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12.212.2 Wave–Particle Duality

The photoelectric effect and the Compton effect revealed that light and X rays have a par-

ticle nature; that is, photons act like particles with a given energy and momentum. In 

earlier chapters, however, we saw that for the properties of reflection, refraction, dif-

fraction, interference, and polarization, electromagnetic radiation acts like a wave. In

this section, we will see how quantum theory reconciles these two apparently opposing

viewpoints.

The Particle Nature of Electromagnetic Waves
In 1910, Geoffrey Taylor, a young student at Cambridge University, set up an experi-

ment to find out whether the interference patterns of light resulted from the interac-

tions of many photons or whether the behaviour of individual photons could be predicted

from their wave properties. The basic equipment he used is illustrated in Figure 1(a).

Light from a small lamp passed first through a slit, then through a series of dimming

filters, which reduced the intensity of the light. After passing through another single slit,

the light was diffracted by a vertical needle, and the resulting image was recorded on a

photographic plate (Figure 1(b)). Taylor adjusted the dimensions of the box and its

contents so that diffraction bands around the shadow of the needle were plainly visible

in bright light, without any filters. Then he reduced the intensity of light by adding fil-

ters. He found that progressively longer exposures were needed to get a well-exposed

photographic plate, since fewer and fewer photons passed through the slit per second as

he made his stack of dimming filters progressively thicker. Finally, Taylor made a very weak

exposure that lasted three months. Even on this plate, the diffraction interference fringes

were perfectly clear. By calculation, Taylor was able to show that with such a dim source,

two or more photons would rarely, if ever, be in the box at the same time. In other words,

the behaviour of a single photon was governed by the wave theory.

filters

lightproof box

photographic plate

single slit
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(a)Figure 1

(a) Lightproof box

(b) Diffraction pattern created by a

needle

(b)
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One way of visualizing the relationship between a photon and its electromagnetic

wave is to consider that the electromagnetic wave acts as a “guide” that predicts the prob-

able behaviour of the photon. The electromagnetic wave determines the chance, or prob-

ability, that a photon will be at a certain position in space at a given instant. For a classical

particle the probability of being in certain places is either 100% (if it is there) or 0% (if

it is not). We do not have this exactness for photons. We only know the probabilities

determined by the electromagnetic wave. Quantum theory assumes that, at any instant,

the photon has a probability of being in any position. The probability is greater in those

regions where the amplitude of the electromagnetic wave interference pattern is greater

and smaller in those regions where the amplitude of the electromagnetic wave interfer-

ence pattern is smaller.

If an intense beam of light is directed through two adjacent slits, as in Young’s exper-

iment (Section 9.6), a series of alternating bands of constructive and destructive inter-

ference is created on the screen. The photons pass through the two slits, and it is the

probability of their arrival on the screen that is predicted by their electromagnetic waves.

If two electromagnetic waves interfere destructively, the amplitude is smaller than either

of the original waves, so the probability of a photon arriving is reduced. When conditions

are such that the resultant amplitude is zero, as it is on a nodal line, the probability of

finding a photon is zero. On the other hand, if the two electromagnetic waves interfere

constructively, the resultant amplitude is larger and the probability is high that a photon

will be in that position; that is, a bright area is found.

If a photographic film replaces the screen, the particle nature of photons becomes

evident. A photographic film may be constructed of plastic film on which has been

deposited a thin layer of very small silver bromide crystals. Each photon absorbed by a

silver bromide crystal gives up a fixed amount of energy, freeing the silver, and pro-

ducing a bright area on the resulting picture (Figure 2). The electromagnetic wave gives

the probability of its falling on any part of the film. However, since a photon’s chance of

registering in areas of constructive interference is high, many silver bromide crystals are

Section 12.2

Figure 2

When a photograph is taken, the

individual photons cause changes in

the silver bromide molecules. As

more and more photons strike the

film, the image is gradually created.

The number of photons applied to

form each reproduction of the same

image in this sequence of photos is

as follows: 

(a) 2 3 103 photons 

(b) 1.2 3 104 photons 

(c) 9.3 3 104 photons 

(d) 7.6 3 105 photons 

(e) 3.6 3 106 photons 

(f) 2.8 3 107 photons

(a) (b) (c)

(d) (e) (f)
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changed in these areas, and a bright area will be recorded on the image. In areas of near-

total destructive interference, fewer crystals are changed, and a relatively dark area will

be recorded on the image. On the nodal lines, no crystals change at all.

Today, using a photomultiplier (Figure 3), photon experiments can be performed

with much greater speed and sensitivity than in Geoffrey Taylor’s time. By placing the

photomultiplier at various locations in an interference pattern, the number of indi-

vidual photons arriving at the photocathode can be measured. All the results point to the

same conclusion: even though the photons arrive one at a time, their distribution on

the detecting screen is predicted by their wave properties.

The experimental evidence forces us to conclude that light does not have just a wave

nature but also the nature of a stream of particles: photons with momentum. Physicists

refer to this dual nature as wave–particle duality.

The two aspects of light complement one another, and understanding both aspects 

is essential to having a full understanding of light. Niels Bohr (1885–1962), the great

Danish physicist, partially clarified the situation by proposing his principle of

complementarity:
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Figure 3

A photomultiplier is an instrument

that takes a small amount of light

energy and, using a series of elec-

tron-emitting surfaces, amplifies the

signal many thousands of times.

This is a three-stage photomultiplier.

wave–particle duality the prop-

erty of electromagnetic radiation

that defines its dual nature of dis-

playing both wave-like and particle-

like characteristics

Principle of Complementarity

To understand a specific experiment, one must use either

the wave theory or the photon theory but not both.

To understand how light interferes after it passes through two parallel slits, we must

use the wave theory, as illustrated in Young’s experiment, not the particle theory. To

understand the photoelectric effect or why a photographic plate is exposed as it is, we must

use the photon, or particle nature of light, not the wave theory. As a general rule, when

light passes through space or through a medium, its behaviour is best explained using

its wave properties. But when light interacts with matter, its behaviour is more like that

of a particle. The limitations of human experience make it difficult for us to understand

the dual nature of light. It is very difficult, if not impossible, for us to visualize this

duality. We are used to creating wave pictures, or images, in some applications and par-

ticle pictures in others, but never both at the same time.

In the study of light, particularly as it transfers energy from place to place, we must base

our knowledge on indirect experiments. We cannot see directly how light energy is trans-

mitted as a wave or a particle. All we can observe are the results of the interaction of

light and matter. Our knowledge is limited to indirect information. Therefore, to describe

light’s dual nature, we cannot use visual means. Further study of quantum mechanics uses

mathematical models, not visual models.

The wave–particle model of light that we use today is much more subtle than Newton’s

particle theory or Maxwell’s electromagnetic theory. These were both useful but limited

in their applicability. They were important and contributed much to our understanding

of the behaviour of light. But these models were inadequate in themselves for explaining

all of the properties of light. Like all models or theories, they can be enhanced or even

replaced when new information becomes available. This is the case with the two classical

theories of light. They have been superseded by the wave–particle model of light, the

only theory that we find acceptable today for a full understanding of the nature of light.

The Wave Nature of Matter
In 1923, Louis de Broglie (Figure 4), a young graduate student at the University of Paris,

proposed a radical idea: he hypothesized that since the momentum of a photon was 
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Section 12.2

λ 5 }
h
p

} 5 }
m
h
v

}

given by the relationship p 5 }
λ

h
} , any particle with momentum might also be expected 

to have an associated wavelength. He further suggested that this wavelength could be 

determined from the Compton relationship as follows: if p 5 }
λ

h
} for photons, then for

particles having nonzero mass,

Figure 4

Prince Louis-Victor de Broglie

(1892–1987) originally applied his

hypothesis to the special case of the

electron, using it to analyze the

energy levels in hydrogen (see

Section 12.5). He was awarded the

1929 Nobel Prize in physics for his

electron analysis.

de Broglie wavelength the wave-

length associated with the motion of

a particle possessing momentum of

magnitude p : λ 5 }
h
p

}

matter waves the name given to

wave properties associated with

matter

This wavelength is known as the de Broglie wavelength. Since the wavelength is asso-

ciated with particles having nonzero mass, they have become known as matter waves.

The concept was so radical at the time that de Broglie’s graduation was held up for one

year. (Since Einstein supported the hypothesis, de Broglie duly graduated, in 1924.)

Before discussing the implications of his hypothesis, it is important to determine the

magnitudes of the associated wavelengths of a macroscopic object and a subatomic 

particle.

What de Broglie wavelength is associated with a 0.10 kg ball moving at 19.0 m/s?

