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10.310.3 Diffraction Gratings

A diffraction grating, a device used for wave analysis, has a large number of equally

spaced parallel slits, which act as individual line sources of light. The wave analysis of the

pattern produced by these openings resembles the analysis we considered for the double

slit. The waves passing through the slits interfere constructively on the viewing screen when

sin vm 5 }
m

d

λ
}, where m 5 0, 1, 2, 3 ... is the order of the bright line or maximum. This

condition for constructive interference is derivable from the path difference 

∆l = d sin v between successive pairs of slits in the grating (Figure 1).

The double-slit and the multi-slit interference patterns differ, however, in important

ways. First, since there are more slits in the grating, the multi-slit source delivers more

light energy, yielding a brighter interference pattern. Second, the bright maxima are

much sharper and narrower when produced by a diffraction grating. Third, since the

slits in a diffraction grating are usually closer together, the separation between succes-

sive maxima is greater than in the typical double-slit setup, and the resolution is enhanced.

For these reasons, the diffraction grating is a very precise device for measuring the wave-

length of light.

There are two common types of diffraction grating: transmission and reflection. To

produce a grating of either kind, fine lines, to a density in some cases exceeding 

10 000/cm, can be ruled on a piece of glass with a diamond tip. In a transmission grating,

the spaces between the lines transmit the light, the lines themselves being opaque. When

the lined glass is used as a reflection grating, light falling on it is reflected only in the

untouched segments. This reflected light effectively comes from a series of equally spaced

sources that provide the diffraction grating interference pattern reflected onto the screen.

Lined gratings on shiny metal can also be used as a reflection diffraction grating (Figure 2).

diffraction grating device whose

surface is ruled with close, equally

spaced, parallel lines for the purpose

of resolving light into spectra; trans-

mission gratings are transparent;

reflection gratings are mirrored
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diffraction grating

Figure 1

Light rays passing through a diffrac-

tion grating

TRYTHIS activity Grated Rulers

Shine a laser pointer, at a small angle of incidence, onto a metal ruler with etched mark-

ings. Direct the reflected light onto a screen or white wall. What do you see? What causes

this effect?

Do not let direct laser beams or reflected beams go straight into 

anyone’s eyes.

(a)

Figure 2

(a) A master grating being ruled by

a diamond tip scribe 

(b) A microscopic view of a ruled

grating

(b)

Other Types of Gratings

Another type of grating, called a

replica grating, is made by pouring

molten plastic over a master grating.

When the plastic solidifies, it is

peeled off the master and attached

to glass or stiff plastic for support.

The more modern holographic

grating uses extremely narrow

spacing to form an interference pat-

tern on the photographic film. 

DID YOU KNOW??
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Crossed Gratings and the Spectroscope
If you look through a grating with the gratings perpendicular to the light source, you see

a horizontal diffraction pattern. When you rotate the grating through 90°, you see a ver-

tical pattern. If you look at a point source of light through two such gratings, you will

get a pattern such as that seen in Figure 3, called a crossed-grating diffraction pattern.

Section 10.3

At what angle will 638-nm light produce a second-order maximum when passing through

a grating of 900 lines/cm?

Solution

λ 5 638 nm 5 6.38 3 1027 m d 5 }
900 lin

1

es/cm
} 5 1.11 3 1023 cm 5 1.11 3 1025 m

m 5 2 v 5 ?

sin vm 5 }
m

d

λ
} (for bright maxima)

sin v2 5 }
2(

1

6

.1

.3

1

8

3

3

1

1

0

0
2

2

5

7

m

m)
}

sin v2 5 1.15 3 1021

v2 5 6.60°

The angle to the second maximum is 6.60°.

Exact Quantities

The quantity 900 lines/cm is a

counted quantity, not a measured

quantity, and thus is considered

exact.

LEARNING TIP

Practice

Understanding Concepts

1. A 4000-line/cm grating, illuminated with a monochromatic source, produces a

second-order bright fringe at an angle of 23.0º. Calculate the wavelength of the

light.

2. A diffraction grating with slits 1.00 3 1025 m apart is illuminated by monochro-

matic light with a wavelength of 6.00 3 102 nm. Calculate the angle of the third-

order maximum.

3. A diffraction grating produces a third-order maximum, at an angle of 22º, for red

light (694.3 nm). Determine the spacing of the lines in centimetres.

4. Calculate the highest spectral order visible when a 6200-line/cm grating is illu-

minated with 633-nm laser light.

Answers

1. 4.88 3 1027 m

2. 10.4°

3. 7.4 3 1024 cm

4. n 5 2

gratings

horizontal

gratings

vertical

crossed

gratings

Figure 3

(a) A vertical grating produces a

horizontal pattern. 

(b) When the grating is horizontal,

the pattern is vertical.

(c) Cross the gratings and the 

pattern is also crossed.

(d) A point source of light is viewed

through crossed gratings.

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

SAMPLE problem
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If the light striking the grating is not monochromatic but a mixture of wavelengths,

each wavelength produces a pattern of bright maxima at different locations on the

viewing screen. This is what occurs when white light is directed through a diffraction

grating. The central maximum will be a sharp white peak, but for each of the spectral

colours, the maxima occur at different positions on the screen, giving the effect of a

spectrum. The display is the same as when white light passes through a prism onto a

viewing screen, except that the spectral pattern produced by a diffraction grating is

much more widely spread out and easier to observe, making it an excellent device for spec-

tral analysis. The instrument that performs this analysis is called a spectroscope.

In a spectroscope, light from a source is first directed through a collimator, a system

of mirrors or lenses that makes the rays from the source essentially parallel. This parallel

light passes through a diffraction grating. We view the resulting interference pattern

with a small telescope. Since we can measure the angle v quite accurately, we can deter-

mine the wavelength of the light to a high degree of accuracy (Figure 4).

TRYTHIS activity Crossed Gratings

Take an ordinary handkerchief into a darkened room. Pull it taut and look at a distant

point source of light through the fabric. (The point source should not be a laser beam.) In

what way does the resulting diffraction pattern resemble Figure 3? Pull the cloth diago-

nally so that the mesh of the fabric is at an angle. How does the pattern change? Repeat

with a coarser fabric, such as a tea towel, and with a finer fabric, such as a scrap of panty

hose. What changes occur? Why? On a dark night, look at a bright star through an

umbrella. Describe what you see.

spectroscope an instrument that

uses a diffraction grating to visually

observe spectra

Dispersion with a 

Diffraction Grating

When a prism disperses white light,

the greatest deflection is in violet

light, the least in red light. With a

diffraction grating, it is red light that

undergoes the greatest deflection,

violet light the least.

DID YOU KNOW??

u

grating

telescope

eye

collimator

source

Figure 4

A spectroscope

TRYTHIS activity Using a Grating Spectroscope

View several gas discharge sources of light through a spectroscope, for example,

hydrogen and neon, or use a fluorescent light (Figure 5). If you have the equipment,

measure the angles for specific spectral lines for one of your sources, for example,

hydrogen. Calculate their wavelengths, as directed by your teacher.

800 750 700 650 600 550 500 450 400

atomic hydrogen

sodium vapour

helium

The spectrum of white light

l (nm)

Figure 5

Spectra of white light, helium, sodium vapour, and hydrogen as produced by a spectroscope.
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Section 10.3

• The surface of a diffraction grating consists of a large number of closely spaced,

parallel slits.

• Diffraction gratings deliver brighter interference patterns than typical double-slit

setups, with maxima that are narrower and more widely separated.

• Diffraction gratings are governed by the relationship sin vm 5 }
m

d

λ
}, where d is 

the distance between adjacent gratings, and m is the order of the maxima.

Diffraction GratingsSUMMARY

Section 10.3 Questions

Understanding Concepts

1. CDs reflect the colours of the rainbow when viewed under

white light. What type of surface must be on the CD

(Figure 6)? Explain your reasoning.

2. At what angle will 6.50 3 102-nm light produce a second-

order maximum when falling on a grating with slits 

1.15 3 1023 cm apart?

3. Light directed at a 10 000-line/cm grating produces three

bright lines in the first-order spectrum, at angles of 31.2°,

36.4°, and 47.5°. Calculate the wavelengths of the spectral

lines in nanometres. What are the colours?

4. The “Balmer a” and “Balmer d” lines in the visible atomic-

hydrogen spectrum have wavelengths of 6.56 3 102 nm

and 4.10 3 102 nm, respectively. What will be the angular

separation, in degrees, of their first-order maxima, if these

wavelengths fall on a grating with 6600 lines/cm?

5. A diffraction grating gives a first-order maximum at an

angle of 25.0° for 4.70 3 102-nm violet light. Calculate the

number of lines per centimetre in the grating.

Applying Inquiry Skills

6. Fog a piece of glass with your breath and look at a point

source of light in a darkened room. What do you see? Why?

Where in the sky have you seen a similar effect? Explain

your answer.

Making Connections

7. A certain spectroscope, while in vacuum, diffracts 

5.00 3 102-nm light at an angle of 20° in the first-order

spectrum. The same spectroscope is now taken to a large,

distant planet with a dense atmosphere. The same light is

now diffracted by 18°. Determine the index of refraction of

the planet’s atmosphere.

Figure 6
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10.410.4 Interference in Thin Films

You have probably noticed the swirling colours of the spectrum that result when gaso-

line or oil is spilled on water. And you have also seen the colours of the spectrum shining

on a soap bubble. These effects are produced through optical interference, when light is

reflected by or transmitted through a thin film.

TRYTHIS activity Soap Bubbles

Pour a small amount of bubble solution onto a clean plastic tray, such as a cafeteria tray.

Use a straw to blow a bubble at least 20 cm in diameter. Direct a bright light onto the

domed soap film. Note bright areas of constructive interference (different colours) and

dark areas of destructive interference. These bright and dark areas correspond to varia-

tions in the thickness of the film and the movement of the water in the film. 

Consider a horizontal film like a soap bubble that is extremely thin, compared to the

wavelength of monochromatic light being directed at it from above, in air. When the

light rays strike the upper surface of the film, some of the light is reflected, and some is

refracted. Similar behaviour occurs at the lower surface. As a result, two rays are reflected

to the eye of an observer: one (ray 1) from the top surface and another (ray 2) from the

bottom (Figure 1). These two light rays travel along different paths. Whether they inter-

fere constructively or destructively depends on their phase difference when they reach

the eye.

Recall that when waves pass into a slower medium, the partially reflected waves are

inverted (so that a positive pulse is reflected as a negative). When the transition is from

a slow medium to a fast medium, reflected waves are not inverted. Transmitted waves are

never inverted. Since both rays originate from the same source, they are initially in phase.

Ray 1 will be inverted when it is reflected, whereas ray 2 will not. Because the film is

very thin (t ,, λ), the extra distance travelled by ray 2 is negligible, and the two rays,

being 180° out of phase, interfere destructively (Figure 2(a)). For this reason, a dark

area occurs at the top of a vertical soap film, where the film is very thin.

1

air (faster)

film (slower)

air (faster)

thin film
film

(slower)

(a) (b) (c)

1

2

2

air (faster)

Figure 1

Light waves have undergone a 180º

phase change when reflected in (a),

but there is no phase change when

reflected at (b). Reflections from (a)

and (b) are shown together in (c).

(We show an angle for clarity, but in

reality all rays are vertical.)
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Section 10.4

1
2

path difference is 

(b)

constructive interference

(bright)

1
2

path difference is 

(c)

destructive interference

(dark)

1

2

path difference approaches zero

0

(a)

destructive interference

(dark)

soap t ,, l

air

air

t 5 4
l

2
l

2
l

t 5 2
l

l

l

Figure 2

When we replace the very thin film in (a) with thicker films, as in (b)

and (c), the two rays have a significant difference in path-length. 

(The diagrams are not drawn to scale.)

Let us now consider what happens if the soap film is a little thicker (Figure 2(b)).

In this case, ray 2 will have an appreciable path difference in comparison with ray 1. If the 

thickness t of the film is }
λ
4

}, the path difference is 2 3 }
λ
4

}, or }
λ
2

}, for nearly normal paths,

yielding a 180° phase delay. The two rays, initially out of phase because of reflection,

are now back in phase again. Constructive interference occurs, and a bright area is

observed.

When the thickness of the film is }
λ
2

} and the path difference is λ (Figure 2(c)), the 

two reflected rays are again out of phase and there is destructive interference.

There will thus be dark areas for reflection when the thickness of the film is 0, }
λ
2

},

λ, }
3

2

λ
}, … . For the same reason, bright areas will occur when the thickness is }

λ
4

}, }
3

4

λ
},

}
5

4

λ
}, … . In these conditions for destructive and constructive interference, λ is the wave-

length of light in the film, which would be less than the wavelength in air by a factor of

n, the index of refraction.

TRYTHIS activity
Interference in Soap 

Bubbles

Cover a clear showcase lamp with a red filter. Dip a wire loop into a soap solution. View

the soap film by reflected red light, holding the loop in a vertical position for at least one

minute. Remove the filter from the light so that white light strikes the soap film. Arrange

the white light and the soap film so that the light passes through the film. Compare the

respective patterns for transmitted and reflected light. 
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The effects of gravity on a vertical soap film cause the film to be wedge-shaped, thin

at the top and thick at the bottom, with the thickness changing in a reasonably uniform

way. The thickness changes uniformly, producing successive horizontal segments of dark

and bright reflections, similar in appearance to the double-slit pattern under mono-

chromatic light (Figure 3).

Figure 3

Interference in a thin soap film as

seen by transmitted light and

reflected light (far right)

When viewed under white light, the soap film produces a different effect. Since the spec-

tral colours have different wavelengths, the thickness of the film required to produce 

constructive interference is different for each colour. For example, a thickness of }
λ
4

} for 

red light is greater than the corresponding }
λ
4

} thickness for blue light, since red light has 

a longer wavelength in the film than blue light. Blue light and red light will therefore 

reflect constructively at different film thicknesses. When white light is directed at the

film, each colour of the spectrum is reflected constructively from its own particular 

film thickness, and the spectral colours are observed.

Interference also occurs when light is transmitted through a thin film. We will use

the soap film as an example. When the thickness t of the film is essentially zero (t ,, λ),

the transmitted light can be considered to consist of two rays: ray 1, transmitted without

any phase change, and ray 2, reflected twice internally and likewise transmitted without

a phase change. (Recall that for reflection from a slow medium to a fast medium there

is no phase change.) Since the path difference is negligible, the two rays emerge in phase,

yielding a bright area of constructive interference (Figure 4(a)). This is the opposite of

the result for light reflected from the same thin film. Dark areas of destructive interfer-

ence for transmission occur when the thickness is }
λ
4

}, }
3

4

λ
}, }

5

4

λ
}, … (Figure 4(b)). Bright

transmission areas appear when the thickness is 0, }
λ
2

}, λ, }
3

2

λ
}, … (Figure 4(c)). (Remember

that the path difference is twice the film thickness.) In all cases, λ is the wavelength of the

light in the film material, which will be less than the wavelength of light in air by a factor

of n, the index of refraction.
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In summer months, the amount of solar energy entering a house should be minimized.

Window glass is made energy-efficient by applying a coating to maximize reflected light.

Light in the midrange of the visible spectrum (at 568 nm) travels into energy-efficient

window glass, as in Figure 5. What thickness of the added coating is needed to maximize

reflected light and thus minimize transmitted light?

Solution

Reflection occurs both at the air–coating interface and at the coating–glass interface. In

both cases, the reflected light is 180º out of phase with the incident light, since both

reflections occur at a fast-to-slow boundary. The two reflected rays would therefore be in

phase if there were a zero path difference. To produce constructive interference the path 

difference must be }
λ
2

}. In other words, the coating thickness t must be }
λ
4

}, where λ is the 

wavelength of the light in the coating.

ncoating 5 1.4

t 5 ?

ncoating 5 }λ
c

λ

oa

a

t

ir

ing

}

λcoating 5 }
nc

λ

oa

a

t

ir

ing
}

5

λcoating 5 406 nm

t 5 }
λco

4

ating
}

5 }
406

4

nm
}

t 5 101 nm, or 1.0 3 1027 m

The required thickness for the coating is 1.0 3 1027 m.

568 nm
}

1.4

glass

(n = 1.5)

air

(n = 1.0)

coating

(n = 1.4)

Figure 5

For Sample Problem 1

12

0

1
2

1
2

soap t ,, l

air

air

path difference approaches zero

(a)

constructive

interference

(bright)

constructive

interference

(bright)

(b) (c)

destructive

interference

(dark)

t 5 4
l

2 l

t 5 2
l

l

path difference is path difference is 2
l

l

Figure 4

(a) Rays 1 and 2 emerge in phase.

Since there is no phase change

for ray 2 and t is very small,

constructive interference

results.

(b) Ray 2 is delayed by }
λ
2

} and 

interferes destructively with 

ray 1.

(c) Ray 2 is delayed by λ and inter-

feres constructively with ray 1.

SAMPLE problem 1
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Mathematical Analysis of Interference 
in an Air Wedge
The soap film wedge, when held vertically and illuminated, produced bands of inter-

ference that were irregular. If an air wedge is created between two uniform pieces of

glass and illuminated, a measurable pattern of constructive and destructive interference

also results (Figure 6). This air wedge can be used to find the wavelength of the incident

light. More importantly, it can be used to measure the size of very small objects.

air wedge the air between two

pieces of optically flat glass angled

to form a wedge

Figure 6

Interference in an air wedge 

illuminated by mercury light

Practice

Understanding Concepts

1. What are the three smallest thicknesses of a soap bubble capable of producing

reflective destructive interference for light with a wavelength of 645 nm in air?

(Assume that the index of refraction of soapy water is the same as that of pure

water, 1.33.)

2. A thin layer of glass (n 5 1.50) floats on a transparent liquid (n 5 1.35). 

The glass is illuminated from above by light with a wavelength, in air, of

5.80 3 102 nm. Calculate the minimum thickness of the glass, in nanometres,

other than zero, capable of producing destructive interference in the reflected

light. Draw a diagram as part of your solution.

3. A coating, 177.4 nm thick, is applied to a lens to minimize reflections. The

respective indexes of refraction of the coating and of the lens material are 1.55

and 1.48. What wavelength in air is minimally reflected for normal incidence in

the smallest thickness? Draw a diagram as part of your solution.

4. A transparent oil (n 5 1.29) spills onto the surface of water (n 5 1.33), producing

a maximum of reflection with normally incident orange light, with a wavelength

of 6.00 3 1027 m in air. Assuming the maximum occurs in the first order, deter-

mine the thickness of the oil slick. Draw a diagram as part of your solution.

Answers

1. 0, 242 nm; 485 nm

2. 193 nm

3. 5.50 3 102 nm

4. 233 nm

The spacing of successive dark fringes in the reflection interference pattern of an air

wedge may be calculated as follows (Figure 7):

Consider points G and F, where the glass-to-glass distances across the air wedge 

are }
λ
2

} and λ, respectively. At point G, there is both transmission and reflection.
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∆x 5 L1}
2

λ
t
}2

Interference in Thin Films 

and Air Wedges (p. 542)

How can you precisely measure the

widths of tiny objects, objects too

tiny to use conventional measuring

instruments? This investigation pro-

vides an opportunity to measure the

wavelength of light as well as the

width of a very thin object: a single

strand of your own hair.

INVESTIGATION 10.4.1

t

first dark

fringe

ray 1 ray 2

second dark

fringe

ray 19 ray 29

glass (slow)

air (fast)

glass (slow)

—
2

L

x2

A

G

F

E

D
CB

l
l

x1

Figure 7

Interference in an air wedge. The

diagram is not to scale, and

although the rays are drawn at an

oblique angle for clarity, the angle of

incidence approaches zero.

Since the light is going from a slow to a fast medium, there is no phase change in ray 1.

At point B, reflection is from a fast to a slow medium, yielding a phase change. But by

the time ray 2 lines up with ray 1, it has travelled two widths of GB, or one wavelength,

farther, keeping the phase change intact. The path difference between ray 1 and ray 2 is

one wavelength, and ray 1 and 2 interfere destructively, since they are 180o out of phase.

Similarly, destructive interference occurs at point F, because ray 19 and ray 29 are shifted

180o out of phase upon reflection and remain out of phase because ray 29 has had to

travel two wavelengths farther.

By similar triangles, we have, for the first dark fringe, nABG > nADE.

Therefore,

}
x

L

1
} 5

x1 5 }
L

2

λ
t
}

Similarly, for the second dark fringe, nACF > nADE.

}
x

L

2
} 5 }

λ
t
}

x2 5 }
L

t

λ
}

Since ∆x 5 x2 2 x1

5 }
L

t

λ
} 2 }

L

2

λ
t
}

∆x 5 }
L

t

λ
} 11 2 }

1

2
}2, or

1}
λ
2

}2
}

t

where ∆x is the distance between dark fringes, L is the length of the air wedge, t is the

thickness of the base of the wedge, and λ is the wavelength of the light in the wedge.

Try applying the theory by perfoming Invesigation 10.4.1 in the Lab Activities section at

the end of this chapter, where you can measure the width of a strand of hair.
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Answers

5. 6.9 3 1025 cm

6. 1.3 3 1023 cm

7. 1.8 3 1023 cm

(a) An air wedge between two microscope slides, 11.0 cm long and separated at one end

by a paper of thickness 0.091 mm, is illuminated with red light of wavelength 663 nm.

What is the spacing of the dark fringes in the interference pattern reflected from the

air wedge?

(b) How would the spacing change if the wedge were filled with water (n 5 1.33)?

Solution

L 5 11.0 cm t 5 0.091 mm 5 9.1 3 1023 cm

λ 5 663 nm 5 6.63 3 1025 cm ∆x 5 ?

(a) In air:

∆x 5 L1}
2

λ
t
}2

5 11.0 cm 1}2
6

(9

.6

.1

3

3

3

1

10

0

2

2

5

3

c

c

m

m)
}2

∆x 5 4.0 3 1022 cm

The spacing between the dark fringes in air is 4.0 3 1022 cm.

(b) If the air were replaced by water:

}
n

n

w

a

} 5 }λ
λ

w

a

a

i

t

r

er
}

λwater 5 1}
n

n

w

a
}2λair

5 }
1

1

.

.

0

3

0

3
} (6.63 3 1025 cm)

λwater 5 4.98 3 1025 cm

∆x 5 L1}
2

λ
t
}2

5 11.0 cm 1}2
4

(

.

9

9

.

8

1 3

3

1

1

0

0
2

2

3

5

c

c

m

m

)
}2

∆x 5 3.0 3 1022 cm

The spacing of the dark fringes in water would be 3.0 3 1022 cm.

SAMPLE problem 2

Practice

Understanding Concepts

5. Two pieces of glass forming an air wedge 9.8 cm long are separated at one end

by a piece of paper 1.92 3 1023 cm thick. When the wedge is illuminated by

monochromatic light, the distance between centres of the first and eighth suc-

cessive dark bands is 1.23 cm. Calculate the wavelength of the light.

6. Light with a wavelength of 6.40 3 102 nm illuminates an air wedge 7.7 cm long,

formed by separating two pieces of glass with a sheet of paper. The spacing

between fringes is 0.19 cm. Calculate the thickness of the paper.

7. A piece of paper is placed at the end of an air wedge 4.0 cm long. Interference

fringes appear when light of wavelength 639 nm is reflected from the wedge.

A dark fringe occurs both at the vertex of the wedge and at its paper end, and

56 bright fringes appear between. Calculate the thickness of the paper.
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Section 10.4 Questions

Understanding Concepts

1. When light is transmitted through a vertical soap film, the

top of the film appears bright, not dark, as it is when

viewed from the other side. Explain, using diagrams and the

wave theory of light.

2. Explain why it is usually not possible to see interference

effects in thick films.

3. What is the minimum thickness of an air layer between two

flat glass surfaces (a) if the glass is to appear bright when

4.50 3 102-nm light is incident at 90°? (b) if the glass is to

appear dark? Use a diagram to explain your reasoning in

both cases. 

4. A film of gasoline (n 5 1.40) floats on water (n 5 1.33).

Yellow light, of wavelength 5.80 3 102 nm, shines on this

film at an angle of 90°.

(a) Determine the minimum nonzero thickness of the film,

such that the film appears bright yellow from construc-

tive interference.

(b) What would your answer have been if the gasoline had

been spread over glass (n 5 1.52) rather than over

water?

5. Two plane glass plates 10.0 cm long, touching at one end, are

separated at the other end by a strip of paper 1.5 3 1023 mm

thick. When the plates are illuminated by monochromatic

light, the average distance between consecutive dark

fringes is 0.20 cm. Calculate the wavelength of the light.

6. Two plane glass plates 12.0 cm long, touching at one end,

and separated at the other end by a strip of paper, are illu-

minated by light of wavelength 6.30 3 1025 cm. A count of

the fringes gives an average of 8 dark fringes per cen-

timetre. Calculate the thickness of the paper.

Making Connections

7. Semiconductors, such as silicon, are used to fabricate solar

cells. These cells are typically coated with a thin, trans-

parent film to reduce reflection losses and increase the

efficiency of the conversion of solar energy to electrical

energy. Calculate the minimum thickness of the film

required to produce the least reflection of light with a

wavelength of 5.50 3 1025 m when a thin coating of silicon

oxide (n 5 1.45) is placed on silicon (n 5 3.50).

8. The national standards for new home construction may

include thin-film coatings, called “E-coatings,” on ther-

mopane windows for energy conservation. Research this

standard, and find out how E-coatings are used to reduce

heat loss in winter and decrease heat gain in summer.

Write a short report on your findings. 

GO www.science.nelson.com

Now that we have studied how the wave theory applies to thin films and the mathe-

matics of air wedges, we can apply this knowledge in the next section to examine some

real-world applications of thin films.

• For reflected light in thin films, destructive interference occurs when the 

thin film has a thickness of 0, }
λ
2

}, λ, }
3

2

λ
}, … , and constructive interference occurs 

at thicknesses of }
λ
4

}, }
3

4

λ
}, }

5

4

λ
}, … , where λ is the wavelength in the film.

• For transmitted light in thin films, destructive interference occurs at

}
λ
4

}, }
3

4

λ
}, }

5

4

λ
}, … , and constructive interference occurs at 0, }

λ
2

}, λ, }
3

2

λ
}, … , where λ

is the wavelength in the film.

• Air wedges can be used to determine the thicknesses of very small objects 

through the relationship ∆x 5 L 1}
2

λ
t
}2.

Interference in Thin FilmsSUMMARY
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10.510.5 Applications of Thin Films

Newton’s Rings
When a curved glass surface is placed in contact with a flat glass surface and is illuminated

by light, a series of concentric rings, called Newton’s rings (Figure 1), appears. The pat-

tern results from interference between the rays reflected by the top and bottom of the

variable air gap, much like the interference in an air wedge between two flat glass sheets.

Newton’s rings a series of con-

centric rings, produced as a result

of interference between the light

rays reflected by the top and bottom

of a curved surface

glass

Figure 1

Newton’s rings interference pattern

Figure 2

Interference caused by an optical flat

back-glare the reflection of light

from the back of eyeglass lenses

into the eyes

Newton’s Rings

Although named after Newton, the

phenomenon was first described by

Robert Hooke. Newton’s rings could

have provided strong support for

the wave theory of light, but neither

Newton nor Hooke realized their

significance.

DID YOU KNOW?? These interference effects are quite useful. For example, the surface of an optical part

being ground to some desired curvature can be compared with the curvature of another

surface, known to be correct, by observing interference fringes. Similarly, the surface of

a metal block which is required to be perfectly flat can be tested by covering it with a flat

piece of glass (an “optical flat”). In areas where the metal is not flat, air gaps form, cre-

ating interference patterns and revealing areas in need of further machining (Figure 2).

With this machining technique, precisions to the order of a wavelength of light are

achievable.

Oil on Water
The brilliant colours evident when light is reflected from a thin layer of oil floating on

water come from interference between the rays reflected from the surface of the oil and

those reflected from the surface of the water. The thickness of the oil film is subject to

local variations. Further, the thickness of the film at any one place is subject to change

over time, notably through evaporation of the oil. As with the soap bubble, different

thicknesses produce constructive interference at different wavelengths. The colours of the

spectrum reflected from oil on water constantly change position as the thickness of the

oil film changes, and a swirling of the spectral colours results. In the case shown in

Figure 3, both reflected rays are phase-inverted, at the air–oil interface in (a) and at the

oil–water interface in (b), since nair < noil < nwater.

Eyeglasses and Lenses 
A common problem with eyeglasses is back-glare, an effect occurring when light is

reflected from the back of the glasses into the eyes. These reflections are significantly

reduced if an antireflective coating is put on the surface of the lens. If the coating is 

about }
λ
4

} thick, light reflected from the lens–coating interface interferes destructively 
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with light from the air–coating interface, minimizing the glare (Figure 4). Coatings are

commonly used in sunglasses for the same reasons.

Several of the most serious eye problems are linked to damage caused by ultraviolet

radiation (UV) from the Sun. For example, absorption of UV can eventually lead to

cataracts or macular degeneration, the leading cause of blindness in older people. A

coating of the appropriate thickness on the front surface of sunglasses can create destruc-

tive interference and eliminate some of the damaging wavelengths of UV. However, most

UV blocking in sunglasses occurs in the lens itself. Sunglasses often have labels indi-

cating how much protection from UV is provided.

Another important application of thin films is the coating of lenses for optical instru-

ments. A glass surface reflects about 4% of the light passing through it. At each surface,

internal reflections can create multiple or blurred images. Since a camera, for example,

can contain up to 10 separate lenses, this is a problem that cannot be ignored. Applying

a very thin coating on the surface of each lens reduces reflection. The thickness is selected

to ensure that light reflected from both surfaces of the coating interferes destructively.

A coating material is chosen with a refractive index midway between the indexes of air

(n 5 1.0) and glass (n 5 1.5). The amount of reflection at the air–coating interface is then

about equal to the amount at the coating–glass interface, and destructive interference upon

reflection can occur for a specified wavelength, depending on the thickness of the film.

The wavelength usually chosen is close to the midpoint of the visual spectrum (550 nm).

