHocTh (a3
pi3HHLA (a3

rad

pan

pa
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Table A.7 S| Derived Units of Optical Values and Electromagnetic Radiation
Tabnuua A.7 TMpon3BogHbIE eUHNLLI CBETOBBIX BEMTMYMH ONTUYECKOrD Wany4yeHus
Tabnuus A.7  ToxigHi 0AUHWL CBITNOBMX BENUYMH ONTUYHOTO BUNPOMIHIOBaHHA

Name of Value Sl units
No. Sym- English Dimen- : : |5
bol Russian sions English Russian | Ukrainian
Ukrainian
1 2 3 B L 6 7
1 | f [|frequency T Hz I'u '
4aCTOTA (hertz) (repuy) (repu)
4acToTa
2 » |angular frequency T s ¢! ¢!
YrioBas 4acrora (rad/s) (pan/c) (pan/c)
KYTOBa 4acToTa
3 A |wavelength L m M M
JUIHHA BOJTHBI
JIOBKHHA XBHUII
4 C |illumination, candela- Tl cd-s KII-C K/1-C
second
OCBEUMBAHHE
OCBITJICHHA
5 @, |luminous flux J Im M M
CBETOBOIT MOTOK (lumen) | (momen) | (momen)
CBITJIOBHII OTIK
6 | £, |luminance L7 cd/m? KM Ki/M”
APKOCTH
ACKPABICTh
7 | M, |luminous exitance 1.7 Im/m? MM MM
CBETHMOCTh
CBITHICTh
8 | E, [|illuminance ) 55 Ix K JIK
OCBEIIEHHOCTE (lux) (mtoke) (moxc)
OCBITIIEHICTE
9 | D |optical density ~ - - -
ONTHYECKAs MII0T-
HOCTh
ONTHYHA I'YCTHHA
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Table A.7 (finished)
Tabnuua A.7 (oKoH4aHue)
Tabnuua A7 (3aKiHYEHHR)

1 2 3 4 5 6 7

linear absorption coef- | L m’ M M
ficient

HATYpAIbHBIH MOKa3a-
Tellb MOTTOIEHNS,
JHHEITHBIH Ko dmuuu-
€HT MOTJIOIICHNA

HATYpANbLHHIT 10Ka3-
HHUK MOTJTHHAHHSA, JTi-
HilHK KoediuienTt
TOrTHHAHHS

index of refraction - - . -
kod(puuHent npe-
JTOMJICHHSA

KoeiLlieHT 3a10MIeH-
Hs

Important Sl Units Names

Table A.8 Sl Derived Units of Space and Time
Tabnuua A.8 TMpoussogHbie eaunuubl CH, ucnonbayemblie 4ns onucaHws NpocTpaHcTea
1 BpEMeH!
Tabnuus A.8 lMoxigi oguumnui Cl, AiKi BUKOPMCTOBYIOTLCA ANA ONKUCY NPOCTOPY i Hacy

Name of unit Designation . i
English Ukrainian Internationaﬂ Ukrainian | e

square meter KaJipaTHHI METp m’ M L2
cubic meter Kkybiunmii meTp m’ M L’
meter per second METP Ha CCKYHIY m/s M/c LT,
meter per second MET] Ha CCKYHAY m/s’ m/c’ L2
squared B KBaJpaTi
second to the minus | cexynaa B Minyc o ¢? T
2nd power JIpYTOMY CTEIeHi
radian per second paniaH Ha CeKyHIy rad/s pan/c 5
radian per second pajliai Ha CeKyHAy rad/s’ pan/c’ e
squared B KBaJIpari
hertz repit Hz I'u ‘§
second to the minus | cekyHaa B MiHyc g ¢! T
1st power NepuIoMy cTerneHi
meter to the minus | MeTp y MiHyc m’ M L
1st power TIepuIOMY CTENeHi
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Table A.9 Sl Derived Units of Optical Values
Tabrnvua A.9 lpoussoaHbie eanHULL CU CBETOBLIX BENMYMH ONTUYECKOro W3nNy4yeHws
Tabnuus A.9  MoxigHi ogunkui Cl CBITNOBUX BENWUYUH ONTUHHOTO BUNPOMIHIOBAHHS

English Name of unt Ukrainian Intama?igﬂglnaai?ainian Dimensions
1 2 3 4 5
meter per second METP Ha CEKYHJIy m/s m/c LT
joule JUKOY b ] Jx L’MT?
joule per cubic meter |mkoyias Ha kyGiunmii Jm’ Jor/m’ L'MT?
METp
waltt BaT W Br L'™MT?
waltt per squarc meter |Bat Ha KBajpaTHHIL W/m? Br/m’ MT
Me
joule per square meter ,uac]g;nb Ha KBaAPaTHHM J/m? Jhx/m’ MT?
METp
watt per steradian BaT Ha cTepajian Wisr Bt/cp L'MT
watt per steradian- BAT Ha CTEpajiaH- W/(srm®) |Br/(cp-m®)| MT ’
square meter KBaJpaTHHIT METp
watt per square meter- [BaT Ha KBaJpaTHHii Wim*K") |Bri(m*KY| MT 0
kelvin to the 4th METP-KEJIbBIH y HeTBep-
power TOMY CTeneHi
walt-square meter BAT-KBAJIPaTHHIT METP W-m* Br-m’ L'MT
meter-kelvin MCTp-KeNbBiH m-K m-K Lo
joule-second IUKOYb-CEKYHIA Is k- L’MT"
loule per kelvin [UKOY/Ib HA KEJIBBIH JK Iw/K | L’MT?0!
lumen JIIOMEH Lm M ]
lumen-second IOMEH-CEeKyH 1A Lm-s JIM-C TJ
lux TIOKC Lx 1K L%
lumen per square me- |1OMeEH Ha KBapaTHHi Lm/m’ m/m P
ter MeTp
candela per square  |kaujena na keaapatumii | cd/m’ KM’ L7
meter METp
lux-second JIOKC-CEKYH/Ia Lx-s nK-C LTI
lumen per watt JIIOMEH Ha BaT Lm/W am/Br | LM'TY)
lumen per meter- JoMeH Ha MeTp-pagiad | Lm/(m-rad) am/(m-pan)]  L7'J
radian
meter to the minus 1st merp Yy MiHyC nepiomy m' M L
power CcTeneHi
square meter per KBAJ[paTHHI MeTp Ha m’/kg /KT L’M!
kilogram Kijlorpam
square meter per mole |kBaapatHuMii MeTp Ha m*/mol | m*/mons LN
MOJIb
candela per lux KaH/Iesa Ha JIIOKC cd/Lx K/ 1K
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Appendix B Conversion Factors

In conversion factors tables the SI units are fully capitalized

Table B.1 Length

cm METER (m) km in i mi
1 centimeter = 1|12 1073 0.3937 32811072 |6.214x10°®
1 METER = 100 |1 1073 39.37 3.281 6.214x107%
| kilometer= 10> |1000 | 3.937x10% 3281 0.6214
1inch=2.540 [2.540x1072]2.540x1073|1 8.333x1072 [1.578x107°
1 foot =30.48 |0.3048 3.048x1074[12 1 1.894x10°%
L';"(:;;x 05 |1609 1.609 6.336x10% | 5280 !
iﬂgjgﬁ"’? T i 10 1 fathom = 6 ft l:rlcg‘is—ﬂ
1 sisneeal 1 light-year = 1 Bohr radius = 1 mil =
mile=1852m = |= 9.460x10'% km =5292x10" ' ' m =107 in.
gol';ésﬁl miles = Ilm[-)larSi::c = 3.084x10" Lyard =3f LI:]:_; E
Table B.2 Area

METER? (m?) cm? f2 in’

| SQUARE METER = | 104 [10.76 1550
| square centimeter = 10~ 1 1.076x1073 0.1550
| square foot = 9.290x 102 929.0]1 144
| square inch = 6.452x10~* 6.452|6.944x10~° I
1square mile = 2.788 x 107" #2 = 640 acres I acre = 43 560 fi’
| bam = 1028 m? | hectare = 10*m? =2.471 acres
Table B.3 Volume

METER® (m?) om’ L i3 i
1 CUBIC METER = | 108 1000 35.31 6.102x10*
I cubic centimeter = 107° |1 1.000x 107> |3.531x107 |6.102x1072
1 liter = 1.000x10~> 1000 1 3.531x1072 |61.02
1 cubic foot = 2.832x107% [2.832x1074 [28.32 I 1728
I cubic inch = 1.639x107> [16.39 1.639x107% [5.787x107* |1
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Table B4 Mass ;
Quantities in the dark-out areas are not mass units but are often used as such. When
we write, for example, | kg "=" 2,205 Ib, this means that a kilogram is a mass that

weighs 2.205 pounds at a location where g has the standard value of 9.80665 m/s°.