Solution

m 5 0.10 kg

v 5 19.0 m/s

λ 5 ?

λ 5 }
m
h
v

}

5

λ 5 3.5 3 10234 m

The de Broglie wavelength of the ball is 3.5 3 10234 m.

We see from this example that for macroscopic objects the wavelength is extremely small,

even by subatomic standards (being a million-billion-billionth the approximate diameter of

a typical atom).

6.63 3 10234 J?s
}}
(0.10 kg)(19.0 m/s)

SAMPLE problem 1

What de Broglie wavelength is associated with an electron that has been accelerated

from rest through a potential difference of 52.0 V?

Solution

m 5 9.11 3 10231 kg

DV 5 52.0 V

λ 5 ?

SAMPLE problem 2
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Answers

1. (a) 2.2 3 10235 m

(b) 3.0 3 10212 m

(c) 1.5 3 1028 m

2. 4.1 3 1027 m; 5.5 3 10210 m

3. 2.7 3 10236 m

4. 67 eV

5. 1.23 3 10210 m

6. (a) 6.6 3 10224 kg?m/s

(b) 7.3 3 106 m/s

(c) 2.4 3 10217 J, 

or 1.5 3 102 eV

DV 5 }
D

q

Ee
}

DEe 5 qDV

The loss of electric potential energy is equivalent to the gain in the electron’s kinetic energy.

DEK 5 DEe

For an electron

EK 5 eDV

5 (1.60 3 10219 C)(52.0 J/C)

EK 5 8.32 3 10218 J

But EK 5 }
1

2
}mv2

v 5 !§

5 !§§
v 5 4.27 3 106 m/s

Then λ 5 }
m
h
v

}

5

λ 5 1.70 3 10210 m

The de Broglie wavelength of the electron is 1.70 3 10210 m.

We see from this example that while for a low-momentum subatomic particle such as an

electron the de Broglie wavelength is still small, it is no longer very small. For example, the

diameter of a hydrogen atom is approximately 1.0 3 10210 m, that is, less than the de

Broglie wavelength associated with an electron. This is an issue of great importance, to

which we will return in Section 12.5.

6.63 3 10234 J?s
}}}}
(9.11 3 10231 kg)(4.27 3 106 m/s)

2(8.32 3 10218 J)
}}
9.11 3 10231 kg

2EK
}
m

Practice

Understanding Concepts

1. Calculate the de Broglie wavelength associated with each of the following:

(a) a 2.0-kg ball thrown at 15 m/s

(b) a proton accelerated to 1.3 3 105 m/s

(c) an electron moving at 5.0 3 104 m/s

2. Calculate the associated wavelengths, in metres, of a 3.0-eV photon and a 

5.0-eV electron.

3. Calculate the de Broglie wavelength associated with an artillery shell having a

mass of 0.50 kg and a speed of 5.00 3 102 m/s.

4. Calculate the energy, in electron volts, required to give an electron an associ-

ated de Broglie wavelength of 0.15 nm. 

5. An electron is accelerated through a potential difference of 1.00 3 102 V.

Calculate the associated de Broglie wavelength.

6. (a) Calculate the momentum of an electron that has an associated de Broglie

wavelength of 1.0 3 10210 m. 

(b) Calculate the speed of the same electron.

(c) Calculate the kinetic energy of the same electron.
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Matter Waves
We saw in the preceding problems that the matter wavelengths of most ordinary objects,

such as baseballs, are exceedingly small, even on atomic scales. We also saw that the

matter wavelengths of objects such as electrons are small on macroscopic scales but

appreciable on atomic scales (being comparable, in fact, with the wavelengths of some

X rays). Recall that the wave nature of light was elusive until the time of Young because

light has such short wavelengths. The matter wavelengths of macroscopic objects are so

small they preclude detection. For subatomic particles, the matter wavelengths are still

small enough to make detection challenging.

In 1927, two physicists in the United States, C.J. Davisson and L.H. Germer, showed

that de Broglie’s matter waves do exist. Earlier, in Britain, W.H. Bragg (1862–1942) and

his son, W.L. Bragg (1890–1971), had developed equations that predicted the diffrac-

tion of X rays upon scattering by thin crystals. The intensity of the scattered radiation

produced a maximum at a series of regularly spaced angles, as in Figure 5(a). Davisson

and Germer used the Bragg analysis to show that a beam of electrons could be diffracted

in much the same way, thereby demonstrating the wavelike properties of particles. When

they directed a beam of electrons at a single crystal of nickel, the observed diffraction pat-

tern was in almost perfect agreement with calculations made using the de Broglie wave-

length of the electrons. Figure 5(b) shows how the Davisson–Germer experiment gave

convincing support to de Broglie’s hypothesis.

Section 12.2

Nobel Prize Winners

Clinton Davisson (1881–1958) and

George Paget Thomson (1892–

1975) shared the 1937 Nobel Prize

in physics for pioneering work on

electron diffraction.

DID YOU KNOW??

incident X rays

crystal

diffracted X rays

detector

Figure 5

The wave nature of photons and

electrons

(a) X-ray diffraction due to a

crystal of nickel 

(b) Diffraction of electrons due to a

gold film
(a)

incident electrons

crystal

diffracted electrons

detector

(b)

diffraction of X rays (Bragg)

diffraction of electrons (Davisson and Germer)
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In the same year, 1927, G.P. Thomson, in Britain, passed a beam of electrons through

a thin metal foil. The diffraction pattern was the same as for X rays, once the correct

wavelength was taken into account. The Davisson–Germer and Thomson experiments

left little doubt that particles exhibit wavelike properties. Later experiments using pro-

tons, neutrons, helium nuclei, and other particles produced similar results. Quantum

mechanics, the mathematical interpretation of the structure and interactions of matter

based on the concept that particles have a wave nature, was vindicated.

The wave–particle duality for small particles matched the wave–particle duality for the

photon, as worked out by Compton. The principle of complementarity thus applies to

matter as well as to radiation. We may now ask, as we did for light, under what general

conditions does matter reveal its wavelike properties? Recall that for the wave property

of diffraction to be evident in optics, an aperture comparable to the wavelength of light

is needed. Otherwise, the light behaved like a beam of particles moving in a straight line

through an opening or past an obstacle, showing little diffraction or interference. A sim-

ilar requirement holds for matter waves.

Ordinary objects, such as baseballs, have associated matter waves whose wavelength

is extremely short compared with the dimensions of other objects or openings that they

encounter. Therefore, they act like particles, concealing their wave nature. Subatomic

particles such as electrons, by contrast, have associated matter waves whose wavelength

is of the same order of magnitude as the objects with which they interact. As a result, they

produce diffraction patterns large enough to be observed.

What about the conceptual interpretation of matter waves? Like electromagnetic

waves, matter waves predict the probability that a particle will follow a particular path

through space. It is important to note that matter waves do not carry energy. They only

predict behaviour. The particle carries the energy.

The fact that wave–particle duality exists for both matter and light reinforced Einstein’s

contention (Section 11.4) that mass is interconvertible with energy, under the relation-

ship E 5 mc2. By 1927, the concept that mass and energy were interrelated did not seem

as astonishing as it had when Einstein proposed it in 1905. Furthermore, the wave char-

acteristics of the electrons orbiting the nucleus of an atom could now be examined using

quantum mechanics (see Section 12.5).

Electron Microscopes
The resolution of an ordinary microscope is limited by the wavelength of the light used.

The highest useful magnification obtainable, with an oil-immersion objective, is 2000×,

with the best resolution approximately 2.0 3 1027 m (about one-half the wavelength of

visible light). On the other hand, a beam of electrons having an associated de Broglie wave-

length of less than 1.0 nm could produce a resolution of approximately 0.5 nm. This

means that if one could get electrons to behave as light does in a microscope, the mag-

nification could be increased to as high as 2 million times or more.

Technological developments in the 1920s that involved the focusing of electron beams

by means of magnetic coils permitted the development of a crude electron microscope

in Germany, in 1931. The first North American electron microscope, and the first of

immediate practical application anywhere, was designed and built in the winter of

1937–38 by James Hillier (Figure 6) and Albert Prebus, two young graduate students

at the University of Toronto. By the summer of 1938, they were producing micropho-

tographs with a magnification of 20 000× and a resolution of 6.0 nm (30 atomic diam-

eters). The electronics manufacturer RCA soon used their design in the first commercial

electron microscope.

quantum mechanics mathemat-

ical interpretation of the composi-

tion and behaviour of matter, based

on the wave nature of particles

George Unruh

George Unruh (1945–  ) was born in

Winnipeg, Manitoba, and studied

physics at the University of

Manitoba and Princeton University.

