PHAS1224 Waves, Optics and Acoustics
Part 1I: Optics

R.S. Thorne

Preface

This is the second part of the PHAS1224 lecture course, and is of roughly
equal length to the first part. The topics studied will be:

e Introduction. A brief description of what light is in terms of electric E and
magnetic B fields, i.e. light is an electromagnetic wave. The propagation
of light. Wavefronts and light rays. Fermat’s theorem and Huygens’s
principle. An outline of the reflection, refraction and transmission of
waves. Polarisation, both linear and circular.

e Basic interference of light waves via amplitude division, i.e. interference
between waves reflected from different boundaries. Simple examples, e.g.
films, Newton’s rings.

e Devices using interference — interferometers. The Michelson interferome-
ter and Fabry-Perot etalon. Use of these for resolution of light of different
wavelengths.

e Interference using wavefront division — diffraction. Examples of double
slits, multiple equally spaced slits, i.e. a diffraction grating, and a slit of
finite width. Again, the use for resolution, in this case both of different
wavelengths and of objects close together. The eye as an example in this
context.

e Mirrors and lenses. Ray diagrams. Magnification and real and virtual im-
ages. The mirror and lens equations. Combination of lenses and mirrors.
Optical instruments consisting of lenses and mirrors. The eye, microscopes
and telescopes.

Books
The most suitable books for this part of the course are

Chapters 35-38 of “Physics for Scientists and Engineers with modern physics”,
by Jewett and Serway, Brooks Cole.

“Optics”, by Hecht, Pearson Education publishers.

“An Introduction to Optics”, by Pedrotti, Pedrotti and Pedrotti, Pearson Ed-
ucation publishers.



1 Introduction

Optics is the study of the behaviour of light. However, in order to understand
this properly we need to underpin this with a basic understanding of what light
is. In the classical way of thinking light is the part of the spectrum of elec-
tromagnetic radiation waves which our eyes have become attuned to detecting,
i.e. “light” is not the same for all observers, like sound, although the variation
is mainly between different types of organism. Hence, the whole of this course
will essentially be about electromagnetic waves, but the only parts of it our eyes
will “see” is light.

1.1 Electromagnetic Waves - (Subsection non-examinable.)

Electricity and magnetism are described by Maxwell’s equations (1873). Both
electric and magnetic fields are vector quantities generated usually by charges
and currents respectively,
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where the permittivity of free space ¢y = 8.85x 107>Fm ™" and the permeability
of free space iy = 47 x 107"Hm™'. In a medium we have to make the replace-
ments ey — €69 and g — pflo, where €, and p, are known as the relative
permittivity and relative permeability respectively. For all but highly magnetic
materials, which are not transparent to light, u,. = 1 to a good approximation.
However, in many materials €, deviates from unity quite significantly because
the electric dipoles set up in materials due to electrons and nuclei being pushed
in opposite directions tend to oppose the external electric field. Hence, in the
vast majority of cases €, > 1, though for gases the departure is very small.

Figure 1: The electric and magnetic field and the direction of travel for an
electromagnetic wave.

It is also the case that time-varying electric and magnetic fields generate
fields, as in the electromagnetic induction discovered by Faraday. In particular,
if we consider an electric field described by

E = E,i = Eyexp(ikz — iwt)i, (2)
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where k = 27/ and w = 27 f, then Maxwell’s equations say
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So a time-varying E field generates a z-dependent B field and also a time-varying
B field generates a z-dependent E field. By taking the partial derivative of the
first equation again with respect to z and the second with respect to t, and
using commutativity of partial derivatives we find that

O2E, 2E,
92 M (4)

or alternatively taking the partial derivative of the first equation with respect
to ¢ and the second with respect to z and using the same argument we obtain

0’B 0’B
822;/ = 60%872523/' (5)

But these are exactly the wave equation, i.e.

O*E, 10°E, &*B, 1B,
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with
1
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So Maxwell’s equations, which predate relativity by over 30 years, predict elec-
tromagnetic waves which travel with velocity ¢ = 3 x 10®ms™!. In a medium c
is replaced by the wave velocity

CcC =

SE (8)
Verofiniio
A feature of the solutions is that the E and B fields are perpendicular to
the direction of motion, i.e. the waves are transverse, and also perpendicular to
each other. In fact the direction of motion of the wave is in the same direction
as E x B. Slightly more precisely, if vector S represents the energy flux of the
wave then

S =E x B/u. (9)

From the equations which relate the variation of E and B we also see that
k|E| = w|B| (10)

and hence that w
Bl =Bl =dB| (1)

The energy density in the wave, and therefore the intensity of the light, is
proportional to the square of the E and B fields, so the vectors E and B may
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be though of as the amplitude of the waves. Again more precisely, if U = energy
density,
= JeolBP + 3[BJ* 1o (12)

using the relationship between |E| and |B|, we find that the energy contained
in these two contributions is identical, i.e.

B2 L [EP comolEP

2 Ho _202M0_5 Ho

%60|E|2. (13)

More recently (from 1905 onwards) we have understood that electromagnetic
waves may also be thought of in terms of particles (photons). However, these
particles are also understood to display very wave-like behaviour. In this case
we have the relationships that if £/ and p are the energy and momentum of the

photon ) N

b= 27rw p= 27

so higher frequency electromagnetic waves have higher energy and momentum.
For the purposes of this course we will think of light as a classical wave.

This concludes the introduction to electromagnetic waves, and none of the

above in this section is strictly examinable. However, it will hopefully help you

understand the behaviour we will discuss in the rest of the course.

k, (14)

1.2 Light in the Electromagnetic Spectrum

E & & & w = = ﬁ o g
313 12308 |ig8| & |4 ® &
tl=g|EZlfa 285 E O[3 2| 2B
ilawulgﬁ mi! = b—l 5| s
L] I45 L4 137 ‘18 )

1 .I |
i'i} 1|} 1I.'il 10 1I:i 1|_':| i 1I] 1I:i 1|} 'II.'FI 10 1 10 He
I, S S e VR PR R T TG s ]

L e e ey H i equercy
LG masesi e 20 B
Ltes Bt id fp i opstet et B

Figure 2: The electromagnetic spectrum as a function of frequency.

Returning to the place of light in the electromagnetic spectrum this is illus-
trated in figure 2, where we see it lies in a very narrow band of frequencies above
those used for TV and radio, microwaves and infrared radiation, but below ul-
traviolet, x-rays and gamma rays. This band does, however, correspond to the
maximum range of emittance for typical stars, such as our sun, and also to the
frequencies of many common atomic transitions. Hence, our eye is attuned to
these frequencies because they are the most useful for us to “see”.



2 Light as a Wave - Propagation.
From now on we will think of light as a wave with amplitude described by
A = Agexp(ik - r —dwt) (15)

where we implicitly take the real part, and where A effectively means E or
B. The transverse nature of the wave means A -k = 0, i.e. A is in the
plane perpendicular to the direction of travel. The motion of the wave can be
described using two different features.

The wavefront is the plane of constant amplitude or phase for the wave.
In the same way that waves in the sea have well-defined crests and troughs of
finite extent, the electric and magnetic fields in light waves have planes where
amplitude is maximum or minimum. In particular if the wave behaves like

A = Agexp(ikz — iwt) (16)

then we define ¢ = kz — wt as the phase. The planes where kz —wt = 0, 27, 47
etc. correspond to amplitude vector A = Ay, i.e. maximum amplitude. Simi-
larly the planes where kz — wt = m, 3w, 5w etc. correspond to amplitude vector
A = —Ay, i.e. maximum negative amplitude. For kz — wt = 7/2,37/2,57/2
etc. the real part of the amplitude = 0. All points with a particular value of ¢
define the wavefront. Equivalent points on the wave are separated by a whole
wavelength or period, i.e. A¢ = 2,

A ray is best thought of the the normal to the local wavefront, and hence,
for transverse waves is the direction of travel of the wave. We can describe
light waves in terms of wavefronts or rays, but the latter are usually the most
convenient.

2.1 Index of Refraction and Optical Path Length

The index of refraction (refractive index) of a medium is defined as the speed
of light in a vacuum divided by the velocity in the particular medium,

n=c/v. (17)

Since we saw earlier that

1 1
V= (18)
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and we will always consider materials where p, = 1 to a good approximation
then we have the straightforward definition that

n = /. (19)

For gases ¢, is only very slightly greater than 1 and in most common trans-
parent liquids and solids €, is in the range 1.5 — 5. For example, Nyater = 1.33,

C =




Nglass ~ 1.5 and Ngiamond = 2.42. In general denser, more tightly-packed materi-
als have higher refractive index. Usually e, is weakly dependent on the angular
frequency w of the wave leading to dispersion, as discussed in the first part of
the course. We will ignore this effect here.

Note that in general €, can have an imaginary component,

€ = €re + 1€im. (20)
Using the relationship k/w = /€, /c this leads to an imaginary component to &
k = ke + ikim. (21)

Substituting this into the expression for the wave we get
A = Agexp(ikez — kimz — twt) = Ag exp(—kimz) exp(ikez —iwt).  (22)

Hence the imaginary contribution to the permittivity results in a wave which
travels like a wave as usual, but with an exponential decay of the amplitude.
Hence, a significant imaginary component leads to a quick decay and is typical
of materials where the energy of the wave is absorbed by damping of vibration
of atoms. In transparent materials which allow light to be transmitted this
effect is very small indeed (though it does exist - little light penetrates very
deep underwater), and it is such materials we will deal with in the course.

The concept of refractive index leads to optical path length. For fixed time
the phase difference between two points along the ray of a wave is

Ap = kAx = %Az = %nAx = konAx, (23)

where kg = (2m)/XAo and )¢ is the wavelength in free space, i.e. k = nky and
hence A = \g/n.
The number of wavelengths between the two points on the ray is

%_nA:r;
2w N )\0

. (24)

Hence, in order to find how far apart in phase two points are for given Ay the
important unit of measurement is

optical path length = nAux, (25)

i.e. optical path length = refractive index x distance travelled. It is also a
measure of the time taken to travel the distance Az in a given medium, i.e.
At = nAz/c. The concept of optical path length will be useful in many parts
of the course.



2.2 Laws of Light Propagation

There are two laws governing the propagation of light which predate the under-
standing in terms of electromagnetic waves by centuries, but which will prove
to be very useful in deriving the behaviour of light.

1. Fermat’s Theorem (1662).

“The actual path between two points taken by a beam of light is the one
which is transversed in the least time.”
or

“Light, in going between two points, transverses the route having the small-
est optical path length.”