Since reflected light near the violet and red extremes of the spectrum is not reduced

very much, the surface of the coated lens reflects a mixture of violet and red light and

appears purple. With multiple coatings, reflection can be minimized over a wider range

of wavelengths. Reflected light cannot be eliminated entirely. Typically, a single coating

reduces reflection to 1% of the incident light.

CDs and DVDs
A CD can store up to 74 minutes of music. But how can more than 783 megabytes (MB)

of audio information be stored on a disc only 12 cm in diameter and 1.2 mm thick?

Most CDs consist of an injection-moulded piece of polycarbonate plastic. When the

CD is manufactured, data are recorded as a series of bumps along spiral tracking, circling

from the inside of the disc to the outside (Figure 5). Next, a very thin, clear layer of alu-

minum is put onto the disc, covering the bumps. This, in turn, is coated with a layer of

Section 10.5

oil (n = 1.20)

air (n = 1.00)

water (n = 1.33)

Figure 3

Light reflected from upper and lower surfaces of a

thin film of oil lying on water

oil (n = 1.20)

air (n = 1.00)

water (n = 1.33)

l
—
2

path difference

                 =

air 

(n = 1.00)

coating 

(n = 1.25)

lens 

(n = 1.56)

l
—
4

Figure 4

Back-glare of light in the mid-range

of the visible spectrum is reduced in

eyeglasses with a thin coating.

CD Formatting

Most CDs are formatted for

650 MB or 700 MB, leaving some

space for other data.

DID YOU KNOW??

Figure 5

The track is only 0.5 mm wide; if

stretched into a straight line, this

track would be 5 km long.
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acrylic, which protects the aluminum. Finally, the label is printed onto the acrylic

(Figure 6).

Reading the data stored on the disc requires great precision from the CD player. The

three subsystems that operate the player are the drive motor system, the laser and lens

system, and the tracking system (Figure 7). The drive motor spins the disc at speeds

ranging from 200 to 500 rpm, depending on the track that is being “read.” A diffraction

grating, placed in front of the laser, produces three beams (Figure 8). The centre beam

follows the data track, but the two first-order diffracted beams follow the smooth sur-

face between adjacent tracks. Reflected light from the two diffracted beams keeps the

laser correctly positioned on the data track of bumps and spaces. As the CD is played,

the laser follows the track outward from the centre of the disc. Since the bumps must travel

at a constant speed past the laser, the drive motor must slow down in a precisely prescribed

way as the laser moves toward the edge.

polycarbonate plastic

1.25 nm

aluminum

1.2 mm

acrylic

labelFigure 6

Coatings on a CD

Figure 7

Inside a CD player

central maximum

beam

laser

first-order

maximum

tracking beam

first-order

maximum

tracking beam

diffraction

grating

Figure 8

Construction of the laser pickup

assembly. A three-beam tracking

method is often used in CD players

to ensure that the laser follows the

spiral track correctly. The three

beams are created by a diffraction

grating from a single laser beam.

Bumps and Pits

CD bumps are often referred to as

pits. The bumps do appear as pits

on the top side but are bumps on

the bottom of the disc, where the

laser reads them.

DID YOU KNOW??

Laser light is directed through a small lens onto the data track (Figure 9), where it is

reflected from the aluminized bumps. The original laser beam is polarized vertically, so

it is transmitted through the polarized beam splitter with no reflection. Because the

beam is polarized, the beam splitter reflects nearly the entire beam into the photodiode

detector. The depth of the spaces between the bumps is approximately one-quarter the 

wavelength of the laser light in the acrylic. In thin films, where the thickness is }
λ
4

}, the 

light reflected from the bottom surface and the light reflected from the top surface are 

180° out of phase. It has also travelled }
λ
2

} farther than the light from the bump. The 

resulting destructive interference produces a decrease in the intensity of the reflected

light from the spaces. The variation in the intensity of the reflected laser light produces

an electric signal having the same characteristics as the original etched on the disc at

manufacture. The electronics in the player interprets these changes in intensity as bits com-

prising bytes. The digital data are converted to an analog signal and amplified to produce

music. Other data encoded on the disc give the position of the laser on the track and

encode additional information, such as music titles. Bytes are read in a similar way from

a CD-ROM in a computer disk drive.
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CDs produce better sound than magnetic tape and vinyl records because there

is little background distortion or background noise, each note has unvaried pitch,

and the dynamic range is wider than with tape and vinyl. Further, CDs are more

durable than tape and vinyl because there is no reading head rubbing against the

recorded surface.

CD writers are disc players that can also record data onto a blank CD. In the

CD-R (read) format, the recording is permanent (comprising “read-only” data).

Such CDs are used for data backup, for the permanent storage of computer soft-

ware, and for the creation of music CDs. In the CD-RW (“read-write”) format,

information is stored in such a way that it can be erased, allowing the disc to be

reused. The digital-video disc (DVD) superficially resembles a CD but has about

seven times its capacity, permitting the storage of up to 133 minutes of high-

resolution video. The DVD is consequently a popular format for viewing movies

in the home. Although DVDs are physically the same size as CDs, to be able to

record this much data they must be constructed differently: the tracks are nar-

rower (320 nm in width, as opposed to 500 nm in the conventional CD) and

closer together, and the laser used has a shorter wavelength (635 nm, as opposed to

780 nm with the CD). Another difference is the addition of a top semireflective

layer of gold. The DVD laser can focus through the outer layer to the inner layer,

receiving information from both layers. A DVD can record up to 4.7 GB on a single

layer, 8.5 GB on a double layer, and 17 GB if both sides of the disc are used (Figure 10).

Most DVD players can play CDs and CD-R discs as well since the physical mecha-

nism is similar. DVD drives are now used in computers, replacing CD-ROMs,

because of their much higher capacity.

Section 10.5

photodetector

focusing coils

laser diode

beam 

splitting

prism

bumps polycarbonate layer

objective lens
disc

single-sided, single layer (4.7 GB) double-sided, double layer (17 GB)single-sided, double layer (8.5 GB)

Figure 10

Different DVD formats

• Newton’s rings can be used to determine the “flatness” of objects.

• Thinly coated lenses reduce or eliminate unwanted reflections and UV radiation.

If the coating is }
λ
4

} thick, destructive interference effectively reduces reflected

light.

• CDs and DVDs use principles of thin-film interference and polarization.

• DVDs have a much higher capacity than CDs: their tracks are narrower; they can

record data on two levels; and they use both sides of the disc.

Applications of Thin FilmsSUMMARY

Figure 9

Reading a CD

New advances in laser technology will further enhance the storage capacity of CDs and

DVDs. For example, lasers using light in the blue range of the electromagnetic spec-

trum will allow the data tracks to be even closer together since the wavelength of light

in that range is smaller than that currently used.
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Section 10.5 Questions

Understanding Concepts

1. Explain why a dark spot appears at the centre of Newton’s

rings. Consider the phase changes that occur when light

reflects from the upper curved surface and the lower flat

surface.

2. Explain what causes the effect in Figure 11.

3. A plano-convex lens (flat on one side, convex on the other)

rests with its curved side on a flat glass surface. The lens is

illuminated from above by light of wavelength 521 nm. 

A dark spot is observed at the centre, surrounded by 

15 concentric dark rings (with bright rings in between).

How much thicker is the air wedge at the position of the

16th dark ring than at the centre?

4. Calculate the minimum thickness of a layer of magnesium

fluoride (n 5 1.38) on flint glass (n 5 1.66) in a lens system,

if light of wavelength 5.50 3 102 nm in air is to undergo de-

structive interference. 

5. A lens appears greenish yellow (λ 5 5.70 3 102 nm is

strongest) when white light reflects from it. What minimum

thickness of coating (n 5 1.38) was used on such a glass

lens (n 5 1.50) and why? Draw a diagram as part of your

solution. 

6. You are designing a lens system to be used primarily for

red light (7.00 3 102 nm). What is the second thinnest

coating of magnesium fluoride (n 5 1.38) that would be

nonreflective for this wavelength?

7. The index of refraction of the acrylic coating in a certain CD

is 1.50. Calculate the heights of the bumps needed to pro-

duce destructive interference if the laser operates at a

wavelength of 7.80 3 102 nm in air.

8. In terms of the tracking system, explain how CDs can be

smaller than the standard 12 cm.

9. Explain how you can tell the difference between a regular

DVD and an extended play DVD just by looking at it under

white light. 

Applying Inquiry Skills

10. Predict what you will see if you take two microscope slides,

press them together so they “stick,” and illuminate them at

an angle under a point light source, such as a quartz-

halogen reading lamp. Try it to verify your prediction.

Making Connections

11. Nonreflecting glass is used in picture frames to reduce

glare. Explain, using the wave theory of light, how nonre-

flecting glass might be manufactured.

12. Research the Internet and other sources and write a short

report on how CDs and DVDs are recorded on a computer.

Pay particular attention to the operation of the laser and its

effect on the recording surface.

13. A thin layer of gold has been applied to the outside surface

of the glass of the Royal Bank Tower in Toronto (Figure 12).

Interference is not the prime reason for using a thin film in

this application. What are other reasons?

14. Thin-film technology is used in the manufacture of

microchips and microprocessors as a means of measuring

the thickness of the various applied layers. Research this

application and write a short report on your findings.

15. When information is scanned into a computer from an

acetate sheet on a flatbed scanner, sometimes dark fringes

appear in some areas of the computer image. Explain what

may cause this effect. 

Figure 11

GO www.science.nelson.com

Figure 12

Royal Bank Tower in Toronto

GO www.science.nelson.com
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10.610.6Holography

When a photograph is taken of your face, the image is recorded on the photographic

film. With the appropriate lens located at the correct distance from the film, a sharp image

is obtained. But the lens only focuses the detail in one direction. To obtain a three-dimen-

sional picture of your face, your camera would have to record countless different positions.

A technique for producing a three-dimensional image on a single film was discov-

ered in 1947 by a Hungarian-born physicist, Dr. Dennis Gabor, working in London,

U.K., at the Imperial College. Gabor was trying to improve the images produced by the

electron microscope discussed in Section 12.2. Only small areas of the tiny object being

viewed were in focus. He reasoned that the answer might lie not in taking a conven-

tional electron microscope picture, but one that had all the information radiated from

the illuminated object. The area of interest could then be sharpened by optical means.

In other words, he envisioned a method whereby a picture would be taken, not of the scene

itself, but of the light from the scene.

Gabor’s theories assumed that light waves radiating from the various points on an

illuminated object would interfere with each other, and the images recorded on the pho-

tographic film would be the resulting interference patterns. After the film had been

developed and light passed through it, the original three-dimensional image would be

reproduced. Gabor called such a film a hologram (from the Greek holos, for “whole,”

and gramma, “that which is drawn or written”).

Gabor was able to demonstrate, using white light, that his ideas worked. However,

the images, while three dimensional, were anything but sharp. The problem was that an

ordinary white light source has a large range of frequencies. In addition, even at any

one particular frequency, white light is “incoherent,” being a mixture of waves, which

over a short time interval, exhibit all possible phase shifts. The problem was overcome

in 1960, with the development of lasers, light sources that are not only of high intensity

and monochromatic but coherent.

E.N. Leith and Juris Upatnieks, two American physicists working at the University of

Michigan, produced the first laser holograph in 1963. They illuminated an object with

a laser beam that scattered the laser light onto a photographic film. From the first beam,

they split off a second reference beam, using mirrors to direct it at the same film (Figure 1).

hologram the three-dimensional

image formed as a result of interfer-

ence of (transmitted or reflected)

coherent light

Holograph 

A holograph is what you see when

a hologram is illuminated.

LEARNING TIP

mirror
mirror

film

object beam

object

vi

interference
pattern

lenses

lensesmirror

beam

splitter

laser

reference
beam

Figure 1

(a) Making a laser transmission

hologram 

(b) Viewing a holograph

(a) (b)

film

virtual image

reference
beam

film

observer

observer

laser
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Figure 2

Producing a three-dimensional

image of a golf ball with laser light

window

holographic scanning disc

half-silvered mirror

to computer

supermarket

checkout counter

laser

motor
lens

photodetector

UPC
Figure 3

A low-powered laser bounces from

a mirror to a rotating disc with 21

pie-shaped facets. Each facet is a

separate hologram that directs the

light in a unique direction, with a

different angle, elevation, and focal

length than the other facets. One of

the sweeps will succeed in reaching

the Universal Product Code (UPC)

on the grocery item. Light from the

successful sweep will be reflected

back to a photodetector, which will

convert the optical signal into elec-

tric pulses. A computer will interpret

the pulses, recording the purchase

and updating the inventory.

When light from the two beams interfered on its surface, the film recorded the inter-

ference pattern. To the naked eye in white light, the film appeared to contain grey

smudges. But when these patterns were illuminated with the same laser light, a truly

three-dimensional image was created. Nearly all scientific and commercial holographic

images are now created in this same way (Figure 2). The implications of Dennis Gabor’s

work were recognized in 1971, when he was awarded the Nobel Prize in physics.

Holography already has numerous applications and may some day have many more.

The ideas in optical holography have already, for example, been adapted to ultrasound,

yielding three-dimensional images of the internal structures and organs of the human

body. Holographic pictures appear on credit cards and printed money to discourage

counterfeiters. The principles of holography are used to record the bars and stripes of the

Universal Product Code (UPC) that identifies the groceries scanned by a laser at a check-

out counter (Figure 3).
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Laser light and an apparatus similar to Michelson’s interferometer (Section 10.7)

are used to find invisible defects in such products as tires, pipes, aircraft parts, com-

puter disk drives, and even tennis rackets (Figure 4). In the future, holograms taken

with X-ray lasers could provide detailed images of microscopic objects. True three-

dimensional cinema, television, and computer graphics will probably be produced by

holography. Holographic memory holds the promise of storing the information from

a thousand CDs in a crystal the size of a sugar cube.

Section 10.6

Figure 4

These holograms of a tire indicate

any areas of tire separation.

• Holography is the process of storing all of the light radiated from an object

and then reproducing it.

• Holography is used for three-dimensional viewing, security, scanning, and

quality control.

HolographySUMMARY

Section 10.6 Questions

Understanding Concepts

1. Explain why the invention of the laser contributed to the

technique of holography.

2. What is the difference between a hologram and a normal

film negative?

3. Why does a hologram inspected in white light appear as a

mixture of smudges?

Applying Inquiry Skills

4. The manager of a party supply store near your school has

hired your science class and the art department to create a

window display for Halloween. You are to design the part of

the display that includes a hologram ghost. How will you

proceed?

Making Connections

5. The words “hologram” and “holographic” have some special

uses outside physics. Research what historians mean by

“holographic document” and what lawyers mean by “holo-

graphic will,” and write a report on your findings. 

6. Research holographic computer memory and prepare a

research paper on how it might work.

GO www.science.nelson.com

GO www.science.nelson.com

TRYTHIS activity

Viewing Holograms

Illuminate commercially prepared

holograms with laser light. Use a

magnifying glass to examine holo-

grams on paper money and credit

cards.

Do not let direct laser

beams or reflected

beams go straight into

anyone’s eyes.
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10.710.7

Answers

1. 2.50 3 102 nm

2. 0.319 mm

3. 679 nm

Michelson’s Interferometer

The German-born American physicist Albert Michelson (1852–1931) developed the

interferometer (Figure 1), an instrument used to measure small distances. Monochromatic

light strikes a half-silvered mirror M, which acts as a beam splitter. Half the light is

reflected up to the movable mirror M1, where it is reflected back to the observer. The other

half is first reflected back by the fixed mirror M2, then reflected by mirror M to the

observer. If the two path lengths are identical, the two beams enter the eye in phase,

yielding constructive interference. If the movable mirror (M1) is moved a distance  

equal to }
λ
4

}, one beam travels an extra distance of , yielding destructive interference.

If M1 is moved farther, constructive or destructive interference occurs, depending on

the path difference. If either M1 or M2 is tipped slightly, both constructive and destruc-

tive fringes appear, since the path lengths are different for different points on the surface

of the tilted mirror.

As M1 is moved through a distance of , a given fringe will change from dark to 

light and back to dark again. The overall effect will thus be that the fringe pattern has

shifted one position. (One dark fringe is replaced by the next dark fringe, relative to a fixed

reference point.) By counting the number of fringes that move laterally in this way, we

can determine the total displacement of the movable mirror in terms of the source wave-

length, since each fringe move represents movement in the mirror of . A sample 

problem will illustrate this concept.

λ
}
2

λ
}
2

λ
}
2

M
1
 (movable mirror)

M
2
 (fixed mirror)

Msource

eye

translucent
screen

(a)

Figure 1

(a) Michelson’s interferometer

(b) Using a Michelson 

interferometer

(b)

You visit an optical engineering house in which an interferometer is illuminated by a

monochromatic source of wavelength 6.4 3 1027 m. You slowly and carefully move the

movable mirror. You find that 100 bright fringes move past the reference point. How far did

you move the mirror?

Solution

λ 5 6.4 3 1027 m

100 fringes = 50λ

The path difference is 50λ, or (50)(6.4 3 1027 m) 5 3.2 3 1025 m.

The mirror has moved half this distance, or 1.6 3 1025 m.

Practice

Understanding Concepts

1. You are observing a system of straight vertical fringes in a Michelson interfer-

ometer using light with a wavelength of 5.00 3 102 nm. By how much must one

of the mirrors be moved to cause a bright band to shift into the position previ-

ously occupied by an adjacent bright band?

2. One of the mirrors of a Michelson interferometer is moved, causing 1000 fringe

pairs to shift past the hairline in a viewing telescope. The interferometer is illu-

minated by a 638-nm source. How far was the mirror moved?

3. You count 598 bright fringes upon displacing the moveable mirror in a Michelson

interferometer through 0.203 mm. Calculate the wavelength of the light.

SAMPLE problem



Wave Effects of Light 529NEL

Using the Interferometer
Michelson used his interferometer to try to determine the length of the standard metre

in terms of the wavelength of a red line in the cadmium spectrum. He was searching

for a length standard that would be more precise than the existing “standard metre” (a

pair of lines inscribed on a platinum-iridium bar near Paris) and would also be pre-

cisely reproducible anywhere in the world. Michelson’s technique was accepted and the

metre redefined but in terms of the wavelength of the orange-red line in the spectrum

of krypton-86.

Another important historic use of the interferometer was the precise measurement of

the speed of light in various media, achieved by placing the transparent medium into one

beam of the interferometer. These measurements further illustrate the relationship

between the refractive index of a material and the speed of light in it, another verifica-

tion of the wave theory of light (see Section 9.5).

The most celebrated use of the instrument, however, was in Michelson and Morley’s

finding that the speed of light in vacuum is constant and independent of the motion of

the observer. We will see in Chapter 11 that Einstein used these important findings in his

1905 special theory of relativity.

Section 10.7

• Interferometers can measure distances as small as a wavelength of light, using

interference fringes.

• Interferometers have been used to define the standard metre and to measure the

speed of light in various media. Interferometers were used historically to verify

that the speed of light is a constant.

Michelson’s InterferometerSUMMARY

Section 10.7 Questions

Understanding Concepts

1. Why are measurements with the Michelson interferometer

so precise?

2. A micrometer is connected to the movable mirror of an

interferometer. In the process of adjusting the micrometer

to permit the insertion of a thin metal foil, 262 bright fringes

move past the eyepiece crosshairs. The interferometer is

illuminated by a 638-nm source. Calculate the thickness of

the foil. 

3. A Michelson interferometer is illuminated with monochro-

matic light. When one of its mirrors is moved 2.32 3

1025 m, 89 fringe pairs pass by. Calculate the wavelength

of the incident beam.

4. Calculate how far the mirror in Michelson’s interferometer

must be moved if 580 fringes of 589-nm light are to pass by

a reference point.

5. You are working with Michelson’s interferometer and a

monochromatic source. You count 595 bright fringes upon

moving the mirror 2.14 3 1024 m. Calculate the wavelength

of the light entering the interferometer.

Applying Inquiry Skills

6. Explain how an interferometer can be used to measure the

index of refraction for liquids and gases.

Making Connections

7. Research the process used with an interferometer to define

the length of a standard metre and write a brief summary.

8. How might an interferometer be used to determine minute

movements in Earth’s crust?
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10.810.8 Electromagnetic Waves and Light

Once Oersted and Faraday had established the basic relationships between electricity

and magnetism in the early nineteenth century, it was not long before others began to

extend electromagnetic theory to closely related phenomena. One of the great scientific

achievements of the nineteenth century was the discovery that waves of electromag-

netic energy travel through space.

In 1864, the Scottish physicist and mathematician James Clerk Maxwell summarized

his theories about electromagnetic fields as four basic relationships, appropriately known

as Maxwell’s equations of electromagnetism. Although the equations require mathe-

matical notation beyond the scope of this text, we can summarize Maxwell’s main ideas

in words:

1. The distribution of electric charges, in space, produces an electric field.

2. Magnetic field lines are continuous loops without beginning or end. Electric

field lines, on the other hand, begin and end on electric charges.

3. A changing electric field produces a magnetic field.

4. A changing magnetic field produces an electric field.

These statements should already be familiar to you, with the possible exception of 4.

It is basically Faraday’s law of electromagnetic induction, which, as you recall from

Chapter 8, states that a changing magnetic field in the region of a conductor induces a

potential difference in the conductor, causing a current to flow. For such an induced

current to flow through a conductor, there must be an electric field present in the con-

ductor, causing its charged particles to move.

These two converse phenomena—a changing electric field producing a magnetic field

and a changing magnetic field producing an electric field—led Maxwell to an inevitable

conclusion. He predicted that as they continuously changed, interacting electric and

magnetic fields would actually travel through space in the form of electromagnetic

waves. Further, Maxwell worked out the essential characteristics of such a wave:

• Electromagnetic waves are produced whenever electric charges are accelerated.

The accelerated charge loses energy that is carried away in the electromagnetic

wave.

• If the electric charge is accelerated in periodic motion, the frequency of the elec-

tromagnetic waves produced is exactly equal to the frequency of oscillation of the

charge.

• All electromagnetic waves travel through a vacuum at a common speed

(c 5 3.00 3 108 m/s), and obey the universal wave equation, c 5 f λ .

• Electromagnetic waves consist of electric and magnetic fields oscillating in phase,

perpendicular to each other, and both at 90° to the direction of propagation of

the wave, as depicted in Figure 1.

• Electromagnetic waves exhibit the properties of interference, diffraction, polar-

ization, and refraction and can carry linear and angular momentum.

• All electromagnetic waves can be polarized, and radiation where the electric field

vector is in only one plane is said to be plane-polarized. (The plane of polariza-

tion is the plane containing all of the changing electric field vectors.)

James Clerk Maxwell

James Clerk Maxwell (1831–1879) is

regarded as one of the greatest

physicists the world has known.

Einstein stated that his work

resulted in the most profound

changes in physics since Newton.

Maxwell died young and failed to

see the corroboration of his theory

by Hertz’s laboratory creation of

radio waves. His work paved the

way for Einstein’s special theory of

relativity and helped usher in the

other major innovation of twentieth-

century physics, quantum theory.

DID YOU KNOW??
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Such an electromagnetic wave was first produced and detected in the laboratory by

the German physicist Heinrich Hertz (1857–1894) in 1887, not long after Maxwell’s death.

Using a spark gap, across which electric charges moved rapidly back and forth, Hertz was

able to generate electromagnetic waves whose frequency was about 1 MHz. He detected

these waves from some distance away, using as an antenna a loop of wire in which a cur-

rent was produced when a changing magnetic field passed through (Figure 2).

Hertz was also able to show that these waves travelled at the speed of light in a vacuum

and that they exhibited the characteristic wave phenomena: reflection, refraction, inter-

ference, and even polarization.

Hertz called his waves radio waves. His discovery lay the experimental foundation for

engineering by Marconi and other radio pioneers, who first transmitted radio waves

across the English Channel in 1889. Despite predictions that Earth’s curvature would

make long-distance communication by electromagnetic waves impossible, Marconi

spanned the Atlantic in 1901. At what is now called Signal Hill, in St. John’s, Newfoundland,

he received a Morse code “S” sent from Cornwall, England, 3360 km away.

The prediction made by Maxwell, and its verification by Hertz, that electromagnetic

waves travel at the speed of light was of paramount significance. Although it had been

accepted for over half a century that light behaves as a wave, it had remained unclear

Section 10.8

reflectors

spark gap

battery

induction coil

Figure 2

Hertz’s experimental setup

l

B

c

«

Figure 1

The electric and magnetic fields are

perpendicular to one another and to

the direction of radiation.

The Hertz

The SI unit for frequency, equiva-

lent to “one cycle per second,” in

strict mathematical accuracy “s21,”

is named for Hertz: 1 s21 5 1 Hz.

DID YOU KNOW??

radio waves electromagnetic

waves in the frequency range 104 to

1010 Hz; used in radio and TV trans-

mission
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Table 1 The Electromagnetic Spectrum

Type of Radiation Frequency Range Origin of Radiation Applications or Effects of Radiation  

low frequency AC 60 Hz weak radiation emitted from causes interference in radio reception 

conductors of AC power when passing near high-voltage 

transmission lines

radio, radar, TV 104 2 1010 Hz oscillations in electric circuits containing transmission of radio and TV communi-

inductive and capacitive components cation signals; ship and aircraft naviga-

tion by radar; reception of radio waves 

from space by radio telescopes; 

control of satellites, space probes, and 

guided missiles  

microwaves 109 2 1012 Hz oscillating currents in special tubes and long-range transmission of TV and other

solid-state devices telecommunication information; cooking 

in microwave ovens  

infrared 1011 2 4 3 1014 Hz transitions of outer electrons in atoms causes the direct heating effect of the 

and molecules Sun and other radiant heat sources; is 

used for remote sensing and 

thermography  

visible light 4 3 1014 2 8 3 1014 Hz higher-energy transitions of outer radiation that can be detected by the 

electrons in atoms human eye, giving the sensation of

“seeing”

ultraviolet 8 3 1014 2 1017 Hz even higher energy transitions of outer causes fluorescence in some materials; 

electrons in atoms causes “tanning” of human skin; kills 

bacteria; aids in the synthesis of

vitamin D by the human body  

X rays 1015 2 1020 Hz transitions of inner electrons of atoms or penetrate soft tissue easily but are 

the rapid deceleration of high-energy absorbed by denser tissue, like bones 

free electrons and teeth, to produce X-ray images of

internal body structures; used for

radiation therapy and nondestructive 

testing in industry  

gamma rays 1019 2 1024 Hz nuclei of atoms, both spontaneous treatment for localized cancerous 

and from the sudden deceleration of tumours 

very high-energy particles from 

accelerators 

cosmic rays > 1024 Hz bombardment of Earth’s atmosphere by responsible for auroras

very high-energy particles from space

what, in concrete physical terms, the wave was. Maxwell, on the basis of his calculated

speed for electromagnetic waves, argued that light waves must be electromagnetic. After

Hertz’s discovery of radio waves, Maxwell’s claim was soon widely accepted.

The Electromagnetic Spectrum
Visible light and radio waves occupy only two small ranges of all the frequencies possible

for oscillating electric and magnetic fields. Today, we know that there is a broad range

of frequencies of electromagnetic waves—the electromagnetic spectrum—all having

the basic characteristics predicted by Maxwell. Table 1 lists the names that have been

given to the various regions of this spectrum and the approximate frequency range for

each region, with a brief description of the type of accelerated charge that leads to the

formation of each.

A sample problem will illustrate how traditional wave analysis can be used to solve prob-

lems using various regions of the spectrum.
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Section 10.8

Microwaves with a wavelength of 1.5 cm are used to transmit television signals coast to

coast, through a network of relay towers.

(a) What is the frequency of these microwaves?

(b) How long does it take a microwave signal to cross the continent from St. John’s,

Newfoundland, to Victoria, British Columbia, a distance of approximately 

5.0 3 103 km?

Solution

(a) λ 5 1.5 cm

v 5 c 5 3.00 3 108 m/s

f 5 ?

f 5 }
λ
c

}

5

f 5 2.0 3 1010 Hz

The frequency is 2.0 3 1010 Hz.

(b) ∆d 5 5.0 3 103 km 5 5.0 3 106 m

∆t 5 ?

∆d 5 v∆t

5 c∆t

∆t 5 }
∆
c

d
}

5 }
3

5

.0

.0

3

3

1

1

0

0
8

6

m

m

/s
}

∆t 5 1.6 3 1022 s

The time required is 1.6 3 1022 s.

3.00 3 108 m/s
}}
1.5 3 1022 m

Practice

Understanding Concepts

1. Calculate the wavelength of the signal radiated by an FM broadcast station with

a frequency of 107.1 MHz.

2. Your class is touring a university physics lab. You notice an X-ray machine oper-

ating at 3.00 3 1017 Hz. What is the wavelength of the X rays produced?  

3. Calculate the period of the light emitted by a helium–neon laser whose wave-

length is 638 nm.

4. How many wavelengths of the radiation emitted by a 6.0 3 101 Hz electrical

transmission line would it take to span the North American continent (a dis-

tance of approximately 5.0 3 103 km)?

Answers

1. 2.80 m

2. 1.00 3 1029 m

3. 2.13 3 10215 s

4. 1.0

In this unit, we started with a systematic inventory of the properties of light but came

to the conclusion that light is just one of the many radiations in the electromagnetic

spectrum, all possessing the same set of essential properties.

SAMPLE problem
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• Maxwell postulated and Hertz proved that light and all radiations travel as elec-

tromagnetic waves through space at the speed of light (3.00 3 108 m/s).

• Electromagnetic waves consist of electric and magnetic fields that oscillate in

phase and perpendicular to each other and to the direction of wave propagation.

• Electromagnetic waves exhibit the properties of interference, diffraction, polar-

ization, reflection, and refraction.

• The electromagnetic spectrum makes up all the radiations that originate from a

source with a changing electric or magnetic field.

• The electromagnetic spectrum consists of radio waves (including microwaves),

infrared waves, visible light, ultraviolet light, X rays, gamma rays, and 

cosmic rays.