He is presently a physics professor

at the University of British Columbia.

Unruh’s research applies quantum

mechanics to the study of gravity

and the forces that existed at the

moment of creation, according to

the Big Bang theory. He also pur-

sues research in quantum computa-

tion, using quantum principles to

design computers able to solve cer-

tain problems billions of times more

quickly than traditional equipment.

DID YOU KNOW??

Richard Feynman

Richard Feynman (1918–1988), 1965

Nobel laureate with Tomonaga and

Schwinger, once remarked, “I think I

can safely say that nobody under-

stands quantum mechanics.” What

he meant was that, although we can

use the mathematical equations of

quantum mechanics to make

extremely accurate predictions, 

we cannot truly understand

wave–particle duality and other

implications of the quantum theory

at an intuitive level.

DID YOU KNOW??
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A transmission electron microscope is similar in operation to an ordinary light

microscope, except that magnetic “lenses” replace the glass lenses (Figure 7). The mag-

netic “lenses” are constructed of circular electromagnetic coils that create strong mag-

netic fields. These fields exert forces on the moving electrons, focusing them in much the

same way that a glass lens focuses light. Electrons emitted from a hot cathode filament

are accelerated by an anode through an electrical potential of 50 kV to 100 kV or more.

The electrons are focused into a parallel beam by a condensing lens before they pass

through the specimen, or object, being imaged. For transmission to take place, the spec-

imen must be very thin (approximately 20 to 50 nm); otherwise, the electrons would

be slowed down too much or scattered, and the resulting image would be blurred.

Next, the beam of electrons passes through the objective coil and finally through the

projector coil (corresponding to the eyepiece in an optical microscope). The beam is

projected onto a fluorescent screen or photographic plate, creating a two-dimensional

image of the specimen. Since the powerful beam of electrons can degrade the specimen,

short exposure times are necessary. Further, it is necessary to operate the whole system

of coils, beams, and specimen in a high vacuum, to avoid scattering of the electron beam

by collisions with air molecules.

Section 12.2

Figure 6

In this 1944 photograph, a young

James Hillier (standing) demon-

strates an early electron microscope

at RCA Laboratories where he was a

research engineer. When he retired

in 1978, he was executive vice-

president and senior scientist at

RCA Labs. Born in Brantford,

Ontario, he received his physics

Ph.D. in 1941, from the University of

Toronto. A generation later, more

than 2000 electron microscopes,

some capable of magnifying more

than 2 million times, were in use in

laboratories around the world. 

transmission electron micro-

scope a type of microscope that

uses magnetic lenses fashioned

from circular electromagnetic coils

creating strong magnetic fields

screen or photographic plate

final

image

eyepiece

(projection

lens)

objective

lens

condenser

lens

light source

image

formed by

objective

lens

object

(a)

Figure 7

Design similarities of (a) a com-

pound optical microscope and (b)

an electron microscope. To help

make the similarities evident, the

optical microscope is depicted

upside down.fluorescent screen or photographic plate

final

image

projector

coil

objective

coil

condenser

coil

electron

source

image

formed by

objective

coil

object

(b)
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Unlike the more traditional transmission electron microscope, with the scanning

electron microscope three-dimensional, contoured images are possible. In this type of

microscope, a carefully directed beam of electrons is moved across the specimen

(Figure 8(a)). At each position on the specimen, the secondary electrons emitted from

the surface are collected, controlling the intensity (brightness) of a picture element in a

monitor. As a result, as the beam “sweeps” the specimen, a corresponding magnified,

three-dimensional image is created on the monitor. Since the beam of electrons will

damage a biological specimen, the time of exposure is generally limited. Further, it is

usually necessary to coat the specimen with a thin layer of gold so that it does not accu-

mulate negative charges from the electron beam. (Accumulated charge would repel the

beam as it sweeps across the specimen, distorting the image.)

monitor
sweep

grid

central

electronics

scanning coils

magnetic lens

electron source

electron

collector
secondary

electrons

specimen

(a)

Figure 8

(a) Scanning electron microscope (SEM).

Scanning coils move an electron beam back

and forth across the specimen. The secondary

electrons are collected. The resulting signal is

used to modulate the beam in a monitor, pro-

ducing an image. 

(b) Operator using an SEM

(b)

scanning probe

surface of specimen

vacuum

electron

tunnelling

current

Figure 9

The tip of a probe in a scanning

tunnelling electron microscope

moves up and down to maintain a

constant current, producing an

image of the surface.

scanning electron microscope a

type of microscope in which a beam

of electrons is scanned across a

specimen

scanning tunnelling electron

microscope a type of microscope

in which a probe is held close to the

surface of the sample; electrons

“tunnel” between the sample and

the probe, creating a current

The scanning tunnelling electron microscope uses the tip of a probe, a few atoms

thick, to scan very close to the specimen surface (Figure 9). During the scanning, a small

potential difference between the tip and the surface causes surface electrons to leave,

creating a current through the probe in a process called “tunnelling.” This current is

used to create a three-dimensional image, recording surface features as fine as the size

of atoms. In fact, the images can actually “picture” the distribution of electrons; one of

the images in Figure 10 shows the structure of the DNA molecule.

Electron microscopes have extended the frontiers of research in the microscopic world.

Although biological specimens produce some of the most dramatic images, microscopy

of atomic and molecular structure holds even greater promise.
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(a) (b) (c)

Figure 10

False-coloured images from a scanning tunnelling microscope

(a) Atoms and electron bonds in a crystal of silicon. The black spots are the

individual silicon atoms in a single “unit cell.” The bright regions between

them show the position of electron bonds that hold the structure together.

(b) A strand of DNA

(c) This nanowire, just 10 atoms wide, could be used in a computer operating

at the limits of miniturization. The wire is made of a rare-earth metal 

(lanthanide) combined with silicon.

• The behaviour of a single photon was predicted by the wave theory. The electro-

magnetic wave predicts the probability that a photon will register at a certain

position on a detecting surface at a given instant.

• Light is not just a wave and not just a particle but exhibits a “wave–particle

duality.”

• Understanding both the wave and the particle properties of light is essential for a

complete understanding of light; the two aspects of light complement each other.

• When light passes through space or through a medium, its behaviour is best

explained using its wave properties; when light interacts with matter, its behav-

iour is more like that of a particle.

• The wave–particle model of light has superseded Newton’s particle theory and

Maxwell’s electromagnetic theory, incorporating elements of both.

• A particle of nonzero mass has a wavelike nature, including a wavelength λ,

found by de Broglie to equal }
m
h
v
}.

• Matter wavelengths of most ordinary objects are very small and thus 

unnoticeable.

• Matter waves predict the probability that a particle will follow a particular path

through space. The diffraction of electrons revealed these wave characteristics.

• Electron microscopes use the principles of quantum mechanics and matter waves

to achieve very high magnifications, in some cases exceeding 2 million times.

Wave–Particle DualitySUMMARY



620 Chapter 12 NEL

Section 12.2 Questions

Understanding Concepts

1. Describe one type of evidence for

(a) the wave nature of matter

(b) the particle nature of electromagnetic radiation

2. Explain how the equations for single-slit diffraction can be

used to predict the behaviour of a photon passing through

a single slit.

3. Compare and contrast a 2-eV electron and a 2-eV photon,

citing at least four properties of each.

4. Calculate the associated de Broglie wavelength of

(a) a neutron travelling at 1.5 3 104 m/s 

(mn 5 1.67 3 10227 kg) 

(b) an electron travelling at 1.2 3 106 m/s 

(me 5 9.11 3 10231 kg) 

(c) a proton with kinetic energy 1.0 3 109 eV

(mp 5 1.67 3 10227 kg) 

5. An electron beam in a certain electron microscope has

electrons with individual kinetic energies of 5.00 3 104 eV.

Calculate the de Broglie wavelength of such electrons.

6. Calculate the momentum and the equivalent mass of a 

0.20 nm X-ray photon. (This does not imply a photon has

mass!)

7. A certain microscopic object has a speed of 1.2 3 105 m/s.

Its associated de Broglie wavelength is 8.4 3 10214 m.

Calculate its mass.

8. What would the slit width have to be before the matter

wave effects would be noticeable for a 5.0-eV electron

passing through the single slit? 

9. A proton emerges from a Van de Graaff accelerator with a

speed that is 25.0% the speed of light. Assuming, contrary

to fact, that the proton can be treated nonrelativistically,

calculate

(a) the associated de Broglie wavelength

(b) the kinetic energy

(c) the potential difference through which the proton was

accelerated if it started essentially from rest

10. In a television picture tube, electrons are accelerated

essentially from rest through an appreciable anode-

cathode potential difference. Just before an electron strikes

the screen, its associated de Broglie wavelength is 1.0 3

10211 m. Calculate the potential difference.