So we see that light can be thought of as being in a real hurry. Not only
does it travel at a speed faster than anything else in the universe, but it al-
ways takes the most direct route, refusing to make any detours. This principle
has subsequently been generalised to describe the motion of all particles (the
Principle of Least Action), but has the simplest interpretation for light.

2. Huygens’ Principle (1629-1695).

“Every point on a wavefront acts as a source of a new wavefront propagating
radially outwards.”

This is sufficient for a quotation of Huygens’ principle if it is asked for, but
it is useful to be a bit more descriptive. Every point on a primary wavefront
acts as the source for secondary wavelets, such that the primary wavefront at a
later time is the envelope of these secondary wavelets. The wavelets advance at
a speed and frequency which are the same as the primary wave at every point
in space.

The two principles provide the same results, one sometimes more easily than
the other.

2.2.1 Example 1 - Propagation in a Single Medium

-

_____,______
TS S s S
-

[l

Figure 3: Huygens’ principle applied to the propagation of a plane wave.

Fermat’s theorem simply says that light gets from A to B in the shortest
time and hence using the shortest distance, i.e. it travels in a straight line since
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this is defined to be the shortest distance between two points. However, the
principle can be applied without modification to the more complicated space
obtained when considering general relativity. In this case massive stars or black
holes can bend space significantly and the bending of light is still described by
light travelling past the star or black hole adopting the shortest path in the
curved spacetime.

reflected wavefront incident wavefront

Figure 4: The wavefronts for the incident and reflected light for light incident
on a plane reflecting surface.

For Huygens’ principle the propagation from a straight, or curved wavefront
is shown in figure 3. Since the ray is perpendicular to the wavefront we see that
again the propagation in straight lines is obtained.

2.2.2 Example 2 - Reflection from a Plane Surface

In this case we consider the situation in figure 4 where the light ray making
an angle 6; with the normal to the surface which is the same as the wavefront
making angle 6; to the plane of the reflecting surface. 6; is called the angle of
incidence and we want to know the angle of reflection. The diagram showing
the application of Huygens’ principle with the incident wavefront at point A
touching the surface, and that at point B being perpendicular distance d = cAt
from the surface is shown, as is the reflected wavefront at time At later. The fact
that the length of AD and BC' are both the same, i.e. the distance travelled by
the secondary wavelet d = cAt, and that ADC and ABC' are both right-angled



Figure 5: The law of reflection using Fermat’s theorem.

triangles means that
sinf; = ig = ig = sinf,. (26)
So we obtain the standard result for the law of reflection, angle of incidence is
equal to angle of reflection, i.e. 6; = 0,.
We can consider instead Fermat’s principle. The situation is shown in figure
5. Here we want to minimise the time, and hence the path length, for travelling
from A to B while striking the mirror at some intermediate time. In the diagram
the distance z is the free parameter, the variation of which changes both the
incident and reflected angles. The length of the path from point A to the mirror

is va? + 22 and from the mirror to point B is 1/b%> + (d — z)?. So the total path

length is
L=va?+ 224+ /0?+ (d — z)% (27)

In this case the light is always travelling at the same velocity so the minimum
time is the same as the minimum path length. This is obtained by finding
dL/dx = 0, i.e. we need,

dL 2 1 2(d—x)

1
oz _Z =0. 28
dv 2+/a? +2? 2 /12 + (d — x)? (28)
Hence,
x (d— (29)

_ ?)
va+a? g (d—a)?

But this is the same as sin §; = sin 6, so again we have the result that the angle
of incidence is equal to the angle of reflection 6; = 6,.

2.2.3 Example 3 - refraction and Snell’s law

As light passes from one transparent medium to another it changes speed and
bends. The details depend on the angle of incidence and the refractive indices
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Figure 6: The Law of Refraction — Snell’s Law.

Sloww
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of refraction

Figure 7: The law of refraction using Fermat’s theorem.

of the two media. The general situation is show in figure 6. In 1621 a Dutch
physicist Willebrod Snell (1591-1626) defined the relationship between 6; and
0, know as Snell’s law

n;sin @; = n; sin 6,. (30)

It is possible to derive this by constructing the diagram of wavefronts using
Huygens’ principle, but this is left as an exercise. We will instead prove Snell’s
law using Fermat’s theorem in a similar manner to that for the proof of the law
of reflection. As shown in figure 7 the time taken to get from A to B is

Va2 + 22 b2+ (d —x)?

(% Uy
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We need the minimum time, i.e. dt/dz =0, i.e. we need,

i x B (d—x) _0 (32)
dr  wviva® + 1% 4, /12 + (d — x)?
Hence,
x _ (d—x) ‘ (33)
viva? + % 02 + (d — )2
But from the definition of sin 8; and sin 8, this is
sinf; sind,
— . 34
o ” (34)
But v; = ¢/n; and v; = ¢/n;. Therefore,
n;sinf;  nysinb; (35)
c ¢
and therefore
n;sin6; = n; sin 6. (36)

Note that in the case that light propagates from a region of high refractive
index to one of low refractive index the angle of refraction is larger than that
of incidence .

sin 0; = n—’ sin6; where (n;/n;) > 1. (37)
t
At some particular angle 6; then 6, becomes equal to 90°, i.e. when sinf; =
(n¢/n;). For incident angles greater than this sin 6, > 1, so there is no real angle
which satisfies this. Hence, above incident angles of

6. = sin"'(ny/n;) (38)

we have total internal reflection. No energy propagates away from the boundary
on the transmitted side. As an example, for glass with n; = 1.4 to air withn, = 1
(to a good approximation), 6, = 45.6". This phenomenon is made use of, for
example, in transmission along optic fibres.

Note that in fact for #; > 6. there is some transmitted light, but it decays
exponentially rather than travelling as a wave. It is possible to set up a second
boundary so that the light can propagate into a new medium. This phenomenon
is known as tunnelling. It is often presented as a quantum phenomenon, but is
really a feature of wave dynamics.

In general a light wave incident on the boundary between two media of
different refractive index will be both reflected and refracted. Before looking at
the details of this we need to consider polarisation.
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Figure 8: Linearly polarised light.

2.3 Polarisation
2.3.1 Linear Polarisation

So far we have implicitly always considered a light wave described by
E = Eg exp(ik - r — iwt) (39)

i.e. the E field, and consequently also the B field, is in a particular direction.
This is known as linearly polarised light. It appears as in figure 8, where we
remember that the B field is always perpendicular to the E field and direction
of motion k.

For given direction of travel there are two independent planes of polarisation,
e.g. if the wave travels in the z direction i.e. in the direction of the unit vector k
then E could be in the x or y directions, i.e. along the unit vectors i or j, which
would be two independent polarisations. However, any linear combination

Eo1=ai+bj (40)
would be an example of linear polarisation. Then

Eo2 = bi —aj (41)
would be an independent orthogonal polarisation since

Eo1-Eop2 =0. (42)

In quantum mechanics the photon also has two independent degrees of freedom
which can be interpreted as two different polarisations. In general, though,
light is unpolarised, i.e. it is made up of a random combination of all possible
polarisations.)

Law of Malus

The law of Malus states that if we have plane-polarised light incident at angle
0 to the plane of polarisation of a perfect polariser, then only the component of
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the field along the direction of the polariser is transmitted, i.e. the amplitude
Ey is reduced to Fycosf. However, the intensity I oc EZ so Iy is reduced to
Iy cos? 6.

If unpolarised light is incident on a polariser then each component at angle
0 to the plane of polarisation will have intensity fraction cos? transmitted.
Hence, the total intensity fraction transmitted will be Iy < cos?6 > (where
< A > denotes the average of A). This means the intensity [; transmitted by
one linear polariser is %[0.

As a slightly more complicated example consider light which is unpolarised
with intensity [, incident on one polariser with polarisation axis along the z
axis, and the a second polariser with its axis at 30° to the x axis. In this case

I, = cos® 301, = 3/41,. (43)

But I, = %IO, therefore
I, = 3/81I,. (44)

There are also other types of polarisation, not just linear polarisation.

2.3.2 Circular Polarisation

Circularly polarised light consists of two perpendicular plane waves of equal
amplitude and 90° difference in phase, e.g.

E = Eycos(kz — wt)i+ Epsin(kz — wt)j. (45)

In this case

|E| = \/Eg cos?(kz — wt) + E3sin®(kz — wt) = Ey, (46)

independent of position or time, but the orientation of the wave changes with
time and/or position. Letting ¢ = kz—wt, then for ¢ = 0 E is in the x direction
but for ¢ = 7/2 E is in the y direction. At the intermediate point ¢ = 7/4
E E
E = 731 + 7; j. (47)
Circularly polarised light appears as in figure 9. For this particular choice
of circularly polarised light the plane of polarisation viewed by an observer
towards whom the light is travelling rotates in a clockwise direction. This
is known as right-circularly polarised light. (Remember that the direction of
rotation is opposite as a function of time to that of a function of position because
of the relative — sign in ¢ = kz — wt.) For left-circularly polarised light the
polarisation viewed by an observer towards whom the light is travelling rotates
in an anti-clockwise direction
Circularly polarised light is obtained by first producing linear polarised light,
for example with equal component along the z and y directions, and then delay-
ing (or advancing) the component along the y direction by 7/2, i.e. a quarter
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Figure 9: Circularly polarised light.

of a wavelength. A receiver for circularly polarised light must do things in the
opposite order, i.e. put the x and y components back in phase and then pick
out the resulting linearly polarised light. Circular polarisers are used in 3D
cinemas where the film is shown in the two polarisations and glasses receive
one type of circular polarisation in one eye and the other type in the other eye.
This means the glasses have a definite back and front. The way one wears them
they receive circularly polarised light, but turned about so the side normally
facing the screen becomes the side away from the screen they instead produce
circularly polarised light. If put directly through a plane polariser, circularly
polarised light will result in plane polarised light of half the intensity of the
circularly polarised light since on average half is aligned along one direction of
polarisation and half along the perpendicular direction.

2.3.3 Elliptically Polarised Light

Elliptically polarised light can be made from two unequal amplitude waves plane
polarised in perpendicular directions, e.g.

E = 2F cos(kz — wt)i + Eysin(kz — wt)j. (48)

An equivalent wave can be made by two equal amplitude waves out of phase by
an angle different to 90°. It appears as in figure 10, i.e. like circularly polarised
light the field vector rotates (in either the clockwise or anti-clockwise direction),
but the amplitude changes periodically with time.

In fact both circular and plane polarisations are special cases of elliptical
polarisation, where the phase difference between two perpendicular polarisations
are /2 and 0 respectively.
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Figure 10: Elliptically polarised light.

