2662

SECOND PUBLIC EXAMINATION

Honour School of Physics Part A: 3 and 4 Year Courses

A2: ELECTROMAGNETISM AND OPTICS

TRINITY TERM 2012

Saturday, 16 June, 9.30 am — 12.30 pm

@

Answer all of Section A and three questions from Section B.

For Section A start the answer to each question on a fresh page.
For Section B start the answer to each question in a fresh book.

A list of physical constants and conversion factors accompanies this paper.
The numbers in the margin indicate the weight that the Examiners expect to

assign to each part of the question.

Do NOT turn over until told that you may do so.




Section A

1. Write down an expression for the energy density stored in an electromagnetic

wave, and show that the instantancous rate of energy flow is given by the Poynting
vector: S=E x H. [4]

A plane sinusoidal wave in the form of a laser beam propagating in vacuum has
power Py and diameter w. Obtain expressions for the amplitudes of the electric and

magnetic fields, Ey and By respectively. Estimate the value of Ey for a 100 gigawatt
laser with w =1 mm. 3]

2. A transmission line consists of two circular coaxial cylinders (radii a, b, where
b > a) separated by a dielectric material with permittivity em. (The permeability can
be taken to be 1.) Derive an expression for the characteristic impedance Z of the
transmission line in terms of its capacitance C per unit length and its inductance L per

unit length. 3] ‘

Show that Z is given by

1/2

=22 " (2)
A typical coaxial cable has Z = 50 ). Suggest reasonable values of a, b and ey, for this 5
cable. 5

3. Two functions f(z) and g(z) have Fourier transforms F(k) and G(k) respectively.
Show that the Fourier transform of h(z) = f(z) * g(z) (the convolution of f(z) and

g(z)), is given by
H(k) = F(k) x G(k) .

Use this result to calculate the angular intensity distribution of light diffracted by a
double-slit arrangement, each of width b and separation a, in the Fraunhofer limit. (6]

4. Write down the wave equations for E and H propagating in a highly conducting J
lossless medium, and show that high frequency waves propagate only a short distance
0, the skin depth. Estimate the impedance |E/H| for copper at a frequency of 1 MHz
and compare it with the free space impedance. [7]

IHNs conductmty of copper is 6 x 107 Q"1 m~1]]

rJ' what is meant by birefringence in a uniaxial crystal, and illustrate your
 di iagram showing propagation parallel and perpendicular to the optic
n a m g ram how a quarter-wave plate and a linear polarizer may be used

[4]

...

sion for the phase difference between ordinary and extraordinary
he thick « of a zero-order calcite plate for light of wavelength
| Explam why a 100-order plate is more practically

[4]



6. A Michelson interferometer is set up to analyse light from a laser with wavelength
Ao- It consists of circular mirrors placed in each arm separated by a path difference
d. Show that the interference pattern consists of alternately bright and dark rings, and
show that the angular diameter of the nth fringe is

P (22‘0') o 4

Section B

7. Light is incident on the interface at 2 = 0 between two non-conducting media with
refractive index n; and ng respectively, as shown in the diagram, with the electric field
of the wave being polarized in the plane of incidence. Give expressions for the space
and time dependence of the components for the incident, reflected and transmitted E

and H fields. (6]

State the appropriate boundary conditions, and obtain the following relationships
between the amplitudes of the electric fields of the three waves:

Ao __sin 203 — sin 20,
Ay sin 2603 + sin 26, :

é:_»,_ ~ 4sinf3 cos 0y
A,  sin20; +sin26; 8]

| ?hpw that there is no reflected wave when the angle of incidence equals the
Srewster angle, given by

-1 [ N2
- 3 91 = tan . (—) .

aate the Brewster angle for air-water and water-air interfaces and comment on the

[Turn over]



8. A paramagnetic sphere of radius ro and relative magnetic .permeability 3 :j
inserted into a uniform magnetic field H. Show that.; the magnetic scalar potenti
must satisfy the Laplace equation, and that the potentials

¢1 = —cyrcosf (r <o),
¢y = —corcosf + C37‘—2 cos 0 (T 2 7'0) )

give a suitable description of the magnetic field inside and outside the sphere, respec-

tively. (The distance r is measured from the centre of the sphere, and the angle 6 is
measured from the direction of H.)

Determine the constants c;, ¢y and c3 in terms of [H| and p.

Show that ¢s is the sum of two contributions: the potential arising from the exter-
nal field and the field of a magnetic dipole. Obtain an expression for the dipole moment
My of the sphere. What is the effective magnetic permeability peg of a composite ma-

terial made up of N such spheres per unit volume, each separated by a distance much
greater than ro, suspended in a non-magnetic material?
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9. A diffraction grating consists of N identical long apertures of width a separated
by a distance d.

Obtain an expression for the angular distribution of light intensity diffracted from

. the grating. (Assume that a is much smaller than the wavelength of light, so that the
Rt single aperture term is a constant, independent of angle.)

g ’:' By considering that the principal maxima at wavelength \ 4+ A\ occur at the
i ‘:.:;‘ same angle as the first minima for wavelength ) in order for the two wavelengths to be
- \, esolved, obtain an expression for the theoretical resolving power of the grating.

i 3 Show that the range of wavelengths transmitted by a grating spectrometer (the
bandpass) depends on the angular dispersion of the grating, the focal length of the col-
limati ruu ,a:nd the width of the exit slit. Estimate the bandpass of a spectrometer
which has a 1001 nm wide grating with d = (1/1800) mm. The spectrometer operates in
irst order, has 1m focal length collimating optics, and a slit width of 100 pm. What
value of slit width would yield a bandpass corresponding to the theoretical resolving
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10. A Fabry-Perot etalon has parallel flat surfaces with reflectivity R separated by
a non-absorbing layer of thickness d and refractive index n. Light of wavelength )\,
and intensity Iy is incident on the etalon from the right (as shown in the diagram),
making an internal angle # with the normal to the plates, and undergoes multiple beam

interference.

< >
d

Show that the transmitted intensity /i is given by an expression of the form

I = 0
" 1+ Fsin?(8/2)
and obtain an expression for F in terms of R. 9]

Sketch a graph of I;/Iy versus 0. Obtain an expression for J, and explain its
physical significance. 5]
Monochromatic light from an extended source gives rise to a series of concentric
circular fringes of order m after transmission through the etalon. Obtain an expression
for the width of a fringe. If the source contains a second wavelength Ao with equal
intensity, find the order at which the fringes can be resolved. (Apply the resolution
criterion that the fringe separation equals the fringe width.) 6]
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