Making Connections

11. Research the use of tunnelling electron microscopes to

determine the electron distribution in atoms. Write a short

report on your findings. 

12. Research electron microscopes and find out what precau-

tions are necessary to protect the sample from damage.

13. In Sections 12.1 and 12.2 you read about two significant

accomplishments by Canadian scientists: Willard Boyle and

the CCD, and James Hillier and the first commercial elec-

tron microscope. Choose one of these Canadian scientists

(or another of your choosing who has contributed to

modern physics), and prepare a summary that includes

biographical information, the technology, background to

the development of the technology, the physics behind it,

and how it contributed to the respective field(s) of science

and to society. Your summary can be in the form of a

research paper, a web site, or a pamphlet designed to sell

the technology.

GO www.science.nelson.com

GO www.science.nelson.com

GO www.science.nelson.com
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12.312.3Rutherford’s Model of the Atom

As early as 400 B.C., the Greek philosopher Democritus theorized that matter was com-

posed of tiny, indivisible particles called atoms (atomos is Greek for “uncuttable”). His

theory was based on philosophical reasoning rather than on experiment. Laboratory

evidence for the existence of atoms was not found until much later, early in the nineteenth

century, by the British chemist John Dalton (1766–1844). Dalton proposed that atoms

are like tiny, solid, billiard balls, capable of joining together into small, whole-numbered

combinations to produce various compounds. Some clue to the internal structure of

the atom was provided around the turn of the twentieth century by J.J. Thomson, who

suggested that the atom was a sphere of positive charge with negative electrons embedded

throughout it, like raisins in a bun. By this time, physicists were convinced that the atom

did have internal structure, and they were busy finding ways to reveal it.

Our modern concept of the structure of the atom relies heavily on the detective work

of Ernest Rutherford (Figure 1) in the early years of the twentieth century, culminating

in his 1911 proposal of an atomic model.

By the end of the nineteenth century, it was known that the negative charge in an

atom is carried by its electrons, whose mass is only a very small fraction of the total

atomic mass. It followed, then, that the rest of the atom should contain an equal amount

of positive charge (the atom was known to be neutral) and most of the mass. But how

are mass and positive charge distributed within the atom?

A possible answer lay in a creative experiment proposed by Rutherford, when he was

director of the research laboratory at the University of Manchester. His associates, Hans

Geiger and Eric Marsden, performed the experiment between 1911 and 1913. The essence

of their experimental technique was to show how small, high-speed particles could be

scattered by the unknown internal structure of the atom.

A simple example illustrates the principles in a scattering experiment. Imagine that we

are given a large black box, of known size and mass, but are unable to see how mass is

distributed inside it. The box might be completely filled with some substance of uni-

form density, such as wood. It might, on the other hand, be filled with a mixture of

inflated balloons and steel ball bearings. How can we determine which model best rep-

resents the actual distribution of mass within the box?

We could shoot a stream of bullets into the box, all with the same speed and in the same

direction. If all the bullets were to emerge in the same direction, with only a slightly

reduced speed, we would believe the box to be filled with some uniform, low-density

substance (like wood), incapable of causing the bullets to change direction (i.e., to

scatter), but able to just slow them down slightly. On the other hand, if we found that while

most of the bullets had emerged from the box with their original speed and direction,

a few had emerged with drastic deflections, we would conclude that these few had

bounced off some small, very dense, widely dispersed material in their paths. Then, by

studying the distribution of bullets scattered by the box (in both direction and speed),

it would be possible to learn much about the distribution of mass within the box.

The Rutherford Experiment
Rutherford proposed using high-speed a particles from a radioactive polonium source

as the bullets and a very thin sheet of gold foil as the black box. Figure 2 shows his exper-

imental setup.

Figure 1

Ernest Rutherford (1871–1937). After

studying at the University of New

Zealand, Rutherford went to

Cambridge University, working

under J.J. Thomson. He began his

work on α-particle scattering while

at McGill University, Montreal

(1898–1907), and continued it when

he returned to the University of

Manchester in 1907. He received the

1908 Nobel Prize in chemistry for his

work in radioactivity and was

knighted in 1914. He returned to

Cambridge in 1919 as professor of

physics.
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A narrow beam of a particles was created by a hole drilled in a lead shield (called a col-

limator) surrounding the polonium. These a particles struck a very thin sheet of gold

foil within a vacuum chamber. (The thinnest gold foil available to Rutherford was about

1027 m thick. Even such a thin foil contains about 400 layers of gold atoms.)  After being

scattered by the gold foil, the a particles were detected by a scintillation counter placed

at an angle v to the beam. The scintillation counter was a screen coated with a thin zinc

sulphide film. When an a particle struck this screen, a tiny flash of light, or scintilla-

tion, is given off by the zinc sulphide and observed through a microscope. The experi-

ment consisted of moving the scintillation counter through all possible values of v from

0° to nearly 180° and counting the number of a particles detected at each scattering

angle v (Figure 2(b)).

Geiger and Marsden performed their scattering experiments with great care for nearly

two years. In 1913, they were able to report the following results:

1. The great majority of a particles passed through the gold foil with virtually no

deviation from their original path.

2. Very few a particles were scattered through sizable angles (with only 1 in 10 000

deflected by more than 10°).

3. In extremely rare cases, an a particle was deflected by nearly 180°, back along its

original path.

4. After a period of exposure to the beam, the foil acquired a positive charge.

In interpreting these results, Rutherford formulated a model of atomic structure,

using classical mechanics that includes the following features:

1. The greatest proportion of an atom’s volume is empty space.

This would account for the observation that most a particles passed through this

great volume of empty space and were undeflected.

2. The atom has a positively charged, very small but extremely dense central

region—the nucleus—containing all of the atom’s positive charge and most of

its mass.

Rutherford reasoned that the force of electric repulsion from this small, positive

nucleus deflected a positive a particle only when it very closely approached the nucleus.

Since so very few particles were deflected by any appreciable angle, the nucleus must be

so small that most a particles did not approach it closely enough to be deflected. This

would account for the observation that most a particles passed through this great volume

of empty space and were undeflected.

u florescent zinc

sulphide screen

angle of deflection

(a) (b)

a particles

lead

polonium

foil

0°

60°
90°

90°

120°

60°120°

150°

30°150°

180°

vacuum

Figure 2

Rutherford’s experimental setup

(a) When a particles strike a

metallic foil, some are deflected. 

(b) The scintillation screen is 

used to count the scattered 

a particles.
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3. The greatest proportion of an atom’s volume is empty space and, within this

empty space, a number of very light, negatively charged electrons move in orbits

around the nucleus.

As the a particles passed undeflected through the empty space of the atom, occa-

sionally one of them would encounter an electron, capture it by the force of electro-

static attraction, and move on, essentially undeflected by the very slight mass of the

acquired electron. The gold atom, having lost an electron, would now be a positive ion.

How did the electrons in the vicinity of the nucleus, uncaptured by an incoming a par-

ticle, behave? Rutherford suggested that those electrons were moving around the posi-

tive nucleus, held in orbit by the force of electric attraction, much like planets moving

around the Sun under the influence of gravity. (If the electrons were at rest, they 

would be captured by the nucleus, neutralizing it and making it incapable of deflecting 

a particles.)  

As a result of these assumptions, Rutherford’s model became known as the “planetary

model.” With a few modifications and additional features, it is roughly how we view the

atom today (Figure 3).

Information from a-Particle Scattering Experiments
Rutherford and his colleagues continued to analyze a-particle scattering closely and

were able to reach further conclusions regarding atomic structure.

1.  The Trajectory of the a Particles
Rutherford started by asking what force was acting between the stationary gold nucleus

and the incoming a particle causing it to be scattered. He knew that a particles are 

positively charged. His model suggested that all of the atom’s positive charge was con-

centrated within the nucleus. He hypothesized that the force causing the scattering was

electrostatic repulsion between the a particle and the nucleus as given by Coulomb’s

law. Thus, the magnitude of the force is inversely proportional to the square of the 

distance between the a particle and the nucleus: F 5 .

It was then necessary to obtain some experimental evidence that this assumption

about the Coulomb force was valid. Using mathematics beyond the scope of this book,

Rutherford showed that the path taken by any incoming a particle, in the presence of a

Coulomb force field, must be a hyperbola, with the initial and final directions of the a

particle representing its asymptotes and the nucleus at one of its foci. Figure 4 depicts

some of these hyperbolic paths, showing that the eccentricity (amount of bending) of

each hyperbola depends on the distance of the initial path to the line of direct hit.