2.4 Reflection and Transmission

To derive the general expressions for the reflection and transmission of light at
the interface of two media one needs to consider a full treatment of electric and
magnetic fields and their boundary conditions as they cross media. This will
come in later courses. Here we will just quote the results and examine some of
their consequences.

For normal incidence on a plane boundary there is no dependence on polar-
isation, since all fields are perpendicular to the boundary, and we obtain

ny —ny

reflection coefficient function =r = , (49)
n; + Ny
and 5
N
transmission coefficient function =t = . (50)
n; +ny

So if n; > n; then r is positive and there is no phase change in the reflected
wave and if n; < ny, i.e. reflection from a more optically dense medium, then r
is negative and there is a phase change of 7.

In general the incident wave can have field components both perpendicular
and parallel to the plane of incidence (or to the boundary), as seen in figure 11.
The rules governing the reflection and transmission of electromagnetic waves at
an interface are called Fresnel’s equations. They are

ngcost; —nicosy  tan(f; — 0;)
nycosb; +n;cosf,  tan(6; + 6,)
nicost; —nycosfy  sin(0; — 0;)
n;cos0; +nycosf,  sin(6; + 60,)

=

r, =
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Figure 11: The geometry for Fresnel’s equations.

P 2n; cos 0); B 2sin(6;) cos(6;)
= ngcosf; +n;cosf;  sin(6; + 6,) cos(6; + 6,)
2n; cos b; 2sin(6;) cos(6;)
to= - (51)

n;cos0; +n;cosf,  sin(f; +6,)

where in each case we have used Snell’s law to obtain the second expression.
(These do not need to be learn. If you have to use any of these expressions
they will be given.) The features of the reflection and transmission depend
on whether n; is greater than or less than n;. However, in either case it is
possible that the reflection coefficient for light polarised parallel to the plane of
incidence, 7, can be zero. From the equation above we can see that this happens
if 0; + 0; = w/2 because if this condition is satisfied then tan(6; + 6,) — oo, and

tan(ﬁi — Qt)
= —< 0. 52
"I tan(0; + 6;) - (52)
But from Snell’s law,
n; sin 0; = ny; sin 6;, (53)

and if 6, = /2 — 0; then sin §; = cos ;. Therefore
ng cosB; = n; sin b;, (54)

and
r =0 if 6; =0, =tan""(n;/n;). (55)

This angle 6, is known as Brewster’s angle, where p denotes that the reflected
light is polarised perpendicular to the plane of incidence, the component parallel
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Figure 12: The amplitude coefficients of reflection and transmission for an in-
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Figure 13: The amplitude coefficients of reflection for an interface with n; > n,.

to the plane of incidence being zero. This can happen for n; > n; and n; < n,
since tan # can take all values between 0 and co. Note also that tan # > sin # so it
happens for a smaller angle than that for total internal reflection 6, = sin™* n, /n;
if n; > n,.

In brief, the form of r and ¢, both parallel and perpendicular, can be sum-
marised as in figures 12 and 13. These are for the amplitudes. In terms of
the reflected intensity R = |r|* for n; > n, is shown in figure 14. We see that
at 6; = 6, = tan~'(n;/n;) the reflected light is polarised perpendicular to the
plane of incidence, but at all angles there is more light polarised in this direction
than parallel to the plane of incidence. 6y corresponds to the angle at which
total internal reflection sets in, ..

2.5 Methods of Polarisation

There are four common methods for producing polarised light.
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Figure 14: The intensity of reflection for the two polarisations of light for an
interface with n; > n,.

2.5.1 Polarisation by Reflection

As just seen there is preferential reflection of light polarised perpendicular to
the plane of incidence, and entirely polarised in this direction for Brewster’s
angle tan 6, = n./n;.

2.5.2 Polarisation by Absorption

Some crystalline materials absorb more light in one direction than another,
so light passing through them becomes polarised. This anisotropy is called
dichroism. Polaroid film and original sunglasses work like this. Long molecules
absorb light in the direction of the molecules by setting up oscillations. The
light perpendicular to the long molecules is transmitted. This is illustrated in
figure 15.

Figure 15: Polarisation by absorption.
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2.5.3 Polarisation by Birefringence

Crystalline materials may have different indices of refraction associated with
different directions. This property is called birefringence. Mineral crystals
commonly have two distinct indices. If the y and z directions are equivalent
in terms of crystalline forces the x axis is unique and is called the optic axis.
Propagation along the optic axis where E is perpendicular to the optic axis is
called the ordinary or o wave, whereas the wave with E parallel to the optic
axis is called the extraordinary or e wave. Prisms can be arranged to give total
internal reflection and eliminate one plane of polarisation, as seen in figure 16.

Birafringence
Mgl prigm

Figure 16: Polarisation by birefringence.

2.5.4 Polarisation by Scattering

When light scatters off air molecules it causes the electrons and nuclei to oscillate
in the direction of the field which is perpendicular to the direction of the light.
An oscillating charge dipole does not emit in the direction of oscillation. If the
wave travels in the z direction then oscillation in the x direction will give light
polarised along the z-axis but not emitted in the x direction and oscillation in
the y direction will give light polarised along the y-axis but not emitted in the y
direction. So the scattered light will be polarised, that in the x-direction along
the y axis and vice-versa, as in figure 17. This means that the light under going
Rayleigh scattering forming the blue nature of the sky is partially polarised.

.?"'r-a *‘
pd Az
w |
T
:|-:;-l+..ll:-“ :r{:h_":?
N ——
; A

"'\.H‘\-‘.?

|

N

Figure 17: Polarisation by scattering.

19



3 Interference

Interference is the study of what happens when two or more light waves exist at
the same time within the same spatial region. Light waves obey the law of linear
superposition, i.e. when one has two waves the resultant is obtained simply by
adding the amplitudes of the two. Hence, if the waves are in phase with one
another for a significant region of space one gets constructive interference, as
illustrated in figure 18. If waves are exactly out of phase with each other then
the sum reduces the amplitude and we get destructive interference. The example
of perfect destructive interference, i.e. two waves with equal amplitudes with a
phase difference of exactly 7 is shown in figure 19. However, to have appreciable
interference we must also have a high level of coherence.

Destrective
intarderance

Figure 19: Example of destructive interference.

3.1 Coherence

Coherence is a measure of how well a real wave approximates a perfect infinite
plane wave, i.e. we have described a wave amplitude by

A = Agexp(ikz — wt), (56)

which means that the wave exists in exactly the same sinusoidal form for all
values of z at all times. Real waves are not like this. They will only behave like
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a perfect wave of the form above for a limited time and space. This introduces
the two concepts:

Spatial coherence is the distance one goes along a wave with constant sepa-

ration of peaks and troughs, i.e. over what distance the phase change is given
by A¢ = (27/\)Ax.

Temporal coherence is a measure of how long a wave at a particular point
maintains a clear phase relationship between equivalent parts of the wave, i.e.
for how long A¢p = wAL.

Ordinary light is not actually very coherent because it is generated by elec-
tronic transitions in atoms which emit on time scales of 10~® seconds and
are spatially separated, and the total light comes from lots of different atoms.
Rather than one continuous wave it is more like a series of uncorrelated bursts
(except in a laser where the method of light generation from simulated emission
does lead to coherence). Hence, in order to get stable interference effects one
cannot just take two independent standard light sources. The standard method
is to obtain interference by dividing a single wave in some manner and then
recombining. However, in general the path difference introduced must be some
limited number of wavelengths (depending on the source) otherwise coherence
starts to fail and the interference pattern breaks down.

3.2 Interference by Amplitude Division - Double Reflec-
tion

Figure 20: Typical thin film layer and amplitude division of a light ray.

We frequently obtain interference patterns when light is reflected from a
surface and then from a second surface some small number of wavelengths later.
The general situation is shown in figure 20. Note that the two waves leaving
C and D are parallel, but we assume that they are viewed at a very large
distance so even almost exactly parallel rays will converge, or that they are
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focused together by some instrument, e.g. an eye. The optical path difference
I' introduced between the two resultant waves if n; is the refractive index of the
medium from which the light is approaching and n is the refractive index of the
layer of thickness d is

I'=n(AB + BC) — n;AD = 2nAB — n;AD. (57)
If the light is incident at angle a to the normal and refracted at angle g then
AB = BC =d/ cos 3, AC = 2dtan (3. (58)

But AD = AC'sin o and so

2nd

I =
cos 3

— 2n;d tan B sin a. (59)

But from Snell’s law n; sin « = nsin § and

1 sin’ 3
b= 2nd<cosﬁ_ COSﬂ)
= 2ndcosf3. (60)

All dependence on the refractive index in the incident material has disappeared
and ignoring any phase change at either of the boundaries where reflection has
taken place, constructive interference requires the optical path length intro-
duced between the waves to be a whole number of wavelengths. Hence, we
get constructive interference if 2ndcos 5 = mA, where m is an integer and for
destructive interference we need 2ndcos 3 = (m + 3)A.

However, it is possible that there is a relative phase change of m between the
two reflections from the two different surfaces which is equivalent to an optical
path difference of half a wavelength. In this case we get constructive interference
if 2nd cos = (m + %))\, and destructive interference if 2nd cos = mA.

In general we would need to find § from Snell’s law, but we will usually
consider the cases where a ~  ~ 0, i.e. normal incidence where cos f ~ 1. We
will now consider several standard examples.

3.2.1 Soap Films

P 4 /
8
n=1.4 soap lim
n=1 now

Figure 21: Reflection from a soap film.
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We consider a single layer of a soap film in air, as in figure 21. There is
reflection from the front and back surfaces. If n; > n, there is no phase change
on reflection, whereas if n; < n; there is a phase change of 7. In this case this
means there is a phase change of 7 from the reflection at the front boundary.
Therefore, there is constructive interference if 2nd cos 8 = (m + %))\

3.2.2 Oil Film

Figure 22: Reflection from a oil film on water.

We consider a thin layer of a oil on water, as in figure 22. The refractive
index of oil is slightly greater than that of water so again there is a phase change
of 7 from the reflection at the front boundary. Hence, again there is constructive
interference if 2nd cos 3 = (m + 3)A.

3.2.3 Anti-reflection Coating

Tt
MaF, n=1.38

T
glass n=1.72

Figure 23: Anti-reflection coating.

Lenses of cameras are often coated with a film of some material with refrac-
tive index lower that that of the glass in the lens (which is usually rather high,
e.g. ~ 1.7). The example of magnesium fluoride with n = 1.38 is shown in
figure 23. In this case there is a phase change of 7 at both boundaries so it can-
cels out and there is constructive interference if 2nd cos § = mA and destructive
interference if 2nd cos 3 = (m + 3)A.