KILOGRAM

g (kg) slug u oz b :
{lgram=1_|0.001 6.852x107 |6.022x10%[3.527x107% [2.205x107
Ao |1 6.852x107% |6.022x10%6|35.27  [2.205
1 slug = 27 :
— 1.459x10% 14.59 1 8.786x10%' [514.8 32.17
1 atomiq '
mass URiL = | 16610 1.138x10728|1 5.857x10726 (366210727
= 1.661x10°
Lwince = |2.835x1072 | 1.943x107 {1.718x10% |1 6.250x107
Lpouncis 10,4536 3.108x1072 |2.732x10%16 1
l1ton=
21129 4
~9.072x10° 907.2 62.16 5.463%10%7 13.2x10 2000 .
| metric ton = 1000 kg
Table B.5 Time
y d h min SECOND (s)
| year = | 365.25 8.766x10° [5.259x10° |3.156x107
I day = 2.738x10" R N 1440 8.640x10°
I hour = 1.141x107% 4.167x1072 |1 60 3600
I minute = 1.901x10°  |6.944x107* [1.667x1072 |1 60
1 SECOND = 3.169x107% |1.157x107° |2.778x107*|1.667x1072 |1
Table B.6 Speed
- wh |METERSECOND[ o =
(m/s)
1 foot per second = 1 1.097 0.3048 0.6818 30.48
1 kilometer per hour=0.9113 1 0.2778 0.6214 27.78
[ METER per SECOND = 3.281 |3.6 1 2237 100
1 mile per hour = 1.467 1.609 0.4470 1 44.70
I centimeter per second = 216,01 2|4
B : 2 -
= 3281x1072 20x10 sl

Vo s b )
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Table B.7 Force

Force units in the dark-out areas are now little used. To clarify: 1 gram-force (= | gf)
is the force of gravity that would act on an object whose mass is | gram at a location

where g has the standard value of 9.80665 m/s=.

dyne NE‘(VN'gON Ib pdl of kef
| dyne =1 107 2.248x107°]7.233x107° [1.020x102[1.020x 10~
lT;WTON - 0.2248 7.233 102.0 0.1020
1 pound =
S e i 5 AAAR I 32.17 453.6  |0.4536
| poundal= 5 )
~1383x10¢ 01383 3.108x1074 |1 14.10 1.410%10
Lgramtorce = 1o 807x1072|2205x10~|7.093x 1021 0.001
1 kilogram-force =|
SRS 15 R L (2205 70.93 1000 1
| ton =2000 Ib
Table B.8 Pressure i
atm dyne/cm? mwc,;:er:f cmHg PA(SI;JE;\ 1 Ib/in® | b/t
1.013x (1013
1 atmosphere = 1 406.8 |76 1470 [2116
x10° x10°
| dyne per 4.015x% | 7.501% 1.405x |2.089 x
gt o | 0.1
centimeter =9.869x]0 x][)"4 xlo—s XIO_S xln—j
i 1 3.613
inch.of wiater gt 2491 | 0.1868 [249.1 “15.202
4°C=2.158x10 L1022
- I T
1 centimeter of rrl:.rcury at % 5353 | 1333 0.1934 [27.85
0°C=1316x10"" x10*
P 4015% |7.501x 1.450 % | 2.089 x
| PASCAL = 9.869x107° (10 3 -} 3
x107° |10 x10~% |x1072
6.895 6.895
l po.”“‘:lz - > * 12768 |5am 3 144
per inch® = 6.805x10 <103 <103
3.591 6.944
lfp . ze;s o4 4788  [0.1922 *147.88 “l
e A x1072 x10~

! Where the acceleration of gravity has the standard value of 9.80665 m/s.
1 bar=10° dyne/em® = 0.1 MPa.

I millibar = 10° dynf:h:m2 =

I torr =1 mm Hg.

102 Pa.
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Table B.9 Power
WATT
Btu/h | ftlb/s h cal/ kW

d 8 (W)
1 British thermal = —2 4
it Bt ourt = 0.216113.929x107*(6.998x107%|2.930x10~* |0.2930
1 foot-pound 3 =3
bor hacond = 4,628 |1 1.818%10~ |0.3239 ?_356x 10 1.356
1 horsepower = 2545|550 |1 178.1 0.7457 745.7
| calorie per -3 -3
o 14.29 13.088 |5615x107° |1 4'18__6)(10 4.186
1 kilowatt = 3413 |[737.6 |1.34] 238.9 1 1000
| WATT = 3.413 {0.7376 13411073 [0.2389 0.001 1
Table B.10 Plane Angle

- = = RADIAN
(degree) (minute) (second) (rad) rev

| degree = | 60 3600 1.745x107% [2.778x1073
| minute = 1.667x107% |1 60 2.909x10~* |4.630x1075
I second = 2.778x107* | 1.667x1072 |1 4.848x107° |7.716x1077
1 RADIAN = 57.30 3438 2.063x10° |1 0.1592
1 revolution = 360 2.16x10*  11.206x10° 16.283 1

Table B.11 Solid Angle

| 1 sphere = 47 steradians = 12.57 steradians |

Table B.12 Magnetic Field

gauss [TESLA (T)|milligauss
1 gauss = 1 104 1000
I TESLA= [10¢ |l 107
1 milligauss = [0.001 [10~7 1

5
1 tesla = 1 weber/ meter”

Table B.13 Magnetic Flux

maxwell

WEBER (Wh)

I maxwell = 1

1078

| WEBER=  |10®
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Appendix C Some Fundamental Constants

Table C.1 Fundamental Physical Constants
Tabnuua C.1 ®dyHpameHTanbHbie thusn4eckne NocTosHHbLIE
Tabnuuya C.1 ®yngamexTansHi thianyHi crani

}__ Name of unit

English Sym-
Russian bol Vakie
Ukraine

1 2 3

Universal constants
YnusepcaisHble NOCTOSHHBIC
Ynisepcanbui crani
Speed of light in vacuum c 299 792 458 m-s”!
CkopocTb cBeTa B Bakyyme
IsnaxicTs ceitna y Bakyymi

Magnetic constant o 410" Hm' =
MaruuTtnas nocroanuas =12.566 370 614-10" H-m"
Marwnitna crana 1

Electric constant & | 8.854187817-10" F-m’

DneKTpueckas nocTosHHas
Enektpuyna crana
Gravitational constant G | 6.672 59)(iO'“-mi-l-:g'l-s'2
[paBuranonnas nocrosuuas
I'pasitauiiina crana =
Planck's constant h 6.626 0755-10™ J.s
IMoctosnnas [nanka
Crana Ilnaunka
Dirac’s constant h 1.054 572 66-10™ ).
HMocrosnuan Jlupaka
Crana Jlipaka

Atomic constants
ATOMHBIE OCTOAHHbBIE
Atomui crani

Rydberg constant Ry | 10973731.534m"
Mocrosnuas Punbepra
Crana Pigbepra
Bohr radius @ | 0.529177249.10" m
Boposckuii papuyc
boposcrkwii paniye
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Table C.1 (finished)
Tabnuuya C.1 (oxoHuaHue)
Tabnuua C.1  (3akiHdeHHs)

Electromagnetic constants
3ﬂcKI‘p0MﬂmmHe NOCTOAHHEBIC

EnextpomaruuThi crani

Charge of electron (elementary)
DneMenTapHelii 3apaz (3apaja 21eKTpPoHa)
Enementapuuii 3apsj (3apsj eleKTpoHa)

€

1.602 177 33-107¢C

Bohr magneton
Marneron Bopa
Marneron bopa

Ha

9.274 0154-10°* J.T"

Nuclear magneton
SlnepHelii MarHeToH

Snepuuit marneTon

5.050 7866:107 J.T"!

Electron
DnexTpoH
Enextpon

Mass of electron
Macca nokos 371eKTpoHa
Maca crokoo enexrpoHa

m,

9.109 3897107 kg

Electron charge-mass ratio
OTHOLIEHHE 3apAJa MEKTPOHA K ero Macce

Binnomenus 3apaay enekTpoHa 1o ##oro Macu

~1.75881962-10" C-xg’

Classic electron radius
Knaccuuecknii paguyc aneKTpoHa
Knacuunuii papiyc enekrpoHa

2.81794092-10"° m

Magnetic moment of electron
MaraiTHLIH MOMEHT 3JIeKTpOHa
MarniTH#il MOMEHT eleKTpoHa

He

928.477 01-107¢ J.T"
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Appendix D Useful Mathematical Formulae
A. Geometry

Circumference of circle of radius r: C=2mr
Area of circle of radius r: A=n?
Volume of sphere of radius r: V=4m3/3
Surface area of sphere of radius r: A=4m?
Volume of cylinder of radius r and height h: V=n?h

7 : B
B. Trigonometry o oid,
Pythagorean theorem: L y

g . 2 2

In the right triangle ABC, x“ + y2 == A X C % st

Definitions of the trigonometric functions of angle 0
sind=y/r, cos@=x/r,tanf=y/x, ctgd=x/y, secld=r/x, cscO=r/y
Trigonometric Identities:

sin(—@)=—sin@ sin(@+ 7/2)=+cosa
‘cos(—0) = cosd cos(0+x/2)=Fsina
sinf/cos@ = tan@ sin(a + ) =sina cos § + cosasin
sin26+cos2f=1 cos(a + ) =cosacos S Fsinasin
stﬁ?:"smzﬁcosez an(a £ )= tana *tan
0826 =cos” @ —sin“ = | Ftanatan §
; ; o 1
=2c0s%0—1=1-2sin’0 sing +sin f = 2sm-2-(a * f)’}cosvz—(aq:ﬂ)
| B I—cos@ 1 1
L e 5 cosa +cos B = 20055((1 +ﬁ}c055{a—ﬂ)
1 1+ cosé il s
cos—@ = cosa —cos ff = -2sin—(a + f)sin—(a - f)
2 2 2 2
C. Algebra
e ey a‘a’ PC s ) a*
a* a”
Logarithms: Ifloga=x, then a=10". log a + log b = log (ab)
IfIna=x, then a=e¢", Ina+Inb=In(ab)
log a - log b = log (alb) log(a”) = nloga
Ina-Inb=In(ah) In(@")=nlna

~b+b? —dac

Quadratic formula: 1f ax® +bx+¢=0 i then x = %
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Binomial theorem:

nym=2;2 = Ay =33
{a+b)”=a"+na”“lb+n(" Da" b +n(n N(n—-2)a" b %

2! 3!

