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Geometrical optics: Total internal
reflection
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1 Total Internal Reection and Fibre Optics
1.1 Total Internal Reection
1.1.1 Investigation : Total Internal Reection
Work in groups of four. Each group will need a raybox (or torch) with slit, triangular glass prism and
protractor. If you do not have a raybox, use a torch and stick two pieces of tape over the lens so that only
a thin beam of light is visible.

Aim:

To investigate total internal reection.

Method:

1. Place the raybox next to the glass block so that the light shines right through without any refraction.
See "Position 1" in diagram.

Figure 1

2. Move the raybox such that the light is refracted by the glass. See "Position 2".

Figure 2
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3. Move the raybox further and observe what happens.

Figure 3

4. Move the raybox until the refracted ray seems to disappear. See "Position 4". The angle of the incident
light is called the critical angle.

Figure 4

5. Move the raybox further and observe what happens. See "Position 5". The light shines back into the
glass block. This is called total internal reection.

Figure 5

When we increase the angle of incidence, we reach a point where the angle of refraction is 90◦ and the
refracted ray runs along the surface of the medium. This angle of incidence is called the critical angle.

Denition 1: Critical Angle

The critical angle is the angle of incidence where the angle of reection is 90◦ . The light must
shine from a dense to a less dense medium.
If the angle of incidence is bigger than this critical angle, the refracted ray will not emerge from the
medium, but will be reected back into the medium. This is called total internal reection.
Total internal reection takes place when
• light shines from an optically denser medium to an optically less dense medium.
• the angle of incidence is greater than the critical angle.

Denition 2: Total Internal Reection

Total internal reection takes place when light is reected back into the medium because the angle
of incidence is greater than the critical angle.
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Figure 6: Diagrams to show the critical angle and total internal reection.

Each medium has its own unique critical angle. For example, the critical angle for glass is 42◦ , and that
of water is 48,8◦ . We can calculate the critical angle for any medium.

1.1.2 Calculating the Critical Angle
Now we shall learn how to derive the value of the critical angle for two given media. The process is fairly
simple and involves just the use of Snell's Law that we have already studied. To recap, Snell's Law states:
(1)

n1 sinθ1 = n2 sinθ2

where n1 is the refractive index of material 1, n2 is the refractive index of material 2, θ1 is the angle of
incidence and θ2 is the angle of refraction. For total internal reection we know that the angle of incidence
is the critical angle. So,
(2)

θ1 = θc .

However, we also know that the angle of refraction at the critical angle is 90 . So we have:
◦

θ2 = 90◦ .

(3)

n1 sinθc = n2 sin90◦

(4)

We can then write Snell's Law as:
Solving for θc gives:

tip:

n1 sinθc

=

n2 sin90◦

sinθc

=

∴ θc

=

n2
n1 (1)
 
sin−1 nn12

Take care that for total internal reection the incident ray is always in the denser medium.

Khan academy video on refraction - 1
This media object is a Flash object. Please view or download it at
<http://www.youtube.com/v/WRuatAcd2WY&rel=0>
Figure 7
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Exercise 1: Critical Angle 1

(Solution on p. 11.)

Exercise 2: Critical Angle 2

(Solution on p. 11.)

Given that the refractive indices of air and water are 1 and 1,33, respectively, nd the critical
angle.
Complete the following ray diagrams to show the path of light in each situation.

Figure 8

Figure 9

Figure 10

Figure 11

1.2 Fibre Optics
Total internal reection is a powerful tool since it can be used to conne light. One of the most common
applications of total internal reection is in bre optics. An optical bre is a thin, transparent bre, usually
made of glass or plastic, for transmitting light. Optical bres are usually thinner than a human hair! The
construction of a single optical bre is shown in Figure 12.
The basic functional structure of an optical bre consists of an outer protective cladding and an inner
core through which light pulses travel. The overall diameter of the bre is about 125 µm (125 × 10−6 m) and
that of the core is just about 50 µm (10 × 10−6 m). The mode of operation of the optical bres, as mentioned
above, depends on the phenomenon of total internal reection. The dierence in refractive index of the
http://cnx.org/content/m40070/1.1/
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cladding and the core allows total internal reection in the same way as happens at an air-water surface. If
light is incident on a cable end with an angle of incidence greater than the critical angle then the light will
remain trapped inside the glass strand. In this way, light travels very quickly down the length of the cable.