If we consider normally incident light and a coating exactly 1/4 of a wave-
length thick then

nd=M\4 — 2nd=\/2 — destructive interference. (61)

23



A quarter-wavelength coating therefore eliminates the reflected wave completely
since the two contributions cancel out. This leads to perfect transmission of light
into the lens, as desired. However, it only works perfectly for one particular
wavelength, which is usually chosen to be somewhere near the middle of the
visible range, i.e. A &~ 475nm. This means there is some reflection at the blue
and red ends of the spectrum, and the reflected light is a mixture of these.

3.2.4 'Wedges

Figure 24: The reflected light at two points separated by Az for a wedge.

By a wedge we mean a thin sliver of material of different refractive index
to its surroundings which tapers to zero at one end. We could have n > n;,
e.g a thin strip of glass in air, or n < n;, e.g. a gap between two glass plates
touching at one end and separated by a small gap at the other, filled with
air, or possibly some other medium. We assume the two planes of reflection
make a small angle a with each other. The general situation is shown in figure
24. We consider light incident at an angle to the normal small enough that we
can assume normal incidence and reflection at both boundaries. In this case the
optical path difference between the two reflected waves at distance x is 2n times
the thickness of the wedge at this point, which is d = x tan a ~ ax. Hence the
optical path difference is given by

I' = 2nax. (62)

If the material below the sliver has refractive index n; (which is usually, but not
necessarily the case) there must be a 7 phase change induced at one of the two
boundaries, though which one depends on whether n; > n; or vice versa. Hence,
there is constructive interference if 2nax = (p + %))\, where p is an integer, i.e.
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for ( 1
p+ 3 A
= —=" 63
v 2an (63)
However, now the result of the interference depends on the distance from the
apex. if there is indeed constructive interference, and hence a bright fringe at
21 = ((p1+3)A)/(2na) then the next constructive interference and bright fringe

will be at 21 + Az = ((p1 + 1+ $)A)/(2na), so the fringe separation is

Azx = A

= (64)

3.2.5 Newtons Rings
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Figure 25: Pattern (left) and geometry (right) for Newton’s rings.

One of the first detailed observations of the interference of light is an elabo-
ration of the wedge set-up and is called Newton’s rings, since the phenomenon
was first studied by Newton. The experimental set-up consists of a section of
a large lens with radius of curvature R lying curved side down on a very flat
reflecting surface. The gap between the lens and the surface then forms a gap
of thickness ¢t which depends on the radial distance from the centre of the lens
r. This produces a pattern of light circular fringes if light is incident at near-
normal angles. The required situation and the resulting pattern are shown in
figure 25.

We can derive the details of the interference pattern by generalising the
argument for the wedge in the previous sub-section. From Pythagoras’ theorem
we see that R, r and ¢ are related by

r? = R*> — (R —t)? = 2Rt — t* =~ 2Rt, (65)
where in the last stage we have assumed ¢ < R, which will be true for fringes

near the centre. So the effective wedge thickness is

7,,2

=R
As in the previous discussion there is one phase change of m so we obtain
constructive interference, i.e. bright fringes, if

260 =(p+ A — 1=+ IR\, (67)

/ (66)
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which is the expression for the radial position of the rings. If the gap were filled
with a liquid of refractive index n then the optical path length would change
from 2¢ to 2nt and we would experience the bright fringes at nr? = (p + 3)A.
If we consider the explicit example of a lens with radius of curvature R = 1m,
and light of wavelength A = 500nm, then we get the first bright fringe when

p=0,1ie
r1=4/3 x5 x 1077 = 0.5mm, (68)

and the thirteenth bright fringe is when p = 12, i.e. at

rio = /123 x 5 x 107 = 2.5mm. (69)
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4 Interferometers

We have looked at the details of interference patterns in the previous section, but
in these cases the patterns produced have been fixed, so they can be explained,
but there is not much scope for actually using them. An interferometer is a
device which produces a variable interference pattern which can be controlled by
varying the optical path length between the interfering beams in some manner.

The two examples in this section both use amplitude division of a common
light source and the resulting fringe patterns can be used to investigate a variety
of topics. For example they can be used to measure the refractive index n of
materials, or the thickness of materials if very thin. It is also the case that many
spectral lines from light emitted by atoms are in fact a series of very closely
separated lines, and interferometers can be used to find and measure these small
separations.

4.1 The Michelson Interferometer
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Figure 26: The experimental set-up for the Michelson interferometer.

This is an apparatus which splits a single beam into two equal amplitude
parts, which travel down two arms of the interferometer at right angles to
each other. One of the beams hits a fixed mirror and is reflected and one a
movable mirror. By altering the position of the movable mirror one controls the
path difference. The apparatus is shown in detail in figure 26. The amplitude
division is made by the beam splitter. One slight complication is that one beam
travels through the splitter three times and the other only once. In order to
make the path of each beam through glass the same a compensator plate of
the same thickness as the beam splitter is added to the second path. This is
mainly important if we use light of different wavelengths where ng,ss may be
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slightly wavelength dependent, and add a A-dependent phase difference if the
path difference in glass is not the same for each beam.
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Figure 27: The details of the path difference between the two beams for the
Michelson interferometer.

The path difference between the two beams is illustrated in figure 27. It
is exactly the same situation as for reflection from two successive boundaries
in the previous section, except that it has been achieved without the need for
two materials of different refractive index and with a path difference which is
variable. As can be seen from the figure, and using exactly the same argument
as in egs. (57-60) in Section 3.2, if the distance between the length of the two
arms of the interferometer is Ly — L,,, = d, then the path difference introduced
for light which strikes the mirrors at angle 6 to the normal is

A = 2dn cos, (70)

where the arms of the interferometer are usually filled with air, so we assume
n =1 to a good approximation. There is also one extra phase shift of 7 in the
beam which strikes the fixed mirror, coming from the reflection off the back of
the beam splitter. This means that there is constructive interference and bright
fringes when

1
A
2dcos = (m+3)A  — cos@z(m;ﬁ), (71)
where m is an integer. There is destructive interference, i.e. dark fringes, when
A
2dcos = m\ — 0089:%. (72)

We can be more quantitative. Assuming that the beam is indeed split exactly
into two equal amplitude parts then the total amplitude detected is

A = Fexp(i2kL,,) + E exp(i2kL,, + tkA + i)

Eexp(i2kL,,) — E exp(i2k L, + ikA)
—e(2RLm H kA (B oxp(ikA)2) — E exp(—ikA/2))

= —2iFelRLmtikA/2) gin (kA /2)), (73)

where we have used exp(im) = —1. The intensity is proportional to the ampli-
tude squared so

I(0) o 4|E|*sin*(kA/2)
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— 1(0) = 4lysin*((27/\)dcosb), (74)

where I, is the intensity from one wave, Iy o |E|>. The pattern is hence
such that the intensity falls to exactly half when halfway between the brightest
and darkest part of the pattern. As d increases the value of 6 for a given
fringe increases so they expand outwards and new fringes appear at the centre.
Hence, rings appear from the centre and expand, a new one appearing every time
(27 /X)d cos 0 increases by , i.e. a new one appears at the centre (cosf = 1) for
each increase in d of A/2. A slightly idealised version of this is shown in figure
28. In practice a less than perfect interferometer will result in less clear fringe.

w

Figure 28: The (slightly idealised) pattern of fringes from a Michelson interfer-
ometer using monochromatic light.

4.1.1 Measurement of Refractive Index

If we have air in the arms of the interferometer, and then we introduce an object
of refractive index n and thickness ¢, the optical path of that arm will increase
by an amount (n —n,;)t. The light goes through the object twice, so the optical
path difference between the two arms changes by 2(n — n,;)t. Therefore the
pattern changes by

2(n — N )t

A

fringes. Hence, we can use this result to measure the refractive index of the
object, or if this is known to high accuracy already, measure the thickness of
objects accurate to less than the wavelength of light.

(75)

4.1.2 Resolution of Spectral Lines

Many well-known spectral lines arising from atomic transitions are in fact a
series of very closely separated lines. If a source has two lines A\; and Ay where
AN = Xy — A\; < \; then we obtain a very slightly different diffraction pattern
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for the two lines. We can choose 2d cos # so that it gives a bright fringe for each,
e.g. if this is at the centre (§ = 0)

2d = (p1 + %))\1 = (p2 + %))\2, (76)

for two different integers p; and ps. Consequently, pi, po satisfy

1 1
- Zd( - ) 77
P1 — P2 NN (77)
As d varies the patterns diverge, but we will next get coincident bright fringes
at the centre when the difference between the integers increases by exactly one
unit, i.e. p; increases to p; +m + 1 and ps increases to p, + m where m is an
integer. When this happens

1 1 AN

pl—p2+1:2(d+Ad)</\l—/\2):2(d+Ad)/\1>\2. (78)
Therefore, this happens if SANAY
L= (79)
which leads to e "
AA=9Ad ¥ aAd (80)

So in principle we are able to resolve any two wavelengths if we vary the sepa-
ration between the two mirrors sufficiently to return to the original comparison
between patterns. In fact we wish to do this over a distance such that the pat-
tern repeats a number of times and then to divide the total Ad by the number
of pattern repeats for maximum accuracy. However, in practice this is limited
by AM. If this is sufficiently small one pattern repeat may not be possible due
to finite coherence of the light source.

4.2 Fabry-Perot Interferometer (Etalon)
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Figure 29: The experimental set up for the Fabry-Perot etalon.
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The Fabry-Perot interferometer, or etalon, makes use of multiple reflections
between two closely separated mirrored surfaces, as shown in figure 29. At each
stage part of the light is transmitted but the majority is reflected back into the
etalon. This leads to a larger number of interfering waves than the two we have
considered in each of our previous examples. In principle it can be an infinite
number, but the amplitude of each successive wave falls, so at some point the
amplitude will become negligible. This depends on the size of the reflection
coefficients r for the amplitude of the light reflected.