D. Calculus
Derivatives:

d n n-| d 2
—(x")=nx —(tanx) =sec” x

dx( ) dr{ )
i(sinax}:acosax i((:(3alx}:—sv.3c:2JL‘

dx dx

d ; d
—(cosax)=—asinax —(secx)=lanxsecx

dx dx
é-jx—(em)=ae“Jr %{cscxh—cotxcsex g;“""):l
Integrals:

jdx =x jex dx=e*

Jcosaxdx = lsin ax jsina.xcix = —lcasax

a a
& = nfs Je -‘“«fx——l -
x
_,r 3 dxz 3573 12 = f In(x-i-v'x +a* )
(x*+a”) a J.t2+a2 ﬂx2+a
3y =- ] Iidx = arcsin>
J(x2+a2}3f2 sz_'_az a2_x2 a
. er—I r dx 1 X

x"dx = m#—1 ) =

J n+1( ) Prad a2+
[tan xdx = In|sec x| Ism xdx = : 2E= %sm 2x
_[ e dx = —L(ax + e Ix e Pdx = —%(azxz +2ax+2)e ™

a

Power series (convergent for range of x shown): ) _
a) trigonometric expansions (x in radians). b) exponential expansion:
3 3 K
e

sinx=x-— 5 T!—{;—!t.. (all x) ex:l+x+%+-§?+... (all x)
2 x4 ).'6
cosx=1- oA e (allx) ¢) logarithmic expansion:
SOOI . ol | L ToI RO VO st S SO O
anx=x+-—+5 -3z Alxlcn/2) In(l+x)=x I B




Abnormal dispersion, 132
Absorption of light, 140
Analyzer, 109
Angle of deviation, 132
Angle of incidence, 22
Angle of reflection, 22
Angle of refraction, 22
Biaxial crystal, 119
Birefringent materials, 116
Buger’s law, 140
Brewster’s angle, 114
Brewster’s law, 114
Chromatic dispersion, 131
Circular polarization, 118
Coherent waves, 23
Constructive interference, 30
Degree of polarization, 107
Destructive interference, 30
Dichroism, 120
Diffraction, 63

Diffraction grating, 82
Diffraction pattern, 63
Diffraction spacing, 84
Diffuse reflection, 23
Dispersion, 131
Double-refracting materials, 116
Elliptically polarized light, 118
Ether, 55y

Extraordinary (£ ) beam, 116
Faraday effect, 128
Frauhofer diffraction, 65
Fresnel diffraction, 65
Fresnel's Zones, 67

Fringe, 28 )

Geometric optics, 8
Grating spacing, 84
Half-wave plate, 119
Holography, 56
Huygens ° principle, 20
Huygens’- Fresnel’s principle, 66
Incoherent waves, 23
Imperfect polarizer, 106

Index of refraction, 17
Intensity of light wave, 36
Interference, 24
Interference term, 25
Interferometer, 53

Kerr effect, 127

Law of Bar, 141

Law of Malus, 109

Law of reflection, 22

Law of refraction, 22

165

Limiting angle of resolution, 90
Linearly polarized light, 103
Liquid crystal, 128
Natural light, 103
Newton’s rings, 51
Nonlinear optics, 23
Nonreflective film, 46
Normal dispersion, 131
Optical activity, 124
Optic Soplical{axis, 116
Optical path, 26
Optical path difference, 26
Optical stress analysis, 126
Order number, 26
Order of spectrum, 26
Ordinary (O ) beam, 116
Partial?/ r]igula.rlzed fi ht, 106
Phase difference, 2
Photoelasticity, 125
Physical optics, 8
Plane of polarization, 102
Plane of vibration, 101
Principal cross section, 117
Principal plane,
Polarization of light, 102
Polarizer, 105
Polarizing angle, 114
Polarizing axis, 106
Polarizing filter, 105
Polaroid, 106
Quarter-wave plate, 119
Ray, 8
Rayleigh's criterion, 89
Regular reflection, 23
Resolution, 89
Resolution circular aperture 89
Resolution of single slit, 89
Resolving power, 94
Scattering of light, 123
Spectrometer, 85
Specular reflection, 23
ermal radiation, 11
Uniaxial crystal, 119
Unpolarized light, 103
Vavilov—Cherenkov effect, 142
Wave front, 16
Wave plate, 119
Wave surface, 15
Woolf-Bragg’s condition, 97
X-ray diffraction, 96
X-ray spectroscopy, 97
X-ray structure anafys:s, 98
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English-Russian-Ukrainian Dictionary

of Important Terms
A

abnormal dispersion (syn. anomalous aHOMAanNLHaR QUCNEPCHA

dispersion)

abscissa, X-coordinate, axis of
abscissas

absolute permeability

absolute temperature

absolute value, absolute magnitude
{of phisical quantity)

absorbtion (of light)

absorption coefficient (syn. coefficient koadiduy
of absorption, absorptivity, absorption

factor)

absorption curve

absorption edge

absorption factor (see absorption
coefficient)

absorptivity (see absorption
coefficient)

acceleration

acutance

aeolofropy (see anisotropy)
Airy disk

alternating current
amplitude

amplitude splitting

analyzer, analyser

angle of deviation (of a light beam)
angle of divergence (of a light beam)
angle of incidence

angle of reflection

angle of refraction

angle of view

angular velocity

anisotropy (syn. aeolotropy)
anomalous dispersion (see abnormal
dispersion)

antinode (of oscillations)

aperiure

arc discharge

atmosphere

attractive force

axial symmetry

axis of ordinates

axis of symmetry (syn. symmetry
axis)

band

beam

beam divergence
beam splitter
bending {of light)

biprism
birefringent {syn. double refraction)
blue color

abcumcea, oce abouwce

abconoTHan MarHuTHan
NPOWHKL{AEMOCTD, MarHWTHaR
NOCTORHHES

abconoTHan TeMnepatypa
abconioTHoe 3naqeHwe (duardeckon
BEMWHHHGI)
nornoweH1e (caera)

¢ T NOFMoLLY

{cpenel)

KPUBES NOMOLWEHKA
KPan Nanocek! NOrMOLEHKA

yckoperne
Pe3KDCTL (m:éypna u3oBpamexns)
YETHOCTE (M2oBpameHms)

ARpu fiuck

NepeMeHHLIR ToK

amnnuTyna

PainensHUe aMnnuTyAbL (OAWH U3
METOAO0B NONYYEHUA KOTEPEHTHBIX
WMCTOMHMKDB cBaTa)

aHanuaarop

Yron oTKNCHEHMA (NyYka ceeta)
Yron pacxomaeHus (ny4ka caerta)
yron nagemua (nyyka caeTa)

Yron oTpameHun (Ny4xa ceeta)
Yron NpenoMneHns (Ny4Kka ceeTa)
yron obaopa

YINOBAR CHOPOCTL

AHU3IOTPONKMA

NY4HOCTE (KoneGaHu)

anepTtypa, oTeepcTHe, AuaparMa
Ayrosow paspaa

aTmocepa

CHNE NPUTFNEHUA

0CEBan CUMMETDUA

OCh OpAHHAT

OCb CHMMETPHW

nonoca (B UHTEPHEPEHUMOHHOR
MK MAPPEKLMONHOR KapTHHaX)

iy

PACXOAMMOCTE My-Ka (caeTa)
AenvTerns Nyxa [ycrpoicTeo]
OTRNOHEHWE (W3ruG) CBETOBOTO Ny4ka

Gunpuama

RBOWHOE NyqenpenoMmnexne
ronyBoi UBeT (ANEKTPOMATHUTHOO
CREKTPa W3Ny4YeHuA)

aHoMansHa aucnepcia
abcumca, sick aboume

aBComnoTHa MarHITHa NPOHKKHICT,
MarHiTHa cTana

abcomoTHa Temneparypa
aficomoTre anaveHns (hisnaHoi
BENWYHHK)

NOrMUHaHHA (caitna)
KOEMILIEHT NOFMWHAHHA
(cepenoemwa)

KDHBA NOTNWHAHHA
KpaR CMYT NOTNUMHaHHA

NPUCHOPEHHRA

piakicTe (koMTYpiB 306panenHa)
YiTkicTe (306pameHHn)

Anpi owex

IMIHHWA CTRYM

aMnniryna

PO3AINEHHA aMnAiTyan (0auH 3
METO[iB OABPHAHHA KOrepPEHTHUX
Awepen ceitna)

ananisatop

KYT BIAXMNEHHRA (Myuxa celtna)
KYT PO3XOAXEHHS (Nyqka ceiTna)
KYT nagiHs (nyska ceitna)

KyT BigbuTTa (nyuKa ceitna)

KYT 3aN0OMNEHHA (Ny4Ka ceitna)
KyT ornagy

KyTOBA WBKAKICTE

awisoTponia

NySHICTL (Konueaws)
anepTtypa, oTeip, Aladparma
AyroBuk poapan
arMmocdepa

CHNA THMIHHA

0CbOBa CUMeTpIR

BiCb OpAWHAaT

BiCb CUMETPIl

cMmyra (y inTe; PEHLIAHIA
abo ARDPAKUIAHIA KapTuHax)
NpoMiHE

poabixMicTs Nyuka (caiTna)
nofinbHAK Nydka [npucTpin]
BiXMNEHHA (BUMMH) CBITNOBOTO
nyuka

Ginpuama

MOABIAHE NMPOMEHEIANOMNEHHA
GnakuTHmi konip
(enexTpOMarHiTHOro cnexTpa
BUNPOMIHIOBAHHS)
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Boltzmann's constant
boundary conditions
boundary effect
Bragg angle

Bragg reflection
Bragg's equation
Bragg's law
Brewster's law
Brewster's angle

brightness
Buger's law

Canada balsam

capacitance

capacitor

cartesian coordinates
cathodoluminescence
cathodophosphorescence
Celsius temperature scale (syn.
centigrade temperature scale)
center, centre

centigrade temperature scale (see
Celsius temperature scale)
charge

circuit

circular birefringence

circular polarization

coaling

coefficient of absorption (see
absorbtion coefficient)

coefficient of damping (syn. damping

coefficient, damping factor)
coefficient of reflection, reflection
coefficient

coefficient of refraction (see index of

refraction)

coherence

coherence area
coherence distance
coherence time
coherent light
coherent radiation
collimator

color

color filter
compensator
condition of continuity
conduction current
constructive interference
continuity

continuous spectrum
converging lens
conversion

corer

corona

corpuscle
corpuscular theory of light

Cotton — Mouton birefringence
Cotton - Mouton constant
Cotton — Mouton effect
Coulomb force

Coulomb's law

crest (of a wave)
critical angle (in polarization)

BonbUMaHa NOCTORHHAR

Bonbymana crana

rPaHiYHLIe YCNOBUA, KPAaeRLIE YCNOBUA rPaHUYHI YMOBK, KPAWORI YMOBK
kpaesoit edubexT, rpaHusHLIR adidiexT KpanoBMi BT, TpaHWHIA edesT

Bparra yron

Bparra oTpaxenue
ypaBxeHue bparra — Bynecha
Eparra sakom

BplocTepa axoH

Bpwoctepa yron

APKOCTE

Byrepa 3akoH

c

kanagckun Bans3am (BeLWBCTEO ANA

CHNEMBAHWA cToNLl CTonetosa)
EMKOCTL (INBKTPUHECKaR)
3INEKTPUHECKUi KOHAEHCATOD
[EKapToBLI KODPAWHATE!
KATOQOMOMUHECUEHLIWA
xarogoochopecUerlmus
Lienscua TeMneparypHas wkana

LeHTP

3apan (anekTp.)

uens (anexkTp.)

