Geometric Optics 2011

Problems labeled (*) are essentially standard derivations. These come up regularly on Prelims
papers and are well worth learning.
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Standard Questions

*Describe Huygens’s principle and use it to derive Snell’s law of refraction.

Show how the critical angle 6. depends on n; and ny and calculate values for light leaving
ordinary glass (n; ~ 1.5), lead crystal (n; &~ 1.8), and diamond (n; ~ 2.4) to enter air
(ny &~ 1). Comment on the relevance of these results to the design of costume jewelery.

. An optic fibre can be modeled as a cylindrical core, refractive index n.., surrounded by material

with refractive index ns. The ends of the fibre are plane surfaces at right angles. A ray of
light from an external medium of refractive index n; enters one end of the fibre at a point on
the axis and at an angle of incidence 6;. Show how the maximum possible value of n; sin 6;
(the numerical aperture of the fibre) depends on n. and n.

. A heron is standing in a stream of water (n = 4/3) observing a fish swimming almost beneath

it at a depth of 40 cm. At what depth will the fish appear to be?

*A thin symmetric biconvex lens with surfaces of radius of curvature R; and R, is made of
glass with refractive index ny and is used in a medium of refractive index n; < ns. Show that
an object at a distance u from the lens will produce a real image at a distance v, given by

1/u+1/v =1/f where
)
f n1 Ry R

(the lens-maker’s formula) making clear any assumptions or approximations.

If such a lens has n = 1.60, by what factor does the focal length of the lens change when
using it in water (n = 1.33) instead of air?

Consider a light source placed at a fixed distance s from a screen, such that a lens of focal
length f can be placed between the source and the screen. Show that as long as f < fju
then there are two positions where the lens can be placed so that an image is formed on the
screen, and find a value for f,,q,.

A convex lens has a radius of 20mm and a focal length of 100 mm. A point source of light
is placed 500 mm behind the lens and a screen is placed 120 mm in front of it. Calculate the
size of the illuminated spot on the screen. (Neglect effects due to diffraction at this stage).

The human eyeball is approximately spherical with a diameter of around 25 mm. At the back
of the eye is the retina while at the front is a compound lens comprising the cornea (of fixed
focal length) and the lens itself (with variable focal length), which can be approximated as a
thin lens at a distance of 17 mm from the retina. The eye is capable of focusing on objects at
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distances varying from the near point (about 25cm) to infinity. Estimate the range of lens
powers which can be achieved by the lens and cornea in combination. A short-sighted optics
lecturer can only focus on objects up to 50 cm away. What type and power of contact lens
does he need to correct his sight?

*Explain how a simple magnifying glass can be used to create an enlarged virtual image of
an object, and calculate the magnification of the image.

Leeuwenhoek constructed simple microscopes by using small glass spheres as extremely pow-
erful magnifying glasses. Assuming the thin lens formula can be applied in this case find
how the magnification depends on the radius of the sphere, and estimate the magnification
achievable with a sphere of radius 1 mm. (Take n = 3/2.)

*Derive the mirror equation 1/u + 1/v = 1/f = 2/r for the formation of an image by a
spherical mirror of radius 7.

The Meade ETX80 refracting telescope has an 80 mm diameter objective lens with a focal
length of 400 mm. It is sold with two eyepieces of focal lengths 9.7 mm and 26 mm. Calculate
the magnifications achievable and the size of the exit pupil in each case.

A compound microscope has an objective lens with focal length f, and an eyepiece with focal
lens f, separated by a fixed length L. Show that the total magnification is approximately
given by

LD

(1)

fofe
stating any approximations you make. For the case L=200mm, f,=10mm and f,=20mm
compare this magnification with the exact magnification actually achieved if the final virtual
image is placed at infinity, and calculate the distance between the object and the objective
lens. (You may assume that all lenses are thin.)

M:

Slightly more interesting questions

. Total internal reflection inside glass prisms is used in many optical instruments as an alter-

native to using mirrors. Using a diagram show that a symmetric right angle glass prism in
air will reflect a beam of light entering the prism at right angles to the hypotenuse. What
happens to light entering at a small angle 6 from the normal?

. Consider a beam of light traveling through air (take n = 1) above an optical table which

strikes a cylinder of refractive index p sitting on the table with its long axis perpendicular to
the table. Viewed from above the light strikes the cylinder at point A, making an angle of «
to the surface normal, is refracted and is then partially reflected off the back of the cylinder
at point B, and finally leaves the front of the cylinder at point C', making an angle v to the
normal. Use simple geometry to show that v = «, and find the angle § between the incoming
and outgoing beams.

. Why does a diving mask help you see more clearly underwater? How do prescription swim-

ming goggles work in both air and water?



4. Use Fermat’s principle to show that a thin lens with thickness given by w = wy — ay?,
where y is the distance from the axis, will focus paraxial rays from an object on the axis,
and find the focal length as a function of o and the refractive index n. [Hint: the best way
to interpret “paraxial” is to assume that (a) values of y are small compared with distances
measured along the axis, and (b) light rays can therefore be taken to be parallel to the axis
when they are within the thin lens.] Relate this result to the lens maker’s formula for a
biconvex lens with radii r; and r,.

5. Starting from 1/u + 1/v = 1/f derive Newton’s formula z,z; = f?, where x, and z; are the
distances of the object and the image respectively from the corresponding focal points, and
find a formula for the magnification of a lens in terms of f and z,. Does Newton’s formula
work for virtual images? Does it work for diverging lenses?

6. The Hubble Space Telescope is a Cassegrain design reflecting telescope. The primary mirror
has a diameter of 2.4m and a radius of curvature of 11.04 m while the secondary mirror has
a radius of curvature of —1.36 m. The two mirrors are separated by 4.91 m. Calculate (a) the
focal lengths of the mirrors; (b) the diameter of the secondary mirror; (c¢) the position of the
focus point; (d) the effective focal length of the telescope. (Assume that only perfectly axial
rays are observed.)