The general condition for bright fringes is as before that there is a constant
path difference between successive beams, i.e. if the light enters at angle 6
to the normal to the etalon plates, separated by a distance ¢, then we require
2t cos = m\, where m is an integer (this time there is a phase change of 7
from both reflections, so overall each beam has a change of 27, which is the
same as no phase change). Each successive transmitted beam has amplitude
|72 exp(i2kt cos ) = Rexp(i2y), compared to the previous one, where v =
ktcosd = (2r/A)tcos6, and R is the reflectance. One can show that this
results in an transmitted intensity of the form

1
X —————,
14 F'sin®vy
where F'' = 4R/(1 — R)? is defined to be the finesse of the etalon. It is a large

number, e.g. for R = 0.9 we obtain F' = 360.
The maximum transmitted amplitude I = I,,,x when siny = 0, i.e. when

I = I (81)

2
vy = Tﬂ—t cos = mm — 2t cos @ = mA. (82)

Small values of m means small cosf, i.e. wide angles. In fact there is formally
a fringe at m = 0 but this will never be seen in practice since it is at right
angles to the etalon where no light is transmitted. The lowest order fringe is
for m = 1. As t increases we can obtain more fringes.

The fringes produced by the Fabry-Perot interferometer are far sharper than
the Michelson interferometer. The intensity never becomes zero, the minimum
relative value being 1/(1 + F'), but this is very small for large F'. However, the
intensity falls to half it’s maximum when

1 .
m = % — Sln’}/zil/\/ﬁ, (83)

where 1/ VF < 1. Let us say this happens at v = ypax + A7y, where Y. = mm.
This results in

SIN(Vimax + A7) = 8IN Ymax €0S A7y + COS Yiax SN Ay = :i:l/\/F. (84)
But sin ymax = 0 and cos ypax = £1 and so
sin Ay ~ Ay = +1/VF. (85)

This results in very narrow bands if F'is large and is illustrated in figure 30.
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Figure 30: The pattern of intensity from the Fabry-Perot etalon. The z-axis
is in units of 7 = (7/A)2t cosf. The line showing half-maximum intensity is
included.

4.2.1 Chromatic Resolution of a Fabry-Perot Interferometer

If we have two lines of similar wavelength, i.e. A\; and Ay with Ay — Ay = A\,
the interferometer is deemed to be just able to resolve the fringes at a given
order m if the maximum of one falls at the same place as the half-maximum
of the other. If we consider the distance from maximum to half-maximum for
one wavelength \; then we saw in the previous section that this is given by
Ay = +1/V/F, where v = (2w/\; )t cos§. For fixed \; and ¢ this means

A1
\/F27rt'

But maxima are defined to be at 2t cosf = mA, so the change in the angle at
which a maximum is seen as a function of wavelength is

mAN

A(cosf) =+ (86)

2tA(cosf) = mAXN  —  Acosf = > (87)
Equating the two expressions for A cosf we obtain
A1 /AN = maVF, (88)

which defines the chromatic resolving power of the interferometer. It improves
with increasing order of the fringe and increasing reflectance. The former can
be increased by making t larger, so allowing fringes of higher order.
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5 Diffraction

Diffraction is a study of the light produced when an infinite plane wavefront is
interrupted and light from only a finite region on the wavefront is allowed to
propagate further. Using Huygens’ principle we can treat each point where the
light is not interrupted as the source of a new wavelet and investigate the net
result of adding the light from all these sources.

We will first consider the simplest example of this, the case of two very
narrow slits. We can generalise this by either having a larger number of discrete
sources, or we can consider the effect of the finite width of the slits. The general
example of the pattern formed in the latter case is shown in figure 31. In all cases
we will consider the limit where the distance at which we view the diffraction
pattern is much greater than either the size of the image or the the limited
region that the diffracted light originates from, and we will first show that in
this limit we can assume all the interfering light rays are parallel to each other
to a good approximation.

Figure 31: An example of diffraction, i.e. the pattern formed from transmission
through a single slit.

5.1 Interference by Wavefront Division — Young’s Dou-
ble Slits

We can allow light from a given source to only pass through two narrow aper-
tures, or slits, separated by distance d and then view the result on a screen
at large distance L. This is known as Young’s double slit experiment, and is
illustrated in figure 32. In the limit that the two light rays are converging
sufficiently far from the screen that they are effectively parallel then the path
difference between them is simply dsinf, where 6 is the angle to the normal
of the interfering light rays. In this case there is constructive interference if
dsin @ = mA for integer m. If this approximation is good then we are working
in the so-called Fraunhofer limit. If the approximation is not good then we are
in the near-field or Fresnel limit, and it is rather more difficult to investigate the
details of interference. In practice we will always be working in the Fraunhofer
limit, but we should first consider when this limit is indeed justified.
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Figure 32: Young’s double slit experiment.

Being precise the distance travelled by the upper light ray in figure 32 to the
screen is r; = \/L2 + (y — d/2)? and by the lower ray is ro = \/L2 + (y+d/2)%
So the exact optical path difference is

D =ry—r = L2+ (y +d/2) — /L + (y — d/2)%. (89)

We can pull L out of the two distances as a common factor and write

P =ry— = L+ (y+ /2302 — (1+ (y — d/2?/L)2]. (90)

1
Assuming that L > (y £ d/2), and using the binomial expansion (1 + z)2 ~
1+ %l’, we obtain

1Y 2+ yd+d?/4 I ly2—yd—|—d2/4 _ yd

L 2 L L’
But y/L = tanf ~ sinf if 0 < 1 i.e. y < L. So in the limit that y,d < L we
obtain

7’2—T1~L+

(91)

ro — 11 = dsiné, (92)

and the Fraunhofer limit is satisfied.

Having established the validity of the expression for the path difference we
now know we get bright fringes at dsinf = mA. However, we can easily be
more quantitative about the interference pattern. If the wave from the top slit
at a given time is described by Eexp(ikry) then that from the bottom slit is
E exp(ikry + id), where § = kdsin . Therefore, at angle # the total amplitude
of light on the screen is

A = Eexp(ikry) + Eexp(ikr; 4 i0). (93)
It is useful to pull out Eexp(ikr, +i0/2) as a common factor, obtaining

A = Fexp(ikr; +1i6/2)(exp(i0/2) + exp(—id/2))
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Figure 33: The pattern of intensity in Young’s double slit experiment.

= Eexp(ikr; +15/2) x 2cos(6/2). (94)
The light intensity
I o |A|* = 4|E|* cos*(6/2) = 4| E|? cos*(rdsin /), (95)

whereas the intensity from one slit goes like I o< |E|%.

Hence, the pattern of light intensity from Young’s double slits looks as in
figure 33. It reaches it maximum |FE|*> when 6/2 = mmn, i.e. when dsinf =
mA. There is zero intensity for 6/2 = (m + 3)m, i.e. dsinf = (m + 3)\.
For the intermediate case of dsinf = (m + 1/4)X or dsinf = (m + 3/4)\ we
have cos6/2 = +1/4/2 and the intensity is half its maximum. If the light is
travelling through a medium of refractive index n we simply replace A by A/n,
or equivalently d by nd in all the above.

Note that if the path difference becomes large, i.e. m > 1 the coherence
may start to be lost, in which case the fringe pattern will start to degrade.
However, it is also in this limit that y is becoming larger, so the Fraunhofer
approximation will also start to break down, also affecting the pattern.

5.1.1 Modification of the Simplest Case

We will consider two modifications to the simplest case of Young’s double slit
experiment. First we change the path length from one slit. If a strip of material
of thickness ¢t and refractive index n is placed over one slit then it adds a path
difference (n—1)t. This results in the fringes being shifted, e.g., if (n—1)t = A/2
then this is equivalent to a phase shift of 7 between the two beams and will turn
points of constructive interference to destructive interference and vice versa.

Alternatively we could consider letting different amplitudes of light through
the two slits. If we let that through the upper slit be amplitude E; and that
from the lower slit be E5 then at a point on the screen the total amplitude is

A = Eexp(ikr) + Eyexp(ikr + id)
= exp(ikr; +1i0/2)(E1 exp(id/2) + Esexp(—id/2)
= exp(ikry +i0/2)((Ey + Es) cos(6/2) +i(Ey — Ey)sin(6/2)).  (96)

So in this case the intensity is proportional to

|A]? = (B, + Ey)*cos*(0/2) + (B, — Ey)*sin*(5/2)
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= E? 4+ B3+ 2E,Fy(cos?(6/2) — sin?(6/2))
= E?+ Ej +2E,Fycosd. (97)

For this situation we get maximum intensity Iya, o< (F4 +E2)2 when cosd =
1, i.e. when § = 2mm, and we get minimum intensity I, < (E; — E2)? when
cosd = —1, i.e. when § = 2(m+ 5)7. Therefore, we have maximum intensity if

2
Tﬂd sinf =2mmr  —  dsinf = mA, (98)
and minimum intensity if
2T . 1 . 1
Tdsme =2(m+3)r  — dsinf = (m+ ;)\, (99)

which are the same conditions as for the case of equal amplitude waves. How-
ever, in this case the maximum and minimum intensities will depend on the two
amplitudes, and if these are sufficiently different the fringes may be difficult to
see. This is quantified in terms of fringe visibility V' defined by

Lnax — I
V= max min 100
]max + -[min’ ( )

which needs to be greater than some value, perhaps V = %, for fringes to be
seen with reasonable clarity.

5.2 Multiple Slits — Diffraction Grating

The resolution of the fringes for the double slit experiment is not that good, and
for the purposes of resolving spectral lines we would like to improve this. We
can try the same way that the Fabry-Perot etalon improved on the Michelson
interferometer and increase the number of interfering light sources. Hence, we
consider the example of an array of N equally spaced slits, with separation d
forming a straight line. This is the generalisation of Young’s double slits to cases
where N > 2. The light rays from each slit, which will ultimately interfere with
each other at a distant screen, is shown in figure 34. If we view the light at an
angle 6 to the normal of the line of slits, the path difference between successive
rays is dsin . We can then calculate the total amplitude of light using the same
approach as in Section 5.1. If the light received at the screen from the top slit is
E exp(ikry), where E is the magnitude of the electric field and k = 27 /A, then
if each slit transmits the same amplitude of light the total amplitude is

Arot = E exp(ikry)+E exp(ikri+id)+E exp(ikr1+2i0)+- - -+ E exp(ikr1+i(N—1)J),

(101)
where 6 = (2r/A)dsinf. We can pull out Eexp(ikr;) as a common factor and
re-express as

Are = FEexp(ikry)(1 + exp(id) + exp(2id) + - - - exp((N — 1)id))
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1

r1 + dsinf

r1 + 2dsin 0
r1 + 3dsind

71 + 4dsin 6

1+ (N —1)dsiné

Figure 34: The path difference introduced from transmission through N very
narrow slits.