KPYTOBO® QBYNYYENPENOMNEHHE
KPYTOBARA NONAPM3aLMA
NOKpEITHE (NOBEPXHOCTH)

KOIDULMEHT IATYXEHUA
KOIDAMUMEHT OTPAMEHWA

KOTePEHTHOCTL

0BnacTe KorepeHTHOCTH
ANWHA KOTePEHTHOCTH

BPEMA KOTEPEHTHOCTH
KOT@PEHTHBIA CRET
KOTepeHTHOE WanyyeHne
KOMNUMaTop

upet

UBeTHON caeTodMNLTP
KOMMNEHCaTop

YCNORKE HENPEPBIBHOCTH

TOK NPOBOQMMOCTH
YyCUNHBAWARA wHTepdepeHLmn
HENPEPLIBHOCTE

CNNOWHOA CNEKTR
cofiupaiowan nuHa
npeofipalosanue

yron, kpan (ofbexTa)

KOpoHa

JacTulia, Kopnyckyna
KOPNYCKYNAPHAaR TEOPWRA cBETa
(HeloToHa Teopua)

KottoHa — MyToHa (aeoiHoe)
ny“enpenoMnexne

KotToma — MyToHa nocToAHHER

{MarHuToonTWYeckWA koadiduumeHT)

KotroHa — MytoHa addext
(8 marHuToonTUKE)

Kynoxa cuna

Kynoua 3akoH

rpebeHs (BONHLI)

KPMTHHECKMIA YrOn, NpeaensHLii yron

(8 NONAPM3ALIK)

Eperra kyt

Bperra einburma

Eperra — Bynedya pigHaHHA
Eperra aakoH

Bptoctepa 3akoH
EpiocTepa kyT

ACKpaBICTE

Byrepa sakoH

kaHagceKmA Bansaam (peyoauHa ans

ckneBanHa ctonu CToneTosa)
EMHICTE (ENeKTpMYHE)
ENeKTPUMHIUA KoHOeHCaToR
[EKapTOBI KOOPOMHATK
KATOAOMOMIHECUEHUIA
kaTogodochopecUeHUin
Lienscin Temnepartypha weana

ueHTp

3apsg (enekTp.)

naHuor (enexTp. )

Kpyroge QeonpoMeHelanoMnaHdHa
Kpyroea nonapuaauia

NOKPUTTA (NOBEPXHI)

KoediLEHT aracauHs
koediuieHT BigbuTTA

KOTEPEeHTHICTh

oBnacTs KorepeHTHOCTI
NOBXWHA KOTBPEHTHOCT]

Yac KOrepeHTHOCTI
KOTEpeHTHE CBITNO
KOTEPEHTHE BUNDOMIHIOBAHHA
Konimarop

xonip

KONLOPOBMIA ceiTnodInETP
KOMMEHCaTop

ymosa BesnepepsHocTi
CTpYM nposigHocTi

nigy Ha iHTepdep
GeanepepeHIicTL
Geanepepanni cnexTp
36upansHa ninaa
nepeTBopeHHs

KyT, kpait (of'exTa)

KOpPOHA

4acTMHKa, kopnyckyna
KOPNYCKYNAPHa TEOPIA caiTna
(HeioToNa Teopin)

Korrosa — MyToHa (nogeiike)
NPOMEHEIANOMINEHHA
Korrona — MyToHa crana
(MarHiTOONTHYHIIA KoadiLEHT)
KotroHa — MyToHa edext

(y mMardiToonTuui)

Kynowa cuna

KyrioHa 3akoH

rpebine (xauni)

KPUTHUHIA KYT, TPEHHYHWA KyT
{y nonaApuaadil)
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cross section

nanepeyHoe cevaHue

crystal (crystalline) st

crystal lattice (see also lattice)

p 1eCKan CTpykTypa
[BewecTBa], kpucTannuyeckoe

KPMCTANNMYECKAA pelueTka

crystallogram PEHTT

crystallographic axis npucmnnurpmtmecm och

current (electric) TOK (INEKTPHYSCKIUA)

curvature KpUBWIHE

cyclic frequency LUMKNWHeCcKan YacToTa, Kpyropan
Yacrorta

damage nospexaeHue

damped harmonic motion 3aTyXal0Uee rAapMOHUYECKoe
koneGanne

damping

damping coefficient (see coefficient of
damping)

damping factor (see coefficient of
damping)

aartyxaHue

nonepeYHui nepepia
KPMCTANIYHA CTPYKTYPA [peyosmnhm]
Kpucraniuxa Gynosa

KPUECTANIYNHI FpaTth

PeHTreHorpama kpuctana
kpucTanorpachiiKa sick

CTPYM (ENEKTDHYHUA)

KpWBN3IHa

UMKNIYHE YacToTa, KpYroea Yacrota

YUIKOQMEHHS, NOWKOIKEHHRA
3racal4e rapMoHiiHe KoNnWeaaHHA

3racaHHA

[CTRYXTYPM, KpHCTANIMHUX

dc (see direct current)

defect AedhekT [CTPYKTYPLI, KPUCTANNUYECKOR
peweTkM 1 ap.]

deformation nedof Aeopmup
toﬁu.lee NOHATHE)

degree rpagyc, NOPALOK, CTeneHs

degree of polarization CTENEHL NONAPUIALIWK

density ANOTHOCTE

density of charge carriers MNOTHOCTL HOCKTENen 3apsna

destructive interference ocnabi "

tory,or right-handed BO CO cnuucrwu BpaLEHUA
substance NNOGKOCTH NONAPH3aLMM BNpaB0o

diagram, chart, plot
diamagnetism

dichroism

dielectric constant (syn. electric
constant) (eq)

dielectric displacement (D)
dielectric permittivity, absolute, Fim

dielectric permittivity, relative
dielectric susceptibility

dielectric, dielectric material
dielectrical permittivity of a vacuum
diffraction

diffraction analysis
diffraction grating

diffraction grating spacing
diffraction pattern

diffraction scattering

diffuse illumination

dipole

dipole moment

dipole polarization

direct current (syn dc)
discharge (electric)
discontinuity

disarder

dispersion

dispersion spectrum

dissipation

distance

disturbance (of oscillations)
double refraction (see birefringent)
double-concave lens
double-convex lens

AWarpamma, cxema, rpagux
AMaMErHeTMaM

ARXPOMIM

[MBNEKTPMMECKER NOCTOAHHAR (CHH.
AMANEKTPMIECKEN NPOHMKHOBEHHOCTD
Baryyma) (@)

ANBKTPUNBCKDE CMELLEHWUE (WHOYKLMS)
[MANEKTPHYECKAR NPOHMLIAEMOCTL
cpeasl, abcomoTHan, dim
AMANEKTPHHECKaN NPOHKLIZEMOCTS,
OTHOCHTENLHAR

AV3NEKTPHHECKAN BOCIPUUMUMBOCTE
cpeasbl

Aedex |
Tpat 1a in.]
thopmauiin, nedopmysanHR
(3aransHe NOHATTA)
Tpaayc, NOPAGOK, CTYNIHE
CTymikL NONApUIauii
rycnrﬂ (PigrHM), WinsHicTs (Teepaoro
Tina,

rycTHa Hoclie sapany
nocnaGnioeansHa IHTephepeHLin
PEYOBMHA 3 BNACTMBICTIO ohepTann
NNOWMHK NONAPKU3aLIT BNpaso
Aiarpama, cxema, rpacpik

 MlamarseTuam

Anxpoiam

OieneKTpuyYHa cTana (CuH,

,?le{rexrpmua NPOHWKHICTE Bakyymy)
e

BNEKTPUYHE IMILEHHS (iHayKuin)

AIENeXTHYHA NPOHMKHICTL

cepefioanila, abooniotHa, Ofm

HIENEKTUMHA NPOHMKHICTE,

BioHoCHa

AleNeKTPUHHA CNPHAHATMBICTE
Cepenoeniua

LOHINEKTRWK AienexTpur
Al p Kan noc L nienekTpu4Ha crana
Audhpakyma Avcbpakuia
ANDPAKLUMOHHLIN aHanua ,uuc:lpaluiﬁﬂm aHania
AndipakuuoHHan peweTka Anc rpati
nepuoq AWPpaKUHOHHOR PelieTrM napiuu nucbpancumnnx fpar
AupakunorHan KapTuHa Awdpakuifiva kapTuHa
NMPaKUKOHHOE DACCERHWE AwDpaKuiitHe poaciaHHA
PACCEAHHOE OCBBLEHNE PO3CIAHE OCBITNEHHA
Annons AUNons
JAWNONLHBIA MOMEHT OMNONEHWA MOMEHT
AUNensHan NoNAPUIaLws AMNONEHA NoNApH3IaLia
NOCTORHHBIA TOK NOCTHAHKIA CTPYM
paspan (InexTprHeckui) PO3PAL (S@NEKTPUMHKA)
Py ™ nopywenna Geanepepenoci
Pa3pLIBHOCTL POIPUBHICTL
pasynopagcseH1e POAYNOPALKYBEHHA
Aucnepcus . awcnepcis
AMCNEPCUOHHBIA CREKTP AWCnepciiHKA cnekTp
paccesHue POICIAHHA
paccToaHue BIACTAHL
BO3MYLLIEHKE (koneGarmii) 3BypeHHA KonveaHs