Electromagnetic Waves and LightSUMMARY

Section 10.8 Questions

Understanding Concepts  

1. Calculate the quantity indicated for each of the following

electromagnetic waves:

(a) the frequency of an 1.80-cm wavelength microwave

(b) the wavelength of a 3.20 3 1010-Hz radar signal

(c) the distance between adjacent maxima of magnetic

field strength in the electromagnetic wave created by a

60.0-Hz transmission line

(d) the frequency of red visible light, of wavelength 

6.5 3 1027 nm

2. Two football fans are listening to the Grey Cup game on the

radio, one in Montreal, where the game is being played, the

other in Inuvik, Northwest Territories, 6.00 3 103 km away.

The distant signal is transmitted by microwave, through a

communications satellite at an altitude of 3.6 3 104 km.

Making whatever assumptions seem reasonable, determine

how much sooner the fan in Montreal hears the results of

any play.

3. A slit 6.0 cm wide is placed in front of a microwave source

operating at a frequency of 7.5 GHz. Calculate the angle

(measured from the central maximum) of the first minimum

in the diffraction pattern.

4. The first radio amateurs used high-voltage electrical arcs,

as Hertz did, to generate radio waves and communicate

with one another. Why did this soon become an unwork-

able situation?

Applying Inquiry Skills

5. How could you use a small portable radio to locate a high-

voltage leak in the ignition system of a car?

Making Connections

6. Why is it that when television correspondents are inter-

viewed live on the other side of the planet, there is a short

delay before their responses are heard?

7. Television and radio waves can reflect from nearby moun-

tains or from airplanes. Such reflections can interfere with

the direct signal from the station.

(a) Determine what kind of interference will occur when

75-MHz television signals arrive at a receiver directly

from a distant station and are also reflected from an

airplane 134 m directly above the receiver. (Assume a 

}
λ
2

} change in phase of the wave upon reflection.) 

Explain your reasoning.

(b) Determine what kind of interference will occur if the

plane is 42 m closer to the receiver. Explain your

reasoning.
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10.910.9
Some Applications of 

Electromagnetic Waves

Radio and Television Communications
Marconi first recognized the potential for transmitting information over long distances,

using electromagnetic waves without any direct connection by wires. From his early

dot–dash Morse code pulses evolved our present sophisticated radio and television 

networks.

Figure 1 shows the typical components of a modern communications transmitter.

Sound waves are detected by a microphone and converted into a weak audio signal. This

electrical signal is strengthened by an amplifier before passing into a modulator, where

it either modulates the amplitude (in the case of AM) or creates slight perturbations in

the frequency (in FM) of a radio-frequency (RF) carrier signal from the RF oscillator. This

RF signal wavelength is different for each station.

audio

signal

(amplified)

sound

waves

audio

signal

microphone

modulated

signal

transmitting

antenna

RF signal = carrier

amplifier modulator

RF

oscillator

amplifier

Figure 1

Transmitter circuit

TV Antennas

The receiving antenna could be an

iron core wrapped with wire, a

long wire, a metal rod, or a multi-

element rooftop antenna. The

signal could also enter your home

by cable, either as range RF or in

digital form. Your cable supplier

has already received the signal

with its equipment, thus replacing

the antenna.

DID YOU KNOW??

The carrier frequency is the frequency you “tune” on your radio dial. The signal is

then further amplified and supplied to a transmitting antenna, generating the electro-

magnetic wave. A television signal is produced in much the same way as audio radio, except

that the carrier frequency is mixed with two signals: one for audio and the other for

video. With both television and audio radio, electrons in the transmitting antenna oscil-

late back and forth at the carrier frequency. The accelerating charges produce the elec-

tromagnetic wave, which travels at the speed of light to your home receiver.

In the typical receiver shown in Figure 2, the receiving antenna detects

incoming electromagnetic waves. The incoming, oscillating electro-

magnetic fields cause free electrons in the conducting material to move,

creating a weak electric current in the antenna. The net effect is the pro-

duction of a small electrical signal in the antenna, containing a mix-

ture of frequencies from many different transmitting stations.

The first task for the receiver is to select a certain carrier frequency,

or small range of frequencies, corresponding to a particular station. The

selected RF signal is then amplified and sent into a demodulator, which

separates the audio signal from the carrier signal. When this audio fre-

quency (AF) signal has been successfully separated, it is amplified

loudspeaker

receiving

antenna

audio

signal

RF signal

RF tuner

and amplifier

detector

(demodulation)

AF

amplifier

Figure 2

Receiver circuit
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and sent to the speaker for conversion into sound waves. In TV transmission, two distinct

signals are demodulated, with the audio signal going to the speaker and the video signal

to the picture tube.

In addition to radio and TV bands, frequency bands have been assigned for Citizens

Band (CB) radio, ship-to-shore radio, aircraft, police, military, and amateur radio, cel-

lular telephone, space and satellite communications, and radar (Figure 3).

Infrared
Infrared radiation (IR) occupies the region between microwaves and visible light. The

frequencies range from about 1.0 3 1011 Hz to about 4 3 1014 Hz. We know that very hot

objects emit electromagnetic radiation. At relatively low temperatures, we can feel the

heat—infrared radiation—from an electric stove element. At higher temperatures, the

element begins to glow red, indicating a range of emission in the visible region of the

spectrum. At even higher temperatures, such as that of an incandescent light bulb filament,

a white glow is observed. We can see that as the temperature of matter increases, the radi-

ation it predominantly emits is of higher and higher frequency. But the lower frequencies

are still there. A light bulb, for example, still gives off heat, noticeable even at a distance.

The most common detectors of infrared radiation are photographic film and television

cameras sensitive to radiation in the infrared range. Full-colour pictures can show minute

variations in the temperature of an object, as indicated by a different colour. For example,

infrared photographs of the exterior of a house reveal “hot” spots around the doors and

windows, areas in which heat is leaking out (Figure 4). Heat images of the human body

reveal areas of infection and locations of tumours. Infrared satellite photographs reveal

the type of crops being grown (Figure 5), the population density of urban areas, and the

distribution of acid rain. Reconnaissance photographs of military installations reveal the

locations of airport runways, camouflaged factories, and rocket launch sites.

Laser Radiation
Conventional light sources are either hot bodies or emitters of some sharply defined

sets of wavelengths. The atoms in the tungsten filament of a common light bulb are agi-

tated and excited to higher energy levels by high temperatures. Once excited, they emit

light as they return to a lower energy state, over a wide spread of frequencies. In a gas lamp

such as a fluorescent tube, it is the electron current passing through the gas that excites

the atoms to high energy levels. The atoms give up this excitation energy by radiating it

as light waves (see Section 12.4). Spontaneous emission from each single atom takes

place independently of the emission from the others. The overall energy produced by either

of these conventional light sources—the incandescent lamp or the fluorescent lamp—

is a jumble of frequencies from numerous individual atoms. Each emission has its own

phase that changes randomly from moment to moment and point to point. The light from

conventional sources is therefore said to be incoherent.

In contrast, laser light is coherent. The emitted light waves are in phase, with almost

all the crests and troughs in step for a substantial time. This coherence arises because the

laser atoms do not emit at random but under stimulation (see Section 12.4 for a more

detailed explanation). The light waves combine their energies in constructive interfer-

ence to produce powerful and intense laser light. Since the emitted light has consistent

wavelength or colour, laser light is said to be monochromatic. Finally, the light waves

are emitted primarily in one direction.

These properties of coherence, intensity, and directionality make laser beams 

suitable for a wide range of scientific, commercial, medical, and military applications.

Directionality ensures that a laser beam travels long distances in a straight line.

Figure 3

A microwave communications tower

uses parabolic reflectors to both

concentrate the electromagnetic

radiation onto a small antenna when

receiving a signal and to disperse

the radiation from a small antenna

when transmitting a signal.

incoherent light light of one or

more wavelengths, out of phase

(e.g., white light)

coherent light light of one wave-

length, in phase (e.g., laser light)

Assigning Frequency Ranges

The Canadian and American gov-

ernments, through the Canadian

Radio-television and

Telecommunications Commission

(CRTC) and the United States

Federal Communications

Commission (FCC), have the task of

assigning carrier frequency ranges

for various purposes, so that signals

do not overlap and therefore pre-

vent clear detection.

DID YOU KNOW??
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This property makes it useful for surveying, for establishing reference directions in the

drilling of tunnels, for measuring the very small movement in the continents, for deter-

mining the speed of a baseball or a car, for guiding farmers in the laying of drainage

tile, and for directing missiles. Further, since the light can be modulated, it is used in

fibre optics, permitting thousands of wires to be replaced with a single optical fibre.

Section 10.9

TRYTHIS activity Scattering Laser Light

Most of the divergence of a laser beam is caused by the scattering of light by air particles.

To increase the scattering and make the beam more visible, clap two chalk dusters

together above a laser beam in a dark room. Why can you now see the laser beam?

Do not let direct laser beams or reflected beams go straight into

anyone’s eyes. 

If you are allergic or sensitive to chalk dust, use a light mist of water

instead, from a spray bottle. Spray the water over the beam but keep the

mist away from the laser.

The intensity of laser beams makes them useful in cutting and welding materials,

including metals. An industrial laser can easily concentrate ten thousand million watts

for short intervals. With no blades to break or bits to wear, lasers can make precise cuts

in fabric for suits, cauterize and cut in various types of surgery (including plastic surgery),

weld dishwasher doors, plate easily corroded metals, etch the patterns of microcircuits,

and drill eyes in surgical needles (Figure 6).

Figure 6

Lasers have many applications, such

as cutting steel (left) and treating

skin conditions (right).

Figure 4

This infrared photo reveals that the

windows are much warmer than the

surrounding structure. Replacing

the windows with double or triple

thermopane windows will decrease

heat loss, conserving energy and

reducing heating bills.

Figure 5

Land-use patterns are clearly seen

in this infrared image of the Alberta

and Montana border area. Thickly

vegetated mountains and riverbanks

appear red. Crops at different stages

of growth in Montana (bottom half

of image) appear in different colours.

Ultraviolet Radiation
Ultraviolet radiation (UV), also called ultraviolet light and sometimes “black light,” is a

band of frequencies lying between visible light and X rays, with a frequency range from

8.0 3 1014 Hz (violet light) to 1017 Hz. UV is emitted by very hot objects. Approximately

7% of the Sun’s radiation is UV. It is this radiation that creates changes in the skin. Small

amounts of UV are necessary for the production of vitamin D in the human body. But

large amounts cause tanning and sunburn, which can increase the risk of skin cancer

and cause cataracts. UV sources cause fluorescence in certain mineral ores and chemical

substances such as dyes and paints, which are used to dramatic effect in posters and T-shirts.
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Ionizing Radiation
Radiation with frequencies higher than UV is ionizing. This radiation is so energetic

that it causes atoms in a substance to become ionized, expelling one or more electrons.

Both X rays and gamma rays are ionizing. Radiation with frequencies of UV and lower

is nonionizing. Ionization can break chemical bonds, that is, break up molecules. In the

human body, ionizing radiation can cause cell death or possible alteration in the cell

causing illness and cancers. We will take a closer look at ionizing radiation in Unit 5.

ionizing radiation radiation at the

limit at which ionization can occur,

at frequencies higher than ultraviolet 

nonionizing radiation radiation at

or below the limit at which ionization

can occur, at frequencies lower than

ultraviolet

Cell Phones

The explosive worldwide growth in cell phone use has

increased the public debate over possible health risks. Cell

phones are small radio stations that send and receive

microwaves. We noted in this section that radio waves, even

microwaves, are nonionizing radiations. Does it follow that they

are safe? Microwaves apparently do produce some heating

effect on tissues, including the brain, near a cell phone. But it is

not clear whether this could have measurable biological effects,

such as an increased risk for cancer.

Most studies have concluded “that the use of hand-held cel-

lular telephones is not associated with the risk of brain cancer.”

But the findings always have a caveat, such as “Further long-

term studies are needed to account for longer usage, especially

for slow-growing tumours.”

Take a Stand

Is using a cell phone hazardous to your health?

Form an Opinion

Research the issue, citing the major studies done over the past

three years. Make a note of the funding for each of the studies

you examine.

• Evaluate the studies based on objective criteria.

• Summarize your findings and indicate to what extent the evi-

dence objectively supports (or, as the case may be, is cur-

rently insufficient to support) a conclusion.

• State your personal conclusion, defending your position.

• Will your research lead you to modify your cell phone habits?

Why or why not?

GO www.science.nelson.com

Define the Issue Analyze the Issue Research

Defend the Position Identify Alternatives Evaluate

Decision-Making SkillsEXPLORE an issue

The Wave Theory of Light circa 1890
At the end of the nineteenth century, the wave theory of light was firmly established.

Double- and single-slit interference strongly corroborated the theory, while additional

interference phenomena and polarization raised confidence levels still higher. With the

work of Maxwell and Hertz, the physics community was left in little doubt that light, and

with it all other electromagnetic radiation, could be represented as transverse waves.

Indeed, more radically, there was a sense that all the basic principles governing the phys-

ical universe were now known, leaving physics nothing more than a responsibility to

clean up details.

This complacency disappeared as the 1890s wore on. In Germany, Wilhelm Roentgen

discovered an unknown radiation, which he called “X rays,” that were powerful enough

to blacken a photographic plate after passing through flesh and wood. Shortly there-

after, in France, Henri Becquerel accidentally left a piece of a uranium ore in a drawer

on top of a photographic plate. A few days later, he found that the plate was exposed by

some strange radiation and deduced that radiation from the uranium must have passed

through the thick cover. And in 1897, the electron was firmly identified as the carrier of

electricity by Joseph John (“J.J.”) Thomson in England.

However, soon thereafter, the complacent world of the scientists would be perma-

nently disrupted. Radically new concepts of the physical world would emerge, ques-

tioning the wave theory of electromagnetic radiation and Newtonian mechanics. These

are the topics of the next unit.
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Section 10.9

• Radio waves originate from an oscillating electric field in an antenna and involve

a carrier wave modulated by an audio and/or a video wave.

• Infrared radiation originates from a hot object that radiates progressively higher-

frequency light as its temperature rises.

• Infrared radiation can be detected photographically and with infrared-sensitive

cameras.

• Ultraviolet light has a high enough frequency that the rays can damage human

tissue.

• The electromagnetic spectrum is further divided into two parts: ionizing and

nonionizing radiation.

• By 1890, it was firmly established that light is an electromagnetic wave that

travels at 3.00 3 108 m/s in a vacuum.

Some Applications of 

Electromagnetic Waves
SUMMARY

Section 10.9 Questions

Understanding Concepts

1. Explain why medium-wave AM transmitters do not cast

shadows (regions of no reception) behind obstacles such

as buildings and hills, whereas TV and FM transmitters do.

2. An electromagnetic wave is travelling straight up, perpen-

dicular to Earth’s surface. Its electric field is oscillating in an

east–west plane. What is the direction of oscillation of its

magnetic field?

3. Explain why radio reception in a car is liable to distort when

the car passes near high-voltage transmission lines or

under steel-reinforced concrete.

Applying Inquiry Skills

4. Some laser beams can be modulated. How would you set

up a laser and a receiver so that you could transmit the

audio signal from a radio output across the room by laser

light? Try out your idea if you have suitable equipment.

Making Connections

5. Suntan lotions are rated 15 to 45. What is the relationship

between the rating and UV radiation?

6. Research the difference between UV-A and UV-B rays,

labels commonly found on sunscreen lotion. Write a sum-

mary of your findings.

7. Research medical applications of infrared radiation. Choose

two uses, one in diagnosis and the other in treatment, and

write a short report on each (maximum 500 words).

8. Give several examples, both favourable and adverse, of

ways in which electromagnetic radiation directly influences

either our health or our more general well-being.

9. Explain why cell-phone use is forbidden in hospitals.

10. Infrared and ultraviolet light have different heating effects

on the human skin. Explain how these effects differ and

why.

11. The heating effect of microwaves was originally noticed by

radar operators at the end of World War II. They found that

they could reheat meals by placing them near the mag-

netron tubes generating the microwaves. This discovery

eventually led to the microwave oven. Research the Internet

and other sources and answer the following questions:

(a) What are the wavelengths of the microwaves used in

household microwave ovens?

(b) What is their source?

(c) How do microwaves heat food?

(d) What types of food cannot be heated in a microwave

oven?

(e) Draw a labelled diagram showing the construction of a

typical microwave oven. Comment on the safety fea-

tures.

(f) Why was the practice of the radar operators dan-

gerous?

Frequencies of TV Channels

and Radio Stations

Broadcast frequencies range from

500 kHz to 1600 kHz for medium-

wave AM stations and from 

88 MHz to 108 MHz for FM 

stations. TV carrier frequencies

range from 54 MHz to 216 MHz

for VHF channels 2 to 13 and from

470 MHz to 890 MHz for UHF

channels.

DID YOU KNOW??

GO www.science.nelson.com
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Key Expectations

• analyze and interpret experimental evidence indicating

that light has some characteristics and properties that

are similar to those of mechanical waves and sound

(10.1, 10.2)

• identify the theoretical basis of an investigation, and

develop a prediction that is consistent with that theo-

retical basis (e.g., predict the effects related to the

polarization of light as it passes through two polar-

izing filters; predict the diffraction pattern produced

when a human hair is passed in front of a laser beam)

(10.1, 10.2, 10.4)

• describe and explain the design and operation of tech-

nologies related to electromagnetic radiation (e.g.,

describe how information is stored and retrieved using

compact discs and laser beams) (10.1, 10.5, 10.6, 10.9)

• describe instances where the development of new

technologies resulted in the advancement or revision

of scientific theories (10.1, 10.6, 10.7, 10.8)

• describe and explain the experimental evidence sup-

porting a wave model of light (10.1, 10.2, 10.8)

• describe the phenomenon of wave interference as it

applies to light in qualitative and quantitative terms,

using diagrams and sketches (10.1, 10.2, 10.3, 10.4,

10.6, 10.7)

• define and explain the concepts and units related to

the wave nature of light (e.g., diffraction, wave inter-

ference, polarization, electromagnetic radiation, elec-

tromagnetic spectrum) (10.1, 10.2, 10.3, 10.4, 10.6,

10.7, 10.8)

• describe and explain the phenomenon of wave diffrac-

tion as it applies to light in quantitative terms, using

diagrams (10.2, 10.3)

• identify the interference pattern produced by the dif-

fraction of light through narrow single slits and dif-

fraction gratings, and analyze it (the pattern) in

qualitative and quantitative terms (10.2, 10.3)

• analyze, using the concepts of refraction, diffraction,

and wave interference, the separation of light into

colours in various phenomena (e.g., the colours pro-

duced by thin films), which forms the basis for the

design of technological devices (10.2, 10.3, 10.4, 10.5)

• describe, citing examples, how electromagnetic radia-

tion, as a form of energy, is produced and transmitted,

and how it interacts with matter (10.8, 10.9)

MAKE a summary

Construct a four-column chart using the headings Property,

Sound, Electromagnetic Waves, and Equations. Under the

Property column, list all the wave properties you can think

of. In the Sound and Electromagnetic Waves columns,

specify the property as appropriate for sound and electro-

magnetic radiation, respectively. In the Equations column,

write any equations relevant to each property.

(a) In a few sentences, summarize the similarities and dif-

ferences between sound and electromagnetic radiation.

(b) Interference should be one of the properties listed. List

five applications where the interference of electromag-

netic waves plays an important role.

Key Terms
plane-polarized

unpolarized

polarization

polarizer

double refraction

monochromatic

scattering

Polaroid

photoelasticity

optical activity

central maximum

secondary maxima

resolution

diffraction grating

spectroscope

air wedge

Newton’s rings

back-glare

hologram

radio waves

incoherent light

coherent light

ionizing radiation

nonionizing radiation

Key Equations

• sin vn 5 }
n

w

λ
} for dark fringes (single slit) (10.2)

• sin vm 5 for bright fringes (10.2)

(single slit)

• sin vm 5 }
m

d

λ
} for bright spectral lines 

(gratings) (10.3)

• ∆x 5 L 1}
2

λ
t
}2 for an air wedge (10.4)

• c 5 f λ for all electromagnetic waves (10.8)

1m 1 }
1

2
}2λ

}}
w
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Write numbers 1 to 9 in your notebook. Indicate beside

each question whether the statement is true (T) or false (F).

If it is false, write a corrected version.

1. Polarization provided the proof that light is a longitu-

dinal wave.

2. For single-slit diffraction,

(a) the smaller the slit width, the smaller the distance

between adjacent maxima and minima

(b) the longer the wavelength, the greater the dis-

tance between maxima

(c) minima, or dark fringes, occur at }
w
λ

}, }
2
w
λ
}, }

3
w
λ
}, ....

3. The smaller the aperture of an optical instrument, the

better its resolution.

4. For transmitted light in thin films, destructive inter-

ference occurs for reflected light when the film has a 

thickness of }
λ
4

}, }
3

4

λ
}, }

5

4

λ
}, …, where λ is the wavelength 

in the film.

5. In an interferometer, when the mirror moves so that

four fringes are observed, the mirror has moved a dis-

tance of 2λ, where λ is the wavelength of the light

source.

6. Hertz postulated and Maxwell proved that light and

radio waves travel through space at the speed of light.

7. Radio waves originate from an oscillating electric

field in an antenna.

8. Electromagnetic waves consist of electric and mag-

netic fields oscillating in phase, perpendicular to each

other and to the direction of wave propagation.

9. Ionizing radiation originates in light with a wave-

length longer than that of visible light.

Write numbers 10 to 16 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

10. Figure 1 shows a single slit, with lines marking the

direction to a point P in the diffraction pattern; X and

Y are the edges of the slit. The possible value for the

path difference PY – PX that places P at the second

intensity minimum from the central maximum is

(a) }
λ
2

} (b) λ (c) }
3
2
λ
} (d) 2λ (e) }

5
2
λ
}

11. The possible value for the path difference PY – PX in

Figure 1 that places P at the intensity maximum

nearest the central maximum is

(a) }
λ
2

} (b) λ (c) }
3
2
λ
} (d) 2λ (e) }

5
2
λ
}

12. Colours are often observed when gasoline is poured

onto water. This effect is primarily produced by

(a) diffraction (d) absorption 

(b) diffuse reflection (e) incandescence

(c) interference 

13. Figure 2 shows three experiments for studying the

interaction of monochromatic light with thin films of

glass of various thickness t. The eye represents the

position of the observer. The observer sees construc-

tive interference in 

(a) I only (c) III only (e) II and III only

(b) II only (d) I and III only

X

Y

to P

Figure 1

For questions 10 and 11

(I) (II) (III)

lt�5 
5

4
t�5 

3

2

t�5 
1

2
l

l

Figure 2

14. A thin coating, of refractive index 1.2, is applied to a

glass camera lens, of refractive index n . 1.2, to mini-

mize the intensity of the light reflected. The wave-

length of the light is λ. The coating thickness required

to minimize the intensity of reflected light is

(a) }
λ
2

} (c) }
1.

4
2λ
} (e) }

λ
4

}

(b) }
2 3

λ
1.2
} (d) }

4 3

λ
1.2
}

15. The type of electromagnetic radiation that travels at

the greatest speed is

(a) radio waves (d) gamma rays

(b) visible light (e) They all travel at the

(c) X rays same speed.

16. The three types of radiation placed in order of

increasing frequency are

(a) gamma rays, radio waves, infrared radiation

(b) radio waves, gamma rays, infrared radiation

(c) infrared radiation, radio waves, gamma rays

(d) gamma rays, infrared radiation, radio waves

(e) radio waves, infrared radiation, gamma rays

An interactive version of the quiz is available online.

GO www.science.nelson.com
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Understanding Concepts
1. Describe how you could use two large, circular

Polaroid filters in front of a circular window as a kind

of window shade.

2. A slit 4.30 3 1025 m wide is located 1.32 m from a

flat screen. Monochromatic light shines through the

slit onto the screen. The width of the central fringe in

the diffraction pattern is 3.8 cm. What is the wave-

length of the light?

3. A diffraction grating, illuminated by yellow light at a

wavelength of 5.50 3 102 nm, produces a second-

order minimum at 25°. Determine the spacing

between the lines.

4. Calculate the wavelength of light that produces its

first minimum at an angle of 36.9° when falling on a

single slit of width 1.00 mm.

5. A beam of parallel rays of red light from a ruby laser

(λ 5 694.3 nm), incident on a single slit, produces a

central bright band, 42 mm wide, on a screen 2.50 m

away. Calculate the width of the slit.

6. (a) What is the width of a single slit that produces its

first minimum at 28.0° for 6.00 3 1027-m light?

(b) What is the wavelength of light that has its

second minimum at 67.0° for this same slit?

7. The first-order maximum produced by a grating is

located at an angle v 5 18.0°. What is the angle for

the third-order maximum with the same light and the

same slit width?

8. A transmission grating, with lines 3.00 3 1026 m

apart, is illuminated by a narrow beam of red light 

(λ = 694.3 nm) from a ruby laser. Bright spots of red

light are seen on both sides of the central beam, on a

screen 2.00 m away. How far from the central axis is

each of the spots?

9. The wavelength of the laser beam used in a certain

CD player is 7.80 3 102 nm. A diffraction grating cre-

ates two first-order tracking beams 1.2 mm apart, at a

distance of 3.0 mm from the grating. Calculate the

spacing between the slits of the grating.

10. A diffraction grating, ruled at 2400 lines/cm and illu-

minated by a monochromatic source, produces a

first-order bright fringe 8.94 3 1022 m away from the

central bright fringe on a flat screen 0.625 m from the

grating. Calculate the wavelength of the light.

11. When a certain transmission grating is illuminated at

a wavelength of 638 nm, a third-order maximum

forms at an angle of 19.0°. Calculate the number of

lines per centimetre in the grating.

NEL

12. A certain transparent coating of thickness t, deposited

on a glass plate, has a refractive index larger than the

refractive index of the glass, not smaller, as with a

typical nonreflective coating. For a certain wavelength 

within the coating, the thickness of the coating is }
λ
4

}.

The coating improves the reflection of the light.

Explain why.

13. A thin film of a material is floating on water

(n 5 1.33). When the material has a refractive index

of n 5 1.20, the film looks bright in reflected light as

its thickness approaches zero. But when the material

has a refractive index of n 5 1.45, the film looks black

in reflected light as its thickness approaches zero.

Explain these observations with diagrams.

14. When looking straight down on a film of oil on water,

you see the colour red. How thick could the film be to

cause this effect? How thick could it be at another

place where you see violet?

15. A thin layer of oil (n 5 1.25) is floating on water 

(n = 1.33). How thick is the oil in the region that

strongly reflects green light (λ 5 556 nm)?

16. A soap film of refractive index 1.34 appears yellow 

(λ 5 5.80 3 102 nm) when viewed directly from the

same side as the source of light. Calculate two pos-

sible values for the thickness of the film.

17. An oil slick 122 nm thick (n 5 1.40), lying on water,

is illuminated by white light incident perpendicular

to its surface. What colour does the oil appear?

18. You are working with an apparatus for displaying

Newton’s rings, illuminated by a monochromatic

source at 546 nm. One surface in your apparatus is

fixed. The other is movable along the axis of the

system. As you adjust that second surface, the rings

appear to contract, with the centre of the pattern,

initially at its darkest, becoming alternately bright

and dark. The pattern passes through 26 bright

phases, finishing at its darkest again. How far was the

surface moved? Did it approach or recede from the

fixed surface?

19. A film of magnesium fluoride (n 5 1.38), 1.25 3

1025 cm thick, is used to coat a camera lens

(n 5 1.55). Are any wavelengths in the visible spec-

trum intensified in the reflected light?

20. A thin layer of liquid methylene iodide (n 5 1.76) is

sandwiched between two flat parallel plates of glass

(n 5 1.50). Light with a wavelength of 689 nm in air

is strongly reflected. Calculate the thickness of the

liquid layer.
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21. You are observing a fringe pattern in a Michelson

interferometer. By how much must one of the mirrors

be moved to cause a dark fringe to expand into the

position previously occupied by a bright ring?

22. (a) A doorway is 81 cm wide. Calculate the angle

locating the first dark fringe in the diffraction

pattern formed when blue light (λ 5 489 nm)

passes through the doorway.

(b) Repeat part (a) for a 512-Hz sound wave, taking

the speed of sound to be 342 m/s.

(c) Why are your answers for (a) and (b) so 

different?

Making Connections
23. Research the use of polarization as a navigation aid by

spiders. Write a research paper on your findings.

24. Bats use the reflections from ultra-high frequency

sound to locate their prey. Estimate the typical fre-

quency of a bat’s sonar. Take the speed of sound to be

3.40 3 102 m/s, and a small moth, 3.00 mm across, to

be a typical target.

25. Radio telescopes are used to map celestial radio-wave

sources. In 1967, the Algonquin Radio Observatory

(Figure 1), in Algonquin Park, Ontario, was linked to

a radio telescope in Prince Albert, Saskatchewan, to

increase the baseline (the distance between the two

telescopes). This was the first successful experiment

in very long baseline interferometry. Explain why

such an arrangement is desirable.

26. The vivid iridescence of the peacock, comprising

chiefly blues and greens, is caused by interference of

white light upon reflection in the complex, layered

surface of its feathers. This is called biomimicry.

(a) Using the Internet and other sources, research

biomimicry and report briefly on how this effect

is produced in the peacock feather as well as sim-

ilar effects seen in grackle and hummingbird

plumage.

(b) Why are investigators studying iridescent

plumage?

Unit 4

27. Photochromatic sunglasses have a coating that

darkens when exposed to sunlight but returns to

normal when not exposed. Explain how such sun-

glasses work.

28. The external surfaces of stealth bombers are covered

with a thin coating. Explain how such a coating could

protect the bombers from detection by radar.

(Radar typically operates at wavelengths of a few 

centimetres.) 

Extension
29. (a) If a single slit produces a first minimum at 13.8°,

at what angle is the second-order minimum?

(b) Calculate the angle of the third-order maximum.

30. Monochromatic light of wavelength 6.00 3 1027 m

falls normally onto a diffraction grating, producing a

first-order maximum at an angle of 18.5°. When the

same grating is used with a different monochromatic

source, the first-order maximum is observed at an

angle of 14.9°. Calculate the wavelength of the second

source and the highest order observable with the

second source.

31. A chamber with flat parallel windows is placed into

one arm of a Michelson interferometer illuminated

by 638-nm light. The length of the chamber is 8.0 cm

as measured from the inside. The refractive index of

air is 1.000 29. As the air is pumped out of the cell,

how many fringe pairs will shift by in the process?