= Eexp(ikr)(1 4 exp(id) + (exp(id))? + - - - (exp(id))V 1) (102)

The term within brackets is a geometric series, and can be summed using

-2V 2N -1
l4+z+224+- 42V 1= r =z . (103)
1—=x r—1
This results in s .
Aryy = E eXp(ikﬁ)eXp(Z )= (104)

exp(id) — 1
Using the same trick as for the double slits and Michelson interferometer we
pull out common factors giving

exp(iNd/2) (exp(iN(S/Q) — exp(—iN5/2)>

ATot = Eexp(ik‘ﬁ) exp(i5/2) exp(i5/2) — exp(—i5/2)

: sin(Nd/2)
= F k N —-1)0/2)————=. 1
exp(% T+ ( ) / ) 5111(5/2) ( 05)
The intensity is proportional to the total amplitude squared so
in?(Nd/2)
I o |Aquyf? = [E2SN0/2) 1
X ’ T t| | | Sln2(5/2) ( 06)
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Introducing a normalisation constant Iy, the intensity of the light from a diffrac-
tion grating is equal to

e

051

Figure 35: The relative z-dependence of sinz and sin2z (left) and the same
focusing on very small = (right).

Let us consider the form of the pattern this equation describes. It is easiest
to start with the limit # — 0. In this case all the light has travelled the same
distance to the screen and there is no path difference between successive waves.
Hence, this is the situation where we have perfect constructive interference. In
order to obtain the expression for the intensity we need to examine the limit of

the expression
. 2 N
L (108)

sin

as x — 0, where z = (7/A\)dsinf. For small argument x we have the limit
sinx — x and sin Nx — Nz. Hence, both expressions — 0, but sin x is smaller
in this region than sin Nx. This is shown in figure 35, where we consider sin 2z
compared to sinz. The former rises twice as quickly and reaches it maximum
at x = m/4 whereas the latter takes until 7/2. Regions nearer to 0 are shown
in the right-hand figure and one can see that sin z is always smaller than sin 2z
in this region. Using the expressions valid in the limit + — 0 we obtain

sin? Nx N2
[t e — Iy -
T

1(0) = Iy = IyN>. (109)

sin?z |x—o

Since this is due to perfect constructive interference it is the maximum intensity
and is known as a primary maximum. It will happen for any other value of
(m/A)dsin @ where sin((w/\)dsinf)) — 0, i.e. (7/A)dsinf = mm, since in all
these cases both sin?((7/\)dsinf)) and sin?(N(7/)\)dsin 6)) will behave in the

same way as for § — 0. The condition for a primary maximum is therefore
(m/A)dsin® =mmr  —  dsinf = m, (110)

i.e. the expected result that the path difference between each successive ray is
an integer number of wavelengths.
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Since this is due to perfect constructive interference it is the maximum intensity
and is known as a primary maximum. It will happen for any other value of
(m/X)dsin @ where sin((w/\)dsinf)) — 0, i.e. (7/A)dsinfd = mm, since in all
these cases both sin?((7/\)dsinf)) and sin?(N(7/)\)dsin 6)) will behave in the

same way as for § — 0. The condition for a primary maximum is therefore
(m/AN)dsinf =mnm  —  dsinf = m, (110)

i.e. the expected result that the path difference between each successive ray is
an integer number of wavelengths.

-10 -5 5 10

Figure 36: The diffraction pattern from a grating with 6 slits with intensity in
units of IoN2.

The intensity pattern will have zeros for all § where sin(N(7/\)dsin6) = 0,
ie. for (m/A)dsinf = (k/N)m (k is an integer), except for the special case
where sin((7/A\)dsin)) is also zero, i.e. (7/A)dsinf = mm, where we have the
primary maxima. This corresponds to the cases where k = mN. For given N
there will be N — 1 values of k between two such conditions, so there are N — 1
zeros in the intensity between two primary maxima. The pattern is shown in
figure 36. Between two successive zeros there must be another maximum. These
will be approximately when sin?(N(7/\)dsin @) is at its maximum value of 1.
It is straightforward to check that the height of these maxima is much smaller
than the height of the principal maxima. These maxima are called subsidiary
maxima. There are N —2 of them between the N —1 zeros which exists between
two principal maxima.

We note that the condition for a principal maximum, dsinf = mA\, means
that a maximum of given order m occurs at smaller € for smaller wavelength
light. This means it may be possible to have more maxima (which must be for
6 < 90%) for some lower wavelength (e.g. blue) than a longer wavelength (e.g.
red). It also means that, as for the Fabry-Perot etalon, we can use a diffraction
grating to distinguish between two closely separated spectral lines of slightly
different wavelength.
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5.2.1 Chromatic Resolution of a Diffraction Grating

-~ Af=alN + p—

Figure 37: The criterion for telling apart two patterns from slightly different
wavelengths.

We consider two wavelengths of light A; and A; + A\, where A\ < A\;. We
wish to define the chromatic resolving power of a grating |A;/(AAmi)]. Two
patterns are said to be just resolvable if the primary maximum of the light
from one wavelength lies exactly at the position of the first zero of the other
wavelength, as shown in figure 37.

Let us consider the pattern for the light with wavelength \;. If the primary
maximum is at (w/\)dsinf = mm, the first zero is at mm + 7/N. Hence for
fixed A\; the change in angle from the maximum to 0 may be expressed using

(m/\)dAsind =n/N — Asinf = ]if\ld (111)
Considering instead how the position of the maxima move as A changes, we
have the maximum at dsin = mA\, which means

AN
dAsinf = mAN  — Asinf = mT (112)
Equating the two angular changes to obtain the minimum A\ we obtain
)\1 mA)\min )‘1
A n — mN. 11
Nd d T M (113)

This defines the chromatic resolving power of the grating. As with the Fabry-
Perot etalon the resolution increases with order of the fringe, since at wider
angles for the grating there is more dispersion of wavelengths. For the grating
the resolution also increases with the number of slits.
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5.3 Diffraction from a Finite Width Slit

/‘\Lm L
5 10

Figure 38: The diffraction pattern from a single slit of finite width.

In order to fully derive the diffraction pattern from a single slit we have to
use the technique of Fourier transforms, which you will cover in maths next
year. Hence, here we will obtain the pattern using an argument based on the
diffraction pattern we have already derived. We can think of a single slit with
width a as a very large number of equally spaced narrow slits, each at the centre
of a line of length d (so the separation between slits is also d). If there are N
narrow slits, each occupying distance d the width of the single slit is Nd = a.
We can then let N — oo and d — 0 such that Nd = a is a finite constant.
Doing this we know that the intensity of the array of narrow slits is

sin?(N(m/\)dsin 0)
O sin?((m/A\)dsin )
sin?((7/\)asin 6)

= (N (@) N) sin ) (114)

1(9)

But as N — o0, a/N — 0 and

sin((7/A)(a/N)sinf) — (w/A\)(a/N)sin6. (115)
This means that N2 in? (/A sin 6)
I = N asing)? (116)

However, we have implicitly always been talking about energy density of light
which is proportional to |E|?. As we let N — oo the amount of light transmitted
from each region of the slit shrinks like 1/N. Hence, the effective amplitude
of the light undergoing interference should be divided by N to reflect this, and
therefore the intensity should be divided by N2. Doing this we obtain the
correct answer for a slit of finite width a,

sin?((7/\)asin 6) ‘

I= 1= Nyasinoy

(117)
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This is of the form S“;# where z = (7/A)asinf. This is maximum as z — 0

and we get

sin?z a2

5 sl (118)

It is a minimum for x = (7/\)asin§ = mr for integer m, i.e. for asinf = mA.
There are further maximum very near to where sin®((7/A)a sin ) is a maximum,
ie. at (m/A)asinf = (m+1)r, ie. at asing = (m+3)\. The diffraction pattern
from a single slit is shown in figure 38. One can see that the central maximum
is much higher than the other maxima.

5.3.1 Resolution of Images — Rayleigh Criterion.

Figure 39: Light incident at a small angle ¢ to a slit.

For the single slit it is interesting to consider the resolution of images of
sources at slightly different points. Let us consider that we have one object
which emits light which arrives exactly perpendicular to the slit, and another
where the light arrives at a small angle ¢, i.e. the two sources are separated
by the angle ¢. The light arriving at the slit from the first source produces
the diffraction pattern we have just derived. That arriving from the second
appears as in figure 39. In this case the path difference between waves from
difference parts of the slit is proportional to asinf from the path difference
after travelling through the slit, and there is an additional difference of asin ¢
in the light arriving at the slit. This second path difference could be — sin ¢
is the small angle ¢ is the other side of the normal to to slit. Hence, for the
second source the path difference is

a(sin @ + sin ¢) =~ asin(f + ¢), (119)
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Figure 40: The Rayleigh criterion for telling apart the images from two closely
separated sources.

where we have used the approximation that both angles are small, which will
be true if we are looking at the limits of resolution.
This means that the diffraction pattern from the second source is

sin?((7/\)asin( £ ¢))
((m/Nasin(d £ ¢))? ’

which is the same as before but shifted by an angle of +¢. We can distinguish
the two sources if we can see that there are two separate patterns. The criterion
for this is called Rayleigh’s criterion, and is that the two patterns are said to
be distinguishable if the maximum of one is at the minimum of the other. The
minimum of the first pattern is at (7/A)asinf = 7. This is the maximum of
the second pattern if § = +¢. This means the two objects are distinguishable
if

[:[0

(120)

|(m/ANasing| =7 —  |sing| = A/a =sinfg =~ Oy. (121)

So the minimum resolvable angle using Rayleigh’s criterion, 0 is (A/a). The
patterns from the two objects are shown in figure 40, where we move from
separations less than Rayleigh’s criterion on the left, to exactly at minimum
separation, to greater than minimum separation. When the two patterns are
separated by the criterion amount the minimum intensity in between the two
peaks can be found easily by noting that in the middle both patterns have
argument 7/2. Hence the intensity is
.2
sSwi(m/2) 50 1 8 Los. (122)
(m/2)? w2 /4 2
If we have a circular aperture rather than a 1-dimensional slit, the pattern
formed and argument for the limit of resolutions is very similar, but the diffrac-
tion pattern is a Bessel function rather than depending on the sin function. The
features are much the same, but a detailed study shows that in this case the
limit of resolution is 0z = 1.22\/D where D is the diameter of the circle.

IZQXIO
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5.3.2 The Limit of Resolution of the Eye

Typically the human eye has a pupil diameter (for normal light intensity) of
about 2mm. Therefore the limit of resolution is

122 x 500 x 1077
N 2 x 103

At 100m, using tan # = 6, which is an excellent approximation for these small
angles, this corresponds to a separation of two objects of about 3cm. This is
about the best an eye can possibly do. The image of any object is formed on the
retina at the back of the eye, and will subtend the angle formed by the object.
Since one cannot resolve angles smaller than 0.02° this means there is no point
having light receptors in the retina closer together than this angle. Indeed, this
turns out to be true. The density of receptors is no greater than required by
this limit.