[BOAKOBOMHYTAA NMWH3a
[MBOAKOBLINYKNAR NUHIA

ABOBrHYTA NiKaa
ABOONYKNA Ninaa
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E

eclipse 3IaTMEHKHE IATOMHEHHA

edge KpOMKA, Kpan KpOMKa, Kpan

elastic force CMNA YNpyrocTi CHNE NPYWHOCTI

electric charge ANEKTPUMECKMIA 3apaAg ENEKTPUHHIA 3apag

electric constant (dielectric ANBKTPUUECKAn NOCTOAHHAR enexTpu4Ha cTana (alenaxTuiHa

permittivity for a vacuum), Ffm (o KTPUMECH ua b NPOHUKHICT Bakyymy), ©im
sakyyma), v

electric current ANEKTPUYECKMA TOK ENeKTPU4HWA

electric current density MANOTHOCTE NEKTPWYECKOND ToKa rYCTHHA BNEKTPWHHOTO CTRYMY

electric displ: t (syn. dielectric anekTp ( M ENEKTPUHHIAA 3CYB

¥ (syn.
displacement, dlelenm?;iux density, ,
electric flux density, electric induction)
electric field
electric insulator, insulator
electric potential
electric spark
electric susceptibility

electrical resistance

electric-field intensity (electric-field
strength )

electric-field vector

Electroluminescence

electromagnetic
electromagnetic field
electromagnetic induction
electromagnetic radiation
electromagnetic theory of light
electromagnetic wave
electromagnetism
electron

electron orbit

electronic polarization
+electronoluminescence
electron-volt (eV)
electrophotoluminescence
electrostatic attraction
electrostatic field
electrostatic repulsion
electrostatics
elementary charge
elliptical polarization

emf

emission

emission spectrum
empirical

energy

energy density

energy dissipation
energy flux

envelope (of wave front)
environment

equilibrium

equilibrium process
equilibrium stale

error

ether

excited state

external force
extraordinary index

extraordinary ray
extraordinary wave
eyeglasses, eyepiece

ANEKTPHUECKDE NONe
W3ONATOP, ANANEKTPHK
SNeKTPU-ECcKHiA noTexLman
BNEKTPUYEBCKEN WCHpa

[epenn]
INEKTPUHECKOR CONPOTHBNEHWE
HBNPAKEHHOCTL INBKTPWHECKOro NoNA

BOCH

BEKTOP HaNPAKEHHOCTH
ANEKTPUYECKOTD NONS
3NEKTPONIDMUHECUEHLIMA
ANEKTPONOMUHECUEHTHBIA
momuHoop

ANEKTPOMATHUTHER WHOYKLMA
INEKTPOMATHHUTHOR M3nyJeHue
ANEKTPOMATHWTHaR TeOpWA ceeTa
ANeXTPOMarHMTHaA BonHa
ANEKTPOMArHETHIM

ANEKTPOH

opbuTa anexkTpoxa

ANEKTPOHHAR NONAPW3AUMA
ANEKTPOMOMUHECUEHUWA
anexkTpoHsonsT (eV)
anexTpohoTONIOMHHECLEHLIWA
3NEKTPOCTATHYECKDS NPHTAKEHKE
3NEKTPOCTaTUYECKoe none
3NEKTPOCTATMHECKDE OTTANKMBAHWE
anexkTpocTaTHka

anemeHTapHbiit 3apaRg
SNNUNTHYBCKARA NONAPU3aLIMA
ANEKTPOABIKYLUERA CUna
nanyyeHue

CNEKTP WANyMEeHuA
SMAKPHHECKIA, ONBITHLIA
BHEPIMA

NNOTHOCTL IHEPTK

PacCesHne 3IHepIMn

NOTOK FHEPTHK

oruGaiowan (BONHoBoro (poHTa)

acpup

BO3DYMAEHHOE COCTORHNE
BHEWHAA CUNa
noKasaters NpenomneHns
[HEOBLIKHOBEHHOR BONHI)
HE0BLIMHOBEHHEIR Ty
HeoBLIKHOBEHHAS BONHE
OHKM, ORYNAD

EnexTpMYHE None

{aonaTop, AiENEKTPMK
enexTpU4HKi noTeHUian
enexTpuqHa ickpa

plenexTpIHa CPWAHATIMBICTE
[cepenoaniual

ENBKTPMYHIA onip

Hanpy#eHICTb 8NEKTPUYHOTD NONA

BEKTOP HaNPYWEHOCTI BNeKTRMHHOND
nons

enakTponioMiHecyeHuls
ENeKTPONIMIHECLIEHTHUA
momisodop

eNEeKTPOMArHiTHUA
enexkTPOMarHiTHe none
EneKTpoMarditTHa inayxkuia
ENEKTPOMATHITHE BUNPOMIHIDBAHHA
enexTpoMarHiTHa Teopia ceitna
ENexTPOMAariiTHa XBUnsa
BNEKTPOMATHE THIM

BNBKTPOH

enexTponHa opbita
ENEKTROHHE NONAPM3aLIA
eneKTponomiHecUeHUs
enexTpoHBankT (8V)
enekTpothoTonioMIHeCLieHiA
ENEKTPOCTATHYHE TANIHHA
EnexTpocTaTHyHe none
BNEXTPOCTaTHYHE BILLITORXYBEHHA
enexTpoCTaTHKa
enemeHTapHui 3apan
eninTuyHa nonapuaauin
ENeKTPOpYLWiAHa cyuna
BUNPOMIHICBAHHA

CReKTp BUNPOMIHIOBaHHA
BMIHPWIHWEA, GOCTIAHWA
aHaprin

rycTiHa exepril

POSCIAHHA eHepril

noTik exeprii

obeigHa (xeunboBOro PoHTY)
HEBKONWILHE CEpaaoBnlLe
piaHoBara

pIBHOBAMHWUA NPOLEC
PIBHOBEKHWA CTaH

noxubra, nomunka

edip

3bByameHun cTad

J0BHILLKA CUNa

NOKA3HMK 3ANOMMNEHHA [He3BUaRHOT
xBuni]

HE3EMHARHUA NPOMIHE
HeasuuaiHa xeuns

ORYMAPK, OKYNAP
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Fabry — Pérot interferometer
factor (see index)

Farad (F)

Faraday (diamagnetic) effect

Faraday birefringence effect

field of view

filament

film

filter

first-order spectrum
Fizeau interferometer
flow

fluid

fluorescence

focal length

focal plane

forced oscillations
Fraungofer diffraction
free electron

free oscillation
frequency

frequency band
frequency of oscillations
Fresnel biprism
Fresnel diffraction
Fresnel mirrors
Fresnel zones

fringe

function

fundamental frequency

gamma-ray
glow

half-wave plate
harmonic oscillations
harmonic wave

HF

hologram
holography

hue

Huygens' principle
Huygens — Fresnel principle

image

imperfect polarizer

incandescent lamp

incidence plane

incoherent light

Incoherent scattering

index {syn. factor)

index of absorption (see absorption
index)

index of refraction (see refraction
coefficient)

induced anisotropy

inductance

inductance coil

inert gas

Dabpw - Nepo uitepdepometp

tapapa (F)

®apapen achext (spawenne
NNOCKOCTH NONAPMIALMK cBeTa
B MarHMTHOM none)

Wapapen aguhekt nBoAHOM
Ny“enpenoMmnieHua

none apexua

HUTL Hakana

nnexka

PunbTp

CNeKTp Nepeoro nopagka
D130 MHTEPEpPOMETD

noToK

WHAKOCTL

hnyopecLesuva, dnioopecueHUms
thokycHoe paccrofHne
(hoKaNsHaA NNOCKDCT
BbiHYMAEHHbIE konebanua
DpayHrodepa audparumn
cBoBOAHLIA 3NeKT,
ceobonmeie konebanun
Yyacrota

AMana3cH (nonoca) Yactor
vacroTa konebanuin

DpeHens Bunpuama
Dpexens audpakuMa
®peHenn 3epkana

DpeHens 30HL!

nonoca (MHTepepeHUMoHHan)
yHrURA

OCHOBHaRA vacToTa

G

raMma-ny
CHEYEHWE

H

NOMNYBONHOBAA NNACTUHKA
rapMoHudeckue konebaHua
rapmMoHWMeckan BonHa

BY (Bbicokse yacToTh)
ronorpamma

ronorpadua

TOH, OTTEHDK

ToAraHca npuHLMn

loirenca — OpeHens NpuALMN

wanbpamenua
HECOBEPIUEHHLIR NONAPKUIATOP
namna Hakanueaxua
NNOCKCCTL NAfeHHA
HEKOTEPEeHTHLIA CBET
HEKOTEpPeHTHOR pacceAHns
nokalarens, kKoshhuyueHT

Nokasatens npenoMneHun [caera),
KoadihuLMeHT npenomnenxis [ceetal
HaBeNeHHan aHUI0TPONMA
MHAYKTHBHOCTE

KATYLLKA WHIYKTHBHOCTI

WHEDTHLIR ras

Dabipi - Nepo iHTephepomerp

thapapa (F)

Dapanes eekr (0bepraHHg
NNOWWHK NONAPM3ALIT ceiTna
Y MarHiTHoMy noni)
®apapes edext nogeiiHoro
NPOMEHEIANOMIEHHA

none sopy

BONOCOK POBKAPEHHA
nnieka

BineTp

CNEKTP NePLIOTo NOPARAKY
Diao iHTepgepomeTp

naTiK

piguHa

nyopecuenHyin, hniopecyeHiia
hokycHa BigcTaHs
thokarnbHa nnowuHa
BAMYLLIEHI KONUBAHHA
Dpayrrodepa andparuin
BiNbHUA ENeKTpoH