GO www.science.nelson.com

GO www.science.nelson.com
Figure 1

The dish at the Algonquin Radio Observatory is 46 m in diameter.

(for question 25)
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Write numbers 1 to 8 in your notebook. Indicate beside

each number whether the corresponding statement is true

(T) or false (F). If it is false, write a corrected version.

1. Two ripple tank sources vibrating in phase produce

an interference pattern. If the frequency of the two

sources increases, the number of nodal lines

increases.

2. The wave theory predicts that light slows down when

it travels from air to glass, whereas the Newtonian

particle theory predicts it will speed up.

3. All wave properties of light can be explained with the

wave model.

4. Two rays of light from the same source interfere

destructively if their path lengths differ by 3.5λ.

5. If a Young’s double-slit apparatus, having operated in

air, were to be submerged in water, the fringe pattern

would become less spread out.

6. If a Young’s double-slit apparatus, having operated

with a monochromatic red source, were to be oper-

ated with a monochromatic blue source, the fringe

pattern would become more spread out.

7. When using a single slit, the distance between adja-

cent dark fringes will increase if the slit width is

decreased, all other factors being kept constant.

8. All waves have the same properties as electromagnetic

waves.

Write the numbers 9 to 16 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

9. In a ripple tank, the wavelength λ1 of waves in the

deep water is 2.0 cm. The wavelength λ2 of waves in

the shallow water is 1.2 cm. The wave generator has a

frequency of 12 Hz. The speed of the waves in the

deep water is

(a) 2.0 cm/s

(b) 6.0 cm/s

(c) 12 cm/s

(d) 14 cm/s

(e) 24 cm/s

10. A narrow beam of light is transmitted through dif-

ferent media as shown in Figure 1. If v1, v2, and v3 are

the respective speeds of light in the three media, then 

(a) v1 . v2 . v3

(b) v3 . v2 . v1

(c) v3 . v1 . v2

(d) v2 . v1 . v3

(e) v1 . v3 . v2

11. When a transverse wave travelling along a string

reaches the junction with a lighter string, the wave is

(a) totally reflected at the junction

(b) partially transmitted, with a change of phase

(c) transmitted, forming a standing-wave pattern in

the lighter string

(d) reflected so as to form a node at the junction

(e) partially reflected without a change in phase

12. A nodal line pattern is produced by two point sources

vibrating in phase in a ripple tank. A point P on the

second nodal line is 37.0 cm from the one source and

28.0 cm from the other. The wavelength is

(a) 18.0 cm

(b) 13.5 cm

(c) 9.0 cm

(d) 6.0 cm

(e) 4.5 cm

13. Monochromatic light in Figure 2 passes through slit 

S in a cardboard sheet, then falls onto a metal sheet

containing slits B and C, and finally produces an

interference pattern, centred at P, onto a screen. All

the slits are the same width.

The intensity pattern on the screen will not change if

(a) the separation between slits B and C is increased

(b) the width of slits B and C is decreased

(c) the distance from the metal sheet to the screen is

decreased

(d) the distance between the cardboard and metal

sheets is increased

(e) the wavelength is decreased

medium 1

medium 2

medium 3

Figure 1

S
P

1.0 mm

C

B

5.0 m 10.0 m

diagram not to scale

Figure 2

An interactive version of the quiz is available online.

GO www.science.nelson.com
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14. Of the five diagrams in Figure 3, choose the one

which most accurately illustrates single-slit diffrac-

tion from a monochromatic source.

15. Red light, of wavelength λ in soapy water, is viewed

through a thin soap film held vertically (Figure 4). At

the second dark area from the top, the thickness of

the film is

(a) λ (c) }
1
2

}λ (e) very much less than λ

(b) }
3
4

}λ (d) }
1
4

}λ

16. The condition necessary for maximum transmission

of the light energy passing through the coating on the

exterior of the lens in Figure 5 is that

(a) rays 3 and 4 interfere constructively

(b) the coating be more transparent than the lens

(c) rays 1 and 2 interfere destructively 

(d) the speed of light in the coating be less than the

speed in the lens

(e) the total light energy reflected be a minimum

Unit 4

Write the numbers 17 to 28 in your notebook. Beside each

number, place the word or phrase that best completes the

statement. 

17. At a constant speed, the wavelength of a wave is

directly proportional to its _______ .

18. The frequency of a wave is determined by its _______

and does not change when the medium changes.

19. For a given slit, the amount of diffraction depends on

the ratio _______ /_______ .

20. Increasing the separation of the sources in twin-

source ripple tank diffraction increases the number 

of _______ lines.

21. Early attempts showing light interference were unsuc-

cessful because the two sources were _______ and the

_______ of light is very small.

22. The wave theory of light, as corroborated by Young’s

experiment, explained all the then-known properties

of light except transmission through a(n) _______ .

23. Polarization showed that light is a(n) _______ wave.

24. For single-slit diffraction, the smaller the slit width,

the _______ the distance between maxima and

minima.

25. The position of minima, or dark fringes, in single-slit

diffraction is given by the equation _______ .

26. The larger the aperture of an optical instrument, the

_______ the resolution.

27. The higher the frequency, the _______ the energy of

an electromagnetic wave.

28. Table 1 lists scientists and discoveries or innovations

important to the history of the wave theory of light.

Match the scientist to the discovery or innovation dis-

cussed in this unit.

large red area

dark area

red area

dark area Figure 4

coating

lens

1 2

3
4

Figure 5

(a)

(b)

(c)

(d)

(e)
Figure 3
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Table 1

Scientist Discovery or Innovation

Gabor diffraction of light

Grimaldi diffraction of light around a small disk

Hertz mathematical theory of electromagnetic waves

Huygens holography

Land interferometer

Marconi particle theory of light 

Maxwell commercially viable polarizing filters

Michelson transmission of radio signals

Newton creation and detection of radio waves

Poisson two-slit interference

Young wavelet model for propagation of wave fronts 

An interactive version of the quiz is available online.

GO www.science.nelson.com
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Understanding Concepts
1. List the successes and failures of the particle and wave

models in accounting for the behaviour of light as

follows:

(a) Name four optical phenomena adequately

accounted for by both models.

(b) Name four phenomena not adequately accounted

for by the particle model.

(c) Name one phenomenon not adequately

accounted for by the wave model.

2. If the index of refraction of silicate flint glass is 1.60,

what is the wavelength of violet light in the glass, if its

wavelength in air is 415 nm?

3. Sound and light are waves, yet we can hear sounds

around corners but we cannot see around corners.

Explain why.

4. In a ripple tank, one complete wave is sent out every

0.10 s. The wave is stopped with a stroboscope, and it

is found that the separation between the first and

sixth crests is 12 cm. Calculate (a) the wavelength and

(b) the speed of the wave.

5. An interference pattern is set up by two point sources

which are in phase and of the same frequency. A

point on the second nodal line is 25.0 cm from one

source and 29.5 cm from the other source. The speed

of the waves is 7.5 cm/s. Calculate (a) the wavelength

and (b) the frequency of the sources.

6. In Young’s time, why was the observation of

double-slit interference more convincing evidence for

the wave theory of light than the observation of dif-

fraction?

7. You are performing Young’s experiment and measure

a distance of 6.0 cm between the first and seventh

nodal points on a screen located 3.00 m from the slit

plate. The slit separation is 2.2 3 1024 m.

(a) Calculate the wavelength of the light being used.

(b) Identify the colour of the light.

8. In a Young’s double-slit experiment, the angle that

locates the second dark fringe on either side of the

central bright fringe is 5.2°. Find the ratio of the slit

separation d to the wavelength λ of the light.

9. Monochromatic light falling on two slits 0.018 mm

apart produces the fifth-order dark fringe at an angle

of 8.2°. Calculate the wavelength of the light.

10. The third-order fringe of 638-nm light is observed at

an angle of 8.0° when the light falls on two narrow

slits. Calculate the distance between the slits.

11. Red light from a helium–neon laser (λ 5 633 nm) is

incident on a screen containing two very narrow hor-

izontal slits separated by 0.100 mm. A fringe pattern

appears on a screen 2.10 m away. Calculate, in mil-

limetres, the distance of the first dark fringe above

and below the central axis.

12. Monochromatic light falls on two very narrow slits

0.042 mm apart. Successive minima on a screen

4.00 m away are 5.5 cm apart near the centre of the

pattern. Calculate the wavelength and frequency of

the light.

13. A parallel beam of light from a laser, operating at 

639 nm, falls on two very narrow slits 0.048 mm

apart. The slits produce an interference pattern on a

screen 2.80 m away. How far is the first dark fringe

from the centre of the pattern?

14. Light of wavelength 656 nm falls on two slits, pro-

ducing an interference pattern on a screen 1.50 m

away. Each of the fourth-order maxima is 48.0 mm

from the central bright fringe. Calculate the separa-

tion of the two slits.

15. Light of wavelengths 4.80 3 102 nm and 6.20 3

102 nm falls on a pair of horizontal slits 0.68 mm

apart, producing an interference pattern on a screen

1.6 m away. How far apart are the second-order

maxima?

16. Light of wavelength 4.00 3 102 nm falls on two slits

5.00 3 1024 m apart. The slits are immersed in water

(n 5 1.33), as is a viewing screen 50.0 cm away. How

far apart are the fringes on the screen?

17. When white light passes through a flat piece of win-

dow glass, it is not broken down into colours, as it is

by a prism. Explain why.

18. Explain why polarization was important in validating

the wave theory of light.

19. Explain, with diagrams, how Polaroid sunglasses

reduce reflected glare.

20. Light shines through a single slit 5.60 3 1024 m wide.

A diffraction pattern is formed on a screen 3.00 m

away. The distance between the middle of the central

bright fringe and the first dark fringe is 3.5 mm.

Calculate the wavelength of the light.

21. A diffraction pattern forms when light passes through

a single slit. The wavelength of the light is 675 nm.

Determine the angle that locates the first dark fringe

when the width of the slit is (a) 1.80 3 1024 m and

(b) 1.80 3 1026 m.
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22. Light of wavelength 638 nm falls onto a single slit

4.40 3 1024 m wide, producing a diffraction pattern

onto a screen 1.45 m away. Determine the width of

the central fringe.

23. (a) At what angle is the first minimum for 589-nm

light falling on a single slit 1.08 3 1026 m wide?

(b) Does a second minimum appear? Explain your

reasoning.

24. A narrow single slit is illuminated by infrared light

from a helium–neon laser at 1.15 3 1027 m. The

centre of the eight dark bands lies at an angle of 8.4°

off the central axis. Determine the width of the slit.

25. Light with a wavelength of 451 nm falls onto a 

slit 0.10 mm wide, casting a diffraction pattern 

onto a screen 3.50 m away. How wide is the central

maximum?

26. A beam of 639-nm light is directed through a single

slit 4.2 3 1024 m wide onto a screen 3.50 m away.

How far apart are the maxima?

27. The central bright fringe in a single-slit diffraction

pattern has a width that is equal to the distance 

between the screen and the slit. Find the ratio }
w
λ

} of

the wavelength of the light to the width of the slit.

28. List the advantages of a diffraction grating over a

prism in dispersing light for spectral analysis.

29. What would happen to the distance between the

bright fringes produced by a diffraction grating if the

entire interference apparatus (light source, grating,

and screen) were immersed in water? Explain your

answer.

30. The separation between the slits of a grating is 2.2 3

1026 m. This grating is used with light whose wave-

lengths range from 412 nm to 661 nm. Rainbow-like

spectra form on a screen 3.10 m away. How wide is

the first-order spectrum?

31. Monochromatic light, falling onto a 5000-line/cm

diffraction grating, produces a second maximum at

35.0°. Determine the wavelength of the light.

32. (a) Show that a 30 000-line/cm grating does not pro-

duce a maximum for visible light.

(b) What is the longest wavelength for which this

grating does produce a first-order maximum?

33. Two first-order spectral lines are measured by an

8500-line/cm spectroscope at angles, on each side of

centre, of 126.6°, 141.1° and 226.8°, 241.3°.

Calculate the wavelengths.

Unit 4

34. Calculate the minimum thickness of an oil slick on

water that appears blue when illuminated by white

light perpendicular to its surface (Figure 1).

(λblue 5 482 nm, noil 5 1.40)

35. A nonreflective coating of magnesium fluoride 

(n 5 1.38) covers the glass (n 5 1.52) of a camera

lens. If the coating prevents the reflection of

yellow–green light (λ 5 565 nm), determine the min-

imum nonzero thickness of the coating. Explain your

calculations with a diagram.

36. A transparent coating (n 5 1.61) on glass (n 5 1.52)

appears black when viewed in reflected light whose

wavelength is 589 nm in vacuum. Calculate the two

smallest possible nonzero values for the thickness of

the coating.

37. A thin film of ethyl alcohol (n 5 1.36) is spread on a

flat glass plate (n 5 1.52) and illuminated with white

light, producing a colour pattern in reflection. If a

region of the film reflects only green light (525 nm)

strongly, how thick might it be?

38. A soap bubble is 112 nm thick and illuminated by

white light whose angle of incidence is 90° (Figure 2).

What wavelength and colour of light is most con-

structively reflected, assuming the same index of

refraction as water?

Figure 1

Oil slick on water

Figure 2

Soap bubbles illuminated by white light
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39. A wire loop, dipped into soap solution, is viewed by

the reflection of yellow light. At one instant, the

appearance of the film is as in Figure 3.

(a) Explain the large dark space at the top of the

film.

(b) As time goes on, what changes will occur in the

pattern? Explain your answer.

(c) Calculate the difference in thickness between

adjacent bright bands. Express your answer in

wavelengths.

(d) Taking the wavelength of the yellow light in air to

be 588 nm, calculate the thickness of the soap

film (n 5 1.33) in the lowest dark band.

40. A fine metal foil separates one end of two pieces of

optically flat glass. When the glass is illuminated, at

essentially normal incidence, with 639-nm light,

38 dark lines are observed (with one at each end).

Determine the thickness of the foil.

41. You have created a wedge-shaped air film between

two sheets of glass, using a piece of paper 7.62 3

1025 m thick as the spacer. You illuminate the wedge

with 539-nm light, at essentially normal incidence.

Determine the number of bright fringes you see

across the wedge.

42. You form an air wedge with two glass plates, 15.8 cm

long. At one end the glass plates are kept firmly

together; at the other end the plates are separated by a

strip of paper. You illuminate your wedge with light

of wavelength 548 nm and observe the interference

pattern in the reflected light. The average distance

between two dark bands in the pattern is found to be

1.3 mm. Calculate the thickness of the paper strip

separating the glass plates.

43. How far must the movable mirror of a Michelson

interferometer, illuminated by a 589-nm source, be

displaced for 2000 fringes to move past the reference

point?

44. Monochromatic light is incident normally on a slit

(Figure 4). A screen is located far away from the slit.

The mirror produces a virtual image of the slit.

(a) Is the virtual image coherent with the slit itself?

(b) Is the pattern on the screen a double-slit interfer-

ence pattern or a pair of single-slit diffraction

patterns?

(c) If the pattern is an interference pattern, is the

fringe closest to the mirror surface bright or

dark? Explain your answer. (This arrangement is

known as Lloyd’s mirror.)

45. Compare radio, infrared, ultraviolet, and X rays under

the following headings:

(a) Nature of Source

(b) Typical Means of Detection

(c) Nonionizing or Ionizing

46. You have directed a parallel beam of microwaves at a

metal screen with an opening 20.0 cm wide. As you

move a microwave detector parallel to the plate, you

locate a minimum at 36° from the central axis.

Determine the wavelength of the microwaves.

Applying Inquiry Skills
47. Light from a small source in a certain lab passes

through a single narrow slit to a distant screen, pro-

ducing a diffraction pattern. Figure 5(a) is a graph of

the intensity of light versus position on the screen.

A second trial with the same equipment produced

Figure 5(b), drawn to the same scale. What change(s)

could have produced the result? Explain your answer.

48. You are demonstrating single-slit diffraction using

10.5-GHz microwaves and a metal slit 2.0 cm wide.

A screen is 0.50 m away from your microwave trans-

mitter. Predict the numerical values for the quantities

B and C in Figure 6.

large dark space

yellow band

dark band

yellow band

Figure 3

screen

mirror

S1

S2

Figure 4
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Making Connections
49. Your favourite radio station, having broadcast with

just one antenna, now adds a second antenna, radi-

ating in phase with its first, at some new location.

Are you guaranteed to enjoy better reception? Justify

your answer.

50. A radio wave transmitter tower and a receiver tower

are both 60.0 m above the ground and 0.50 km apart.

The receiver can receive signals both directly from the

transmitter and indirectly from signals that bounce

off the ground. If the ground is level between the 

transmitter and receiver and a }
λ
2

} phase shift occurs 

on reflection, determine the longest possible wave-

lengths that interfere (a) constructively and (b)

destructively.

51. Ultrasonic waves are used to observe babies as they

develop from fetus to birth (Figure 7). Frequencies

typically range from 3.0 3 104 Hz to 4.5 3 104 Hz.

(a) What would be the typical wavelengths if these

were radio waves?

(b) Calculate the actual wavelengths, in air, given that

they are high-frequency sound waves with a

speed of 3.4 3 102 m/s.

Unit 4

Extension
52. A sonar transmitter produces 14.0-kHz waves in

water, creating the intensity pattern in Figure 8. The

solid lines represent positions over which the inten-

sity of the sound is constant. The intensity pattern is

analogous to the effect of a single-slit interference

pattern in optics. Taking the speed of sound in the

water to be 1.40 3 103 m/s, calculate the width of the

vibrating surface of the transmitter.

53. Two, and only two, full spectral orders can be seen on

either side of the central maximum when white light

is sent through a certain diffraction grating. Calculate

the maximum possible number of lines per centi-

metre for this grating.

54. White light reflects normally from a soap film of

refractive index 1.33, then falls upon the slit of a spec-

trograph. The slit illuminates a 500-line/mm diffrac-

tion grating with normal incidence. In the first-order

spectrum a dark band is observed with minimum

intensity at an angle of 18° to the normal. Determine

the minimum possible thickness of the soap film.

55. A total of 31 dark Newton’s rings (not counting the

dark spot at the centre) appear when 589-nm light

falls normally on a certain plano-convex lens resting

on a flat glass surface. How much thicker is the centre

than the edges?

In
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n
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n
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Figure 5

For question 47

(a)

(b)

C

A

n = 1

B

microwave

transmitter

Figure 6

For question 48

transmitter

centre line

30˚

Figure 8

Figure 7
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In this unit, you will be able to

• demonstrate an understanding of the basic concepts of Einstein’s special theory of

relativity and of the development of models of matter, based on classical and early

quantum mechanics, that involve an interface between matter and energy

• interpret data to support scientific models of matter, and conduct thought experiments

as a way of exploring abstract scientific ideas

• describe how the introduction of new conceptual models and theories can influence and

change scientific thought and lead to the development of new technologies

Overall Expectations

Dr. Art McDonald

Professor of Physics, Queen’s University

Director, Sudbury Neutrino Observatory

Scientists have been studying the Big Bang Theory and its

effects on the universe for many years. Dr. Art McDonald,

a research scientist in the field of particle astrophysics, is

fascinated with a particular elementary particle created

from the Big Bang—the neutrino. As the director of the

Sudbury Neutrino Observatory (SNO), his research focuses

on changes in the properties of the neutrino when it travels

from the Sun to Earth’s surface. His research has helped to

confirm theories about the nuclear processes that generate energy in the Sun.

To observe the properties of neutrinos, research must be conducted in an

environment with low radioactivity and with little interference from the solar

cosmic rays that hit Earth’s surface. SNO achieves this ideal setting with a

location two kilometres below Earth’s surface. It houses sophisticated equip-

ment including light sensors, electronic circuits, computers, and 1000 tonnes

of heavy water (valued at $300 million), which was developed for use in

CANDU nuclear reactors.

Many career opportunities in particle astrophysics involve academic or tech-

nical appointments at universities or research laboratories. These scientists push

the frontiers of technology in an effort to answer some of the most fundamental

questions we have about our universe.
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chapter

Einstein’s Special

Theory of Relativity

In this chapter,
you will be able to

• state Einstein’s two

postulates for the special

theory of relativity

• describe Einstein’s thought

experiments demonstrating

relativity of simultaneity, time

dilation, and length

contraction

• state the laws of

conservation of mass and

energy, using Einstein’s

mass–energy equivalence

• conduct thought

experiments involving

objects travelling at different

speeds, including those

approaching the speed of

light

By the end of the nineteenth century, physicists were well satisfied with their under-

standing of the physical world around them. Newtonian mechanics had been successful

in explaining the motion of objects on Earth and in the heavens. Maxwell’s theory of

electromagnetism had consolidated knowledge about the special relationship between

electric and magnetic forces and had predicted the existence of electromagnetic waves

with properties similar to those of light—so similar, in fact, that light itself was assumed

to be an electromagnetic wave. Physics as it was known up to this time is referred to as

classical physics.

The puzzles that still remained—the structure of the atom and its nucleus—were

expected to be solved by further applications of the currently accepted theories. Such

was not to be the case, however. The solution to these puzzles required the proposal of

two revolutionary and clever concepts: the theory of relativity and the quantum theory.

These theories changed our understanding of the universe drastically; their develop-

ment and application to the search for the structure of the atom are referred to as modern

physics.

This and the remaining two chapters deal with the development of these theories and

how they are applied to the problems of understanding atomic and nuclear structure.
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1. Jack and Kayla are on the deck of a boat moving at 16 m/s relative to the shore. Kayla

throws a ball to Jack, who is down the deck near the rail. Why is it not accurate to

say, “The ball is moving at 16 m/s”?

2. What do people mean when they say “It’s all relative?”

3. The expressions “Time flies” and “This has been the longest day of my life” suggest

that time does not flow equally in all situations. Can you describe any cases in which

it is actually true that the flow of time is in some sense variable? 

4. You are travelling on a spaceship moving, relative to Earth, at 90% the speed of light.

You direct a laser beam in the same direction as the spaceship is travelling. How fast

does the laser light travel relative to the ship? relative to Earth?

5. The law of conservation of mass tells us that the mass of all the reactants in a chem-

ical reaction should be equal to the mass of all the products. Do the reactions inside

the Sun or a nuclear reactor violate the law of conservation of mass?

6. One of the most famous of all equations is Einstein’s E 5 mc2. What do the symbols

represent? What does the equation imply?

REFLECT on your learning
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Figure 1

A radioactive fuel rod from a nuclear

reactor is immersed in deep water. The

intense blue glow surrounding the rod is

an effect from electrons travelling at

speeds greater than the speed of light in

water. This is called the Cerenkov effect,

named after the Russian physicist who

discovered it. But nothing can travel

faster than the speed of light, or can it?

TRYTHIS activity A Thought Experiment

The study of relativity analyzes the properties of objects travelling near the

speed of light. Obviously, direct observations and measurements cannot be

made at these speeds, so to help us gain insights, we can create hypothetical

situations called “thought experiments” to analyze these cases. The power of

the thought experiment is the questions that arise, not necessarily the

answers to the questions.

At the age of 16, Einstein showed the power of the thought experiment

technique by imagining he could chase a beam of light until he was along-

side it. Use the following questions to discuss Einstein’s thought experiment:

(a) Could you catch up to the beam of light?

(b) If you could, would the beam remain stationary, relative to you?

(c) What would the beam consist of?

(d) According to Maxwell, why couldn’t the beam remain stationary?

(e) Could you see the beam of light in a mirror?
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11.111.1 Frames of Reference and Relativity

Newton’s laws of motion work very well at low speeds, that is, low compared to the

speed of light. Einstein’s special theory of relativity analyzes the effects of motion at

high speeds, that is speeds approaching the speed of light. Further, as the word “rela-

tive” implies, the results of a measurement can depend on the frame of reference with

respect to which the measurement is made. Before investigating motion at high speeds,

we first review the concepts of relative motion for objects at low speeds.

Frames of Reference
In Unit 1, we saw that to describe and account for the motion of any object, we must adopt

a frame of reference from which to view the motion—an arbitrary origin and set of axes

from which to measure the changing position of a moving object. Most often we choose

Earth as our frame of reference, assuming it to be stationary, and measure all positions

of a moving object relative to some origin and set of axes fixed on Earth. It was, of course,

in Earth’s frame of reference that Newton’s first law, the law of inertia, was discovered.

Any frame of reference in which the law of inertia holds is called an inertial frame of ref-

erence (see Section 2.5); that is, if no net force acts on an object at rest, it remains at rest,

or, if in motion, it continues to move in a straight line at a constant speed.

All of Newtonian physics, including gravitation theory and kinematics, holds as we make

the transition from one inertial frame to another. Suppose (contrary to commonsense

and highway safety laws) you are standing up in the back of a pickup truck, holding an

apple. The truck is moving along a straight, level road at constant speed. If you drop

the apple, you see it fall, relative to the truck body, straight down (Figure 1(a)). But to

an observer at the side of the road, in what we will call the Earth frame of reference, the

path of the apple is a curve (Figure 1(b)). How do the laws of Newtonian physics com-

pare in the two frames?

In both cases, the force of gravity accelerates the apple straight down. The observed

vertical trajectory of the apple in the frame of the truck is correctly predicted by classical

inertial frame of reference a

frame of reference in which the law

of inertia holds

(a)

reference frame = pickup truck

(b)

reference frame = Earth

Figure 1

An apple is dropped in a pickup

truck. 

(a) In the frame of reference of the

truck, the apple falls straight

down. 

(b) In the frame of reference of

Earth, the apple follows a para-

bolic path.
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kinematics, since the apple has an initial horizontal velocity of zero in that frame. The

observed curved trajectory of the apple in the frame of Earth is again correctly predicted

by classical kinematics, since the apple has a nonzero initial horizontal velocity, directed

forward, in that frame. In other words, the laws of physics (Newton’s laws and the equa-

tions of kinematics) are the same in both frames of reference, even though the paths

are different. We can generalize to say that the Newtonian laws of physics are the same

in all inertial frames of reference.

Our experiences of travel make us familiar with the behaviour of a noninertial frame

of reference, or a frame accelerated with respect to an inertial frame. When a vehicle

changes speed, or turns sharply while maintaining a constant speed, odd things appear

to happen. Consider a ball at rest on the flat, smooth, level floor of a van moving in a

straight line on a level road at a constant speed. As long as the van is an inertial frame

of reference, Newton’s first law applies, and the ball remains at rest (Figure 2(a)).

When the speed of the vehicle increases on a straight and level road, the ball acceler-

ates toward the rear of the van Figure 2(b), contrary to Newton’s law of inertia. Similarly,

if the van slows down, the ball begins to move forward (c). If the road curves sharply to

the right, the ball begins to move to the left (d). In each case, however, when the motion

is observed from the inertial frame of Earth, the ball is seen to obey the law of inertia—

to continue moving in a straight line with a constant speed.

So firm is our belief in Newton’s laws that we would rather invent a “fictitious force”

to explain these strange motions in noninertial frames than abandon our belief in

Newton’s laws. In the previous example, we would have to assume a fictitious force in a

direction opposite to that of the van’s acceleration in order to explain the motion of the

ball in each case. In the case where the van is turning, we make up a fictitious force,

commonly called “centrifugal force,” just to make intuitive sense. This is familiar to

everyone who has taken a ride at an amusement park.

It is clear that the analysis of motion in noninertial frames is complicated. Looking at

the same motion from any inertial frame provides a much simpler analysis, consistent

with Newton’s laws.

This leads us to three important statements about relative motion and frames of

reference:

• In an inertial frame of reference, an object with no net force acting on it remains

at rest or moving in a straight line with a constant speed.

Section 11.1

noninertial frame of reference

frame of reference that is acceler-

ating relative to an inertial frame

(a)

ball stays at rest

constant velocity

v = constant a = 0

ball moves forward in van

decreasing velocity

v decreasing a < 0 (for van)

(b)

(c) (d)

ball moves backward in van

increasing velocity

v increasing a > 0 (for van)

ball moves to the left

(relative to the van)

new direction of

van’s velocity

v changes direction (car turns right)

Figure 2

(a) The van moves with constant

velocity, and the ball stays at

rest relative to the vehicle. 

(b) The van accelerates and the

ball rolls backward relative to

the vehicle.

(c) The van slows down, and the

ball rolls forward relative to the

vehicle. 

(d) The ball rolls to the left relative

to the vehicle. 

In all cases the ball remains in uni-

form motion relative to Earth.
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• The laws of Newtonian mechanics are only valid in an inertial frame of reference.

• The laws of Newtonian mechanics apply equally in all inertial frames of refer-

ence; in other words, all inertial frames of reference are equivalent as far as

adherence to the laws of mechanics is concerned.

One final point remains to be made in our review of Newtonian relative motion and

frames of reference: there is no such thing as absolute velocity in Newtonian mechanics.

Whether you drop a ball while in a vehicle moving with constant velocity east, or in a

vehicle moving with a constant velocity west, or in a parked vehicle, the ball moves ver-

tically in the frame of the vehicle. Thus you cannot use measurements of the motion of

the ball to help you identify whether you are really moving. In general, for any two iner-

tial frames moving with respect to each other, there is no physical meaning in the ques-

tion, “Which of these two frames is really moving?”

Special Theory of Relativity
In Chapter 3, we learned how to calculate, by vector addition, relative velocities in moving

frames of reference. We have just stressed in our review that Newton’s laws of motion apply

equally in all inertial frames. We now recall from Chapter 3 that the motion itself has a

different appearance, depending on the frame from which it is viewed. For example, if

a ball is rolled forward at 10 m/s in a car moving at 30 m/s, its speed is 40 m/s in Earth’s

frame of reference. Conversely, if the ball is rolled backward at the same speed in the

same car, its speed relative to Earth is 20 m/s. Clearly, the speed with which the ball is

observed to move depends on the frame of reference of the observer.

At the turn of the twentieth century, many physicists wondered whether the same

vector-addition rules applied to the motion of light. If light has a speed c in a frame of

reference of Earth, then would light emitted in the forward direction from a source 

moving relative to Earth at }
1

1

0
} c have a measured speed of }

1

1

1

0
} c, measured by an observer 

in Earth’s frame of reference? Would light emitted backward from the same source have

a measured speed of }
1

9

0
} c in Earth’s frame? In other words, would the speed of light,

like the speed of a ball rolling in a vehicle, depend on the frame of reference from which

it is observed?