Geiger and Marsden confirmed that, within experimental limits, their scattering force

obeyed Coulomb’s law. It is of great importance in understanding atomic structure to know

that Coulomb’s law applies to the electric force between small charged particles even at

subatomic distances.

2.  The Charge on the Nucleus
The explanation we have used to account for the scattering of a particles by gold nuclei

could apply equally well to any other nucleus. Other nuclei would differ from gold nuclei

in only two respects: mass and charge. Since Rutherford assumed that the scattering

nucleus was essentially fixed in position, a nucleus of a different mass would have no

significant effect on the trajectory of the a particle. A different nuclear charge would,

however, affect the magnitude of the Coulomb force experienced by the incoming 

kq1q2
}

r 2

Section 12.3

ø10210 m

10215 m

1

2

Figure 3

Rutherford’s model of the atom (not

to scale). Electrons orbit a very

small positive nucleus.

Simulation Software

There is software available that

can simulate a-particle scattering.

LEARNING TIP

GO www.science.nelson.com

Figure 4

The scattering of a particles by an

atomic nucleus: the closer the

incoming a particle is to the line of

direct hit, the larger the scattering.
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a particle and, hence, would affect the scattering angle. Figure 5 shows how two a par-

ticles of the same energy are scattered by two different nuclei, of charges Z1 and Z2. (The

charge on a nucleus, represented by Z, is its atomic number—79 in the case of gold.)

In the example shown, Z2 is greater than Z1, causing a stronger force to be exerted on

the a particle, leading to a greater deflection. Detailed computations, based on Newton’s

laws of motion and Coulomb’s law and taking into account the geometry of the scattering

interaction, showed that the number of a particles scattered at a given angle v is pro-

portional to the square of the nuclear charge Z 2. These results were verified experi-

mentally by comparing the scattering data when a particles of the same energy were

fired at foils composed of different atoms.

3.  The Size of the Nucleus
The fact that an occasional a particle can be stopped by a gold nucleus and returned

along its initial path provides us with a way of estimating an upper limit for the size of

the nucleus.

Alpha particles come closest to a nucleus when aimed directly at its centre. An a par-

ticle of mass m, charge q1, and speed v0, a very great distance away from a stationary

nucleus of mass mnucleus and charge q2, has only kinetic energy, given by

EK0 5 }
1

2
}mv2

0

As the particle approaches the nucleus, it encounters the electric field of the nucleus,

thereby losing kinetic energy and gaining electric potential energy EE. However, the total

energy EK0 of the particle remains constant at any point along its hyperbolic path:

Etotal 5 EK 1 EE 5 EK0 (constant)

An a particle making a direct hit will be brought to rest a distance r0 from the nucleus,

at which point all of its energy will have been momentarily converted from kinetic energy

into electric potential energy (Figure 6).

To determine that position, r0, we begin with the equation

Etotal 5 EE 5 EK0 5 }
1

2
}mv2

0

But for two charges, q1 and q2, a distance r0 apart, so that 

EE 5 }
kq

r
1

0

q2
}

}
kq

r
1

0

q2
} 5 }

1

2
}mv2

0

r0 5

A polonium source produces a particles with a speed of 1.6 3 107 m/s. The charge and

mass of an a particle are 3.2 3 10219 C and 6.6 3 10227 kg, respectively. The charge on

a gold nucleus, of atomic number 79, is +79e, or 1.3 3 10217 C. Therefore,

r0 5

r0 5 4.2 3 10214 m

This represents the closest distance at which an a particle moving with an initial speed

of 1.6 3 107 m/s can approach a gold nucleus and thus serves as an upper limit for the

2(9.0 3 109 N?m2/C2)(3.2 3 10219 C)(1.3 3 10217 C)
}}}}}}

(6.6 3 10227 kg)(1.6 3 107 m/s)2

2kq1q2
}

mv2
0

Z1

v1

Figure 5

The charge on the nucleus affects

the scattering angle of the α par-

ticle.

Z2

Z2 > Z1

v2

r
0

v = 0

a particle

gold

nucleus

q
1

q
2

Figure 6

Working with Scattering Patterns

For scattering patterns from various

materials to be compared easily, the

thickness of the various foils must

be such that the a particles

encounter about the same number

of layers of atoms each time.

DID YOU KNOW??
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radius of the gold nucleus. If the nucleus were any larger than 4.2 3 10214 m, the a par-

ticle would make a contact collision, and the scattering would not conform to the pre-

dictions based on Coulomb’s law.

Other measurements of the distance between adjacent gold atoms yield a value of

about 2.5 3 10210 m. This gives a value for the atomic radius of about 1.2 3 10210 m.

We can therefore calculate the ratio of the volume of the gold atom to the volume of its

nucleus:

}
V

V

nu

at

c

o

le

m

us

} 5 1}rn
r

u

at

c

o

le

m

us
}2

3

5 1 2
3

}
V

V

nu

at

c

o

le

m

us

} 5 2.3 3 1010

In everyday terms, if the nucleus were the size of the head of a straight pin (about 

1 mm in diameter), the atom would be about the size of small car.

1.2 3 10210 m
}}
4.2 3 10214 m

Section 12.3

• The a-scattering experiment revealed that the great majority of a particles

passed straight through the gold foil; only a few a particles were scattered by siz-

able angles; a very few were deflected by 180°.

• Rutherford’s model proposed that the atom consists of a small, extremely dense

positive nucleus that contains most of its mass; the atom’s volume is mostly

empty space; and the Coulomb force holds the electrons in orbit.

• Further work on a scattering revealed that Coulomb’s law, Fe 5 , applies 

to the electric force between small charged particles even at distances smaller

than the size of atoms; the positive charge on the nucleus is the same as the

atomic number.

kq1q2
}

r2

Rutherford’s Model of the AtomSUMMARY

Section 12.3 Questions

Understanding Concepts

1. What does the α-particle scattering pattern indicate about

the nucleus of an atom?

2. According to Rutherford’s planetary model of the atom,

what keeps electrons from flying off into space?

3. Calculate the ratio of the gravitational force between the

proton and electron of a hydrogen atom to the electrical

force between them for an orbital radius of 5.3 3 10211 m.

Are either of the forces negligible? Explain your answer.

4. Calculate the closest distance a 4.5-MeV a particle, of mass

6.6 3 10227 kg, can approach a fixed gold nucleus, of

charge 179e.

5. Calculate the ratio of the distances an a particle of a given

energy can approach an aluminum nucleus (ZAl 5 13) and

a gold nucleus (ZAu 5 79). 

Applying Inquiry Skills

6. Describe how you could use disc magnets (with N-poles on

the top surface) to simulate Rutherford’s gold foil experi-

ment in two dimensions. Describe limitations of the 

simulation.

Making Connections

7. Rutherford was recognized early in his career for his out-

standing skills as an experimentalist and for his ability to

inspire and stimulate those around him. Two examples are

his relationships with Frederick Soddy while at McGill

University and with Hans Geiger while at the University of

Manchester. Research Rutherford’s life on the Internet or

using other sources, and report on how these personal

skills enabled Rutherford and his colleagues to accomplish

so much.

GO www.science.nelson.com
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12.412.4
Atomic Absorption and 

Emission Spectra

Long before Rutherford proposed his planetary model for atomic structure, it was known

that matter, when heated intensely, gives off light. Solids, liquids, and very dense gases

gave off light with a continuous spectrum of wavelengths. On the other hand, the light

emitted when a high voltage was applied to a rarefied gas was quite different. The spe-

cial behaviour of incandescent rarefied gases, studied for half a century before Rutherford,

was now to provide a valuable clue to the structure of the atom.

The continuous spectrum, such as that from white light, usually originates from a

heated solid and results from the interactions between each atom or molecule and its close-

packed neighbours. By contrast, in a hot, rarefied gas, the atoms are far enough apart to

ensure that any light emitted comes from individual, isolated atoms. It is for this reason

that an analysis of the light emitted by a rarefied gas provides a clue to the structure of

the gas atoms themselves.

As early as the beginning of the nineteenth century, it was known that the radiation

from electrically “excited” gases was discrete rather than continuous; that is, an excited

gas gives off only specific frequencies of light. When this light is passed through a spec-

troscope, a bright-line emission spectrum is observed, containing lines of light of the var-

ious frequencies given off by that gas. Each gas emits its own specific set of characteristic

frequencies, called its emission spectrum, making spectroscopy a particularly accurate

method for identifying elements (Figure 1).

continuous spectrum a spectrum

showing continuous (not discrete)

changes in intensity

emission spectrum a spectrum

that a substance emits with its own

specific set of characteristic fre-

quencies

2

2

2

1

anode

cathode

high

voltage

2

1

(a)Figure 1

(a) Schematic of a gas discharge

tube

(b) Hydrogen is the gas used in

this discharge tube.