BifbHi KONUBAHHS

JacroTa

Aiana3oH (cMyra) yactor
YacToTa KONWBAHL
Pperens Ginpuama
Dpenena Augpanuin
®penenn gaepkana
DpeHens 30HW

cMyra (iHTepcepenuiina)
hyHEuis

OCHOBHA YacToTa

raMma-npoMiHe
CBITIHHA, CRIMEHHA

NiBXBUNLOBA NNACTUHKE
TAPMOHIAHI KONWBAHHA
rapMoHiiHa XBuns

BY (Bucoki yactoTu)
ronorpama

ronorpadpia

TOH, BIOTIHOK

ToAreHca npuHLMn

MNoiirenca — GpeHens NPUHLMN

JobpamanHs

HE[OCKOHANWA NonApU3aTop
namna posmapoBaHHs
NNOLWMHA NaIHHSA
HeKorepeHTHe CBITNo
HEKOFEPEHTHE PO3CioBaHHA
NoKaaHuk, koedilieHT

NOKA3HUK 3anNoMNEHHA [caitnal,
KOBGILIEHT 3anomMNenHs [caitna)
HaBefleHa aHizoTponia
IHAYKTHBHICTL

KOTYLLIKE [HAYKTUBHOCTI

IHEPTHUA raa
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infrared irradiation, IR irradiation

insulator

intensity

interaction
interatomic spacing
interference (of light)
interference fringes
interference pattern
interferometer

ion

jonic bond
ionic crystal
lonic lattice

lonic polarization
isotropy

Kelvin absolute temperature scale

Kerr constant

Kerr effect

Kerr magnetooptic effect
Kerr's cell

kinetic energy

Lambert's law
laser

lattice parameter
law of reflection
law of refraction

layer

left-hand (levorotatory) polarization
length

lens

light beam

light fiux

light intensity
light ray

light scattering
lightning

limit

limit of resolution

linear polarization
linearly polarized light

liquid

longitudinal wave
luminescence
luminophor

magnetic constant (syn. magnetic

permeability of free space)
_magnetic fieid

magnetic field intensity

magnetic flux

magnetic flux density

magnetic flux density (see magnetic
induction)

wHppakpacHoe waydexwe, MK
nany4esue
AWANEKTPUK, HAONATOD
WHTEHCHBHOCTL
B3AMMOLERCTBNE
MEXATOMHOE PACcCTOAHWE
WHTEpdEepeHUuA (cBeTa)
mHTeptiepeHLMOHHLIE NONOCH
HHTEPdIEPEHUMOHHAA KBPTUHE
HHTEpgEpOMETD
MOH
MOHHEA CBA3L
WOHHBIR KpUCTanm
WOHHAR peleTka
WOHHaR NONAPU3aLMA
M30TPOMNNA

K

iHppavepBoHe BUNPOMIHIOBAHHA, |4
BHNPOMIHIOBAHHA
AleNexTpuK, 3onATop
[HTEHCHBHICTE

BIAEMOGIA

MiMATOMHE BIACTAHL
iHTepdepeHuin (caitna)
iHTephepeHLIAHI cMyri
iHTepepeHUirHa kapTuHa
iHTBphepoMeTp

ioH

JOHHWI 3B8'AI0K

OHHMI KpUCTan

IoHHI 'paTk

OHMHE NONAPWaAaLIA
iaoTponin

Kenseuna abconoTHan TemneparypHas Keneaiva abconioTHia TeMmnepatypHa

wkana

Keppa nocTofAHHan

Keppa adipext

Keppa MarHuToonTuieckni adihext
Keppa auenka

KUHETUHECKAR IHEPTUA

L

NambepTa 3akoH

nazep

fapameTp KpUCTaNNWYECcKoR PeLuaTkn
3aKoH OTPaMeHun (ceera)

3aK0H NPenoMNeHWnA (ceera)

cnow

nepan NoONRPH3ALMA
AnHE

nuHaa

nyy ceeta

CBETOBOW NOTOK
WHTEHCHBHOCTL CBETA
ny4 CBETA, CBETOBOW NyM
pacceRHWe CBaTa
MONHUA

npegen

npegen paspewweHna

NMHERHAA NONAPHIAUWA

0 NONAPKAL
(MNOCKONONAPHIDBAHHBIA) CBET
HHOKOCTh
NPOACNLHARA BONHA
MIOMUHECUBHLMA
momuHodop

M

MATHWTHERA NOCTORHHAR (MarHWTHas
NPOHULIZEMOCTE BaKyyMa)
MarH1THo® none

HENPAMEHHOCTE MarHUTHOrO NoNA
MarHUTHEIA NOTOK

AMNOTHOCTE MarHMTHOrD NOTOKA,
MarHUTHaR MHOYKUWA

wKana

Keppa crana

Keppa edexr

Keppa marditoonTiHnd edert
Keppa komipka

KIHETHYHA @Hepria

Nambepra 3akoH

nasep

napaMeTp KpucTaniuHux rpat
3akoH BinGUTTA (Ccaitna)
3aKoH 3anoMNeHHR (caitna)

wap

niea nonApuaauls

[AOEXUHA

ninsa

npoMike caitna

CRITNOBUI NOTiK
IHTEHCMBHICTL CBITNA

NPOMiHL CBITNA, CBITAOBMA NPOMIHL
poaciRHHA caitna

Gnuckaska

Mexa, rpaHnuA

Mexa po3nineHHA, poaginsHa
3NATHICTL

niKiAKa NonApWaaLis

NiHIAHO NONAPU3oBaHa
(nnackononapuioeaxe) ceitno
pigwHa

NOANOBNHA XBHINA
NIOMIHECUEHLIA

niominadiop

MAarHiTHa cTana (MarsitHa
APOHMKHICTE Bakyymy)
MarHiTHe none

HaNPYXeHICTL MarKiTHOro NonA
MArHITHUA NOTIK

ryCTMHA MarHiTHORD NOTORY,
MarHiTHa IHgyKuin
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magnetic induction (syn. Tagnel'n:
flux density (B)), T=Wb/m
magnetic permeability

magnetic permeability of a vacuum,
Him

magnetic p bility, relati

magnetism
magnification

Malus's law (syn. Malus cosine-
squared law )

Malus's cosine-squared law (see
Malus law)

mass

Maxwell equations

medium

Michelson interferometer
Micheison — Morley experiment
micrometer (unit of length)
microscopy

mirror

mirror image
mismatch

mode of oscillation

molecule

monochromatic light
motion, movement
multiple-beam interference

natural frequency
Newton's rings

Nicol prism

node

nonlinear oscillations
normal dispersion

O ray (see ordinary ray)

opacity

opaque barrier

opening

optic axis

optical activity

optical anisotropy

optical density (of substance)
optical electron

optical filtter

optical length, optical distance (syn.
optical path)

optical path (see optical length )
optical path difference

optically anisotropic crystal
orange

orbit

order number

ordinary ray (syn. O ray)
orientation polarization
origin of coordinates
oscillation

MArHUTHAN UHAYKLMA, NNOTHOCT
MarHMTHOro notoxa (B), Tn=B6im’
MarHMTHan NpoHWLBEMOCTE
MarHUTHARA NPOHWLIBEMOCTL Bakyyma,
THim

MEIHUTHARA NPOHWLIAEMOCTD,
OTHOCHUTENBHAA

METHETHIM

yBenuueHue (0coberHD ¢ NOMOLLLID
NIMH3 MUKpOCKONa)

Manioca 3akoH

macca
Makceenna ypasHeHus

cpena

MaikenscoHa MHTEP(EPOMETD
Ma#kenscora — Mopnu akcnep i

MarHiTHa IHAYKLIA, rycTuHa
MarkiTHoro notoky (B), Tn=Béi/u’
MErHITHA NPOHUKHICTE

MArHITHa NPOHUKHICTE BakyyMy, MHIM

MErHITHE NPOHUKHICTD,
BigHOCHA

MarHETHIM

36inLwennn (ocofinueo aa
ACNOMOTo NiKa Mikpockona)
Manioca sakoH

maca
MakcBenna piBHAHHA
cepefoBuiLe

Ma#renscoHa inTepdepomeTp

MUKDOH (eguHuLE ANUHBI)
MWKDOCKOMWA, MUKPOCKONWYECKHE
MccnenoBaH1a

3eprano

3epkantHoe wacbpameHwe
HECOOTBETCTEME, PACCOINACcoBaHNE
Moaa konebauui

Mogens

Manekyna

MOHOXPOMATUMECKHIA CBET
[BHKEHWE

MHOronyyesan WHTepdepeHumn

N

cobcTeeHHan YacToTa
HbloTOHa KonbLa
Hukons npuama

Y3€1 (CTOAYEN BONHLI)
HenuHeRHbIe konebaHua
HOPMansHas AWCNepcua

0

M oHa — Mopnl excnepumenT
MIKPOH (ORMHALR JOBKMHK)
MIKDOCKONIS, MiKpOCKONIHHI
ADCHIKEHHRA

A3epkanc

AsepkansHe sBinoGpameHHs
HEBIANOBIAHICTL, PO3YIroQKEHHRA
MOOa KONWBaHHA

Mogens

Monexyna

MOHOXPOMaTHYHE CBITNO

pyx

GaratonpoMeHesa iHTepdepaHuln

BnacHa Jacrota
HeloToHa KinbUS
Hikons npuama

BY30N (CTORYOT XBMNI)
HENIHIAHI KONUBAHHA
HOpMAanNLHa Aucnepcia

HENPO3PAYHOCTE, HEMP T PO30PICTE, HENPOHUKHICTE
HeNpo3paYHoe NpensaTcTaMe Henpo3opa nepellkoaa
oTBEpCTHE oTeip