The first hint that light was somehow different from other phenomena came in the latter

half of the nineteenth century, when Maxwell described light as an electromagnetic wave

travelling in a vacuum at 3.00 3 108 m/s. Relative to what frame of reference would the

speed of light have this value? Did the calculation presuppose some special, absolute

frame?

Up to this time, physicists had always associated waves with a medium through which

they travelled. It was natural, then, for them to assume that light must also travel through

some kind of medium. Perhaps this medium was the absolute frame of reference in the

universe and the speed Maxwell calculated for electromagnetic waves was relative to this

frame. The supposed medium, called the ether, was thought to allow bodies to pass

through it freely, to be of zero density, and to permeate all of space.

According to classical mechanics, the speed of light measured relative to any frame of

reference moving through this ether should differ from 3.00 3 108 m/s by the magni-

tude of the velocity with which the frame is moving. It was assumed that Earth must be

such a moving frame, since Earth is a planet orbiting the Sun. A number of very clever

and complicated experiments were designed to measure the speed of Earth through the

ether. The most successful of these was performed in 1887 by two Americans,

A.A. Michelson (1852–1931) and E.W. Morley (1838–1923). While the details of the

ether the hypothetical medium,

regarded as not directly observable,

through which electromagnetic

radiation was thought to propagate

Shortcut Symbols

Since the speed of light is a

constant, it is given the symbol

c. Thus, c 5 3.00 3 108 m/s, 

so }
1

2
}c, or 0.5c, is equal to 

}
3.00 3

2

108 m/s
} or

1.50 3 108 m/s.

LEARNING TIP
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Michelson–Morley experiment can be left to a further course in physics, a brief descrip-

tion of their method and results is necessary for our understanding of special relativity.

In essence, Michelson and Morley compared the relative speeds of light in two per-

pendicular directions relative to Earth’s motion through the ether (Figure 3). If Earth

were travelling in the ether-absolute frame of reference with velocity v$, then in a frame on

Earth the ether would be travelling at velocity  – v$, producing an “ether wind.” Michelson

and Morley expected to find a difference in the measured speed of light dependent on the

orientation of their apparatus in the ether wind. Just as the velocity, relative to the shore,

of a boat with an outboard motor of constant power varies when the boat is directed

first back and forth along the line of the river, then back and forth cross-stream, so the speed

of light should differ when it is moving on the one hand back and forth along the line of

the wind, and on the other hand perpendicular to the line. To detect the expected small

difference in speed, Michelson and Morley used an interferometer, which generates an inter-

ference pattern between two parts of a split beam of light.

Figure 4(a) shows the setup of the apparatus. (See Section 10.7 for the operation of

an interferometer.) The entire apparatus could be rotated to change the positions of the

mirrors.

Any small difference in the velocity of light along the two paths would be indicated by

a change in the interference pattern as the apparatus rotated. If the apparatus is rotated

90°, the distance L1 is now perpendicular to the ether wind and the distance L2 is parallel

to it (Figure 4(b)). Thus, the time taken to travel these distances should change as the appa-

ratus is rotated. This should produce a phase change in the interference pattern.

The importance of the experiment lies in its failure to show what was expected. Michelson

and Morley performed their experiment over and over at different points in Earth’s orbit

but continued to get a null result: there was absolutely no change in the interference pat-

tern. The speed of light was the same whether it travelled back and forth in the direction

of the ether wind or at right angles to it. The relative velocity of the ether with respect to

Earth had no effect on the speed of light. In other words, the ether does not exist. This

null result was one of the great puzzles of physics at the turn of the twentieth century.

Many explanations were offered for the failure of the interference pattern to change. In

1905, Albert Einstein (1879–1955), then working in Switzerland as a junior patent clerk,

Section 11.1

Earth

possible direction

of the ether

Earth

possible direction

of the ether

Figure 3

At most points during its orbit, Earth

will be moving relative to the ether.

Figure 4

(a) A simplified view of an inter-

ferometer place in the 

hypothetical ether wind.

(b) The apparatus is rotated 90°.

(a) (b)

beam 2

ether wind

viewer

N

beam 1

L1

L2

Ms

M2

M1

source beam 2

ether wind

source

viewer beam 1
L1

L2

Ms

M2

M1

N



566 Chapter 11 NEL

proposed a revolutionary explanation in the form of the special theory of relativity. His

theory rests on two postulates.

Invariance or Relativity?

Einstein originally used the name

“theory of invariance” and only later

the theory of relativity. In a sense,

invariance describes the theory

better than the word “relativity.”

DID YOU KNOW??

Precise Value of the 

Speed of Light

The speed of light is large but not

infinite: 2.997 924 58 3 108 m/s. For

the calculations in this text, three

significant digits are sufficient in

most cases. Thus, 3.00 3 108 m/s is

used for the speed of light.

DID YOU KNOW??

simultaneity the occurrence of two

or more events at the same time

Special Theory of Relativity

1. The relativity principle: all the laws of physics are valid 

in all inertial frames of reference.

2. The constancy of the speed of light: light travels 

through empty space with a speed of c = 3.00 3 108 m/s, 

relative to all inertial frames of reference.

The first postulate is an easy-to-accept extension of the idea of Newtonian relativity, men-

tioned earlier. Einstein proposed that not only Newtonian mechanics but all the laws of

physics, including those governing electricity, magnetism, and optics, are the same in all

inertial frames. The second is more difficult to reconcile in our minds because it contra-

dicts our commonsense notions of relative motion. We would expect two observers, one

moving toward a light source and the other moving away from it, to make two different

determinations of the relative speed of light. According to Einstein, however, each would

obtain the same result, c 5 3.00 3 108 m/s. Clearly, our everyday experiences and common

sense are of no help in dealing with motion at the speed of light.

By doing away with the notion of an absolute frame of reference, Einstein’s theory solves

the dilemma in Maxwell’s equations: the speed of light predicted by Maxwell is not a speed

in some special frame of reference; it is the speed in any inertial frame of reference.

We have seen that in Newtonian mechanics, while the laws of motion are the same in all

inertial frames, the appearance of any one particular motion is liable to change from frame

to frame. We shall see in the rest of this chapter that the position for Einstein is similar

but more radical: the changes in the appearance of the world, as we move between iner-

tial frames travelling at high speeds with respect to each other, are contrary to common sense.

Note that special relativity is a special case of the more general theory of relativity (not

investigated in this text), published by Einstein in 1916. The general theory of relativity

deals with gravitation and noninertial frames of reference.

The special and general theories of relativity and their many implications are now con-

sidered as much a part of physics as Newton’s laws. The difference is this: to comprehend

the many ramifications of the theories requires a great deal more mental flexibility and

dexterity than was the case with Newtonian mechanics.

Simultaneity
We begin our examination of the consequences Einstein drew from his two postulates

by considering time. In Newtonian mechanics, there is a universal time scale, the same

for all observers. This seems right. Surely, a sequence of events that one observer meas-

ures to last 2.0 s would also last 2.0 s to an observer moving with respect to the first

observer. But it is not always so! According to Einstein, time interval measurements

depend on the reference frame in which they are made.

Simultaneity, the occurrence of two or more events at the same time, is also a relative

concept, and we will make it our starting point, before proceeding to the relativity of a time

interval. We will use a thought experiment to show that events that are simultaneous in

one inertial frame are not simultaneous in other frames.

An observer Os, stationary in the inertial frame of Earth, is standing on a railway plat-

form at the midway point between two lampposts, L1 and L2 (Figure 5). The lampposts

are connected to the same circuit, ensuring that, at least from the viewpoint of an iner-
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tial frame anchored in the railway platform, the lamps come on at the same time when

the switch is closed. To make the experiment easy to follow, we assume that the lamps

do not stay on when the current is applied but flash and explode, spewing out soot and

broken glass. The light from each flash travels out in all directions at the speed of light, c.

Since Os is located at the midpoint between the lampposts, the distances the beams of

light travel are equal, causing the arrival of light from the one lamp to be simultaneous

with the arrival of light from the other lamp. Adjacent to Os is a second observer Om, sit-

ting in a train on a straight track next to the platform. We make two trials in our thought

experiment: in the first, keeping the train at rest relative to Earth, and in the second,

making the train move with speed v relative to Earth.

If the train is at rest, Om finds the arrival of the light from the first lamp to be simul-

taneous with the arrival of the light from the second lamp (Figure 5(a)). Om then performs

measurements of the soot marks left by the exploding lamps on his train: he is halfway

between the soot marks, and light always travels at the same speed, c. Therefore, Om is forced

to conclude that the lamps flashed simultaneously. Os reaches the same conclusion for the

same reasons.

We now perform the second trial in the thought experiment, letting the train move by

Os at a high speed relative to the inertial frame of Earth but keeping everything else as before.

In the time interval it takes for the flash of light to travel to Os from each lamppost, Om

will have moved a short distance to the right (Figure 5(b)). In this time interval Om will

receive the flash of light from L2 but not yet receive the flash of light from L1. Om thus sees

the rear lamp flash a little later than the forward lamp. Having taken this observation,

Om now performs measurements, as in the first trial: he is halfway between the soot marks

left on the train, and light always travels at the same speed, c. Therefore, Om is forced to

conclude that the two lamps did not flash simultaneously. We emphasize that the conclusion

of nonsimultaneity relies on Einstein’s second postulate. Since (as the placement of the

soot marks reveals) the distances are equal, and since the light flashes travelled at the

Section 11.1

train at rest

train moving

platform L2L1

Os

Om

L2L1

Os

v

light from L1 light from L2

(a)

(b)

Om

Figure 5

(a) When the train is at rest, each

observer sees the lamps flash

simultaneously, since each

observer is halfway between

the lamps. 

(b) When the train is moving, each

observer does not see the

lamps flash simultaneously,

since the light from L1 takes

longer to reach Om than the

light from L2 , that is 

DtL1 . DtL2.
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same speed from the two lamps, the fact that the flashes arrived at different times means

that the lamps did not explode simultaneously. We thus reach the following conclusion:

Section 11.1 Questions

Understanding Concepts

1. You are in a windowless car of a train that is either

stationary or moving at a constant velocity with respect 

to Earth. Is there any experiment you can do in the train 

to determine whether you are moving? Explain your

answer.

2. Distinguish between an inertial and a noninertial frame of

reference, and give an example of each. How do we

account for motions that occur, in seeming violation of the

law of inertia, in noninertial frames?

3. You are travelling in a train that is slowing down upon

approaching the station. You throw a heavy ball, aiming it

directly at the ceiling above your chair. Relative to you,

where will the ball fall? Explain your answer. 

4. Describe the significance of the Michelson–Morley experi-

ment. Why was its seeming failure a success?

5. State the two postulates of the special theory of relativity in

such a way that they can be understood by a peer who

does not study physics.

6. Is there a situation where two events that occur at the same

time for one observer can be simultaneous to a second

observer moving with respect to the first? Explain your

answer.

• Any frame of reference in which the law of inertia holds is called an inertial

frame of reference.

• A noninertial frame is one that is accelerating relative to an inertial frame.

• The laws of Newtonian mechanics are only valid in an inertial frame of reference

and are the same in all inertial frames of reference.

• In Newtonian mechanics, no experiment can identify which inertial frame is

truly at rest and which is moving. There is no absolute inertial frame of reference

and no absolute velocity.

• Michelson and Morley’s interferometer experiment showed that the ether does

not exist.

• The two postulates of the special theory of relativity are: (1) all laws of physics

are the same in all inertial frames of reference; (2) light travels through empty

space with a speed of c 5 3.00 3 108 m/s in all inertial frames of reference.

• Simultaneity of events is a relative concept.

Frames of Reference and RelativitySUMMARY

Two events that are simultaneous in one frame of reference are

in general not simultaneous in a second frame moving with

respect to the first; simultaneity is not an absolute concept.

In this thought experiment it is tempting to ask which observer’s view of simultaneity

is correct, Os’s or Om’s? Strangely enough they both are. Neither frame is better for judging

simultaneity. Simultaneity is a relative concept rather than an absolute one. In everyday

life, we are usually unaware of this effect; it becomes much more significant as the rela-

tive speed between the two observers increases to a significant fraction of c.
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11.211.2
Relativity of Time, Length, 

and Momentum

Having introduced the consequences of Einstein’s two postulates by demonstrating the

relativity of simultaneity, we now draw a further, still more sweeping conclusion on time

and overturn commonsense views on distance.

Time Dilation
For centuries philosophers have debated the concept of time. Does time proceed at the

same rate everywhere in the world or, for that matter, on the Moon? We know time goes

forward. Can it go backward? Despite thoughts to the contrary, it turns out that all time

is relative, relative to the observer. There is no such thing as absolute time.

To illustrate, let us perform a thought experiment where two observers measure dif-

ferent time intervals for the same sequence of events. A spaceship contains two parallel

mirrors (which we call “top” and “bottom”) and a method of sending a pulse of light from

the bottom mirror to the top, at right angles to the mirrors (Figure 1(a)). Inside the

bottom mirror the astronaut has placed a clock that records a “tick” at the instant the pulse

leaves the mirror and a “tock” when the pulse returns.

v ∆ tm

observer 

on Earth

c ∆ tm
c ∆ t s

2∆ tm∆ tm

∆ tm

0

∆ t s

0

(b)

(a)

(c)

Figure 1

(a) The astronaut, stationary rela-

tive to the clock incorporated in

the bottom mirror, measures a

time interval 2Dts for the light

to make a round trip and so

infers Dts to be the duration of

the upward journey. 

(b) The time interval as measured

by an observer on Earth, who

records it as Dtm. 

(c) The distance triangle. (The

stopwatches are drawn to

depict the actual time dilation

occurring for a spaceship 

travelling at 0.83c.)
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To the astronaut, stationary with respect to the clock, the pulse goes up and down

(causing the clock to register first a tick, then a tock) whether the spaceship is at rest

relative to Earth or moving with a constant high velocity relative to Earth. We write 2Dts

for the interval, in the inertial frame of the spaceship, separating tick from tock (with “s”

for “stationary,” as a reminder that the clock is stationary in the frame we have just

chosen). The interval required for light to travel from the bottom mirror to the top is thus

Dts and the distance between the mirrors is cDts.

The spaceship is moving with a speed v relative to an observer on Earth. From the

observer’s viewpoint the pulse takes a longer interval Dtm to travel the longer distance

cDtm, where Dtm is the time interval, in the frame of Earth, for light to travel from the

bottom mirror to the top. We write “m” as a reminder that in this frame, the bottom

mirror and top mirror are moving. In the same time that the pulse moves to the mirror,

the spaceship moves a distance of vDtm relative to the observer on Earth (Figure 1(b)).

How can we determine if Dts and Dtm are different? According to Einstein’s second pos-

tulate, light has the same speed c for both observers. Using the distance triangle in 

Figure 1(c), it follows from the Pythagorean theorem that 

(cDtm)2 5 (vDtm)2 1 (cDts)
2

We will isolate Dtm to see how it compares with Dts.

(cDtm)2 2 (vDtm)2 5 (cDts)
2

c2(Dtm)2 2 v 2(Dtm)2 5 c2(Dts)
2

Dividing both sides by c2:

(Dtm)2 2 }
c

v2

2
} (Dtm)2 5 (Dts)

2

(Dtm)2 11 2 }
c

v2

2
} 2 5 (Dts)

2

Thus, rearranging to isolate Dtm
2, and then taking the square root of both sides, we get:

DID YOU KNOW??
Use Gamma As a Shortcut

The expression is so

common in relativity applications

that it is given the symbol γ, so the 

expression Dtm 5

becomes Dtm 5 γDts.

Dts
}}

!1 2 }
c

v§
2

2
}§

1
}}

!1 2 }
c

v§
2

2
}§

Representing Distance

In general, for an object moving 

at a constant speed, v 5 }
D

D

d

t
}

and Dd = vDt. In particular, for

light, c5 }
D

D

d

t
} and Dd = cDt.

LEARNING TIP

Dtm 5

Dts
}}

!1 2 }
c

v§
2

2
}§

where Dts is the time interval for the observer stationary relative to the sequence of

events and Dtm is the time interval for an observer moving with a speed v relative to the

sequence of events.

This equation shows that, for any v such that 0 , v , c, Dtm . Dts. The time interval

2Dtm seen by the Earthbound observer, moving relative to the mirrors, must be greater

than the corresponding time interval 2Dts seen by the observer inside the spaceship, sta-

tionary with respect to the mirrors.

Another way of looking at this phenomenon is to consider the positions of the events

between which the time interval is measured. The initial and final events in our thought

experiment are the emission of the light from the bottom mirror (tick) and the detec-

tion of the light returning to the bottom mirror (tock). In the frame of reference of the

spaceship, tick and tock occur at the same position. In the frame of reference of Earth,

tick and tock occur at two positions that are separated by a distance of 2vDtm. We can

now identify the specific fact underlying the thought experiment: the time interval

between events that occur at the same position in a frame of reference is less than the 

time interval between the same events as measured in any other frame of reference.

In summary, “one position time” is less than “two position time” by a factor of
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(for any speed v such that 0 , v , c)

The duration of a process (in this example 2Dts), as measured by an observer who sees

the process begin and end in the same position, is called the proper time. The observa-

tion that time on a clock that is moving with respect to an observer is seen to run slower

than time on the clock that is stationary with respect to that observer is called time dila-

tion. Intuitively, we may think of time as “dilated” or “expanded” on the spaceship. How

can this be, you may ask? Did we not find Dts to be less than Dtm? But dilation, not con-

traction, is the right description. To the Earthbound observer, it seems that tick and tock

are widely separated in time, so it seems that a supposedly swift process has slowed down.

This holds for any “clock,” whether it is your watch, a bouncing spring, a pendulum,

a beating heart, a dividing cell, or a galactic event. All time is relative to the observer.

There is no absolute time.

Notice that in the equation above, Dts can be a real number only if the expression 

1 – }
v

c2

2

} is positive; that is,

1 2 }
c

v2

2
} . 0

}
c

v2

2
} , 1

v2 , c2

and, finally, v , c

This is the famous “speed limit” proposed by Einstein. No material object can have a speed

that is equal to or greater than that of light. We will address this again in the next section.

Time dilation effects have been measured. In 1971, four exceedingly accurate atomic

clocks were flown around the world twice, on regularly scheduled passenger flights. The

experimental hypothesis was that the clocks would have times that differed from a sim-

ilar clock at rest at the U.S. Naval Observatory. Because of Earth’s rotation, two trips

were made, one eastward and one westward. Using the time dilation relationship,

the predicted loss in time should have been 40 ± 23 ns for the eastward journey and

275 ± 21 ns for the westward journey. It was found that the clocks flying eastward lost

59 ± 10 ns, and the clocks flying westward lost 273 ± 7 ns. The theory of time dilation

was consequently validated within the expected experimental error.

Muons, which we will encounter again in Chapter 13, are subnuclear particles that

are similar to electrons but are unstable. Muons decay into less massive particles after an

average “life” of 2.2 ms. In 1976, muons were accelerated to 0.9994c in the circular accel-

erator at CERN, in Switzerland. With a lifetime of 2.2 ms, the muons should last only 14

to 15 trips around the ring before they decay. In fact, because of time dilation, the muons

did not decay until after 400 circuits, approximately 30 times longer. The mean life of the

muons had increased by 30 times relative to Earth, or we could say that the time elapsed

relative to Earth was longer; it was dilated. It’s as if the muons were living life in slow

motion. From this viewpoint, the moving muons will exist longer than stationary ones,

but “the amount of life” the muons themselves will experience, relative to their own

frame of reference, is exactly the same.

From the evidence provided by the life of a muon, we could reach the same conclu-

sion for people moving in a spaceship at nearly the speed of light. The passengers would

have a life expectancy of hundreds of years, relative to Earth. But from the standpoint of

life on the spaceship, it’s life as usual. From our perspective in the inertial frame of Earth,

they are living life at a slower rate, and their normal life cycle takes an enormous amount

of our time. A sample problem will illustrate this point.

1
}}

!1 2 }
c

v2§2
}§

Section 11.2

proper time (Dts) the time interval

between two events measured by an

observer who sees the events occur

at one position

time dilation the slowing down of

time in a system, as seen by an

observer in motion relative to the

system

Pretty Relative!

Einstein said, “When a man sits

next to a pretty girl for an hour, it

seems like a minute. But let him sit

on a hot stove for one minute and

it’s much longer than an hour—

that’s relativity!”

DID YOU KNOW??

General Theory

Since the airliners validating time

dilation were travelling above the

surface of Earth, the gravitational

field in flight was lower than at the

U.S. Naval Observatory. Thus, the

experimenters had to include gen-

eral relativity as well as special rel-

ativity in their calculations.

DID YOU KNOW??

Dilation

The word “dilation” means

“widening.” For example, the pupils

in our eyes dilate to let more light in.

LEARNING TIP
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An astronaut whose pulse frequency remains constant at 72 beats/min is sent on a

voyage. What would her pulse beat be, relative to Earth, when the ship is moving relative

to Earth at (a) 0.10c and (b) 0.90c?

Solution

c 5 3.0 3 108 m/s

pulse frequency 5 72 beats/min

pulse period at relativistic speed 5 Dtm 5 ?

The pulse period measured on the spaceship (where pulses occur in the same position) is

Dts 5 }
72 m

1

in21
}

Dts 5 0.014 min

(a) At v = 0.10c,

Dtm 5

5

5

Dtm 5 0.014 min, to 2 significant digists

f 5 }
1

T
}

5

f 5 72 beats/min

The pulse frequency at v 5 0.10c, relative to Earth, is to two significant digits

unchanged, at 72 beats/min.

(b) At v 5 0.90c,

Dtm 5

5

Dtm 5 0.032 min

f 5 }
1

T
}

5

f 5 31 beats/min

The pulse frequency at v = 0.90c, relative to Earth, is 31 beats/min. This result is much

lower than the 72 beats/min that the astronaut would measure for herself on the ship.

1
}}
0.032 min

0.014 min
}}

0.436

0.014 min
}}

!1 2 }
(0§.9

c

0
2

c)2

}§

1
}}
0.014 min

0.014 min
}}

0.995

0.014 min
}}

!1 2 }
(0§.1

c

0
2

c)2

}§

Dts
}}

!1 2 }
c

v§
2

2
}§

SAMPLE problem 1
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The Twin Paradox
One of Einstein’s most famous thought experiments is the “twin paradox,” which illus-

trates time dilation. Suppose that one of a pair of young identical twins takes off from Earth

and travels to a star and back at a speed approaching c. The other twin remains on Earth.

We may possibly expect, in view of our result in Sample Problem 1 concerning an astro-

naut’s heartbeat, that the moving twin ages less than his Earthbound counterpart does.

But wouldn’t the twin in the spaceship think the reverse, seeing his twin on Earth first

receding at high speed and then returning? Would he not expect the Earthbound twin

to have aged more for the same reason (Figure 2)? Is this not a paradox?

No! The consequences of the special theory of relativity only apply in an inertial frame

of reference, in this case Earth. The twin on Earth is in the same frame of reference for

the other twin’s whole journey. Until now, the situations we have discussed have been sym-

metrical, with inertial observers moving relative to one another, seeing each other’s

clocks run slow. The travelling twin is in a frame of reference whose velocity relative to

Earth must change at the turn-around position, which means it is a noninertial frame

at that stage. Since the situation is not symmetrical, the observations can be different. It

is indeed the twin in the spaceship who returns younger than his twin on Earth.

Length Contraction
Since time, once assumed to be absolute, is perceived differently by different observers,

it seems natural to ask if length, another supposedly absolute concept, also changes.

Consider a spaceship making a trip from planet A to planet B, at rest with respect to

each other and a distance Ls apart (relative to the planets) and at a speed v as measured

by an observer on either planet (Figure 3). (Just as Dts was defined as the proper time,

Ls is called the proper length.)

For the captain in the spaceship, the process (the departure of A, the arrival of B)

occurs at one single place, the spaceship. The captain can thus assign a proper-time

duration Dts to the process, using a single clock on the spacecraft. Since she sees A recede

and B approach at the speed v, she finds the distance separating the two events to be 

Lm 5 vDts. For observers on the planets, the process (the takeoff from A, the landing

on B) occurs at two different places. Such observers can use a pair of synchronized clocks

to assign a duration Dtm to the two-event process consisting of the takeoff and the

landing and would find the distance separating the events as Ls 5 vDtm. We can now

argue as follows:

Section 11.2

Answers

2. 1.2 3 1028 s

3. 75.0 h

4. 23

Figure 2

(a) As the twins depart, they are

the same age. 

(b) When the astronaut twin

returns, he has aged less than

the twin who stayed on Earth.

proper length (Ls ) the length, in

an inertial frame, of an object sta-

tionary in that frame

Proper Length

Note that “proper length” does not

necessarily mean “correct length.”

LEARNING TIP

Practice

Understanding Concepts

1. Are airline pilots’ watches running slow in comparison with clocks on the

ground? Why or why not?

2. A beam of unknown elementary particles travels at a speed of 2.0 3 108 m/s.

Their average lifetime in the beam is measured to be 1.6 3 1028 s. Calculate

their average lifetime when at rest.

3. A Vulcan spacecraft has a speed of 0.600c with respect to Earth. The Vulcans

determine 32.0 h to be the time interval between two events on Earth. What

value would they determine for this time interval if their ship had a speed of

0.940c with respect to Earth?

4. The K+ meson, a subatomic particle, has an average rest lifetime of 1.0 3 1028 s.

If the particle travels through the laboratory at 2.6 3 108 m/s, by how much has

its lifetime, relative to the laboratory, increased?
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From the time dilation relationship

Dtm 5

If we multiply both sides by v we obtain

vDtm 5

But Lm 5 vDts and Ls 5 vDtm. Substituting above we obtain

Ls 5 or
Lm

}}

!1 2 }
c

v§
2

2
}§

vDts
}}

!1 2 }
c

v§
2

2
}§

Dts
}}

!1 2 }
c

v§
2

2
}§

A B

ts

L0

tmtm

ts

Ls

vv

Figure 3

Planets A and B are at rest with

respect to each other. The chart

below summarizes the rotation used

in this example:

The Lorentz Contraction

This relativistic change in length is

known as the Lorentz contraction,

named after the Dutch mathemati-

cian H.A. Lorentz, who created the

same theoretical correction for

Maxwell’s electromagnetic equa-

tions before Einstein developed it

independently 20 years later. As a

result, the expression is also

referred to as the Lorentz–Einstein

contraction.

DID YOU KNOW??

length contraction the shortening

of distances in a system, as seen by

an observer in motion relative to

that system 

Lm 5 Ls!1 2 }
c

v§
2

2
}§

where Ls is the proper distance between A and B, directly measurable in the inertial

frame in which A and B are at rest, and Lm is the distance—which we did not try to

measure directly but deduced from kinematics—between A and B as seen in an iner-

tial frame in which A and B are moving.

Since !1 2 }
v

c2

2

}§ , 1, Lm , Ls. In our example, occupants on-board the spaceship

would measure the distance between planets as less than observers on either planet

would measure it to be. The observers on the planets are not moving with respect to

the space between planets, and therefore, measure the distance as Ls. The passengers on-

board the spaceship are moving through that same space and measure its distance to

be Lm. Our analysis shows that this length contraction occurs in the direction of motion.

So, for example, a cylindrical spaceship 10 m in diameter, moving past Earth at high

speed, is still 10 m in diameter in the frame of Earth (though shortened from tip to tail).

If you were in a spaceship flying by a tall, stationary building, at say, 0.9c, the width of

the front of the building will be much thinner but the height will be the same. You would

notice that the building’s sides are slightly curved in toward the middle since the light has

travelled different distances to you, the observer, and you will see the sides of the building

as you approach and recede from it. This description in words does not give you a true

picture, nor will it be the same at different relativistic speeds. The best way to see what

happens with length contraction is to view computer simulations of such events.

GO www.science.nelson.com

Observer Distance Time

stationary Ls Dtm
observer

spacecraft Lm Dts
observer
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Section 11.2

A UFO heads directly for the centre of Earth at 0.500c and is first spotted when it passes a

communications satellite orbiting at 3.28 3 103 km above the surface of Earth. What is the

altitude of the UFO at that instant as determined by its pilot? 

Solution

Before solving a problem in special relativity, we must work out which lengths or durations

are proper. In this case, the UFO pilot is determining the length separating two events in a

process moving through his frame (the first event being the arrival at the UFO of the satel-

lite, the second the arrival at the UFO of the surface of Earth). The length that the pilot is

determining is thus not a proper length so it can appropriately be called Lm. On the other

hand, the given length of 3.28 3 103 km is the length separating two events in a process

stationary in the frame to which it is referred (the first event being the arrival of the UFO at

the satellite, the second the arrival of the UFO at the surface of Earth). The given length is

thus a proper length so it can appropriately be called Ls. 

v 5 0.500c

Ls 5 3.28 3 103 km

Lm 5 ?

Lm 5 Ls!1 2 }
c

v§
2

2
}§

5 (3.28 3 103 km) !1 2 }
(0§.5

c

0
2

0c)2

}§
Lm 5 2.84 3 103 km

The altitude as observed from the UFO is 2.84 3 103 km.

Since the speed of the UFO is fairly slow, as far as relativistic events are concerned, the

distance contraction is relatively small.

SAMPLE problem 2

A spaceship travelling past Earth with a speed of 0.87c, relative to Earth, is measured to

be 48.0 m long by observers on Earth. What is the proper length of the spaceship?

Solution

Since the spaceship is moving relative to the observers on Earth, 48.0 m represents Lm. 

v 5 0.87c

Lm 5 48.0 m

Ls 5 ?

Lm 5 Ls!1 2 }
c

v§
2

2
}§

Ls 5

5

Ls 5 97.35 m, or 97.4 m

The proper length of the spaceship is 97.4 m.

48.0 m
}}

!1 2 }
(0§.8

c

7
2

c)2

}§

Lm
}}

!1 2 }
c

v§
2

2
}§

SAMPLE problem 3

The Fourth Dimension

Time is often thought of as the

fourth dimension. An event may be

specified by four quantities: three

to describe where it is in space

and the fourth to describe where it

is in time. When objects move at

speeds near that of light, space

and time become intertwined.