Figure 12: Structure of a single optical bre.

1.2.1 Fibre Optics in Telecommunications
Optical bres are most common in telecommunications, because information can be transported over long
distances, with minimal loss of data. The minimised loss of data gives optical bres an advantage over
conventional cables.
Data is transmitted from one end of the bre to another in the form of laser pulses. A single strand is
capable of handling over 3000 simultaneous transmissions which is a huge improvement over the conventional
co-axial cables. Multiple signal transmission is achieved by sending individual light pulses at slightly dierent
angles. For example if one of the pulses makes a 72,23◦ angle of incidence then a separate pulse can be sent
at an angle of 72,26◦ ! The transmitted data is received almost instantaneously at the other end of the
cable since the information coded onto the laser travels at the speed of light! During transmission over
long distances repeater stations are used to amplify the signal which has weakened somewhat by the time
it reaches the station. The amplied signals are then relayed towards their destination and may encounter
several other repeater stations on the way.

1.2.2 Fibre Optics in Medicine
Optic bres are used in medicine in endoscopes.
Endoscopy means to look inside and refers to looking inside the human body for diagnosing
medical conditions.

note:

The main part of an endoscope is the optical bre. Light is shone down the optical bre and a medical doctor
can use the endoscope to look inside a patient. Endoscopes are used to examine the inside of a patient's
stomach, by inserting the endoscope down the patient's throat.
Endoscopes allow minimally invasive surgery. This means that a person can be diagnosed and treated
through a small incision. This has advantages over open surgery because endoscopy is quicker and cheaper
and the patient recovers more quickly. The alternative is open surgery which is expensive, requires more
time and is more traumatic for the patient.

1.2.2.1 Total Internal Reection and Fibre Optics
1. Describe total internal reection, referring to the conditions that must be satised for total internal
reection to occur.
Click here for the solution.1
1 http://www.fhsst.org/lYB
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2. Dene what is meant by the critical angle when referring to total internal reection. Include a ray
diagram to explain the concept.
Click here for the solution.2
3. Will light travelling from diamond to silicon ever undergo total internal reection?
Click here for the solution.3
4. Will light travelling from sapphire to diamond undergo total internal reection?
Click here for the solution.4
5. What is the critical angle for light traveling from air to acetone?
Click here for the solution.5
6. Light traveling from diamond to water strikes the interface with an angle of incidence of 86◦ . Calculate
the critical angle to determine whether the light be totally internally reected and so be trapped within
the water.
Click here for the solution.6
7. Which of the following interfaces will have the largest critical angle?
a. a glass to water interface
b. a diamond to water interface
c. a diamond to glass interface
Click here for the solution.7
8. If the bre optic strand is made from glass, determine the critical angle of the light ray so that the ray
stays within the bre optic strand.
Click here for the solution.8
9. A glass slab is inserted in a tank of water. If the refractive index of water is 1,33 and that of glass is
1,5, nd the critical angle.
Click here for the solution.9
10. A diamond ring is placed in a container full of glycerin. If the critical angle is found to be 37,4◦ and
the refractive index of glycerin is given to be 1,47, nd the refractive index of diamond.
Click here for the solution.10
11. An optical bre is made up of a core of refractive index 1,9, while the refractive index of the cladding
is 1,5. Calculate the maximum angle which a light pulse can make with the wall of the core. NOTE:
The question does not ask for the angle of incidence but for the angle made by the ray with the wall
of the core, which will be equal to 90◦ - angle of incidence.
Click here for the solution.11
This media object is a Flash object. Please view or download it at
<http://static.slidesharecdn.com/swf/ssplayer2.swf?doc=lightg10-100511072123phpapp01&stripped_title=light-g10&userName=kwarne>
Figure 13