ONTUYECKARA OCk ONTHYHA Bick

ONTHYECKAN AKTHBHOCTE ONTHYHE BKTUBHICTD
ONTHYECKEN AHUIOTPONKA ONTHYHA auisoTponis

ONTHYECKARA NNOTHOCTL (BEWECTRa)
ONTUYECKWA INEKTPOH
ceEToUNLTP

ONTUNECKAR ANUHA Ny

ONTUYECKAR PA3HOCTE XOAa
ONTUYECKM BHWADTPOMNHLIA KpUcTann
OpaHMeBLIA UBeT

opbuta

NOPAOKOBLIA HOMEP (NONOCK! B
MHTEP(EPEHLWOHHOR UNk
AVDPAKLUWOHHON KAPTHHE)
OBbLIKHOBEHHBIR My-
OPHEHTALMOHHAR NONAPUIALIMA
HE4ano KoopawHar

konebanue

ONTHHHA TYCTHHA (PEY0BHHM)
ONTUYHWA BNeKTPOH
ceitnoginsTp

ONTHYHE [OBKUHE LLIMAXY

ONTUMHE PlaHMUA xoay

ONTUMHO aHIAOTPONHWA KpMCTan
noMapaH4esnia konip

opbita

NOPAIKOBKA HOMEP (CMYTH B
iHTepdhepeHuiRHi abo auhpakuiAHin
KapTiHi)

3BMYHARHUA NPOMIHL
opieHTaliiHa nonApWaaLin
No4aToK KOOPAWHAT

KONMBAHHA



174 ENGLISH-RUSSIAN-UKRAINIAN DICTIONARY OF IMPORTANT TERMS

perfect crystal
period of oscillations
periodic lattice
periodic wave

phase difference
phase equilibrium
phase of oscillations
phase plate

phasor, rotating vector
phosphorescence
phosphorus
photoelastic effect

photoluminescence

photomagnetoelectric effect

photon

piezooptical effect
plane mirror

plane of polarization
plane of vibration
plane polarization
plane wave
planoconcave lens
polarization (electronic)
polarization (ionic)
polarization (orientation)
polarization by reflection
polarized light
polarized scattering
polarizer

polarizing angle
polarizing axis
polarizing filter

polaroid

polycrystal

potential energy

power
Poynting vector

preferential absorption
pressure

primary maxima

primary optic axis
principal axis (of a crystal)
principal ray

principle of superposition (syn.

superposition principle)
prism
propagation constant

praton

quarter-wave plate
quartz

radiation

rainbow

Raleigh's criterion
ratio

ray

Rayleigh's law

real image

reciprocal wavelength

P

COBEPLIEHHBIA KPUCTaNn
nepuog konebanui
NepUoAMHECcKasn pelueTka
NepHOANYECKan BONHA
PAIHOCTL has

(hazoBoE pasHOBECHE
thasa koneBGaHmA
(ha3oBan NNacTUHKa
thasop, BpaLaloWWACA BEXTOP
ocdopecueHuma

q

poccop
adhcpexT hoToynpyrocTy,

NONAPUIALIMOHHO-ONTHHECKMA et

DOTONIOMUHECUEHLKA
hOTOINEKTPOMArHUTHEIA AhdexT
thoToH

NbE300NTHHECKWA SdiherT
NNOCKOE 3epKano

NNOCKOCTL NONAPUaaLMK
NNOCKOCTE KO 7

MNOCKAR NONAPUIALMA

nNOCKas BONHA

NMOCKOBLIMYKITAA NUH3a
NONAPHIALKA (INEKTPOHHAR)
NONAPU3ALIMA (MOHHER)
NONAPM3IALUA (OPHEHTALIMOHHAR)
nonsp npu oTp
NONSPUI0BAHHLIA CBEeT
NONAPUIALUNOHHOE DACCEAHWE
NonApUIaTop

YFON NOMHOK NONAPW3ALMK

OCh NONAPU3ALIMK
MONAPHIALUNOHHBIA cBeTOdUNLTP
nonApoun

nonukpuUcTann

NOTEHUMANBHAR 3HEPINSA
MOLLHOCTh

MoAKTHHra BEXTOP, BEKTOP NOTOKA
3NEKTPOMETHUTHOW HBPTHM, BEKTOP
NOTOKA IHEPTMK

wabupatensHoe Nornowene
nAaBnexue

TNABHLIA MAKCHMYM

rNABHAR ONTHYECKAR OChL

rnasHas ock (kpuctanna)
rNaBHLIA Myd

MPUHLKN CYNERNO3NLIMK

npuama

WL L % I} Tt 3
noc {& i [

NPOTOH

YeTEePTLBONHOBAA NNAacTHHA

KBapu
R

M3Ny“eHWe
paayra %
Panes kputepuia
OTHOLLEHWE

Ty

3axox Panes

npeicTenTENbHOR Waobpakenne
BOMHOBOE YMCND

[DCKOHANWA KpUcTan

nepiog KoNWBaHL

neplogu4Hi rpatu

nepioauyHa xBuna

pianuus a3

thasoea pisHoBara

thasa xonueaHs

hasosa NNacTuHKa

thasop, BekTop, o obepracTeca
thocdopecleHuin

thochop

edekT hoToNPYKHOCTI,
NONAPMIALIMHO-ONTHHHWA edexT
hOTOMOMIHECLIBHUIA
hoTOMarHiToeneKTpM4HIA edexT
thaToH

WEINONTUMHWIA BchexT

nnacwke A3epkanc

nNoWMHa nonApvaauii

NNOWMHE KONWBaHY

nnocka nonapuauia

NNOCKa XBUNA

NNoCKoONyKNa nikaa
NONAPM3ALIA (BNeKTPOHHE)
nonApuaalia (ioHHa)
nonspuaaLin (opientauinka)
nonapw3auin npy einBueanxHi
noNApW3oBaHe ceitno
NONAPUIALIAHE POICHOBAHHA
nonapuaarop

KyT noaHol nonapu3auil

Bich nonApu3aLl
NONAPK3ALIAHWA CBITNODINLTP
nonapoig

nonikpucTan

noTeHUiansHa eHepria
NOTYMHICTS

MoitHTiHra BEKTOP, BEKTOP NOTOKY
@nexTpoMarHiTHol eHepril, BeKTOp
NOTOKY eHeprii

BMBIPKOBE NOTMUHAHHA

THCK

TOFOBHUA MAKCHMYM

ronoBHa ONTHYHA BiCh

ronoBHa Bick (KpUcTana)
FONOBHWA NPOMIHGL

NPMHLMN Cynepnoaunui

npuama

KOSMILIEHT NOWWPEHHRA,
£Tana NowupeHHn
NPOTOH

YBEPTLXBUNBEOBA NNACTHHE
¥Bapy

BUNPOMIHIDBAHHA
paiayra, BeCenya
Penen kputepin
BIHOWEHHA
NpoMiHL

3akon Penen
pifcHe 3oGpameHHs
XBUMLOBE HWCNO
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reflected ray

reflected wave

reflection coefficient

reflective coating

refracted ray

refracted wave

refraction coefficient (syn. index of
refraction, refractive index)
refractive index (see refraction
coefficient)

relation, relationship

relative permeability

relative permittivity

repulsion

repulsive force
requirement
resolving power
resonance
resonance frequency
right angle
right-hand polarization
roentgen rays
réntgen

rolate

rotation

scale

scattering
scintillation

screen

screening

screw

searchlight

second (unit of time)
secondary
secondary rainbow
secondary wave
selective absorption
selective reflection
shadow

shape, form

short-range order
shutter

Sl

simple harmanic motion
sine

sine wave

single crystal
size, dimension
slit

soap-bubble
solar wind

solid

solid state
source

spark

spark discharge
spark gap
spark voltage
spatial coherence

OTPEMEHHLIA My4

OTPaMEHHaA BONHa

KOADPULMEHT OTPENEHHA
OTPEMAI0ILEE NOKPLITHE
NPenoMneHHLR Ny
NPENOMNEHHAN BOMHA
NOKa3aTens npenomnexwn [ceeral,

BIAGUTHHA NPOMIHE

Binbuta xauna

koeilieHT sigburTa

BinbuaHe nokpuTTA
3ANOMNEHWH NPOMIHL
3anoMneHa xsuns

NOKAZHUK 3aNoMNeHHR [ceitna),

KOs buuMeHT np A [ceera)  koediuieHT 3anoMnexHs [ceitna)
CODTHOLEHKE CRiBBIOHOLEHHA
OTHOGHTENbHAR MarHuTHan BigHOCHa MarHiTHa
NPoHULAEMOCTE MPOHKKHICTE
OTHOCHTENBHAR AWANEKTPUYECKER BlaHOCHa gienexTpana
MPOHHUSEMOCTE NPOHUKHICTE
OTTankMBaHWe BiOWTOBXYBAHHA
CHNA OTTANKUBEHHA CHNa BigWToBXYBaHHA
Tpebosanne BMMora
paag cnocob poafineHa 3naTHICTs
Pe3oHaHc pPe3oHaHG
pelaoHaKcHan YacToTa pesoHaHcHa YacTota
npaMoi yron FPAMUA KyT
fpaBan NONAPUIALINS npaea nonApuaalis
PEHTIEHDBCKOWE Nyuu peHTreHIBCLK NpoMeHi
pPeHTreH PEHTIeH
Bpalarsc obeprarmcs
BpaLyeHne obepranHa

S
wkana (macwrab) wkana (macwrat)
paccensanmne POICIAHHA
MEpLUaHWe, CLUMHTUNNALWA MEPEXTIHHA, CUMHTHNALIR
3KpaH expaH
IKpAHNPOBaHKE EKPAHYBAHHA
BUHT TBUHT
nNpoxexTop npoxeKTop
cekyHaa (1/60 YacTe MuHyTI) cekyHaa (1/60 yacTiia xeunnHm)
BTOPHYHLIA BTOPUHHUA