Each inertial frame of reference

represents one way of setting up a

coordinate system for space-time.

Comparing measurements made

by observers in different inertial

frames requires a change of coor-

dinates, the interwining of space

and time.

DID YOU KNOW??
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Relativistic Momentum
Momentum is one of the most important concepts in physics. Recall that Newton’s laws

can also be stated in terms of momentum and that momentum is conserved whenever

there is no external, unbalanced force on a system. In subatomic physics (see Chapter 13),

much of what we know involves the collision of particles travelling at relativistic speeds,

so it is important to address relativistic momentum.

Using a derivation beyond the scope of this book but based on the Newtonian con-

cept of conservation of momentum, Einstein was able to show that the momentum of

an object is given by

When to Round Off

When working with calculations

involving relativistic quantities,

don’t round off until the final result

is achieved; otherwise, your results

could be erroneous.

LEARNING TIP

Answers

5. 115 m

6. 6.0 ly

7. 3.95 3 102 m

8. (a) 37.7 ly

(b) 113 a

9. 0.89c

rest mass mass measured at rest,

relative to the observer

Rest Mass

Einstein wrote: “It is not good to

introduce the concept of a rela-

tivistic mass of a body for which no

clear definition can be given. It is

better to introduce no other mass

than the rest mass.”

DID YOU KNOW??

Practice

Understanding Concepts

5. A spaceship passes you at the speed of 0.90c. You measure its length to be 

50.0 m. What is its length when at rest?

6. You are a space traveller, moving at 0.60c with respect to Earth, on your way to a

star that is stationary relative to Earth. You measure the length of your trajectory to

be 8.0 light-years (ly). Your friend makes the same journey at 0.80c with respect to

Earth. What does your friend measure the length of the trajectory to be?

7. A spacecraft travels along a space station platform at 0.65c relative to the 

platform. An astronaut on the spacecraft determines the platform to be 

3.00 3 102 m long. What is the length of the platform as measured by an

observer on the platform?

8. A star is measured to be 40.0 ly from Earth, in the inertial frame in which both

star and Earth are at rest. 

(a) What would you determine this distance to be if you travelled to the star in

a spaceship moving at 1.00 3 108 m/s relative to Earth?

(b) How long would you determine the journey to take?

9. The proper length of one spaceship is twice the proper length of another. You,

an observer in an inertial frame on Earth, find the two spaceships, travelling at

constant speed in the same direction, to have the same length. The slower

spaceship is moving with a speed of 0.40c relative to Earth. Determine the speed

of the faster spaceship relative to Earth.

p 5
mv

}}

!1 2 }
c

v§
2

2
}§

where p is the magnitude of the relativistic momentum, m is the mass of the object, and

v is the speed of the object relative to an observer at rest.

The m in the equation is the mass of the object measured by an observer at rest rela-

tive to the mass. This mass is referred to as the rest mass.

How do we measure rest mass? We measure it the same way we always have, using

Newtonian physics. We either measure it in terms of inertia, using Newton’s second law 

1m 5 }
o
a

F
}2, or measure it gravitationally 1m = }

o
g

F
}2. For low-speed objects these inertial

and gravitational masses are equivalent. When an object is accelerated to high speeds, the

mass cannot be defined uniquely and physicists only use the rest mass.

In the next section we will see that rest mass can itself change, but only if the total

energy of the system changes.

As with the relativistic equations for time and length, the nonrelativistic expression for

the momentum of a particle (p 5 mv) can be used when v is very small in comparison
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with c. As a rule, anything travelling faster than about 0.1c can be called relativistic, and

significant correction using the special relativity relationships is required.

The momentum equation predicts that as v approaches c, the quantity !1 2 }
v

c2§
2

}§
approaches 0, and, consequently, for an object of nonzero rest mass, p approaches infinity.

Relativistic momentum would thus become infinite at the speed of light (Figure 4) for

any object of nonzero rest mass. The unbounded increase of relativistic momentum

reflects the fact that no body of nonzero (rest) mass can be accelerated from an initial

speed less than c to a speed equal to or greater than c. (In Chapter 12, you will learn

about photons, which act like particles of light. Since photons travel at the speed of light,

they must have zero rest mass. Our relativistic momentum formula does not apply to this

situation. In fact, it has been shown experimentally that photons do have well-defined

momentum, even though they have no mass.) 

Section 11.2
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Figure 4

Relativistic momentum, here meas-

ured by taking the ratio of relativistic

momentum to the nonrelativistic

momentum (the product of speed

and rest mass), increases without

bound as the speed approaches c.

Figure 5

A linear accelerator

Linear accelerators accelerate charged particles to nearly the speed of light (Figure 5).

A proton is accelerated to 0.999 994c.

(a) Determine the magnitude of the relativistic momentum. 

(b) Make an order-of-magnitude comparison between the relativistic and the nonrela-

tivistic momenta. 

Solution

(a) v 5 0.999 994c

m 5 1.67 3 10227 kg (from Appendix C)

p 5 ?

p 5

5

5

p 5 1.45 3 10215 kg?m/s

The magnitude of the relativistic momentum of the proton is 1.45 3 10215 kg?m/s. 

(This value agrees with the value that can be measured in the accelerator.) 

(b) The magnitude of the nonrelativistic momentum, given by the classical Newtonian

equation, is

p 5 mv

5 (1.67 3 10227 kg)(0.999 994c)

5 (1.67 3 10227 kg)(0.999 994)(3.00 3 108 m/s)

p 5 5.01 3 10219 kg?m/s

The nonrelativistic momentum is 5.01 3 10219 kg?m/s. The relativistic momentum is

more than three orders of magnitude larger than the nonrelativistic momentum.

5.010 3 10218 kg?m/s
}}}

3.4641 3 10–3

(1.67 3 10227 kg)(0.999 994c)
}}}}

!1 2 }
(0§.999

c

9
2

9§4c)2

}§

mv
}}

!1 2 }
c

v§
2

2
}§

SAMPLE problem 4
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Answers

10. 6.11 3 10221 kg·m/s

11. 2.62 3 108 kg·m/s

12. 3.76 3 10219 kg·m/s

• Proper time Dts is the time interval separating two events as seen by an observer

for whom the events occur at the same position.

• Time dilation is the slowing down of time in a system, as seen by an observer in

motion relative to the system.

• The expression Dtm 5 represents time dilation for all moving objects.

• Time is not absolute: both simultaneous and time duration events that are simul-

taneous to one observer may not be simultaneous to another; the time interval

between two events as measured by one observer may differ from that measured

by another.

• Proper length Ls is the length of an object, as measured by an observer at rest rel-

ative to the object.

• Length contraction occurs only in the direction of motion and is expressed as 

Lm 5 Ls !1 2 }
v

c 2

2

}§.

• The magnitude p of the relativistic momentum increases as the speed increases 

according to the relationship p 5 .

• The rest mass m of an object is its mass in the inertial frame in which the object

is at rest and is the only mass that can be uniquely defined.

• It is impossible for an object of nonzero rest mass to be accelerated to the speed

of light.

mv
}}

!1 2 }
v

c 2

2

}§

Dts
}}

!1 2 }
v

c 2

2

}§

Relativity of Time, Length, 

and Momentum
SUMMARY

Practice

Understanding Concepts

10. What is the relativistic momentum of an electron moving at 0.999c in a linear

accelerator? (me 5 9.11 3 10231 kg)

11. A small space probe of mass 2.00 kg moves in a straight line at a speed of 0.40c

relative to Earth. Calculate its relativistic momentum in the Earth frame.

12. A proton is moving at a speed of 0.60c with respect to some inertial system.

Determine its relativistic momentum in that system. (mp 5 1.67 3 10227 kg)
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Section 11.2

Section 11.2 Questions

Understanding Concepts

1. The time dilation effect is sometimes misleadingly stated in

the words “Moving clocks run slowly.” Actually, this effect

has nothing to do with motion affecting the functioning of

clocks. What, then, does it deal with?

2. To whom does the elapsed time for a process seem to be

longer, an observer moving relative to the process or an

observer that is stationary relative to the process? Which

observer measures proper time?

3. How would length and time behave if Einstein’s postulates

were true but with the speed of light infinite? (Hint: Would

there be no relativistic effects, or would the relativistic

effects be in some sense exceptionally severe?) 

4. How would our lives be affected if Einstein’s postulates

were true but the speed of light were 100 km/h? (Hint:

Consider simple specific examples, such as the nature of a

highway journey at 60 km/h. What difficulty arises as we try

to accelerate the car to 110 km/h?) 

5. “Matter has broken the sound barrier but will not be able to

exceed the speed of light.” Explain this statement.

6. Muons created in collisions between cosmic rays and

atoms high in our atmosphere are unstable and disinte-

grate into other particles. At rest these particles have an

average lifetime of only 2.2 3 1026 s.

(a) What is the average lifetime in the laboratory inertial

frame of muons travelling at 0.99c in that frame?

(b) If muons did not experience a relativistic increase in

lifetime, then through what average distance could

they travel in the laboratory inertial frame before disin-

tegrating, if travelling at 0.99c in that frame?

(c) Through what average distance do muons travel in the

laboratory frame, if moving through that frame at

0.99c?

7. In 2000, a 20-year-old astronaut left Earth to explore the

galaxy; her spaceship travels at 2.5 3 108 m/s. She returns

in 2040. About how old will she appear to be?

8. A spaceship passes you at a speed of 0.90c. You find the

length of the ship in your frame to be 50.0 m. (The meas-

urement is not easy: you have to arrange for a lamp to flash

on the bow and the stern simultaneously in your frame, and

then determine the distance between the flashes.) A few

months later, the ship comes to the end of its mission and

docks, allowing you to measure its length. (Now the meas-

urement is easy: you can walk along the ship with a tape

measure.) What length does your tape measure show?

9. A spaceship goes past a planet at a speed of 0.80c relative

to the planet. An observer on the planet measures the

length of the moving spaceship to be 40.0 m. The observer

also finds that the planet has a diameter of 2.0 3 106 m.

(a) The astronaut in the spaceship determines the length

of the ship. What is this length? 

(b) The astronaut, while not in a position to actually

measure the diameter of the planet, does succeed in

computing a diameter indirectly. What is the resulting

value?

(c) According to the observer on the planet, the spaceship

takes 8.0 s to reach the next planet in the solar system.

How long does the astronaut consider the journey to

take?

10. A cube of aluminum 1.00 m 3 1.00 m 3 1.00 m is moving at

0.90c, in the orientation shown in Figure 6. The rest density

of aluminum is 2.70 3 103 kg/m3.

(a) Which of the three dimensions, a, b, or c, is affected by

the motion?

(b) Calculate the relativistic volume of the cube.

(c) Calculate the relativistic momentum of the cube.

11. Calculate the relativistic momentum of a helium nucleus of

rest mass 6.65 3 10–27 kg, moving in the laboratory frame

at 0.400c.

Applying Inquiry Skills

12. Generate the data for the first two columns in Table 1 for

values of }
c
v

} from 0.05 to 0.95, in intervals of 0.05. Use these 

values to calculate Dtm and Lm. The use of a computer

spreadsheet, such as Excel, is recommended.

(a) In what range of speeds is the time double the proper

time?

(b) At what speed has the length of the object contracted

by 10%?

(c) Based on the table, at what speed do relativistic effects

become “noticeable”? What objects travel at these

speeds?

(d) Plot graphs of Dtm and Lm versus }
c
v

}.

a

b

c

v = 0.90c

Figure 6

Table 1

}
c

v
} !1 2 }

c

v§
2

2}§ Dts Dtm Ls Lm

0.05 ? 100 s ? 100 m ?

0.10 ? 100 s ? 100 m ?

0.15 ? 100 s ? 100 m ?

0.20 ? 100 s ? 100 m ?

0.25 ? 100 s ? 100 m ?

: : : : : :
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11.311.3 Mass and Energy: E 5 mc 2

In the previous section, we found that the definition of momentum has to be modified

for relativistic speeds if we are to continue to have a conservation-of-momentum law.

It similarly turns out that if we are to continue to have a conservation-of-energy law,

we must revise the definition of energy.

When a force is applied to an object, work is done on it, increasing its kinetic energy.

In Section 4.2 you learned that

work done 5 DEK

5 EKf 2 EKi

5 }
1

2
} mvf

2 2 }
1

2
} mvi

2

work done 5 }
1

2
} m(vf

2 2 vi
2)

We assumed that the object’s mass remained constant and that any energy transferred

to increase its kinetic energy resulted in an increase in speed only. Classically, we would

expect this relation to continue to be valid as long as the force continues to act—the

speed simply increases without bound. But this is not the case. As speeds become rela-

tivistic, the classical treatment of energy must be re-examined.

Einstein suggested that the total (relativistic) energy associated with an object of rest

mass m, moving at speed v relative to an inertial frame is 

conservation of mass–energy

the principle that rest mass and

energy are equivalent

Etotal 5
mc 2

}}

!1 2 }
c

v§
2

2
}§

If the object happens to be at rest in this inertial frame, then v is zero and the total (rel-

ativistic) energy is simply

Erest 5 mc 2

This is Einstein’s famous E 5 mc2. He proposed two things: rest mass is a form of energy

that is associated with all massive objects, and there might be forces or interactions in

nature that could transform mass into the more familiar types of energy or vice versa.

In classical mechanics, mass and energy are conserved separately. In special relativity,

these conservation laws are generalized to become one combined law, the conservation

of mass-energy.

Relativistic kinetic energy is the extra energy an object with mass has as a result of its

motion:

Etotal 5 Erest 1 EK

EK 5 Etotal 2 Erest

EK 5 2 mc2
mc2

}}

!1 2 }
c

v§
2

2
}§
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For an object at rest in a given inertial frame (v 5 0), its total energy in that frame is

not zero but equals its rest energy, which is convertible to other forms of energy.

There are many instances when this conversion of mass into energy has been observed:

• The energy DE released by the fission of uranium in a nuclear reactor is accom-

panied by a decrease Dm in the rest mass of the reactants. Precise measurements 

of both have shown that Dm = }
D

c2

E
}.

• When the p 0 meson (a subatomic particle) decays, it completely disappears,

losing all of its rest mass. In its place appears electromagnetic radiation having an

equivalent energy. (We will return to the p 0 meson in Chapter 13.) 

• When hydrogen atoms react in the interior of the Sun, in a process called fusion,

the tremendous energy released, DE, is accompanied by a corresponding loss of

rest mass, Dm, given by Dm = }
D

c2

E
}. In fact, the Sun is losing mass by this process 

at a rate of 4.1 3 109 kg/s.

Only with the technological advances of the twentieth century did physicists begin

to examine the atomic and subatomic systems where matter-into-energy conversions

and energy-into-matter conversions occur. Previously, mass and energy were seen to be

conserved separately. It is believed that the equation E 5 mc2 applies to most processes,

although the changes are usually far too small to be measured.

For example, the heat of combustion of coal is approximately 3.2 3 107 J/kg. If 1.0 kg

of coal is burned, what change would the release of energy in light and warmth make in

the mass of the coal compared with the mass of the products of combustion? Using 

DE 5 (Dm)c2 for an original rest mass of 1.0 kg of coal:

Dm 5 }
D

c

E

2
}

5

Dm 5 3.6 3 10210 kg

As a percentage of the coal’s original mass,

}
3.6 3

1.0

10

k

2

g

10 kg
}3 100% 5 0.000 000 036%

As you can see, this is an insignificant loss in mass, not detectable with even the best

electronic balance.

However, this equation is a powerful theoretical tool that makes it possible to predict

the amount of energy available from any process that results in a decrease in mass. For

example, let us now calculate the energy available from the complete conversion of that

same 1.0 kg of coal. Again, using DE 5 (Dm)c2 and Dm 5 1.0 kg:

DE 5 (Dm)c2

5 (1.0 kg)(3.0 3 108 m/s)2

DE 5 9.0 3 1016 J

3.2 3 107 J
}}
(3.0 3 108 m/s)2

Section 11.3

Rest Mass and Energy Units

Physicists normally express the

rest masses of subatomic particles

in energy units. For example, the

rest mass me of an electron is

stated as 511 keV.

DID YOU KNOW??
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This is the same amount of energy that results from the combustion of approximately

three billion kilograms of coal. It is no wonder that scientists are searching for methods

of converting mass into energy. Even in the best nuclear fission reactors, only a frac-

tion of one percent of the reacting mass is converted to energy, but the energy yield is

enormous. One hope for solving the world’s energy problems is the discovery of methods

of converting some small fraction of normal mass into energy, without radioactive

byproducts.

If the 0.50 kg mass of a ball at rest were totally converted to another form of energy, what

would the energy output be?

Solution

Dm 5 0.50 kg

DE 5 ?

DE 5 (Dm)c2

5 (0.50 kg)(3.00 3 108 m/s)2

DE 5 4.5 3 1016 J

The energy equivalent is 4.5 3 1016 J, or approximately half the energy emitted by the Sun

every second.

SAMPLE problem 1

In subatomic physics, it is convenient to use the electron volt, rather than the joule, as the

unit of energy. An electron moves at 0.860c in a laboratory. Calculate the electron’s rest

energy, total energy, and kinetic energy in the laboratory frame, in electron volts.

Solution

m 5 9.11 3 10231 kg

v 5 0.860c

Erest 5 ?

Etotal 5 ?

EK 5 ?

Erest 5 mc2

5 (9.11 3 10231 kg)(3.00 3 108 m/s)2

Erest 5 8.199 3 10214 J

Converting to electron volts:

1.60 3 10219 J 5 1 eV

(8.199 3 10214 J) 5 5.12 3 105 eV
1 eV

}}
1.60 3 10219 J

SAMPLE problem 2
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Section 11.3

Answers

1. 1.50 3 10210 J; 939 MeV

2. 2.22 3 1029 kg

3. (a) 3.00 3 103 MeV

(b) 2.07 3 103 MeV

4. 4.99 3 10213 J

5. 1.09 3 102 kg

6. 2.31 3 10230 kg

This result is still a large number, so it is convenient to express the energy in mega elec-

tron volts (MeV), giving the result 0.512 MeV.

Reference books, however, show that the accepted rest energy of an electron is 

0.511 MeV. Where did we go wrong? Our calculation assumed a value of 3.00 3 108 m/s for

c. As noted earlier, a more precise value for c is 2.997 924 58 3 108 m/s. Using this value for

c and taking the (measured) rest mass of an electron to be 9.109 389 3 10231 kg, we find

the rest energy of an electron to be 0.511 MeV, in agreement with the accepted value.

The total energy is given by the relationship

Etotal 5

But mc2 5 0.511 MeV, therefore

Etotal 5

Etotal 5 1.00 MeV

The total energy of the electron is 1.00 MeV.

Etotal 5 EK + Erest

EK 5 Etotal 2 Erest

5 1.00 MeV 2 0.511MeV

EK 5 0.489 MeV

The kinetic energy of the electron is 0.489 MeV.

0.511 MeV
}}

!1 2 }
(0§.8

c

6
2

0c)§
2

}§

mc2

}}

!1 2 }
c

v2

2
}§

Practice

Understanding Concepts

1. Calculate the rest energy of a proton in joules and in mega electron volts. 

(mp 5 1.67 3 10227 kg)

2. The rest energy of a small object is 2.00 3 102 MJ. Calculate its rest mass.

3. A proton moves with a speed of 0.950c through a laboratory.

(a) Calculate the total energy of the proton in the laboratory frame.

(b) Calculate the kinetic energy of the proton in the laboratory frame.

Give your answers in mega electron volts.

4. An electron is at rest in an inertial frame. Calculate the work needed to accel-

erate it to a speed of 0.990c.

5. The total annual energy consumption of Canada is about 9.80 3 1018 J. How

much mass would have to be totally converted to energy to meet this need?

6. The rest mass energies of a proton and a neutron are 938.3 MeV and 939.6 MeV,

respectively. What is the difference in their rest masses in kilograms?
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Section 11.3 Questions

Understanding Concepts

1. Explain how the equation E 5 mc2 is consistent with the

law of conservation of mass–energy.

2. Calculate how much energy can be produced by the com-

plete annihilation of 1.0 kg of mass.

3. Earth, of mass 5.98 3 1024 kg, revolves around the Sun at

an average speed of 2.96 3 104 m/s. How much mass, if

converted into energy, could accelerate Earth from rest to

that speed?

4. A nuclear generating plant produces electric power at an

average rate of 5.0 GW, by converting a portion of the rest

mass of nuclear fuel. How much fuel is converted to energy

in one year, if the generation of electric power from the

annihilated mass is 100% efficient? (Hint: Recall that a

machine that delivers 1 W of power is delivering energy at

the rate of 1 J/s.)

5. Calculate the energy required to accelerate a proton from

rest to 0.90c. (mp 5 1.673 3 10227 kg) 

6. A hypothetical particle has a rest energy of 1.60 MeV and

(in a certain inertial frame) a total energy of 3.20 MeV.

(a) Calculate its rest mass.

(b) Calculate its kinetic energy in the given frame.

Making Connections

7. How much would the rest energy in question 2 cost at the

typical utility price of $0.15/kW?h?

8. It is reasonable to assume that 4 L of gasoline produces

1.05 3 108 J of energy and that this energy is sufficient to

operate a car for 30.0 km. An Aspirin tablet has a mass of

325 mg. If the Aspirin could be converted completely into

thermal energy, how many kilometres could the car go on a

single tablet?

9. Deuteron, a heavy hydrogen nucleus (2
1H), consists of a

proton and a neutron. Its rest energy is 1875.6 MeV. How

much energy is liberated, as kinetic energy and as a

gamma ray, when a deuteron is created from a separate

proton (a particle of rest mass energy 938.3 MeV) and a

neutron (a particle of rest mass energy 939.6 MeV)?

• Rest mass is the mass of an object at rest.

• Only the rest mass is used in relativistic calculations.

• Einstein’s famous mass–energy equivalence equation is E 5 mc2.

• The total energy of a particle is given by Etotal 5 .

• Rest mass is a form of energy that is convertible into other more common and

usable forms, for example, thermal energy.

mc2

}}

!1 2 }
v

c2

2

}§

Mass and Energy: E 5 mc2
SUMMARY
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11.411.4The Life and Times of Albert Einstein

Albert Einstein (1879–1955) was born in the small town of Ulm, Germany, where he

also received his early education. He showed little intellectual promise as a child, except

in mathematics. He attended university in Switzerland but was not considered quali-

fied to go on to graduate school or to secure a university post (Figure 1).

In 1901, he accepted a job as a clerk in the patent office in Berne, where he worked until

1909. In 1905, Einstein published papers that described three important new concepts

in physics. The first, in quantum theory, was his explanation of the photoelectric effect

(a phenomenon dealt with in Chapter 12). The second, published two months later, was

his mathematical interpretation of the random motion of particles in a fluid, behav-

iour known as “Brownian movement.” The third, his most celebrated, set out special

relativity, profoundly revising our conceptions of time, length, and energy.

By 1909, Einstein’s work had been widely recognized, and he was offered university posts,

first at the University of Zurich and, in 1913, at the prestigious Kaiser Wilhelm Physical

Institute in Berlin (later renamed the Max Planck Institute). In 1915, he published his

general theory of relativity. This broader theory predicted further effects not forecast

by Newtonian mechanics. In it, he proposed a theory of gravitation that treated Newton’s

theory of gravitation as only a special case of the more general situation. One of the

consequences of the general theory is that a gravitational field can deflect light. This

prediction was proved correct during the solar eclipse of 1919.

Einstein was then world famous. In the world of science, no investigator since Newton

had been so esteemed in his own lifetime, or would be so esteemed in the decades fol-

lowing his death. Most scientists considered Newton and Einstein to be the “giants” of

science, and this is still the case today. Although most laypeople did not understand his

theories and their applications, he was respected and looked upon as the foremost sci-

entist of the 20th century. In the world of popular culture, Einstein was frequently in the

news, a folk figure, the butt of good-humoured Einstein jokes, much quoted as a source

of wisdom on many topics. (The media attention once led him to list his occupation, good

humouredly, as “photographer’s model” (Figure 2)).

In 1930, Einstein went to California as a visiting professor. He subsequently chose to

make his stay in the United States permanent because of the rise of Hitler and the Nazis

in Germany. In 1933, he accepted a post at the Institute for Advanced Studies at Princeton,

where he stayed until his death in 1955. For the last twenty-two years of his life, he

searched in vain for a theory that would unite all gravitational and electromagnetic phe-

nomena into a single, all-encompassing framework, a “unified field theory.” Einstein

never realized his dream, in large part because a number of essential properties of matter

and the forces of nature were unknown at the time. As outlined partially in Chapter 13,

scientific knowledge has expanded enormously over the past 50 years, and physicists

are working on a framework tying everything together into a single theory that might

describe all physical phenomena. One such theory is called the “superstring theory.”

Einstein did not accept all the new ideas in physics, many of which originated with his

theories of 1905. In particular, he was skeptical of the theories of Werner Heisenberg

(see Section 12.5), which proposed that many of the properties of the subatomic universe

were based on the laws of probability. He made statements such as “God may be subtle,

but he is not malicious” and “God does not play at dice.”

In 1939, Einstein was to see his famous prediction that mass could be changed into

energy realized experimentally, with the achievement of nuclear fission by Otto Hahn and

Lise Meitner in Germany. Various scientists persuaded Einstein, as the most influential

Figure 1

Albert Einstein as a young man in

Bern

Figure 2

The Canadian photographer Joseph

Karsh took this famous portrait of

Einstein.

Ernst Mach

Ernst Mach (1818–1916), professor

of physics in the University of

Vienna (and the Mach in “Mach

number”), wrote: “I can accept the

theory of relativity as little as I can

accept the existence of atoms and

other such dogmas.”

DID YOU KNOW??
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scientist in the United States, to write to President Franklin D. Roosevelt, urging him to

pre-empt Nazi Germany in nuclear weapons research. The enormous Manhattan Project

was begun, and atomic bombs were produced. When it was clear that the bomb had

been built and worked, Einstein wrote again to Roosevelt, on behalf of a group of scientists,

urging that the bomb not be used, except possibly as a demonstration to the Japanese.

Roosevelt died three weeks later, leaving the decision to his successor, President Harry

S. Truman. The Truman administration ignored Einstein’s pleas, and two atomic bombs

were dropped on Japan in 1945, ushering the world into a new nuclear era (Figure 3).

Ironically, Einstein was a confirmed pacifist, who had been opposed to Germany’s

invasions in both World Wars. He frequently expressed his views on social reform while

in the United States, was a fervent Zionist, and was a lifelong proponent of total disar-

mament. When he died at his home in Princeton, New Jersey, on April 18, 1955, the

world lost not only a great physicist but a great humanitarian. Shortly thereafter, a newly

synthesized artificial element, with the atomic number 99, was named Einsteinium in his

honour.

Einstein the Individual

Einstein showed great independ-

ence of thought not only in physics

but in his humanitarian enterprises

and his personal behaviour. For

example, he never wore socks.

DID YOU KNOW??

Figure 3

A thermonuclear explosion

Practice

Making Connections

1. Einstein was probably the most famous scientist since Newton. Choose a topic of

interest from below, collect information through the Internet and other sources, and

write a report with a maximum of 500 words. Your report should include a description

of Einstein as a person, some information about the people with whom he interacted,

and some remarks on the prevailing scientific or (as relevant) social climate.

(a) Einstein’s intellectual development until the end of 1905

(b) Einstein’s work in physics beyond relativity

(c) Einstein’s relevance to the Manhattan Project

(d) Einstein’s efforts in the international diplomacy of the Cold War era 

(e) Einstein’s efforts in a unified field theory 

GO www.science.nelson.com



Chapter 11 SUMMARY Unit 5

Key Expectations

• state Einstein’s two postulates for the special theory of

relativity and describe related thought experiments

relating to the constancy of the speed of light in all

inertial frames of reference, time dilation, and length

contraction (11.1, 11.2, 11.3)

• define and describe the concepts and units related to

the present-day understanding of the mass–energy

equivalence (11.1, 11.2, 11.3)

• outline the historical development of scientific views

and models of matter and energy (11.1)

• conduct thought experiments as a way of developing

an abstract understanding of the physical world (e.g.,

outline the sequence of thoughts used to predict

effects arising from time dilation, length contraction,

and increase of momentum when an object travels at

several different speeds, including those that approach

the speed of light) (11.2)

• apply quantitatively the laws of conservation of mass

and energy, using Einstein’s mass–energy equivalence

(11.3)

Key Terms
inertial frame of reference

noninertial frame of reference

ether

special theory of relativity

simultaneity

proper time

time dilation

proper length

length contraction

rest mass

conservation of mass–energy

Key Equations

• Dtm =

(11.2)

• Lm = Ls!1 2 }
c

v2

2
}§ (11.2)

• p =

(11.2)

• Erest = mc2 (11.3)

• Etotal =

(11.3)

mc2

}}

!1 2 }
c

v2

2
}§

mv
}}

!1 2 }
c

v2

2
}§

Dts
}}

!1 2 }
c

v2

2
}§

MAKE a summary

Barnard’s star, approximately 6 ly from Earth, is thought to

have two Jupiter-class planets. You are the captain of a

spaceship that will embark on a long trip at close to the

speed of light to this system. You have one year to train your

team of astronauts in all facets of the ship’s operation, but

before selecting the crew you need to brief them on certain

topics to give them a clear understanding of what is involved

before they make a commitment.

To begin, you should give them an overview of the rela-

tivistic effects involved in space travel. Using the following

topics to guide you, summarize the facts you present to your

group of astronauts:

(a) perceived ship time versus Earth time

(b) relationships with friends and relatives on Earth

(c) limitations on maximum speed 

(d) energy conversions in the nuclear propulsion system
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Write numbers 1 to 11 in your notebook. Indicate beside

each number whether the corresponding statement is true

(T) or false (F). If it is false, write a corrected version. 

1. The speed of light in water is }
n
c
}, where n 5 1.33 is the 

index of refraction of water. The speed of light in

water is thus less than the speed of light in a vacuum.

This fact violates the speed-of-light postulate of the

special theory of relativity.