(b)

slit plate prism screen

gas 

discharge tube

Figure 2

Apparatus used to produce an

emission spectrum

For example, if a sample of hydrogen gas under low pressure in a vacuum tube is

excited by a high electric potential applied between electrodes at the ends of the tube, a

pink-purple glow is produced. If this pink-purple light is passed through a spectroscope

(Section 10.3), it is found to consist of numerous discrete wavelengths. Four of these

are visible in the ordinary school laboratory in the red, blue–green, blue, and violet parts

of the spectrum. An additional ten or so lines in the near ultraviolet are discernible by

photography with a modest spectrograph. Figure 2 shows the formation of a typical

emission spectrum and the apparatus needed to create it. Figure 3(a) shows the visible

line spectra of three gases.

A still more extensive examination of the hydrogen emission spectrum, using photo-

graphic film sensitive to infrared and far ultraviolet radiation, would reveal that it also

contains a number of frequencies in these regions of the electromagnetic spectrum.
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It can also be shown that if white light is allowed to pass through a gas, and the trans-

mitted light is analyzed with a spectroscope, dark lines of missing light are observed in

the continuous spectrum at exactly the same frequencies as the lines in the correspon-

ding emission spectrum. This so-called absorption spectrum is created by light absorbed

from the continuous spectrum as it passes through the gas (Figure 3(b)).

Section 12.4

absorption spectrum the lines of

missing colour in a continuous

spectrum, at the same frequencies

as would be emitted by an incan-

descent gas of the same element 

400 500 600 700

400 500 600 700

H

Ne

Hg

H

(b)

(a)

 (nm)l

 (nm)l

Figure 3

Visible spectra

(a) Line spectra produced by emis-

sions from hydrogen, mercury,

and neon 

(b) Absorption spectrum for

hydrogen. The dark absorption

lines occur at the same wave-

lengths and frequencies as 

the emission lines for hydrogen

in (a).

It is evident that atoms absorb light of the same frequencies as they emit. Our model

of the atom must be capable of explaining why atoms only emit and absorb certain dis-

crete frequencies of light; in fact, it should be able to predict what these frequencies are.

Since Rutherford’s planetary model made no attempt to account for discrete emission

and absorption spectra, modifications were needed.

The Franck–Hertz Experiment
In 1914, a team of two German physicists, James Franck and Gustav Hertz (Figure 4),

provided another significant contribution to our understanding of atomic structure.

They devised an experiment to investigate how atoms absorb energy in collisions with

fast-moving electrons.

(a) (b)

Figure 4

(a) James Franck (1882–1964) and (b) Gustav Hertz (1887–1975) received the 1925 Nobel Prize

in physics. When the Nazis came to power in Germany, Franck was forced to flee to the United

States. In order to carry his gold Nobel Prize medal with him, he dissolved it in a bottle of acid.

He later precipitated the metal and recast it.
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Franck and Hertz used an apparatus sim-

ilar to that shown in Figure 5. Free electrons

emitted from a cathode were accelerated

through low-pressure mercury vapour by a

positive voltage applied to a wire screen

anode, or “grid.” Most of the electrons missed

this screen and were collected by a plate

maintained at a slightly lower voltage. These

collected electrons constituted an electric

current, measured by a sensitive ammeter.

The experiment consisted of measuring

the electric current for various accelerating

electrical potential differences. Franck and

Hertz found the following:

• As the accelerating potential difference was increased slowly from zero, the cur-

rent increased gradually as well.

• At a potential of 4.9 V, the current dropped dramatically, almost to zero.

• As the potential was increased further, the current once again began to increase.

• Similar but minor decreases in current occurred at potentials of 6.7 V and 8.8 V.

• Another significant decrease in current occurred at a potential of 9.8 V.

A graph of collected current transmitted through the mercury vapour versus elec-

tron accelerating potential difference is shown in Figure 6.

An electron accelerated by a potential difference of 4.9 V acquires a kinetic energy of

4.9 eV. Franck and Hertz found that for certain values of bombarding-electron kinetic

energy (4.9 eV, 6.7 eV, 8.8 eV, 9.8 eV, ... ) the electrons did not pass through the mercury

vapour and contribute to the measured plate current. At these specific values, the elec-

trons lost their kinetic energy to collisions with mercury vapour atoms.

Franck and Hertz proposed an explanation that was simple yet elegant:

• Whenever the kinetic energy of the incident electrons was less than 4.9 eV, they

simply bounced off any mercury vapour atoms they encountered, with no loss

of kinetic energy, and continued on as part of the current (Figure 7). These were

elastic collisions with little loss of energy from the electrons, so they still passed

between the screen wires, reaching the plate.
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Figure 5

Apparatus used by Franck and Hertz

to determine how atoms absorb

energy
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Collected current versus acceler-

ating potential difference

4.0 eV
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electron

mercury atom

Figure 7

An incident electron with kinetic

energy less than 4.9 eV bounces off

the mercury atom with no loss of

kinetic energy.
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• Those electrons with a kinetic energy of 4.9 eV that collided with a mercury

atom transferred all their kinetic energy to the mercury atom (Figure 8). With

no energy remaining, they did not reach the plate, being instead drawn to the

positive wire screen.

• At kinetic energies greater than 4.9 eV, electrons colliding with mercury atoms

could give up 4.9 eV in the collision, with enough kinetic energy left over to let

them reach the plate (Figure 9).

• At electron energies of 6.7 eV and 8.8 eV, collisions once again robbed the bom-

barding electrons of all their kinetic energy. However, these collisions were less

likely to occur than those at 4.9 eV, so the effect on the current was less severe.

• At the 9.8 V accelerating potential, the electrons reached the 4.9-eV kinetic

energy at the halfway point in their flight. There was a good chance the electrons

would lose their kinetic energy in a collision with a mercury atom. The electrons

were then reaccelerated. Just before they reached the grid, they lost their energy

in a second collision, causing the current to dip at 9.8 V.

In a collision between a moving and a stationary puck (Chapter 4), the target puck can

absorb any amount of energy from the moving puck in the collision. When the mass of

the moving puck is very small in comparison with the stationary puck (as would be the

case for a moving electron and a stationary mercury atom), almost no kinetic energy is

transferred to the stationary puck, so that the moving puck bounces off with almost all

its original kinetic energy. In the electron–mercury atom collision, by contrast, the mer-

cury atom does absorb all of the electron’s energy at certain discrete values (4.9 eV,

6.7 eV, 8.8 eV, ... ), not what we would expect from classical mechanics. This is the sig-

nificance of the Franck–Hertz experiment: atoms can change their internal energy as a

result of collisions with electrons, but only by specific, discrete amounts.

A mercury atom that has not absorbed any extra internal energy as a result of a col-

lision with an electron is normally found in its ground state. When it has absorbed

4.9 eV, the smallest amount of energy it is capable of absorbing— its first excitation

energy—we say the atom is in its first excited state. Other greater amounts of internal

energy are the second and third excitation energies, respectively. These successive values

of internal energy that an atom can possess are called its energy levels and can be

depicted on an energy-level diagram, such as the one shown in Figure 10.

Section 12.4

0 eV

4.9 eV

electron

mercury atom

Figure 8

An incident electron with kinetic

energy 4.9 eV collides with the mer-

cury atom and loses all its energy.

1.1 eV

6.0 eV

electron

mercury atom

Figure 9

The incident electron with kinetic

energy greater than 4.9 eV collides

with the mercury atom, losing 4.9 eV

of kinetic energy but retaining

enough energy to be able to reach

the plate.
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Energy-level diagram for mercury.

Although only three excitation levels

are shown, there are many more

above the third level, spaced pro-

gressively closer together up to the

ionization level. Beyond the ioniza-

tion level, electrons are not bound

to the nucleus of an atom.
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An important difference occurs, though, when the absorbed energy is 10.4 eV or

greater. The structure of the mercury atom itself changes. The 10.4 eV of internal energy

is too great to be absorbed without the ejection of an electron from the mercury atom,

leaving a positive ground-state mercury ion behind. The ejected electron can carry away

with it any excess kinetic energy not needed for its release. In this way, the atom can

absorb any value of incident energy greater than 10.4 eV. For mercury, 10.4 eV is called

its ionization energy. The energy-level diagram is a continuum above this energy, rather

than a series of discrete levels.