BTOpWYHERA panyra
BTOPWHHARA BONHA
WabupartensHoe NormoieHne
n3bupaTensHoe oTpameHwe
TeHb

thopma (reomeTpudeckan),
KOHGpUrypaLus

3areop

CH (cncTema namepenwi)
rapMoHMyeckoe konelaqwe
CHHYC

TapMOHMYECKaR BOMHA, CUHYCO-
MaansHan BONHa

MOHOKpUCTAN

paamep

Avadparma, wens

MbIBHEIR NY3bIps

CONHEYHLIW BaTep

TBEpLOE TENO

TBEPAOE COCTOAHKE (BElIeCTBa)
MCTOMHUK

wekpa

MCKPOBO# paspsifl

WCKPOBOW NPOMEKYTOK
HANPAMEHUE UCKPOBOMD paspaga
NPOCTPAHCTBEHHAA KOITBPBHTHOCTL

BTOpWHHA pangyra

BTOPUHHA XBKNA

eubiprose (BubipHe) nornuHaHHn
eubipxoee sigbuTTa

TiHb

thopma (reomeTpuusa), womdbirypauin

Brnaskui Nopaaok

3areop

Cl (cucTema aumipioeans)
rapMOHIAHE KONMBEHHA

ChHyC

FapMOHIAHA XBMNA, CHHYCOIganLHa
XBMNA

MOHOKpHCTAN

poamip

AladhparMa, winu+a

MunbHa GynsGa

COHAYHWA BiTEp

TEEpge TiNo

TBEPOMA CTAH (peYoBMHK)
Axepeno

ickpa

ICKpOBMA POIPRA

iCKpOBMIA NpOMIKOK
HaNPYMeHHA ickpoBoro poapaay
NPOCTOPOBA KOTEPEHTHICTE
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specific

spectrometer

spectrum

spectrum line

speed (magnitude of velocity)
speed of light

spherical wave

split

star

slationary wave

strenght of a magnetic field
Strength

strength of the electric field
stress

shress

slress analysis

stress concentration

sum

superposition

superposition principle (see principle
of superpaosition)

suppress

surface

susceptibility

symmetry axis (see axis of symmetry)

tangent
tesla, T

thermal radiation
thick lens
thickness

thin lens

time

tissue

tooth

top

transmitted wave
transparency

transparency, transparence

transparent

transparent medium

transverse

transverse electromagnetic wave
transverse piezoelectric effect

transverse wave
traveling wave

trough

two-beam interference

ultraviolet
ultraviolet radiation
undamped
undergo

uniaxial crystal
unit

unit cell

uv

YOENEHLIR
chexTpoMeTp

cnexTp
CNeRTpanbHan NUHWR
CKOpOCTH

CKOPOCTL CBETA
clepuYeckan BoNHa
pacwennaTs

aeeana

CTOAYan BONHa
HaNpAMEHHOCTL MarHWTHOMD NONA
NPOYHOCTE

HaNPANEHHOCT 3NEKTPUYECKOND NONS

F e (N
HanpANKeHUe
BHANWI HANPAKBHUA
KOHUBHTPELUWA HANPRKEHWA
cymma
Cynepnoauuwa

roa)

nogasnATe
NOBEPXHOCTL
BOCTPHHMYHBOC T

T

KacatensHan

MUTOMUA

cnexTpoMeTp

cnexTp

CReKTpanbHa nikis

WBKAKICTE

WBKAKICTL caitna

chepudHa xauns
po3wennioBaTh

aipka

CTOR4E XBUNA

HanpyXeHicTe MarHiTHOro Nons
MiLHICTE

HaNPYWEHICTL ENEKTPUMHOID NONA
HanpyMeHHs (MexaHiuHe)
Hanpyra

POIPAXYHOK HANDYKEBHOID CTAHY
KOHUEHTPALIA Hanpyr

cyma

CYNepnosuuin

3arnywysati
NOBEPXHA
CIPUAHATNMBICTD

AOTH4YHE

TECna (E[MHHLIA MIMBPEHWA MBTHUTHON TECNA (OOWHILIA BUMIDIOBAHHA

nHAYKWMK), Tn MarsiTHoi ingywuii), Tn
TENNOBOE WMANy4eHWe TENNOBE BUNPOMIHIOBAHHA
TONCTanA NWH3a TOBCTA NiH3a
TOMMHa TosWmMHa
TOHKER NiH3a TOHKA Nik3a
BpEMSA vac
THSHb TRAHMHA
3y6 3y6
BEPWMHA BepLWMHa
NpOXOAALLIAR BOMHA NPOX{AHE XBMNA
ApO3paYHOCTL (CNOCOBHOCTE AP030PICTL (3AATHICTL NPONYCKaTH
nponyckaTh ceer) caitno)
NPO3PaYvHOCTL, ONTHYECKan MPO30PICTL, ONTWYHA
NPO3paYHoOCTL Npo3opicTL
NpPO3padHbIf NPO3OPWA
npo3payHan cpeaa npo3ope cepefoBMile
nonepeqHLIR nonepe4Hui
NoNepeqHan ANeKTPOMATHWTHAR BOMHA NONEPEeYHa eNeKTPOMATHITHA XBMIA
NONepeYHbIA N TPMHECKHA p N'E30enNeKTPUIHIA
epexT

NONEpEYHEN BONHA nonepey4Ha Xsuns
Berywan sonHa XBMNA, WO GikuTe
Bnaguma, yrnyGnenwe 3anagmua, aarnubnennn
ABYXITyMEsaR MHTepdepenLs ABOnpoMenesa iHTepdep

u
ynsTpadMoneToBeIR ynbTpadioneTosui
YNbTpoGMoNeToR0e ManyYeHue yneTpadioneTose BUNPOMIHIOBAHHS
HEe3aTyx2I0WHA HE3racaoumwin
WCNBITLIBATE sunpobysatk
OAHOOCHBIA KPUCTaNn OAHOBICHWA KpUCTan
@0MHWLE HIMEDEHUA OAWHULA BUMIDIOBAHHA

INemeHTapHan suenka
YO, yneTpatuoneToBoe HanydeHne

eNemMeHTapHa KoMmipka
Y@, ynetpadioneTose eunpomitio-
BAHHRA
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vector

velocity

Verde constant
virtual

virtual image
virus

visible spectrum
Volt (V)

voltage

water
watt, W

wave

wave amplitude
wave crest

wave equalion
wave front

wave intensity
wave interference
wave motion

wave number
wave optics

wave surfaces
wave theory of light
wave train

wave vector
waveform
wavefront splitting
wavelength
wave-particle duality
weber, Wh

wedge

Wolff — Bragg condition (syn. Woulf —
Bragg law)

work

X-ray

X-ray analysis
X-ray diffraction
X-ray radiography

yellow
Young's two-slit interference

z axis
zone
zone plate

v

BEKTOD
CKOPOCTH

nocroRHHan Beppe

MHUMBL

MHUMOE WiobpameHue

BHpyC

BWOMMaRA YacTk cnextpa
BONLT (EAMHMLE HIMEDEHHA
ANEKTPUHECKOND HANPRANKEHKR)
ANEKTPHYECKDE HanpRKEeHWe
HaNps#eH1e (anexTpu4eckoe)

W

Boga
aar'r {eAMHALIA MIMBPEHWUA MOLLHOCTH),
T

BONHa
aMINMTYAa BOMHL

rpebeqs BonHb!

BOMNHOBOB ypaBHeHue

(HPOHT BONHLI

MHTEHCHBHOCTL BONHbI
HHTEP(EPEHLMA BONH
BONHOBOE ABMKEHWE

BONHOBOE YWCNO

BOMNHOBAA ONTHEA

BOMHOBARA NOBEPXHOCTL
BOMNHOBAR TEODMA CBaTa

Uyr BONH, NOCNenoBaTensHOCTLE BONH
BOMHOBOW BEKTOR

thopma BonHL

paifenexne BonHoeoro poxTa
ANUHA BONHLI
KOPMYCKYNAPHO-BONHOBOA QYANWIM
Bebep (eauHuua waMmepenus
MarHMTHOTO noToka), B6

EITAH

ycnoewe Bynetpa — Bparra

pafota
X

PEHTTEHOBCKHA Nyy
PEHTTEHOCTRYKTYPHLIA aHanua
MMDPAKLNA DEHTTEHOBCKIX MyJed
peHTredorpacma

Y

KENTEIR
MHTEPDEPEHLNA OT ABYX Wenai

p 4

oce Z
30Ha
30HHARA NNAcTHHKA

BEKTOP
WBHAKICTE

crana Bepoe

YABHMA

yABHe 30BpamkeHHn

Bipyc

BWHMA YAcTUHA CnekTpa
BONLT (OAMHWLS BUMIDIOBAHHA
ENeKTPUUHOT Hanpyr)
EeNexTpuYHa Hanpyra,

Hanpyra (enekTpudHa)

Boaa
BaT (OAMHWLA BHMIDIBAHHA
noTyxHocti), Br

XBHNA

amnnityaa xeuni

rpebite xauni

XBUNbLOBE PIBHAHHA

hpoHT XBKNI

IHTEHCMBHICTL XBMni

iHTephepeHLin xenns

XBUMBOBHA PyX

XBUNLOBE YWCIO

XBUNLOBA ONTHKA

XBMNLOBA NOBEPXHA

XBUMNLOBA TEOPIA caiTna

UYr XBWMNb, NOCNIQOBHICTE XBUNGL
XBUNLOBWA BEKTOP

hopmyna xeuni

PO3AINEHHA XBUNLOBOTD BPOHTY
AoBXWUHA XBUNI
KOPNYCKYNAPHO-XBUNBOBUA Ayaniam
Befep (oguHnus BUMIpIOBaHHA Mar-
HiTHOro noToky), B6

KIHH

ymosa Bynetha — Bperra

pobora

PEHTTEHIBCLRWA NPOMIHE
PEHTTEHOCTRYKTYDHWA aHanis
Andhpakyia peHTreHiscskix npomeris
pentrenorpadpin

WOBTUA
iHTepthepenuin Big aBoX WiNUK

Bick Z
30Ha
30HHA NNACTHHKA
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