2. We customarily say that Earth revolves around the

Sun. We can also say that the Sun revolves around

Earth.

3. If events E1 and E2 are simultaneous in an inertial

frame, then no observers stationary in the same frame

will regard E1 as occurring before E2.

4. (a) Any two observers moving with a clock will agree

on the rate at which it ticks.

(b) Any two observers moving relative to each other,

and simultaneously moving relative to a clock,

will agree on the rate at which the clock ticks.

(c) The observer moving with a clock, and meas-

uring the time between ticks, measures the

proper time between ticks.

5. Earth rotates on its axis once each day. To a person

observing Earth from an inertial frame of reference in

space, that is, stationary relative to Earth, a clock runs

slower at the North Pole than at the equator. (Ignore

the orbital motion of Earth about the Sun.)

6. A young astronaut has just returned to Earth from a

long mission. She rushes up to an old man and in the

ensuing conversation refers to him as her son. She

cannot possibly be addressing her son.

7. (a) An object will be greater in length if the observer

is moving with the object than if the object is

moving relative to the observer.

(b) An observer at rest relative to the moving object

measures the object’s proper length.

8. Relativistic effects such as time dilation and length

contraction are for practical purposes undetectable in

automobiles.

9. The total relativistic energy of an object is always

equal to or greater than its rest mass energy.

10. Since rest mass is a form of energy, a spring has more

mass when the coils are compressed than when relaxed.

11. The classical laws of conservation of energy and conser-

vation of mass do not need to be modified for relativity.

Write numbers 12 to 23 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

12. You are in a windowless spacecraft. You need to deter-

mine whether your spaceship is moving at constant

nonzero velocity, or is at rest, in an inertial frame of

Earth.

(a) You can succeed by making very precise time

measurements.

(b) You can succeed by making very precise mass

measurements.

(c) You can succeed by making very precise length

and time measurements.

(d) You cannot succeed no matter what you do.

(e) You are in a position not correctly described by

any of these propositions.

13. You and your friend recede from each other in space-

craft in deep space without acceleration. In an inertial

frame on your spaceship, your friend is receding at a

speed of 0.9999c. If you direct a light beam at your

friend, and your friend directs a light beam at you, then

(a) neither beam will reach the ship to which it is

directed 

(b) you will see your friend’s light arrive at a speed of

2c, and your friend will see your light arrive at a

speed of 2c

(c) you will see your friend’s light arrive at a speed of

c, and your friend will see your light arrive at a

speed of c

(d) one of you will see light arrive at a speed of c, and

the other will see light arrive at 2c

(e) none of these propositions is true

14. Simultaneity is

(a) dilated

(b) absolute

(c) invariant

(d) relative

(e) none of these

15. The Michelson–Morley experiment established that

(a) there is no observable ether wind at the surface of

Earth

(b) the ether moves at c as Earth travels in its orbit

(c) the ether is an elastic solid that streams over Earth

(d) Earth does not move with respect to the Sun

(e) none of these

Chapter 11 SELF QUIZ
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16. A Klingon spaceship is approaching Earth at approxi-

mately 0.8c measured relative to Earth. The spaceship

directs a laser beam forward directly through your

physics classroom window. You measure the speed of

this light to be

(a) 1.8c

(b) 1.0c

(c) 0.9c

(d) 0.8c

(e) 0.2c

17. You are an astronaut heading out toward a star. In the

inertial frame of the star, you are steering directly for

the star and are moving at constant speed. You can

determine that you are in motion by

(a) the slowing down of on-board clocks

(b) the contraction of on-board metre sticks

(c) your increase in mass

(d) the increase in your heart rate

(e) none of these

18. A clock, designed to tick each second, is moving past

you at a uniform speed. You find the moving clock 

to be

(a) ticking slowly

(b) ticking quickly

(c) accurate

(d) running backward

(e) none of these

19. The proper time between events E1 and E2 is 

(a) the time measured on clocks at rest with respect

to E1 and E2

(b) the time measured on clocks at rest in an inertial

system moving properly with respect to E1 and E2

(c) the time measured on clocks moving uniformly

with respect to E1 and E2

(d) the time between E1 and E2 as measured by a

clock in a national-standards laboratory, such as

the National Research Council in Ottawa

(e) none of these

20. There are about 2.81 3 109 heartbeats in an average

lifetime of 72 years. Space travellers who are born and

die on a spaceship moving at a constant speed of

0.600c can expect their hearts to beat a total of

(a) (0.600)(2.81 3 109) times

(b) 2.81 3 109 times

(c) (0.800)(2.81 3 109) times

(d) (1.25)(2.81 3 109) times

(e) none of these

21. A mass–spring system oscillates up and down with a

period T when stationary in the inertial frame of an

Earthbound observer. The same system is then moved

past the Earthbound observer, with a velocity which

in the observer’s frame is constant and of magnitude

0.50c. The observer now determines the period to be 

(a) 0.50T

(b) 0.87T

(c) 1.0T

(d) 1.2T

(e) 2.0T

22. According to the effects of length contraction, from

the viewpoint of an observer stationary with respect

to a body moving at a uniform speed relative to the

observer,

(a) the body is not now contracted but would con-

tract if it were to accelerate

(b) the body contracts along the direction of motion

(c) the time it takes for a clock incorporated in the

body to tick contracts

(d) the body contracts in some direction transverse

to the direction of its motion

(e) none of these

23. The energy output of the Sun is 3.7 3 1026 J/s. Matter

is converted to energy in the Sun at the rate of

(a) 4.1 3 109 kg/s

(b) 6.3 3 109 kg/s

(c) 7.4 3 101 kg/s

(d) 3.7 3 109 kg/s

(e) none of these

NEL An interactive version of the quiz is available online.
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Understanding Concepts
1. Suppose you are standing at a railroad crossing,

watching a train go by. Both you and a passenger in

the train are looking at a clock on the train.

(a) Which of you measures the proper time interval?

(b) Which of you measures the proper length of the

train car?

(c) Which of you measures the proper length

between the railroad ties under the track?

Justify your answers.

2. A baseball player hitter pops a fly straight up; it is

caught by the catcher at home plate. Identify which of

the following observers is able to record the proper

time interval between the two events:

(a) a spectator sitting in the stands

(b) a fan sitting on the couch and watching the game

on TV

(c) the shortstop running in to cover the play

Explain your answer in each case.

3. When you are flying in a commercial jet, it appears to

you that the airplane is stationary and Earth is

moving beneath you. Is this point of view admissible?

Discuss briefly.

4. Does time dilation mean that time actually passes

more slowly in moving reference frames or that it

only seems to pass more slowly? Discuss your answer.

5. Two identically constructed clocks are synchronized.

One is put into orbit around Earth, and the other re-

mains on Earth. When the moving clock returns to

Earth, will the two clocks still be synchronized?

Explain your answer.

6. Why is it that a pair of synchronized clocks, rather

than a single clock, is needed for measuring any time

interval other than a proper time? 

7. Describe two instances in which the predictions of

the special theory of relativity have been verified.

8. A spaceship passes you at a speed of 0.92c. You

measure its length to be 48.2 m. How long would the

ship be when at rest?

9. The straight-line distance between Toronto and

Vancouver is 3.2 3 103 km (neglecting the curvature

of Earth). A UFO is flying between these two cities at

a speed of 0.70c relative to Earth. What do the voy-

agers aboard the UFO measure for this distance?

10. A UFO streaks across a football field at 0.90c relative

to the goal posts. Standing on the field, you measure

the length of the UFO to be 228 m. The UFO later

lands, allowing you to measure it with a metre stick.

What length do you now obtain? 

11. Two spaceships, X and Y, are exploring a planet.

Relative to this planet, spaceship X has a speed of

0.70c, while spaceship Y has a speed of 0.86c. What is

the ratio of the values for the planet’s diameter that

each spaceship measures, in a direction that is parallel

to its motion?

12. An electron is travelling at 0.866c with respect to the

face of a television picture tube. What is the value of

its relativistic momentum with respect to the tube?

13. Nuclei of radium, an unstable element, disintegrate

by emitting a helium nucleus with a kinetic energy, in

the inertial frame of the laboratory, of about 4.9 MeV.

Calculate the rest-mass equivalent of this energy.

14. A nuclear power reactor generates 3.00 3 109 W of

power. In one year, what is the change in the mass of

the nuclear fuel due to the energy conversion? (Hint:

Recall that a 1-W power source delivers 1 J/s).

15. The electron and the positron each have a rest mass

of 9.11 3 10–31 kg. In a certain experiment, an elec-

tron and a positron collide and vanish, leaving only

electromagnetic radiation after the interaction. Each

particle is moving at a speed of 0.20c relative to the

laboratory before the collision. Determine the energy

of the electromagnetic radiation.

16. The total energy of a certain muon, a particle with a

rest energy of 105.7 MeV, is 106.7 MeV. What is its

kinetic energy?

17. (a) Suppose the speed of light is only 47.0 m/s.

Calculate the relativistic kinetic energy in an

inertial frame of the road, which would be pos-

sessed by a car of rest mass 1.20 3 103 kg and

moving at 28.0 m/s in that frame.

(b) Calculate the ratio of this relativistic kinetic

energy to the kinetic energy as computed in

Newtonian mechanics.

18. The Big Bang, which is a theory predicting the origin

of the universe, is estimated to have released 

1.00 3 1068 J of energy. How many stars could half

this energy create, assuming the average star’s mass is

4.00 3 1030 kg?

19. A supernova explosion (Figure 1) of a star with a rest

mass of 1.97 3 1031 kg, produces 1.02 3 1044 J of

kinetic energy and radiation.

(a) How many kilograms of mass are converted to

energy in the explosion?

(b) Calculate the ratio of the mass destroyed to the

original mass of the star.
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Making Connections
20. Describe several ways in which the authors of books

on science fiction and space travel take the effects of

special relativity into consideration.

21. In the introduction to this chapter there is a picture

depicting the Cerenkov effect, in which particles emit

light when travelling in a material, in this case water,

at speed v . }
n
c

}, where n is the index of refraction of

the material. (Consequently, }
n
c

} is the speed of light in 

the material.) But it is impossible to exceed the speed

of light. How is the Cerenkov effect possible?

22. Approximately 1.0 3 1034 J of energy is available

from fusion of hydrogen in the world’s oceans.

(a) If 1.0 3 1033 J of this energy were utilized, what

would be the decrease in mass of the oceans?

(b) To what volume of water does this correspond?

23. Suppose you use an average of 485 kW·h of electric

energy per month in your home.

(a) How long would 1.00 g of mass converted to elec-

tric energy with an efficiency of 40.0% last you?

(b) How many homes could be supplied with 

485 kW·h each month for one year by the energy

from the mass conversion?

Extension
24. An electron has, in a certain inertial frame, a total

energy equal to five times its rest energy. Calculate its

momentum in that frame.

25. Scientist Ludwig von Drake, while in his laboratory,

measures the half-life of some radioactive material,

which is in a bomb, approaching with speed v.

Donald Duck, who is riding on the bomb, also meas-

ures the half-life. His answer is a factor of 2 smaller

Unit 5

than Ludwig’s. What is the value of v, expressed as a

fraction of c?

26. At what speed is the magnitude of the relativistic

momentum of a particle three times the magnitude

of the nonrelativistic momentum?

27. A rocket of rest mass 1.40 3 105 kg has, in a certain

inertial frame, a relativistic momentum of magnitude

3.15 3 1013 kg?m/s. How fast is the rocket travelling?

28. As early as 1907, while Einstein and others explored

the implications of his special theory of relativity,

Einstein was already thinking about a more general

theory. Could he extend the special theory to deal

with objects in a noninertial frame of reference?

Einstein saw a link between accelerated motion and

the force of gravity. Galileo and Newton had found

that all bodies, if released from the same height,

would fall with exactly the same constant acceleration

(in the absence of air resistance). Like the invariant

speed of light on which Einstein had founded his spe-

cial theory of relativity, here was an invariance that

could be the starting point for another theory, the

general theory of relativity. Research the Internet and

other sources and answer the following questions:

(a) What thought experiment could you use to con-

nect accelerated motion and the force of gravity?

(b) Briefly explain how the general theory of rela-

tivity describes how light moves under the force

of gravity.

(c) How did other others test his theory using a solar

eclipse (Figure 2) in 1919?

Figure 1

Supernova 1987A was discovered by Canadian Ian Shelton.

GO www.science.nelson.com

Figure 2

A total solar eclipse

Sir Isaac Newton Contest Question
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Waves, Photons, 

and Matter

In this chapter,
you will be able to

• define and describe the

concepts and units related to

the present-day under-

standing of the nature of the

atom

• describe the photoelectric

effect in terms of the

quantum energy concept 

• outline evidence that

supports a photon model of

light

• describe and explain the

Bohr model of the hydrogen

atom 

• collect or interpret

experimental data involving

the photoelectric effect and

the emission spectrum of

hydrogen

• outline the historical

development of models of

matter and energy from 1890

to 1925

• describe how the

development of quantum

theory has led to scientific

and technological advances 

• describe some Canadian

contributions to modern

physics

Two major discoveries shook physics in the early part of the twentieth century. One was

the special theory of relativity; the other was the quantum theory. Both led to significant

changes in how we look at the physical world. The special theory of relativity was the cre-

ation of one man, Albert Einstein, in a single year, 1905. The quantum theory devel-

oped more slowly, over a period of thirty years, with contributions from many

investigators. Quantum physics began in the 1890s with studies of blackbody radiation

and reached its climax in the mid-1920s. At that time, Werner Heisenberg, Wolfgang

Pauli, and Erwin Schrödinger used quantum theory to explain the behaviour of elec-

trons in atoms.

In this chapter, we will examine the highlights of the development and application

of the quantum theory as it relates to light, matter, and the energy of electrons in atoms.

We will also look at a few practical applications, in photodetectors, digital cameras, elec-

tron microscopes, and lasers (Figure 1).

592 Chapter 12 NEL

1. An ordinary light bulb becomes quite hot when turned on; a fluorescent lamp takes a

moment before it comes on and is much cooler than an ordinary bulb. Why do they

both produce white light, even though they have different temperatures?

2. In a colour photograph or poster, the reds and greens fade before the blues and vio-

lets (Figure 2). Why does this occur?

3. What do you think the term “quantum leap” means?

4. The caption to Figure 1 says that the image was produced by an electron micro-

scope. How do you think electrons can be used to create an image?

5. A satellite orbits Earth with a relatively constant radius.

(a) What is the force holding the satellite in orbit?

(b) What causes it to eventually crash into Earth?

(c) An electron orbits a positively charged nucleus. What force holds it in orbit?

Does it “crash” into the nucleus?

REFLECT on your learning

Figure 2



Figure 1

This image of a tick was created by

an electron microscope, the tech-

nology of which allows greater res-

olution and magnification than an

ordinary microscope.
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TRYTHIS activity Discharging with Light

Do not look directly into a low-power ultraviolet

lamp. High-power ultraviolet sources must be

shielded.

For this activity, you will need a zinc plate, emery paper or steel

wool, a metal-leaf electroscope, an insulated stand, ebonite and

fur, electrical wire and clips, an ultraviolet lamp, and a glass

plate.

• Polish one side of the zinc plate with emery paper or steel

wool until it is shiny. Place it onto an insulated stand

(Figure 3), and connect it to the knob of the electroscope.

• Charge the zinc plate negatively, using a charged ebonite

rod. Allow the apparatus to stand for at least 2 min. Record

the time required for the system to discharge.

• Place the zinc plate so that the polished side is facing the

ultraviolet (UV) light. Position the glass plate as a filter

between the polished zinc surface and the lamp. Turn on the

lamp. Record the time required for the system to discharge.

• Repeat the discharging procedure, this time removing the

glass plate.

• Compare the rate of change for the system with (i) no UV

lamp, (ii) a UV lamp with glass filter, and (iii) a UV lamp

without a glass filter. 

(a) For the negatively charged electroscope to change this

way, what must have happened to the electrons on the

zinc plate?

(b) Propose an explanation for your observations.

metal-leaf electroscope,

initially negatively charged 

insulator

zinc plate

falling leaves

2

polished zinc surface

ultraviolet light

glass plate

2

1

2

1

2

2

2

2

1

2

1

2

1
22

1

2
2

2

2
2

Figure 3
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12.112.1 Foundations of Quantum Theory

One of the major areas of research at the end of the nineteenth century was the spectral

analysis of light emitted by hot solids and gases. In the study of blackbody radiation

there was discrepancy between theory and experimental data that scientists could not rec-

oncile. Many theories were put forward to explain and predict the details of the observed

spectra, but none was adequate.

Blackbody Radiation
If a piece of steel is placed into the flame of a welding torch, the steel begins to glow: first

dull red, then a brighter orange–red, then yellow, and finally white. At high tempera-

tures (above 2000 K), the hot steel emits most of the visible colours of the spectrum as

well as infrared radiation. If heated sufficiently, the steel can produce ultraviolet emis-

sions as well. It has been found that this behaviour is similar for all incandescent solids,

regardless of their composition. Thus, as the temperature increases, the spectrum of the

emitted electromagnetic radiation shifts to higher frequencies (Figure 1). It has also

been determined that the relative brightness of the different colours radiated by an

incandescent solid depends mainly on the temperature of the material.

The actual spectrum of wavelengths emitted by a hot object at various temperatures

is shown in Figure 2. The curves illustrate two key points:

• At a given temperature, a spectrum of different wavelengths is emitted, of varying

intensity, but there is a definite intensity maximum at one particular wavelength.

• As the temperature increases, the intensity maximum shifts to a shorter wave-

length (higher frequency).

The curves in Figure 2 represent the radiation from an object that approximates an

ideal emitter or absorber of radiation. Such an object would absorb all wavelengths of

light striking it, reflecting none. It would, therefore, appear black under reflected radi-

ation and hence is called a blackbody. The detailed analysis of radiation absorption and

emission shows that an object that absorbs all incoming radiation, of whatever wavelength,

is likewise the most efficient possible emitter of radiation. The radiation emitted by a black-

body is called blackbody radiation.

Scientists in the 1890s were trying to explain the dependence of blackbody radiation

on temperature. According to Maxwell’s electromagnetic theory, the radiation origi-

nates from the oscillation of electric charges in the molecules or atoms of the material

(a)

Figure 1

A hot filament and the spectra

emitted for increasing temperatures,

(a) to (b) to (c). As the tempera-

ture increases, the spectrum

spreads into the violet region.

(b) (c)

blackbody an object that com-

pletely absorbs any radiation falling

upon it

blackbody radiation radiation that

would be emitted from an ideal

blackbody
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(see Section 10.8). When the temperature increases, the frequency of these oscillations

also increases. The corresponding frequency of the radiated light should increase as well.

According to Maxwell’s classical theory, the intensity versus wavelength must follow the

dashed line in Figure 3. But this is not the case. The actual radiation follows the solid line.

The region of the graph where theory and experimental data disagree is in the ultravi-

olet portion of the spectrum. Scientists in the 1890s referred to this problem as the ultra-

violet catastrophe.

Planck’s Quantum Hypothesis
In the early 1900s, the German physicist Max Planck proposed a new, radical theory to

explain the data. He hypothesized that the vibrating molecules or atoms in a heated

material vibrate only with specific quantities of energy. When energy radiates from the

vibrating molecule or atom, it is not emitted in a continuous form but in bundles, or

packets, which Planck called quanta. He further proposed that the energy of a single

quantum is directly proportional to the frequency of the radiation:

Section 12.1
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Figure 2

The intensity of the radiation

emitted by a hot object at different

temperatures 

quanta packets of energy; one

quantum is the minimum amount of

energy a particle can emit

Planck’s constant constant with

the value h 5 6.63 3 10234 J·s; 

represents the ratio of the energy of

a single quantum to its frequency

In
te

n
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y

Wavelength

experimentally

observed

predicted

Figure 3

This graph illustrates the ultraviolet

catastrophe. The predicted curve

was quite different from the actual

observations.

E 5 hf

where E is the energy in joules, f is the frequency in hertz, and h is a constant in joule-

seconds.

Planck estimated the value of the constant h by fitting his equation to experimental

data. Today, the constant h is called Planck’s constant. Its accepted value, to three sig-

nificant digits, is

Planck’s Constant

h 5 6.63 3 10234 J?s
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Planck further hypothesized that the emitted energy must be an integral multiple of

the minimum energy, that is, the energy can only be hf, 2hf, 3hf, … :

E 5 nhf where n 5 1, 2, 3, ...

If light energy is quantized, and the energy of each bundle is determined by the rela-

tionship E 5 hf, the bundles in the red region will have low energy and the bundles in

the ultraviolet region will have high energy. Using this quantum model and applying

statistical methods beyond the level of this text, Planck explained the shape of the inten-

sity versus wavelength graph for all areas of the spectrum, including the ultraviolet

region, for a blackbody of any given temperature.

The concept of quantization can be clarified with a simple analogy: compare the

change in gravitational energy as a box is pushed up a ramp, with the progress of the same

box, to the same final elevation, by stairs (Figure 4). According to classical physics, the

box on the ramp takes on a continuous range of gravitational potential energies as it is

pushed up the ramp. According to the quantum model, the box that moves up the stairs

does so in discrete, quantized “steps” of energy.

The concept of quantized values was not new. Dalton, in his theory of the atom ninety

years before, had proposed that the structure of matter was based on the smallest indi-

visible particle, the atom, and this was well accepted in 1900. Also, it had been shown by

Thomson that the electric charge is quantized: the smallest charge found in nature is

the charge on the electron. Nevertheless, the idea that energy is quantized was not easy

to accept.

Planck’s quantum idea was revolutionary for two reasons:

• It challenged the classical wave theory of light by proposing that electromagnetic

waves do not transmit energy in a continuous manner but, instead, transmit

energy in small packages, or bundles.

• It challenged the classical physics of Newton, since it proposed that a physical

object is not free to vibrate with any random energy; the energy is restricted to

certain discrete values.

Planck, himself, was initially skeptical about his own theory. He was not ready to reject

the classical theories that were so well accepted by the scientific community. He even

stated that, although his hypothesis worked in explaining blackbody radiation, he hoped

a better explanation would come forth.

More experimental evidence for the quantum theory was required. Quantization of

energy remained generally unaccepted until 1905. In that year Einstein argued persua-

sively on its behalf, showing how it helped explain the photoelectric effect, as light ejects

electrons from a metal in a frequency-dependent manner. (The photoelectric effect is dis-

cussed later in this chapter.) So drastic, in retrospect, was the change ushered in by

Planck’s quantum hypothesis that historians established a sharp division; physics prior

to 1900 became known as classical physics, and physics after 1900 was called modern

Quantum and Discrete

The word “quantum” (plural quanta)

comes from the Latin quantus,

which means “how much.” To

“quantize” a physical variable is to

represent it as capable of taking

only discrete, or distinct, values. 

Do not confuse “discrete,” with 

“discreet,” which means showing

prudence.

DID YOU KNOW??

(a)Figure 4

(a) On the ramp, the box can pos-

sess any one of a continuous

range of values of gravitational

potential energy.

(b) On the stairs, the box can pos-

sess only one of a set of dis-

crete, or quantized, energies.

(b)

Quantization

We have seen quantization in

standing waves in a rope, where

a stable pattern of nodes and

antinodes, for a rope of a given

length, can only be generated at

specific frequencies. Also, reso-

nance in air columns can only

occur at specific column

lengths.

LEARNING TIP



Waves, Photons, and Matter 597NEL

physics. Since Planck’s work was so important historically, Planck’s honour and respect

in the scientific community were second only to Einstein’s in the first half of the 20th cen-

tury (Figure 5).

Section 12.1

Figure 5

Max Karl Planck (1858–1947)

worked at the University of Berlin.

His initial influential work on black-

body radiation dates from 1889. In

1918, Planck’s discovery of energy

quanta was recognized with the

Nobel Prize in physics. Stimulated

by Planck’s work, Einstein became

an early proponent of the quantum

theory. The celebrated Max Planck

Society in Germany runs research

institutes similar to those maintained

by the National Research Council in

Canada.

Electron Volts

It is more common to use electron

volts in quantum mechanics. Recall

that DE 5 q DV ; to convert joules

to electron volts, use the relation-

ship 1 eV 5 1.60 3 10219 J.

LEARNING TIP

Answers

2. (a) 1.32 eV

(b) 1.8 eV

(c) 2.86 eV

(d) 5.0 3 103 eV

Calculate the energy in joules and electron volts of

(a) a quantum of blue light with a frequency of 6.67 3 1014 Hz

(b) a quantum of red light with a wavelength of 635 nm

Solution

(a) f 5 6.67 3 1014 Hz

h 5 6.63 3 10234 J?s

E 5 hf

5 (6.63 3 10234 J?s)(6.67 3 1014 Hz)

E 5 4.42 3 10219 J

1.60 3 10219 J 5 1 eV

5 2.76 eV

The energy is 4.42 3 10219 J, or 2.76 eV.

(b) λ 5 635 nm 5 6.35 3 1027 m

h 5 6.63 3 10234 J?s

E 5 hf

But v 5 f λ or c 5 f λ, and f 5 }
λ

c
}, where c is the speed of light 5 3.00 3 108 m/s.

E 5 }
h

λ

c
}

5

E 5 3.13 3 10219 J

1.60 3 10219 J 5 1 eV

5 1.96 eV

The energy is 3.13 3 10219 J, or 1.96 eV.

3.13 3 10219 J
}}
1.60 3 10219 J/eV

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

6.35 3 1027 m

4.42 3 10219 J
}}
1.60 3 10219 J/eV

SAMPLE problem 1

Practice

Understanding Concepts

1. Explain which of the following quantities are discrete: time, money, matter,

energy, length, scores in hockey games.

2. Determine the energy, in electron volts, for quanta of electromagnetic radiation

with the following characteristics:

(a) wavelength 5 941 nm (infrared radiation)

(b) frequency 5 4.4 3 1014 Hz (red light)

(c) wavelength 5 435 nm (violet light)

(d) frequency 5 1.2 3 1018 Hz (X rays)
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Einstein and the Photoelectric Effect
German physicist Heinrich Hertz was testing Maxwell’s theory of electromagnetic waves

in 1887 when he noticed that certain metallic surfaces lose their negative charges when

exposed to ultraviolet light. He demonstrated the charge loss by wiring an insulated,

polished zinc plate to a gold-leaf electroscope, as in Figure 3 in the chapter introduction.

Incident ultraviolet light somehow caused the zinc plate to release electrons, as indi-

cated by the falling leaves of the electroscope. Hertz’s phenomenon was called the 

photoelectric effect (since it involved both light and electricity), and the emitted elec-

trons were called photoelectrons. Today we can easily demonstrate the photoelectric

effect with visible light and a photocell (Figure 6).

Figure 7 also illustrates the photoelectric effect. A photosensitive cathode is illuminated

by light of frequency f and intensity i , causing the emission of photoelectrons from the

cathode. These photoelectrons travel across the vacuum tube toward the anode, due to

the applied, external potential difference, and so constitute a photocurrent, I, measured

by the microammeter (Figure 7(a)). But the circuit also contains a variable source of

electrical potential, which can make the anode negative. This has the effect of reducing

the photocurrent by causing all but the faster photoelectrons to be “turned back”

(Figure 7(b)). If the anode is made gradually more negative relative to the cathode, a

potential difference, the cutoff potential, is reached which is just large enough to reduce

the current to zero. This cutoff potential corresponds to the maximum kinetic energy of

the photoelectrons.

mA

2

2

V

photocell

1 2

PC

light

light source

Figure 6

When light strikes the photoelectric

surface (P), electrons are ejected

and flow to the collector (C). Notice

that the flow of photoelectrons is

opposite in direction to conven-

tional current.

photoelectric effect the phenom-

enon in which electrons are liber-

ated from a substance exposed to

electromagnetic radiation

photoelectrons electrons liberated

in the photoelectric effect

cutoff potential smallest potential

difference sufficient to reduce the

photocurrent to zero

2 2

22

2 2

22

2 2

2

2

22

2

2

quartz tube

0

microammeter

sliding contact

R

light

2

2

1

1

photoelectrons

anode

cathode

0

microammeter

sliding contact

retarding

potential (V )

reversed battery connection
R

light

1

2

2

1

anode

cathode

2

2

2

2

1

1

1

1

2

2

2

2

1

1

1

1

2

2

2

2

1

1

1

1

2

2

2

2

1

1

1

1

(a) (b)

Figure 7

(a) When the anode is positive, a

current flows through the tube,

provided light shines on the

photosensitive surface

(cathode). 

(b) If the anode is made gradually

more negative, a potential dif-

ference (the cutoff potential)

sufficient to reduce the current

to zero is eventually reached.

3. Calculate the wavelength, in nanometres, of a quantum of electromagnetic radia-

tion with 3.20 3 10219 J of energy. What colour is it? (See Section 9.6 for

reference.)

4. Calculate the frequency of a 2.25-eV quantum of electromagnetic radiation.

5. Compare the respective energies of a quantum of “soft” ultraviolet radiation 

(λ 5 3.80 3 1027 m) and a quantum of “hard” ultraviolet radiation 

(λ 5 1.14 3 1027 m), expressing your answer as a ratio.

Making Connections

6. As you read this text, your body may be bombarded with quanta from radio waves

(λ 5 102m) and quanta of cosmic rays, energetic particles, rather than electro-

magnetic waves, which nevertheless prove in quantum theory to have a wave

aspect (λ 5 10216 m). How many quanta of radio waves would it take to impart

the same amount of energy as a single quantum of cosmic radiation? Comment

on the relative biological hazards posed by these two sources of energy. 

Answers

3. 622 nm

4. 5.43 3 1014 Hz

5. 3.33:1

6. 1018 
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Many scientists repeated Hertz’s experiment with similar apparatus. Their results not

only gave some support to Planck’s theories but also provided the basis for Einstein’s

analysis of the photoelectric effect. You can explore the effect by performing Lab 

Exercise 12.1.1 in the Lab Activities section at the end of this chapter.

Here are some of the more significant findings:

1. Photoelectrons are emitted from the photoelectric surface when the incident

light is above a certain frequency f0, called the threshold frequency. Above the

threshold frequency, the more intense the light, the greater the current of photo-

electrons (Figure 8(a)).