Other elements can be studied with similar electron-collision experiments. Each dif-

ferent electrically neutral element is found to have its own unique ionization energy

and set of internal energy levels.

ionization energy the energy

required to liberate an electron from

an atom

Answers

1. 3.9 eV

2. 4.14 eV; 2.33 eV; 0.16 eV

3. 1.5 eV; 3.3 eV

Analyzing Atomic Spectra
Another Franck–Hertz observation provides more information about the internal energy

levels in atoms. When bombarded with electrons whose energy is less than 4.9 eV, the mer-

cury vapour gave off no light. But for electron energies just greater than 4.9 eV, light

was emitted. When this light was examined with a spectroscope, it was found to consist

of a single frequency of ultraviolet light, of wavelength 254 nm.

Electrons with a kinetic energy of 12.0 eV collide with atoms of metallic element X, in the

gaseous state. After the collisions, the electrons are found to emerge with energies of

4.0 eV and 7.0 eV only. What are the first and second excitation levels for atoms of

element X?

Solution

Since energy is conserved in the interaction between a free electron and an electron

bound to an atom in its ground state,

En 5 EK,initial 2 EK,final

E1 5 12.0 eV 2 7.0 eV 5 5.0 eV

E2 5 12.0 eV 2 4.0 eV 5 8.0 eV

The first and second excitation levels are 5.0 eV and 8.0 eV, respectively.

SAMPLE problem 1

Practice

Understanding Concepts

1. An electron with a kinetic energy of 3.9 eV collides with a free mercury atom.

What is the kinetic energy of the electron after the collision?

2. Figure 10 is the energy-level diagram for mercury. An electron with a kinetic

energy of 9.00 eV collides with a mercury atom in the ground state. With what

energies can it scatter?

3. The following data were collected when a gaseous sample of a metallic element

was bombarded with electrons of increasing kinetic energy:

(i) Electrons with EK , 1.4 eV collided elastically with the gas atoms.

(ii) Electrons with EK 5 1.8 eV scattered with EK 5 0.3 eV.

(iii) Electrons with EK 5 5.2 eV scattered with EK 5 3.7 eV or EK 5 1.9 eV.

What are the most likely values for the first two energy levels of this element?



Waves, Photons, and Matter 631NEL

It seems that when atoms absorb energy in collisions with electrons, they quickly emit

this excess energy in the form of light. Recall from Section 12.1 that Planck’s hypothesis

stated that light consists of photons whose energy and wavelength are related by the

equation

Ep 5 }
h

λ

c
}

Thus, ultraviolet light from mercury vapour consists of photons of energy

Ep 
5

Ep 5 7.83 3 10219 J 5 4.89 eV

This was a significant discovery. Atoms that will only absorb energy in 4.89-eV pack-

ages re-emit the energy in the form of photons of exactly the same energy. In other

words, mercury atoms raised to their first excitation level by collisions with electrons

de-excite, returning to their ground state by emitting a photon whose energy is equal to

the difference between the energy of the first excited state and the ground state.

What would we expect to find upon analyzing light from the same mercury atoms

when the energy of the bombarding electrons is increased above the second excitation

level, say to 7.00 eV? There should be a line in the spectrum composed of photons

emitted when the atom de-excites from its second excitation level, of 6.67 eV, to the

ground state. The expected wavelength is

λ 5 }
h

E

c

p

}

5

λ 5 1.86 3 1027 m, or 186 nm

Although this line is more difficult to observe in the spectrum of mercury, since its wave-

length is too short to be detected on normal photographic film (let alone with the naked

eye), special film, sensitive to ultraviolet radiation, does confirm its presence.

There are, however, additional lines in the spectrum of mercury that do not corre-

spond to de-excitations from the various excited states to the ground state. Apparently

there are other photons emitted as the atom gives off its excess energy in returning from

the second excited level to the ground state. A line observed at a wavelength of 697 nm

provides a clue. The energy of these photons is

Ep 5 }
h

λ

c
}

5

Ep 5 2.85 3 10219 J, or 1.78 eV

Since the first excitation level (and hence the lowest) in mercury is 4.89 eV, this photon

cannot correspond to a transition from any excited state to the ground state. A careful

examination of the energy levels of mercury shows the difference between the first and

second excitation levels to be

E2 2 E1 5 6.67 eV 2 4.89 eV

Ep 5 1.78 eV

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

6.97 3 1027 m

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

(6.67 eV)(1.60 3 10219 J/eV)

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

2.54 3 1027 m

Section 12.4

Cecilia Payne-Gaposchkin

Based on absorption spectra from

sunlight, it was assumed that all of

the elements found on Earth were

present in the Sun and other stars.

In 1925, the British-born

astronomer Cecilia Payne-

Gaposchkin, while working at

Harvard, found that stellar atmos-

pheres are composed primarily of

helium and hydrogen. Her dis-

covery formed the basis of the

now-accepted theory that the

heavier elements are synthesized

from hydrogen and helium.

DID YOU KNOW??
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It thus appears that a mercury atom can de-excite from the second excitation level to

the ground level in two stages, first emitting a 1.78-eV photon to decrease its energy to

the first excitation level, then emitting a 4.89-eV photon to reach the ground state.

Further examination of the complete spectrum of mercury reveals other lines corre-

sponding to downward transitions between higher excitation levels.

In general, for the emission spectrum of any element, we can write

Ep 5 Ei 2 Ef

where Ep is the energy of the emitted photon, Ei is the energy of the higher energy level,

and Ef is the energy of the lower energy level.

In terms of the wavelength of the spectral line,

λ = }
Eh

h

2

c

E
l

}

An unknown substance has first and second excitation levels of 3.65 eV and 5.12 eV,

respectively. Determine the energy and wavelength of each photon found in its emission

spectrum when the atoms are bombarded with electrons of kinetic energy (a) 3.00 eV, 

(b) 4.50 eV, and (c) 6.00 eV.

Solution

(a) Since the first excitation energy is 3.65 eV, no energy is absorbed, and there is no

emission spectrum.

(b) With incident electrons of energy 4.50 eV, only upward transitions to the first excita-

tion level are possible.

Ep 5 ?

λ 5 ?

Ep 5 Ei 2 Ef

5 3.65 eV 2 0 eV

Ep 5 3.65 eV

λ 5 }
h

E

c

p

}

5

λ 5 3.41 3 1027 m or 341 nm

The energy and wavelength of each photon are 3.65 eV and 341 nm, respectively.

(c) With incident electrons of energy 6.00 eV, excitation to both the first and second

levels is possible. Thus, in addition to the photon emitted in (b), we can have

Ep 5 Eh 2 E
l

and Ep 5 Eh 2 E
l

5 5.12 eV 2 0 eV 5 5.12 eV 2 3.65 eV

Ep 5 5.12 eV Ep 5 1.47 eV

The energies of the photons are 1.47 eV and 5.12 eV. The wavelengths, calculated with

the same equation as in (b), are 243 nm and 846 nm, respectively. (None of these

photons would be visible to the naked eye because one is infrared and the other two

are ultraviolet.)

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

(3.65 eV)(1.60 3 10219 J/eV)

SAMPLE problem 2
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Analysis of Absorption Spectra
As you learned earlier, examination of emission spectra is not the only way in which

the internal energy levels of an atom can be probed. Similar information is learned if a

beam of white light passes through a sample of the substance. Photons absorbed by the

atoms are missing from the transmitted light, causing dark lines (gaps) to appear in the

continuous spectrum.

The absorption of the photons by the atoms causes transitions from a lower internal

energy level (normally the ground state) to some higher level (an excited state), but only

if the energy of the photon is exactly equal to the difference between the two energy

levels. The relationship between the energy of the photons absorbed and the internal

energy levels of the atom is the same as for an emission spectrum, except that the order

of the process is reversed, the initial energy level being lower and the final level higher:

Section 12.4

Energy-Level Problems

The energy levels used in some of

the problems are illustrative only

and do not necessarily correspond

to actual elements or the laws that

govern them.

DID YOU KNOW??

Answers

4. 2.11 eV

5. 1.82 eV

6. 11.9 eV

7. 4.9 eV; 6.7 eV; 1.8 eV

Ep 5 Ef 2 Ei

For example, in the absorption spectrum of sodium, dark gaps appear at (ultraviolet)

wavelengths of 259 nm, 254 nm, and 251 nm. What energy difference between internal

energy levels corresponds to each of these absorption bands?

For the 259-nm line, the energy of the absorbed photon is given by

Ep 5 }
h

λ

c
}

5

Ep 5 7.68 3 10219 J, or 4.80 eV

Thus, the energy levels in sodium are 4.80 eV apart. Photons of that energy are absorbed

from the incoming light, causing electrons in the sodium atoms to jump from the lower

to the higher level. Similarly, for the other two lines, the energy differences are 4.89 eV

and 4.95 eV, respectively.