2 http://www.fhsst.org/lYk
3 http://www.fhsst.org/lYk
4 http://www.fhsst.org/lY0
5 http://www.fhsst.org/lY8
6 http://www.fhsst.org/lY9
7 http://www.fhsst.org/lYX
8 http://www.fhsst.org/lYI
9 http://www.fhsst.org/lY5
10 http://www.fhsst.org/lYN
11 http://www.fhsst.org/lYR
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2 Summary
1. We can see objects when light from the objects enters our eyes.
2. Light rays are thin imaginary lines of light and are indicated in drawings by means of arrows.
3. Light travels in straight lines. Light can therefore not travel around corners. Shadows are formed
because light shines in straight lines.
4. Light rays reect o surfaces. The incident ray shines in on the surface and the reected ray is the
one that bounces o the surface. The surface normal is the perpendicular line to the surface where the
light strikes the surface.
5. The angle of incidence is the angle between the incident ray and the surface, and the angle of reection
is the angle between the reected ray and the surface.
6. The Law of Reection states the angle of incidence is equal to the angle of reection and that the
reected ray lies in the plane of incidence.
7. Specular reection takes place when parallel rays fall on a surface and they leave the object as parallel
rays. Diuse reection takes place when parallel rays are reected in dierent directions.
8. Refraction is the bending of light when it travels from one medium to another. Light travels at dierent
speeds in dierent media.
9. The refractive index of a medium is a measure of how easily light travels through the medium. It is a
ratio of the speed of light in a vacuum to the speed of light in the medium. n = vc
10. Snell's Law gives the relationship between the refractive indices, angles of incidence and reection of
two media. n1 sinθ1 = n2 sinθ2
11. Light travelling from one medium to another of lighter optical density will be refracted towards the
normal. Light travelling from one medium to another of lower optical density will be refracted away
from the normal.
12. Objects in a medium (e.g. under water) appear closer to the surface than they really are. This is due
realdepth
to the refraction of light, and the refractive index of the medium. n = apparentdepth
13. Mirrors are highly reective surfaces. Flat mirrors are called plane mirrors. Curved mirrors can be
convex or concave. The properties of the images formed by mirrors are summarised in Table 3.2.
14. A real image can be cast on a screen, is inverted and in front of the mirror. A virtual image cannot be
cast on a screen, is upright and behind the mirror.
15. The magnication of a mirror is how many times the image is bigger or smaller than the object.
m=

imageheight(hi )
objectheight(h0 )

16. The critical angle of a medium is the angle of incidence when the angle of refraction is 90◦ and the
refracted ray runs along the interface between the two media.
17. Total internal reection takes place when light travels from one medium to another of lower optical
density. If the angle of incidence is greater than the critical angle for the medium, the light will be
reected back into the medium. No refraction takes place.
18. Total internal reection is used in optical bres in telecommunication and in medicine in endoscopes.
Optical bres transmit information much more quickly and accurately than traditional methods.

3 Exercises
1. Give one word for each of the following descriptions:
a. The image that is formed by a plane mirror.
b. The perpendicular line that is drawn at right angles to a reecting surface at the point of incidence.
c. The bending of light as it travels from one medium to another.
d. The ray of light that falls in on an object.
e. A type of mirror that focuses all rays behind the mirror.
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Click here for the solution.12
2. State whether the following statements are TRUE or FALSE. If they are false, rewrite the statement
correcting it.
a. The refractive index of a medium is an indication of how fast light will travel through the medium.
b. Total internal refraction takes place when the incident angle is larger than the critical angle.
c. The magnication of an object can be calculated if the speed of light in a vacuum and the speed
of light in the medium is known.
d. The speed of light in a vacuum is about 3 × 108 m.s−1 .
e. Specular reection takes place when light is reected o a rough surface.
Click here for the solution.13
3. Choose words from Column B to match the concept/description in Column A. All the appropriate
words should be identied. Words can be used more than once.