2. The intensity (brightness) of the light has no effect on the threshold frequency.

No matter how intense the incident light, if it is below the threshold frequency,

not a single photoelectron is emitted (Figure 8(b)).

3. The threshold frequency, at which photoelectric emission first occurs, is dif-

ferent for different surfaces. For example, light that causes photoelectric emis-

sion from a cesium cathode has no effect on a copper cathode (Figure 9).

4. As the retarding potential applied to the anode is increased, the photocurrent I

decreases, regardless of the intensity of the light. The photoelectrons are thus

emitted with different kinetic energies. A value V0 of the retarding potential is

eventually reached, just sufficient to make the photocurrent zero. Even the

fastest photoelectrons are now prevented from reaching the anode, being turned

back by the retarding potential (Figure 10).

5. If different frequencies of light, all above the threshold frequency, are directed at

the same photoelectric surface, the cutoff potential is different for each. It is

found that the higher the frequency of the light, the higher the cutoff potential.

The cutoff potential is related to the maximum kinetic energy with which pho-

toelectrons are emitted: for a photoelectron of charge e and kinetic energy EK,

cut off by a retarding potential V0, EK 5 eV0. (This follows from the definition

of potential difference in Chapter 7.) By illuminating several photoelectric sur-

faces with light of various frequencies and measuring the cutoff potential

obtained for each surface, values are obtained for the graph shown in Figure 11.

Although each surface has a different threshold frequency, each line has the

same slope.

Section 12.1

Analyzing the Photoelectric

Effect (p. 654)

What effect do the frequency and

intensity of a light source have on

the emission of photoelectrons?

Do all materials used as the pho-

toelectric surface behave the

same? If not, how are they different

and why? This lab exercise pro-

vides data that you can use to

simulate photocathode experi-

ments. Your analysis of the results

may well lead you to the same

conclusions as Einstein.

LAB EXERCISE 12.1.1

P
h

o
to

c
u

rr
e

n
t

Intensity

(a)

Figure 8

(a) Photocurrent versus intensity of light 

(b) Photocurrent versus frequency of light for two intensities, I1 and I2

I2

I2 > I1

I1

f0

P
h

o
to

c
u

rr
e

n
t

Frequency

(b)

threshold frequency (f0) the min-

imum frequency at which photo-

electrons are liberated from a given

photoelectric surface

P
h

o
to

c
u

rr
e

n
t

Frequency

cesium

f0cesium
f0potassium

f0copper

copperpotassium

Figure 9

Photocurrent versus frequency of

incident light for three surfaces.

Cesium has a lower threshold fre-

quency than potassium and copper.

P
h

o
to

c
u

rr
e

n
t

Retarding Potential V0
0

I2
I3 > I2 > I1

I3

I1

Figure 10

Cutoff potential is constant for the

same material for any value of inten-

sity, for light of a given frequency.
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6. During photoemission, the release of the electron is immediate, with no appre-

ciable delay between illumination and photoelectron emission, even for

extremely weak light. It appears that the electron absorbs the light energy imme-

diately: no time is required to accumulate sufficient energy to liberate the 

electrons.

Of these various experimental findings, only the first could be explained on the basis

of the classical electromagnetic theory of light. In particular, according to classical wave

theory, there is no reason why an intense beam of low-frequency light should not be

able to produce a photoelectric current or why the intensity of the beam should not

affect the maximum kinetic energy of the ejected photoelectrons. The classical wave

theory of light could not properly explain the photoelectric effect at all.

As an analogy, consider a boat in a harbour. As long as the incoming water waves have

a small amplitude (i.e., are of low intensity), the boat will not be tossed up on the shore,

regardless of the frequency of the waves. However, according to the above observations,

even a small-amplitude (low-intensity) wave can eject a photoelectron if the frequency

is high enough. This is analogous to the boat being hurled up on the shore by a small wave

with a high enough frequency, certainly not what classical wave theory would predict.

Einstein was well aware of these experiments and Planck’s blackbody hypothesis. He

also knew about Newton’s particle theory of light, some aspects of which he resurrected

to make a radical proposal: the energy of electromagnetic radiation, including visible

light, is not transmitted in a continuous wave but is concentrated in bundles of energy

called photons. Einstein further proposed that the energy in each of his photons was

constrained to be one of a set of discrete possible values, determined by Planck’s equa-

tion, E 5 hf. He used his photon theory of light to explain some of the experimental

results of the photoelectric effect and predicted new effects as well.

Einstein reasoned that if an electron, near the surface of a metal, absorbs a photon, the

energy gained by the electron might be great enough for the electron to escape from

the metal. Some of the absorbed energy would be used to break away from the metal sur-

face, with the remainder showing up as the kinetic energy of the electron (Figure 12).

Since the energy of a photon is given by hf, the higher the frequency, the greater the

kinetic energy of the ejected photoelectron.

This behaviour also explained why there is a threshold frequency. The electron has

to receive a minimum amount of energy to escape the attractive forces holding it to the

metal. When the frequency of the incident light is too low, the photon does not provide

the absorbing electron with sufficient energy, and it remains bound to the surface.
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metal 1 metal 2 metal 3
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Figure 11

Graph of kinetic energy of the photo-

electrons versus frequency for three

metals. The lines all have the same

slope but show different cutoff

frequencies.

photon the quantum of electro-

magnetic energy whose energy is hf

2

2

2

ejected electron

incident photon

metal surface
W

E
K

E 
photon = hf

Figure 12

Part of the energy of the incident

photon goes to releasing the sur-

face electron. (W is the energy

binding the electron to the surface.)

The remainder provides the kinetic

energy of the ejected electron.



The intensity (brightness) of the light is only a measure of the rate at which the photons

strike the surface, not of the energy per photon. This helps explain why the kinetic energy

of the emitted photoelectrons and the threshold frequency are independent of the inten-

sity of the incident light.

To summarize: when a photon hits a photoelectric surface, a surface electron absorbs

its energy. Some of the energy is needed to release the electron, while the remainder

becomes the kinetic energy of the ejected photoelectron. This is what one would expect

based on the conservation of energy. Einstein described this mathematically as follows:

Ephoton 5 W 1 EK

where Ephoton is the energy of the incident photon, W is the energy with which the elec-

tron is bound to the photoelectric surface, and EK is the kinetic energy of the ejected

photoelectron.

Rearranging the equation, we obtain

EK 5 Ephoton 2 W

Upon rewriting Ephoton in terms of the frequency of the incident photon, we have Einstein’s

photoelectric equation:

Section 12.1

work function the energy with

which an electron is bound to a

photoelectric surface

EK 5 hf 2 W

The value W (the energy needed to release an electron from an illuminated metal) is

called the work function of the metal. The work function is different for different metals

(Table 1) and in most cases is less than 1.6 3 10218 J (equivalently, less than 10 eV).

When surface electrons absorb the photons, many interactions occur. Some absorbing

electrons move into the surface and do not become photoelectrons at all. Others either

emerge immediately at a large angle to the normal or undergo inelastic collisions before

emerging. Still others emerge immediately at small angles to the normal, moving more or

less directly toward the anode. The net effect is that only a small number of the more ener-

getic photoelectrons come close to reaching the anode. They are further inhibited as the

retarding voltage approaches the cutoff potential. Therefore, only the most energetic elec-

trons reach the anode. As a result, the cutoff potential V0 measures the maximum possible

kinetic energy of the photoelectrons (represented by EK in the equation EK 5 hf 2 W).

The same mathematical relationship may be derived from the same three surfaces in

Figure 13, except the vertical axis has been extended to include the negative intercept.

Table 1 Approximate

Photoelectric Work

Functions for Various

Metals

Metal Work Function 

(eV)

aluminum (Al) 4.20

barium (Ba) 2.52

cesium (Cs) 1.95

copper (Cu) 4.48

gold (Au) 5.47

iron (Fe) 4.67

lead (Pb) 4.25

lithium (Li) 2.93

mercury (Hg) 4.48

nickel (Ni) 5.22

platinum (Pt) 5.93

potassium (K) 2.29

rubidium (Rb) 2.26

silver (Ag) 4.74

sodium (Na) 2.36

tin (Sn) 4.42

zinc (Zn) 3.63

Source: CRC Handbook of Chemistry and

Physics, 81st ed. (CRC Press, Boca Raton, FL,

2000). 
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Energy of photoelectrons versus fre-

quency of incident light for three

surfaces
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For each photoelectric surface, the graph is a straight line of the form y 5 m(x 2 a),

where m is the slope and a is the horizontal intercept.

In this case,

eV0 5 mf 2 mf0

since the intercept on the frequency-axis is f0.

But we have already stated that eV0 is equal to the kinetic energy of the emitted pho-

toelectron. Thus, the equation becomes

EK 5 mf 2 mf0

which matches Einstein’s equation if m, the slope of the line on the graph, equals Planck’s

constant h, and W 5 hf0.

Further, if the straight line is extended (dashed lines in Figure 13) until it crosses the

vertical axis, the equation EK 5 hf 2 W is seen to be of the form y 5 mx 1 b, with the

absolute value of the vertical intercept b giving the work function W for that surface.

Note that on a graph of EK (or eV0) versus f, each photosurface has the same slope 

(h, or Planck’s constant), but each has its own unique horizontal intercept (f0, or threshold

frequency) and vertical intercept (2W, or work function) (Figure 14).

Einstein’s photoelectric equation agreed qualitatively with the experimental results

available in 1905, but quantitative results were required to find out if the maximum

kinetic energy did indeed increase linearly with the frequency and if the slope of the

graph, h, was common to all photoelectric substances.

Oxidization impurities on the surfaces of metal photocathodes caused difficulties for

the experimentalists. It was not until 1916 that Robert Millikan designed an apparatus

in which the metallic surface was cut clean in a vacuum before each set of readings.

Millikan showed Einstein’s explanation and prediction to be correct. Millikan also found

the numerical value h, as the slope of his plots, to be in agreement with the value Planck

had calculated earlier, using a completely different method. It was for his explanation of

the photoelectric effect, based on the photon theory of light, that Albert Einstein received

the 1921 Nobel Prize in physics (not, as is sometimes claimed, for his still more cele-

brated work on relativity).
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Figure 14

For sodium, the threshold frequency f0 is 6.0 3 1014 Hz, and the

work function W is 22.5 eV. These values represent the intercepts

on the frequency and energy axes, respectively.

Frequency Representation

In modern physics, frequency,

which we write f, is usually rep-

resented by the Greek letter nu,

n. In more advanced physics

texts, the equation c 5 f λ

becomes c 5 nλ, and the

equation E 5 hf becomes 

E 5 hn. We have chosen to

retain the symbol f for simplicity.

LEARNING TIP
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Orange light with a wavelength of 6.00 3 102 nm is directed at a metallic surface with a

work function of 1.60 eV. Calculate

(a) the maximum kinetic energy, in joules, of the emitted electrons

(b) their maximum speed

(c) the cutoff potential necessary to stop these electrons

Solution

(a) λ 5 6.00 3 102 nm 5 6.00 3 1027 m

h 5 6.63 3 10234 J?s

EK 5 ?

W 5 1.60 eV

5 (1.60 eV)(1.60 3 10219 J/eV)

W 5 2.56 3 10219 J

EK,max 5 }
h

λ

c
} 2W

5 2 2.56 3 10219 J

EK,max 5 7.55 3 10220 J

The maximum kinetic energy of the emitted photons is 7.55 3 10220 J.

(b) v 5 ?

me 5 9.11 3 10231 kg  (from Appendix C)

EK 5 }
1

2
}mv2

v 5 !}
2
m
EK
}§

5 !§§
v 5 4.07 3 105 m/s

The maximum speed of the emitted electrons is 4.07 3 105 m/s.

(c) V0 5 ?

EK 5 eV0

V0 5 }
E

e
K
}

5

V0 5 0.472 V

The cutoff potential necessary to stop these electrons is 0.472 V.

The answer to (c) could also have been determined from (a), as follows:

7.55 3 10220 J 5 5 0.472 eV
7.55 3 10220 J
}}
1.60 3 10219 J/eV

7.55 3 10220 J
}}
1.60 3 10219 C

2(7.55 3 10220 J)
}}
9.11 3 10231 kg

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

6.00 3 1027 m

SAMPLE problem 2
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Photodiodes and Digital Cameras
In addition to its theoretical role in confirming the photon view of light, the photo-

electric effect has many practical applications, for the most part in semiconductors

known as photodiodes. The absorption of a photon liberates an electron, which changes

the conductivity of the photodiode material. Burglar alarms, garage doors, and auto-

matic door openers often incorporate photodiodes. When a beam of light is interrupted,

the drop in current in the circuit activates a switch, triggering an alarm or starting a

motor. An infrared beam is sometimes used because of its invisibility. Remote controls

for some televisions and video machines work in much the same way. Many smoke

detectors use the photoelectric effect: the particles of smoke interrupt the flow of light

and alter the electric current. Photocell sensors in cameras measure the level of light,

adjusting the shutter speed or the aperture for the correct exposure. Photocells are used

in a host of other devices, such as outdoor security lights and automatic street lights.

An important application of the photoelectric effect is the charge-coupled 

device (CCD). An array of these devices is used in digital cameras to capture images 

electronically.

A CCD array is a sandwich of semiconducting silicon and insulating silicon dioxide,

with electrodes. The array is divided into many small sections, or pixels, as in Figure 15

(where, for simplicity, we show a 16-pixel array, even though some cameras’ arrays have

over three million). The blow-up in Figure 15 shows a single pixel. Incident photons of

visible light strike the silicon, liberating photoelectrons as a result of the photoelectric

effect. The number of electrons produced is proportional to the number of photons

striking the pixel. Each pixel in the CCD array thus accumulates an accurate represen-

tation of the light intensity at that point on the image. In some applications, prisms or

red, green, or blue filters are used to separate the colours.

photodiode a semiconductor in

which electrons are liberated by

incident photons, raising the con-

ductivity

charge-coupled device (CCD) a

semiconductor chip with an array of

light-sensitive cells, used for con-

verting light images into electrical

signals

incident

visible photon

semiconducting

silicon

electron

insulating

silicon dioxide

electrodes

horizontal

shift

register

row 1

analog signal

processor

analog-to-digital

converter

digital

representation

of the picture

row 2
row 3

pixel

Figure 15

A CCD array captures images using

the photoelectric effect.

Practice

Understanding Concepts

7. Create a graph of E versus f for iron and zinc using the values from Table 1. Use

the photoelectric equation to determine the threshold frequency of each metal.

8. Explain why it is the frequency, not the intensity, of the light source that deter-

mines whether photoemission will occur.

9. Why do all the lines on the graph in Figure 11 have the same slope?

10. Why doesn’t classical wave theory explain the fact that there is no time delay in

photoemission?

11. Calculate the minimum frequency of the photon required to eject electrons from

a metal whose work function is 2.4 eV.

12. Find the threshold frequency for a calcium surface whose work function is 3.33 eV. 

13. Barium has a work function of 2.48 eV. What is the maximum kinetic energy of

the ejected electrons if the metal is illuminated at 450 nm?

14. When a certain metal is illuminated at 3.50 3 102 nm, the maximum kinetic energy

of the ejected electrons is 1.20 eV. Calculate the work function of the metal.

15. Light of frequency 8.0 3 1014 Hz illuminates a surface whose work function is 

1.2 eV. If the retarding potential is 1.0 V, what is the maximum speed with which

an electron reaches the plate?

Applying Inquiry Skills

16. Using a spreadsheet program, create a data table like Table 1 which includes

the threshold frequency for each metal.

Answers

11. 5.8 3 1014 Hz

12 5.02 3 1014 Hz

13. 0.28 eV

14. 2.35 eV

15 6.3 3 105 m/s
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The CCD was invented in 1969 by Willard S. Boyle (Figure 16), a Canadian, and

George Smith, at Bell Research Laboratories in the United States. Their invention has not

only brought digital photography, including video recording, to the consumer market-

place, but has triggered a revolution in astronomical image-processing.

Section 12.1

Practice

Making Connections

17. The photoelectric effect has many applications. Choose one, either from this text or

from a search of the Internet or other media. Prepare a research paper, using the fol-

lowing as a guide:

(a) Explain in detail, with the help of labelled diagrams, how your chosen device

detects light using the photoelectric effect.

(b) Explain how your device uses information from the photoelectric detector.

(c) Identify at least three other devices that operate in a similar manner.

GO www.science.nelson.com

Compton effect the scattering of

photons by high-energy photons

thin metal foil

ejected electron

with kinetic energy

lower energy X rays
high-energy

X rays

Figure 17

The Compton effect

hf 9hf 

1
2
— mv2

Figure 18

Momentum of a Photon: The Compton Effect
In 1923, the American physicist A.H. Compton (1892–1962) directed a beam of high-

energy X-ray photons at a thin metal foil. The experiment was similar to the photo-

electric experiments, except that high-energy X-ray photons were used instead of light.

Compton not only observed ejected electrons, as was to be expected from the theory of

the photoelectric effect, but also detected an emission of X-ray photons, lower in energy,

and therefore lower in frequency, than the photons in the bombarding beam. He also

noted that electrons were scattered at an angle to the X-ray photons. This scattering of

lower-frequency X-ray photons from foil bombarded by high-energy photons is known

as the Compton effect (Figure 17).

A whole series of experiments, using different metal foils and different beams of

X rays, produced similar results that could not be explained using electromagnetic-wave

theory. Compton proposed that the incident X-ray photon acts like a particle that col-

lides elastically with an electron in the metal, emerging with lower energy. The electron

flies off with the kinetic energy it gained in the collision. Compton’s data indicated that

energy was indeed conserved.

If energy were conserved in the collision (see Figure 18), the following would be true:

EX ray 5 E 9X ray 1 Eelectron

hf 5 hf 9 1 }
1

2
}mv2

Compton’s stroke of genius was to inquire whether momentum is conserved, as in

ordinary collisions. It is not, at first, clear in what sense momentum could be associated

with a bundle of energy with no mass, travelling at the speed of light. Compton solved

this problem by using Einstein’s E 5 mc2 equation from special relativity. A body with 

energy E has a mass equivalence of }
c

E
2
} (see Section 11.3). Compton’s solution was the fol-

lowing: the magnitude of the momentum p of a body is defined as the product of mass 

m and speed v, p 5 mv. If we replace m with its mass equivalent, }
c

E
2
}, and replace v with

c , we can write

p 5 1}
c

E
2
}2v     or     p 5 }

E

c
}

as an expression for p in which mass does not explicitly appear.

Figure 16

Willard S. Boyle (1924– ) was born

in Amherst, Nova Scotia, and took

all his physics degrees at McGill

University in Montreal. Before devel-

oping the CCD, which won him and

Smith numerous awards, he also

invented the first continuously oper-

ating ruby laser in 1962. Also in the

1960s, while director of Space

Science and Exploratory Studies at

Bellcomm, a Bell subsidiary that

provided technological support for

the Apollo space program, Boyle

helped NASA select a lunar landing

site.
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Now from the photon’s energy E 5 hf and the universal wave equation c 5 f λ ,

E and c are replaced to give p 5 }
f

h

λ

f
} , or

Photon 

The word “photon” is similar to the

names given to various other parti-

cles: electron, proton, neutron.

DID YOU KNOW??

Energy in the Compton Effect

In the Compton effect, the energy of

the incident X-ray photons is so

high (5.0 3 104 eV) in comparison

to the work function (,10 eV) that

the work function is not considered

in the energy calculations involved

in the collision. In fact, most of the

energy of the incident photon

appears again in the “deflected”

photon.

DID YOU KNOW??

p 5 }
λ

h
}

momentum of a photon defined 

as p 5 }
λ

h
}

What is the magnitude of the momentum of a photon with a wavelength of 1.2 3 10212 m?

Solution

λ 5 1.2 3 10212 m

h 5 6.63 3 10234 J?s

p 5 ?

p 5 }
λ

h
}

5

p 5 5.5 3 10222 kg·m/s

The magnitude of the momentum of the photon is 5.5 3 10222 kg?m/s.

6.63 3 10234 J?s
}}

1.2 3 10212 m

SAMPLE problem 3

This relation gives the magnitude of the momentum of a photon, where p is the mag-

nitude of the momentum, in kilogram-metres per second, h is Planck’s constant with a

value of 6.63 3 10234 J?s, and λ is the wavelength, in metres.

Using this definition for photon momentum, Compton found that the conservation

of momentum did hold for X-ray scattering collisions, as seen in Figure 19 and expressed

in the vector equation

p#$photon 5 p#$9photon 1 p#$9electron

Compton’s experiments clearly demonstrated the particle-like aspects of light, for not

only can a discrete energy, hf, be assigned to a photon, but also a value of momentum,

}
λ

h
}. His work provided conclusive evidence for the photon theory of light. As a result,

Compton was awarded the Nobel Prize for physics in 1927.

h
—
λ

h
—

mv

p
photon

vector addition

λ′

p′
photon

p′
electron

Figure 19

Law of conservation of momentum
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Interactions of Photons with Matter
If an intense beam of light is directed at the surface of an absorbing material, the energy

of the photons is mostly absorbed by that surface. As a result, the surface heats up. But

the Compton effect shows that photons transfer momentum as well. The sum of the

impacts on the surface of all of the photons per unit of time results in pressure on the

surface. This pressure is not normally discernible. (We do not feel the pressure of light

when we walk out into sunlight or stand under a strong lamp.) Today, however, using very

sensitive equipment, we can actually measure the pressure of light on a surface and

confirm that the relationship p 5 }
λ

h
} is a valid expression for the momentum of an indi-

vidual photon.

We have seen, with both the photoelectric effect and the Compton effect, that when

a photon comes into contact with matter, there is an interaction. Five main interactions

are possible:

1. The most common interaction is simple reflection, as when photons of visible

light undergo perfectly elastic collisions with a mirror.

2. In the case of the photoelectric effect, a photon may liberate an electron, being

absorbed in the process.

3. In the Compton effect, the photon emerges with less energy and momentum,

having ejected a photoelectron. After its interaction with matter, the photon still

travels at the speed of light but is less energetic, having a lower frequency.

4. A photon may interact with an individual atom, elevating an electron to a

higher energy level within the atom. In this case, the photon completely disap-

pears. All of its energy is transferred to the atom, causing the atom to be in an

energized, or “excited,” state. (We will examine the details of this interaction

later in this chapter.) 

5. A photon can disappear altogether, creating two particles of nonzero mass in a

process called pair production (see Section 13.1). Pair production requires a

photon of very high energy (. 1.02 MeV) and, correspondingly, a very short

wavelength (as with X-ray and gamma-ray photons). When such a photon col-

lides with a heavy nucleus, it disappears, creating an electron (0
2e) and a particle

of equal mass but opposite charge, the positron (0
1e) (Figure 20). This creation of

mass from energy obeys Einstein’s mass–energy equivalence equation E 5 mc2.

Section 12.1

Answers

19. 1.33 3 10227 kg·m/s

20. 9.9 3 10227 kg·m/s

21. 8.00 3 10226 kg·m/s

22. 0.73 nm

Photon Pressure

If a surface is highly reflective,

each photon undergoes twice as

great a change in momentum as it

would in absorption, and the radi-

ation pressure on the surface is

twice as great as the radiation

pressure on an absorptive surface.

This is analogous to comparing a

bouncing ball with a chunk of

sticky putty.

LEARNING TIP

pair production the creation of a 

pair of particles (an electron and a

positron) as a result of a collision of a

high-energy photon with a nucleus

2

1

photon

electron

positron

heavy nucleus
before

after

1

1

Figure 20

Representation of pair production

Practice

Understanding Concepts

18. Show that the units of }
λ

h
} are units of momentum.

19. Calculate the magnitude of the momentum of a photon whose wavelength is

5.00 3 102 nm.

20. Calculate the magnitude of the momentum of a photon whose frequency is

4.5 3 1015 Hz.

21. Calculate the magnitude of the momentum of a 1.50 3 102 eV photon.

22. Calculate the wavelength of a photon having the same momentum as an elec-

tron moving at 1.0 3 106 m/s.
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Section 12.1 Questions

Understanding Concepts

1. List the historical discoveries and interpretations that led to

the confirmation of the photon theory of light.

2. Use Planck’s quantum theory to suggest a reason why no

photoelectrons are released from a surface until light of

sufficiently high frequency is incident on the surface.

3. List at least five devices in your home that operate using

the photoelectric effect.

4. State which physical quantities are represented by the

symbols in the photoelectric equation EK 5 hf 2 W.

5. Compare and contrast the photoelectric effect and the

Compton effect.

6. Describe five interactions between photons and matter.

7. The average temperature in the visible incandescent layers

of the Sun is about 6000 K. An incandescent light has a

temperature of 2500 K.

(a) Why do artificial sources of light not provide proper

illumination when exposing a colour film designed to

be used in sunlight?

(b) Why does a xenon flash (operating at about 6000 K)

provide proper illumination for the same daylight film?

8. Calculate the energy of an ultraviolet photon, of wavelength

122 nm, in both joules and electron volts.

• A blackbody of a given temperature emits electromagnetic radiation over a con-

tinuous spectrum of frequencies, with a definite intensity maximum at one par-

ticular frequency. As the temperature increases, the intensity maximum shifts to

progressively higher frequencies.

• Planck proposed that molecules or atoms of a radiating blackbody are con-

strained to vibrate at discrete energy levels, which he called quanta. The energy of

a single quantum is directly proportional to the frequency of the emitted radia-

tion, according to the relationship E 5 hf, where h is Planck’s constant.

• Photoelectrons are ejected from a photoelectric surface when the incident light is

above a certain frequency f0, called the threshold frequency. The intensity

(brightness) of the incoming light has no effect on the threshold frequency. The

threshold frequency is different for different surfaces.

• The cutoff potential is the potential difference at which even the most energetic

photoelectrons are prevented from reaching the anode. For the same surface the

cutoff potential is different for each frequency, and the higher the frequency of

the light, the higher the cutoff potential.

• The energy of light is transmitted in bundles of energy called photons, whose

energy has a discrete, fixed amount, determined by Planck’s equation, E 5 hf.

• When a photon hits a photoelectric surface, a surface electron absorbs its energy.

Some of the absorbed energy releases the electron, and the remainder becomes its

kinetic energy of the liberated electron, according to the photoelectric equation

EK 5 hf 2 W.

• In the Compton effect, high-energy photons strike a surface, ejecting electrons

with kinetic energy and lower-energy photons. Photons have momentum whose 

magnitude is given by p 5 }
λ

h
}.

• Interactions between photons and matter can be classified into reflection, the

photoelectric effect, the Compton effect, changes in electron energy levels within

atoms, and pair production.

Foundations of Quantum TheorySUMMARY
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Section 12.1

9. The relationship E 5 }
1.24

λ

3 103

}, where E is the energy of

a photon in electron volts and λ is its wavelength in nano-

metres, is a handy form of the equation E 5 }
h

λ

c
}. The

relationship is quite useful in quantum-mechanics calcula-

tions, since many measurements with subatomic particles

and photons involve electron volts and nanometres. 

Substitute in E 5 }
h

λ

c
}, and make any necessary unit 

conversions, to show that E 5 }
1.24

λ

3 103

} is valid for

nanometres and electron volts.

10. How does the pair of curves in Figure 8(b) show that the

maximum speed of the photoelectrons is independent of

the intensity of the light directed at the photoelectric 

surface?

11. Locate sodium and copper in Table 1. Does it take more

energy to remove a photoelectron from sodium or from

copper? Which has the higher threshold frequency, potas-

sium or barium? Explain your answers.

12. Find the minimum frequency of the light required to eject

photoelectrons from a metallic surface whose work func-

tion is 7.2 3 10219 J.

13. What wavelength of light is required for ejecting photoelec-

trons from a tungsten surface (W 5 4.52 eV) if the max-

imum kinetic energy of the electrons is 1.68 eV?

14. When light of wavelength of 482 nm falls onto a certain

metallic surface, a retarding potential of 1.2 V proves just

sufficient to make the current passing through the photo-

tube fall to zero. Calculate the work function of the metal.

15. (a) Calculate the frequency of a photon whose wavelength

is 2.0 3 1027 m.

(b) Calculate the energy of the same photon, in both

joules and electron volts. 

(c) Calculate the momentum of the same photon.

16. (a) Calculate the momentum of a photon of wavelength

2.50 3 1029 m.

(b) Calculate the speed of an electron having the same

momentum as the photon in (a). (me 5 9.11 3 10231 kg).

(c) Calculate the kinetic energy of the electron. How does

it compare with the energy of the photon?

17. Calculate, in electron volts, the energies of the photons

emitted by radio stations of frequencies 5.70 3 102 kHz and

102 MHz.

Applying Inquiry Skills

18. Photosynthesis is the chemical change of carbon dioxide

and water into sugar and oxygen, in the presence of light

and chlorophyll. The graph in Figure 21 shows that the

rate of the reaction depends on the wavelength of the inci-

dent light. Using the photon theory and the graph, explain 

(a) why leaves containing chlorophyll appear green in

white light

(b) why pure green light does not produce photosynthesis

(c) why an incandescent lamp, operating at 2500 K, does

not produce sufficient photosynthesis to maintain the

health of a green plant 

Making Connections

19. Suggest some ways life would be different if Planck’s con-

stant were much larger or much smaller than its actual

value.

20. A certain solar-powered calculator receives light with an

average wavelength of 552 nm, converts 15% of the

incoming solar energy into electrical energy, and consumes

1.0 mW of power. Calculate the number of light quanta

needed by the calculator each second. 

21. (a) Calculate the energy of a single microwave quantum of

wavelength of 1.0 cm.

(b) Calculate how many quanta of 1.0-cm microwave

energy would be required to raise the temperature 

of 250.0 mL of water from 20°C to the boiling point,

given that the specific heat capacity of water is 

4.2 3 103 J/kg?°C.

22. Research the Internet to learn how astronomers use pho-

todetectors on NASA’s Hubble Space Telescope to produce

galactic images such as the one at the beginning of

Chapter 9.

23. Ultraviolet light can kill skin cells, as it does when you are

sunburned. Infrared light, also from the Sun, only warms

skin cells. Explain this difference in behaviour using the

photon theory.
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Figure 21

Rate of photosynthesis versus wavelength of incident light
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