Af =3 x 10~*rads = 0.02°. (123)

5.4 Gratings with Finite Width Slits

101
0.8
0.6~

0.4+

0.2

-20 -10 10 20

Figure 41: The diffraction pattern from a diffraction grating with 8 slits of finite
width a = d/4. The x axis is in units of (7/\)dsin 6.

We have seen that the diffraction pattern from a grating with N very narrow
slits of separation d is

sin?(N(7/\)d sin 0)
I1(0) = 124
(6) = To sin?((m/A\)dsin6) (124)
and that from a single slit with width a is
sin?((7/\)asin )
1(0) = 1 . 12
O = G Nasinoy (125)

When we consider a grating to have finite width slits the resulting pattern is
just the product of that for the grating and the shape of that for the single slit,
i.e.

1060) = 1 sin?(N (7 /\)dsin 0) Sin2((7r//\)asin9)'

* sin®((7/A)d sin 0) % ((m/X)asin6)? (126)
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It must be the case that d > a, so the first minimum of the single slit pattern
must be at a greater angle than the first primary maximum away from the
centre. The general form of the pattern is shown in figure 41. One sees that the
primary maxima fall until the first single slit minimum, then rise and fall again,
with much smaller size. This example has d = 4a, but good gratings will have
d/a greater and so will have slower fall of the primary maxima intensity. Note
that the primary maxima are at dsinf = mA\ and the diffraction minima for
the single slit are at asin@ = kX, where m and k are integers. If the ratio d/a
is an integer then primary maxima and diffraction minima will coincide, and
when d/a = m/k the order m grating maxima will be missing. Indeed, in figure
41 there are no maxima for m = 4 or m = §, or indeed if we plotted further for
any multiple of 4.
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6 (eometrical Optics

In this section we will consider mirrors, lenses, and the instruments which can
be made using them. In order to study this we only ever really need to deal
with one equation. If we define p as the object distance, ¢ as the image distance
and f as a focal length then both mirrors and lenses obey the same common

equation
1 1 1
= (127)
poa f

However, in various situations we have to consider the definitions of what p, ¢

and f are, and also look at the general consequences.

6.1 Mirrors

Figure 42: The relationship of centre of curvature to focal point.

We will always consider a mirror to be a section of a spherical shell with a
given centre of curvature C', and a radius of curvature R. The reflecting surface
may be on the inner surface of the spherical shell, in which case it is a concave
mirror, or on the outer surface of the spherical shell, in which case it is convex.
A concave mirror will focus light rays towards a point and a convex one will
cause them to diverge from a point. More precisely, we define the principal
axis of the mirror as the line which is the normal to the centre of the mirror,
and then the focal point is that point at which all light rays parallel to the to
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the principal axis will be focused. For a convex mirror this point is implicitly
behind the mirror.

Figure 43: The focus of light rays for a convex mirror.

We can determine the position of the focal point by considering the geometry
shown in figure 42. Using the fact that when a light ray strikes the surface at
any point the angle of incidence relative to the line from C, which is normal to
the mirror, is equal to the angle of reflection, we see we have the results

h h
E = tan 0, ? = tan 29, (128)

where f is the distance from the focal point to the mirror. If 8 is small this can

be approximated by
h h

7= 0, s 20, (129)
and clearly in this limit the focal length f is defined by f = R/2. This is taken
as a general definition, but it should be remembered that it assumes that all
rays striking the mirror which are parallel to the principal axis are making a
small angle to the normal of the mirror. This assumes the mirror is only a very
small part of the full spherical shell.

The situation for the convex mirror is shown in figure 43. It is the same as
for the concave mirror, but parallel rays are reflected outwards and it is only
the continuation of these reflected rays behind the mirror which meet at the
focal point. This means that f is negative for a convex mirror.

6.1.1 Images from Concave Mirrors

We begin the study of the image formed by a concave mirror by making an
explicit derivation of the mirror equation. This can be done in a similar manner
for any situation, but this is perhaps the most straightforward to present. We
consider the case in figure 44, where we have an object O of height h at a
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Figure 44: The image formed by a spherical concave mirror when the object O
is placed outside the centre of curvature C.

distance p > R from the vertex of the principal axis with the mirror at point
V. We look at two separate rays from the top of the object. One goes through
the centre of curvature C', and striking the mirror at right angles, is reflected
back along the same line. There is another ray which strikes the mirror at V|
and hence has angle of incidence 6 equal to angle of reflection. The two rays
meet at one point, and this forms the “top” of the image I at distance ¢ from
the mirror. This has height A/, but it is inverted, so A’ is negative.

To find the relationship between p and ¢ we can consider the two triangles
which have their vertex at C'. O and I form the opposite sides of these triangles.
The angle at the vertex is the same, let us call it «, it each case. This means
we can define tan « for each triangle and equate the results, i.e.

_h/
p—R R—¢

tana = (130)
But, from consideration of the two triangles with angles 6 at the vertex, and [
and O as the opposite sides we see that
_n
. (131)
hp
This is a general result which is true for all mirrors and lenses. Putting this in
the expression for tan o we obtain

_h/ R —
=474 (132)

A little rearrangement gives

R—q p-R R 5_1:1_5 N R(1+1>:2. (133)
q p q p

This immediately becomes
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i.e. we obtain the mirror equation.

We now consider the type of image formed by a concave mirror. For all
image distances p > f the general situation is as illustrated in figure 44. The
light rays reflected from a mirror do indeed really focus at a point, so the image
formed is real. The image is in front of the mirror, which corresponds to the
image distance ¢ being positive. The image is also inverted, and in this case
reduced in size.

Let us consider an explicit example, f = 5cm and p = 20cm. Using the lens

equation
1 1 1 p—f Ip

_ — = — g = .
¢ f p fp p—f
In this case ¢ = 100/15 = 20/3cm. We now introduce one more quantity, the
lateral magnification M. This is defined by
_M_ g

M = ——. 136
h= (136)

(135)

M will be positive if the image is upright and negative if it is inverted. In this
example

M = —(20/3)/20 = —1/3, (137)

and the image is inverted and reduced.

All these features in the example are common to the situation p > f for a
concave mirror, except the image is not always reduced (equivalently ¢ is not
always less than p. It is easy to see that if 2f > p > f then ¢ > p, and the
image will be enlarged. Indeed as p approaches f from above the image distance
q — 00.
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Figure 45: The image formed by a concave mirror when f > p.

The features change qualitatively if f > p. The general situation is shown
in the diagram in figure 45, where this time a light ray incident parallel to the
principal axis and focused at F, and one incident from F' and reflected parallel
to the principal axis are drawn, as well as one which is reflected at equal angle
at the vertex. We now see that the general feature is that the light rays from
the mirror do not meet, but will appear to do so by an observer looking at
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the mirror, because they appear to originate from a point behind the mirror.
Hence, a virtual image is obtained which is behind the mirror. This image is
upright and enlarged.

As a specific example we take f = 10cm and p = 6cm. This time

g= 2 — 60/(~4)em = —15cm. (138)

p—1f
The lateral magnification h'/h = —q/p = 15/6 = 2.5, and the image is indeed

enlarged.

6.1.2 Images from Convex Mirrors
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Figure 46: The image formed by a convex mirror.

In this case the equation is the same, but light is focused (in a virtual sense)
behind the mirror, so f < 0. The situation is shown in figure 46, where again
the lines either incident or reflected parallel to the principal axis are shown.
The rays diverge away from the mirror and to an observer appear to meet at a
point between the mirror and the focal point. The image is upright, virtual and
reduced. As a specific example we take p = 15cm and f = —5cm. This gives

__Ip
p—f
The magnification is M = —(—15/4)/15 = 1/4. The magnitude of the image
distance ¢ is always less than either p or f, and the magnification is always < 1.

= —75/20cm = —15/4cm. (139)

6.1.3 Image in a Plane Mirror

The focal length of a plane mirror is f — o0, so this is the limit of infinite focal
length for either the concave or convex mirror. The mirror equation gives

1/p+1/¢=0, (140)

i.e. p = —q, and the image is upright, virtual, and has magnification M = 1.
The ray diagram consistent with this is shown in figure 47.
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Figure 47: The image in a plane mirror.

6.2 Lenses

6.2.1 Definitions
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Figure 48: The geometry for a thin lens.

The general situation for a lens is shown in figure 48, where a biconvex lens
is shown, but either, or both surfaces could be convex. As with the mirror the
surface of the lens is assumed to be a section of the surface of a sphere, but
the lens has two distinct surfaces, each with a centre of curvature, C; and Cs.
Hence, the situation for the lens is similar to the mirror, but there are more
degrees of freedom. We make the following definitions.

The object is conventionally in front (in diagrams usually left) of the lens, so
this is classified as p > 0. If the object for a lens was behind the lens we would
have p < 0. This can be the case in practice if we consider a system of lenses,
as discussed later.

If the image is behind (right of) the lens then ¢ > 0. This corresponds to a real
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image. An image in front of the lens has ¢ < 0, and is virtual

The focal length f is defined as f > 0 for a converging lens and f < 0 for a
diverging lens.

The radii of curvature Ry, Ry are each > 0 if C;, Cy are behind the lens and are
< 0 if C4, Cy are in front of the lens.

As with the mirror the lateral magnification M = h'/h = —q/p, and M > 0 is
an upright image and M < 0 is an inverted image.

Figure 48 shows a biconvex lens with Ry > 0 and Ry < 0. A biconcave
lens would have Ry < 0 and Ry > 0. It is possible to have one convex and one
concave surface, but we will not consider an example of this. Unlike a mirror
the lens has a focal point either side of the lens, as illustrated in figure 49.

Figure 49: The focal points of a converging (left) and diverging (right) lens.

Having made clear our definitions it would be possible to derive the lens
equation using the sort of geometrical arguments we used for the mirror in
combination with Snell’s law for refraction. This is rather complicated and we
will not go through details. We will merely note that the result, in the limit
that the lens is thin (equivalent to the statement that the surface of the lens is
only a very small section of a spherical surface), is the lens maker’s formula

(o) an)

where n is the refractive index of the lens and that of the surrounding medium
is implicitly equal to 1. So a bi-convex lens is converging, a bi-concave lens
diverging, and a mixed lens depends on the relative radii of curvature. This
result for the focal length of the lens can then be used in the lens equation,

1 1 1
B 142
f p q (142)

This results in the images for lenses being much the same as for mirrors, but
where light was reflected back in the previous case, it is now refracted through.
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Figure 50: The image for a converging lens with p > f.