(a)
(b)
(c)
(d)
(e)

Column A
Real image
Virtual image
Concave mirror
Convex mirror
Plane mirror

Column B
Upright
Can be cast on a screen
In front
Behind
Inverted
Light travels to it
Upside down
Light does not reach it
Erect
Same size

Table 1

Click here for the solution.14
4. Complete the following ray diagrams to show the path of light.

Figure 14

12 http://www.fhsst.org/lYn
13 http://www.fhsst.org/lYQ
14 http://www.fhsst.org/lYU
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Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Click here for the solution.15
5. A ray of light strikes a surface at 35◦ to the surface normal. Draw a ray diagram showing the incident
ray, reected ray and surface normal. Calculate the angles of incidence and reection and ll them in
on your diagram.
Click here for the solution.16
6. Light travels from glass (n = 1,5) to acetone (n = 1,36). The angle of incidence is 25◦ .
a. Describe the path of light as it moves into the acetone.
b. Calculate the angle of refraction.
15 http://www.fhsst.org/lYP
16 http://www.fhsst.org/lYE
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c. What happens to the speed of the light as it moves from the glass to the acetone?
d. What happens to the wavelength of the light as it moves into the acetone?
e. What is the name of the phenomenon that occurs at the interface between the two media?
Click here for the solution.17
A stone lies at the bottom of a swimming pool. The water is 120 cm deep. The refractive index of
water is 1,33. How deep does the stone appear to be?
Click here for the solution.18
Light strikes the interface between air and an unknown medium with an incident angle of 32◦ . The
angle of refraction is measured to be 48◦ . Calculate the refractive index of the medium and identify
the medium.
Click here for the solution.19
Explain what total internal reection is and how it is used in medicine and telecommunications. Why
is this technology much better to use?
Click here for the solution.20
A candle 10 cm high is placed 25 cm in front of a plane mirror. Draw a ray diagram to show how the
image is formed. Include all labels and write down the properties of the image.
Click here for the solution.21
A virtual image, 4 cm high, is formed 3 cm from a plane mirror. Draw a labelled ray diagram to show
the position and height of the object. What is the magnication?
Click here for the solution.22
An object, 3 cm high, is placed 4 cm from a concave mirror of focal length 2 cm. Draw a labelled ray
diagram to nd the position, height and properties of the image.
Click here for the solution.23

17 http://www.fhsst.org/lYm
18 http://www.fhsst.org/lYy
19 http://www.fhsst.org/lYV
20 http://www.fhsst.org/lYp
21 http://www.fhsst.org/lYd
22 http://www.fhsst.org/lYv
23 http://www.fhsst.org/lYw
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Solutions to Exercises in this Module
Solution to Exercise (p. 3)
Step 1. We know that the critical angle is given by:
θc = sin−1

Step 2.
θc



n2
n1



 
sin−1 nn12


1
= sin−1 1,33
=

=

48, 8◦

Step 3. The critical angle for light travelling from water to air is 48, 8◦ .

Solution to Exercise (p. 4)
Step 1. The critical angle for water is 48, 8◦ .
We are asked to complete the diagrams.
For incident angles smaller than 48, 8◦ refraction will occur.
For incident angles greater than 48, 8◦ total internal reection will occur.
For incident angles equal to 48, 8◦ refraction will occur at 90◦ .
The light must travel from a high optical density to a lower one.
Step 2.
Figure 20

Refraction occurs (ray is bent away from the normal)

Figure 21

Total internal reection occurs

Figure 22

θc = 48, 8◦
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Figure 23

Refraction towards the normal (air is less dense than water)
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