6.2.2 Images using a Converging Lens.

As for the concave (focusing) mirror there are two qualitatively different cases —
p > f and p < f. The situation for the former is shown in figure 50. The light
rays converge at a point behind the mirror to form a real, inverted image which
may be reduced or enlarged, depending on the position of the object compared
to the focal length. As an explicit example we consider p = 11cm and f = 5cem.
This leads to '
P

q - 55/6 cm, (143)
and ¢ is indeed positive. The lateral magnification M = —q/p = —(55/6)/11 =
—5/6, so the image is reduced and inverted. The image will be enlarged if
f <p<2f, eg for the same lens if p = 8cm, ¢ = 40/3cm and M = —5/3.
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Figure 51: The image for a converging lens with p < f.

For p < f the image formation is illustrated in figure 51. The light rays
emergent from the lens are divergent and an observer sees them appear to
converge in front of the lens. The image is virtual, upright and enlarged. For
example, if f = 10cm and p = 6cm then

q= pp—ff =60/(—4)cm = —15 cm. (144)

The magnification is M = —(—15)/6 = 2.5, and the image is indeed enlarged.

6.2.3 Images using a Diverging Lens.

As for the convex (diverging) mirror the qualitative situation is the same what-
ever the value of p, and is shown in figure 52 for a bi-concave lens. The emergent
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Figure 52: The image for a diverging lens.

rays diverge, so again an observer sees a virtual image appearing to originate
from in front of the lens. It is upright, reduced and between the lens and the
focal point. For example if f = —5cm and p = 9cm then

_
p=1f
The lateral magnification M = —(45/14)/9 = 5/14, and the image is reduced.

= —45/14 cm. (145)

6.2.4 Systems of Lenses

It is rather easier to set up a system of more than one lens than it is a system
of mirrors. This can be used to obtain enhanced magnification in optical in-
struments such as microscopes and telescopes, and we will soon consider these
specific examples. However, in principle any system is possible. We will only
explicitly consider the case of two lenses.

The generalisation from one lens to a system of two with a common principal
axis is straightforward. If we have the first lens with focal length f; and an
object at distance p;, and the second lens has focal length f5, the only other
parameter to be specified is the separation of the lenses L. The image for the

first lens is given by

r r_1 (146)
P11 @ fi’
and the image from the first lens then becomes the object for the second. The
object distance ps, i.e. the distance of the first image from the second lens is
just po = L — g1, where it is possible that ps < 0. The resultant image from the

second lens is then at position gq, given by

1 1 1
D2 q2 f2 ( )

The overall lateral magnification is the ratio of the final image height to initial
object height, which is the product of the individual magnifications, since the
first image height is identical to the second object height. So overall

M = Ml X MQ. (148)
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Figure 53: Spherical aberration.

6.2.5 Lens Aberrations

All the above has assumed lenses behave perfectly. This is not always the case,
so we quickly review the reasons for this. The departures from ideal behaviour
are called aberrations. One type is called spherical aberration, and is shown
in figure 53. If a lens surface really is part of a section of a perfect sphere
then for large sections the focal point is not constant (remember that for the
mirror f = R/2 was derived in the small angle limit). Hence, light refracted
near the edges does not go through the normal focal point. For large lenses this
is countered by altering the shape at distances far from the lens centre in the
appropriate manner.

Violet

Figure 54: Chromatic aberration.

There is also a feature called chromatic aberration. For many materials
the refractive index n is slightly higher for lower wavelength light, causing lower
wavelengths to be focused slightly nearer to the lens. This is shown in figure
54. It can be minimised by making the complete lens from a combination of
materials of different refractive index.
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6.3 Optical Instruments
6.3.1 The Eye and Vision Correction

Very simply speaking the eye is a system where a single converging lens focuses
light and forms an image on the retina at the back of the eye. The muscle
surrounding the eye is able to change its shape to some extent, altering the
focal point depending on what is being viewed. However, it does not have
unlimited flexibility so the eye has two limiting points. The near point is the
smallest object distance at which the eye can effectively focus properly. For a
normal eye it is about 25cm. Hence, at about 25cm one can see fine detail most
precisely, but if the object is closer than this its image will start to blur. The
far point is the furthest distance at which the lens can focus onto the retina.
For a normal eye it is effectively at infinity. However, both the near and far
point can change from these values due to imperfections of the eye. There are
two standard problems.

Mear paint of
tarsighted eye

Wear point of
farsighted eye

Wirtual image
farmed by Converging
converging lens lens =
T e {

|
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Mear point of Object
farsighted eye

[e)

Figure 55: An illustration of farsightedness.

Farsightedness or hyperopia occurs when the light from relatively nearby
objects focuses behind the retina. It can be due to the distance between the lens
and retina being small, or the curvature of the lens not being able to become
great enough. It can be corrected by placing an appropriate converging lens in
front of the eye. The object, whose image is now focused onto the retina, then
appears to be at the real near point of the eye. This is illustrated in figure 55.

Nearsightedness or myopia occurs when the light from distant objects
focuses in front of the retina. It can be due to the distance between the lens
and retina being too large, or the cornea — the outer surface of the eye — giving
too much of a focusing effect. It can be corrected by placing an appropriate
diverging lens in front of the eye. The object, whose image is now focused onto
the retina, then appears to be at the real far point of the eye. This is illustrated
in figure 56.
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Figure 56: An illustration of nearsightedness.

6.3.2 The Compound Microscope

{¥pectiv Eyepiece

Figure 57: The arrangement for a compound microscope.

A single lens can only provide so much magnification. This can be improved
by combining two lenses in a device known as a compound microscope. The
arrangement is shown in figure 57. It consists of two focusing lenses. The
objective, which is nearer to the object, has a very short focal length f, < lem,
and the eyepiece, which is used to view the image, has a focal length f. of a
few cm. The two lenses are separated by a distance L > f, or f., and which in
practice will be a few tens of cm.

The object is placed slightly outside the focal point of the objective. The
first lens forms a real, enlarged, inverted image [I; just inside the focal point
of the eyepiece. The eyepiece then forms the image I, which is viewed by the
observer, and is virtual, enlarged, and the same orientation as [, i.e. inverted
compared to the object.

The lateral magnification M; of the first image is —¢;/p;. But from the
positions described above, p; = f, and ¢; ~ L. Thus, the lateral magnification
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by the objective is
L

fo
The overall magnification of the microscope is sometimes defined using the
angular magnification of the eyepiece, but we will only introduce this concept
for the telescope. For the microscope it makes little difference to the answer.
Instead we will consider the lateral magnification of the eyepiece. It is natural to
take the image distance ¢o to be at the near point of the eye, i.e. ¢ = —25cm.
The object distance for the lens is the distance of I; from the lens, which is
given by ps &~ f.. Hence, the lateral magnification of the eyepiece is

M,y — _—25cm _ 25cm'
fe fe

The overall lateral magnification of the compound microscope is just the product
of the magnifications of the objective and of the eyepiece, i.e.

25L
fole

Where the negative sign indicates that the image is inverted. Using, for example,
f, = 1lcm, f, = bcm and L = 50cm, M = —250, which is a typical value.

M, =~ (149)

(150)

M:M1XM2%—

cm, (151)

6.3.3 The Telescope

For the telescope we are viewing objects at very large distances, e.g. planets
in the solar system, so the objects are very large, but extremely far away, i.e.
the image distance is tending to infinity compared to the focal length. In this
case it is not the lateral magnification which is important, but the angular
magnification, which is defined by the ratio of the angle subtended by the
image, e.g. some region of the moon, compared to the angle subtended by the
object viewed without a telescope. There are two different types of telescope,
refracting, which uses two lenses, and reflecting, where one mirror is used along
with a lens. We will consider both, but the former in more detail.

6.3.4 Refracting Telescope

The basic arrangement is shown in figure 58. As with the compound microscope
there is an objective and eyepiece. The separation between the two focusing
lenses is very close to the sum of the focal lengths, i.e. L =~ f,+ f.. The focal
length of the objective is much larger than that of the eyepiece, i.e. f,/fe > 1.
The object is at a very large distance, i.e. p; — 00, so the image distance is
given by ¢; ~ f,. The image is real and inverted. The distance between the top
and bottom of the image is taken to subtend an angle 6, from the objective.
The image I; is formed very near to the focal point of both lenses. The image
I, subtends an angle 6, from the objective, so we have the identity

—h
fo

tan 00 ~ 00 = (152)
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Figure 58: The arrangement for a refracting telescope.

The eyepiece forms an enlarged, virtual image I of the initial object, which
is inverted because its object, I; is inverted. Since the object distance py ~ f.
the image I, has image distance g — oo. However, the angle 6 subtended by
the final image at the eye is the same as the angle a ray coming from the tip of
15 and travelling parallel to the principal axis makes with the axis after it passes
through the lens. This ray is focused through the focal point of the eyepiece, so

h/
tanf ~ 60 = —. (153)
Je
The total angular magnification is then expressed as
0 _ W/ Jo
=— = =—— 154
90 _h,/fo fe ’ ( )

where the negative sign shows that the image is inverted.

In a terrestrial rather than astronomical telescope one generally wants an
upright image. This can be achieved by using a diverging lens as eyepiece. This
can be understood by noticing in figure 57 that a ray travelling along the line
parallel to the principal axis would then diverge out from the focal point left of
the eyepiece, rather than towards the focal point right of the eyepiece. It can
be shown that again the angular magnification is m = — fy/ f., which is now a
positive number because f, is negative. Similarly L = f, + fo = f, — | fe|-

Finally we note that whatever the angular magnification the resolution of
the telescope is limited by g = 1.22\/D, where D is the objective diameter
due to image spreading from diffraction. This leads to reflecting telescopes.

6.3.5 Reflecting Telescope

In order to have the greatest resolution, as well as greatest intensity, the objec-
tive of a telescope needs to be as large as possible. It is difficult to make very
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Figure 59: The arrangement for a reflecting telescope.

large lenses since they are very heavy, so can sag causing spatial aberrations,
and increased diameter also means thickness which leads to more chromatic
aberration due to increased path lengths in the refracting material. Large mir-
rors can be supported since they do not require light to enter one side and leave
the other, and chromatic aberration is not an issue. An example of a reflecting
telescope is shown in figure 59, where there is a converging mirror and lens.
Reflecting telescopes can be 10m, whereas refracting are limited at about 1m.
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