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

2.59 3 1027 m

Gerhard Herzberg

Dr. Gerhard Herzberg (1904–1999)

was born and educated in

Germany, where he studied molec-

ular spectroscopy. There he dis-

covered the so-called “Herzberg

bands” of oxygen in the upper

atmosphere, explaining such phe-

nomena as the light in the night

sky and the production of ozone.

He left Germany before World War

II, settling at the University of

Saskatchewan. Although Herzberg

considered himself a physicist, his

ideas and discoveries did much to

stimulate the growth of modern

chemical development. He was

awarded the 1971 Nobel Prize in

chemistry. The Herzberg Institute

of Astrophysics in Ottawa is

named after him.

DID YOU KNOW??

Practice

Understanding Concepts

4. Calculate the energy difference between the two energy levels in a sodium atom

that gives rise to the emission of a 589-nm photon.

5. An atom emits a photon of wavelength 684 nm, how much energy does it lose?

6. A substance has its second energy level at 8.25 eV. If an atom completely

absorbs a photon (λ 5 343 nm), putting the electron into the third energy level,

what is the energy for this level?

7. Electrons are accelerated in a Franck–Hertz experiment through mercury

vapour, over a potential difference of 7.0 V. Calculate the energies of all the pho-

tons that may be emitted by the mercury vapour.

8. A spectroscope is used to examine white light that has been passed through a

sample of mercury vapour. Dark lines, characteristic of the absorption spectrum

of mercury, are observed.

(a) Explain what eventually happens to the energy the mercury vapour absorbs

from the white light.

(b) Explain why the absorption lines are dark.
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This analysis of absorption spectra explains why most gases, including mercury vapour,

are invisible to the eye at room temperature. Even the most energetic photons in visible

light (deep violet ~3 eV) do not have sufficient energy to excite a mercury atom from the

ground state to its first excitation level (4.87 eV) and be absorbed from the white light.

Thus, all the photons in the visible light pass through the mercury vapour without being

absorbed, rendering the vapour invisible.

You may wonder why the re-emission of photons does not act to fill in the missing

spaces in the absorption spectrum. To a limited extent it does. However, the re-emitted

photons are radiated in all directions at random, with only a few travelling in the direc-

tion of the original beam. Also, for absorption to other than the first excitation level,

the de-excitation mode may result in a series of photons, different from the ones absorbed,

being emitted.

The emission spectrum of any element contains more lines than its absorption spec-

trum does. As we saw, lines in an emission spectrum can correspond to downward tran-

sitions between two excited states as well as to transitions from any excited state to the

ground state. On the other hand, since most atoms are normally in their ground state,

only absorptions from the ground state to an excited state are likely. Atoms do not remain

in an excited state for a sufficiently long time to make a further absorption to an even

higher excited state probable. For example, the emission and absorption spectra of

sodium vapour are shown in Figure 11.

visible infrared

emission spectrum

absorption spectrum

ultraviolet

Figure 11

The absorption and emission spectra of sodium vapour

Practice

Understanding Concepts

9. Atoms can receive energy in two different ways. Describe each way, and provide an

example.

10. The emission spectrum of an unknown substance contains lines with the wavelengths

172 nm, 194 nm, and 258 nm, all resulting from transitions to the ground state. 

(a) Calculate the energies of the first three excited states.

(b) Calculate the wavelengths of three other lines in the substance’s emission spectrum.

11. Figure 12 is the energy-level diagram for hypothetical element X. Calculate all of the

wavelengths in both the emission and the absorption spectra.

Answers

10. (a) 4.82 eV; 6.41 eV; 7.22 eV

(b) 518 nm; 782 nm; 152 nm

11. 1240 nm; 414 nm; 207 nm;

622 nm; 249 nm; 249 nm;

414 nm; 207 nm

3rd

2nd

1st

ground

state

6.00 eV

5.00 eV

3.00 eV

0 eV

Figure 12

Energy-level diagram for

hypothetical element X in 

question 11

fluorescence the process of con-

verting high-frequency radiation to

lower-frequency radiation through

absorption of photons by an atom;

when the light source is removed,

the fluorescence stops

Fluorescence and Phosphorescence
When an atom absorbs a photon and attains an excited state, it can return to the ground

state through a series of intermediate states. The emitted photons will have lower energy,

and therefore lower frequency, than the absorbed photon. The process of converting

high-frequency radiation to lower-frequency radiation by this means is called fluorescence.

The common fluorescent light applies this principle. Electrons are liberated in the

tube as a filament at the end is heated. An applied anode-cathode potential difference accel-

erates the electrons, which then strike atoms of gas in the tube, exciting them. When

the excited atoms return to their normal levels, they emit ultraviolet (UV) photons that

Energy-Efficient Lighting 

Fluorescent lights are four to six

times more energy-efficient than

incandescent lights of the same

radiated light intensity.

DID YOU KNOW??
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strike a phosphor coating on the inside of the tube. The light we see is a result of this mate-

rial fluorescing in response to the bombardment of UV photons. Different phosphors emit

light of different colours.“Cool white” fluorescent lights emit nearly all the visible colours,

while “warm white” fluorescent lights have a phosphor that emits more red light, thereby

producing a “warmer” light.

The wavelength for which fluorescence occurs depends on the energy levels of the

bombarded atoms or molecules. Because the de-excitation frequencies are different for

different substances, and because many substances fluoresce readily (Figure 13), fluo-

rescence is a powerful tool for identification of compounds. Sometimes the simple obser-

vation of fluorescence is sufficient for the identification of a compound. In other cases

spectrometers must be used.

Lasers and fluorescence are often used in crime detection. The radiation from an

argon laser causes the perspiration and body oils in fingerprints to fluoresce. In this

technique a laser beam illuminates a darkened region where fingerprints are suspected.

The forensic technician wears glasses that filter the laser light but allow the fluorescence

of the fingerprints to pass through.

Another class of materials continues to glow long after light is removed. This property

is called phosphorescence. An excited atom in a fluorescent material drops to its normal

level in about 1028 s. By contrast, an excited atom of a phosphorescent material may

remain in an excited state for an interval ranging from a few seconds to as long as sev-

eral hours, in a so-called metastable state. Eventually, the atom does drop to its normal

state, emitting a visible photon. Paints and dyes made from such substances are used

on the luminescent dials and hands of watches and clocks and in the luminescent paints

applied as a safety measure to doors and stairways.

Lasers
The principle of the laser was first developed for microwave frequencies in the maser (the

“m” stands for microwaves), developed by the American physicist Charles H. Townes

in the 1950s. (Townes shared the 1964 Nobel Prize in physics with Basov and Prochorov

for this work.) The first maser used ammonia gas. Subsequently, other substances,

including ruby, carbon dioxide, argon, and a mixture of helium and neon, were found

to have “masing” or “lasing” action. Although there are several different types of lasers,

the general principles involved can be illustrated in the action of the helium–neon laser,

the type most commonly used in classroom and laboratory demonstrations.

An excited atom can emit photons either through spontaneous emission or through

stimulated emission. The absorption of a quantum of energy by a helium atom raises

an electron to a higher energy level. The electron usually moves spontaneously to a lower

energy level in a relatively short time (~1028 s), emitting a photon. There is no ampli-

fication in spontaneous emission, since the energy absorbed by the atoms is nearly equal

to what is radiated.

First predicted by Einstein, stimulated emission can produce amplification, but only

under certain conditions. If a photon passes an excited neon atom, it may stimulate the atom

to emit a photon additional to the incident photon and identical to it. Consequently,

although one photon approaches the atom, two identical photons leave. For stimulated

emission to take place, the incident photon must have exactly the same frequency as the

photon emitted by the atom. The two photons leaving the atom then not only have the same

frequency and wavelength but also travel in the same direction, exactly in phase, and with

the same polarization properties. In other words, the emitted light exhibits coherence.

Suppose there is a large group of atoms with more atoms in the excited state than in

the ground state, and suppose that the energy-level difference for the atoms is exactly the

same as the energy of the photons in the incident light beam. A first photon interacting

Section 12.4

Figure 13

(a) When ultraviolet light is directed

at certain rocks—in this case,

witherite attached to a piece of

barite—they fluoresce. 

(b) When the light source is

removed, the fluorescence stops.

phosphorescence the property of

some materials that allows them to

emit light after excitation has been

removed

metastable state of sustained exci-

tation by electrons in which they

can remain excited for comparatively

long times

laser acronym for Light

Amplification by Stimulated

Emission of Radiation; source of

monochromatic, coherent light

spontaneous emission emission

of a photon by an electron as a

result of the absorption of a

quantum of energy by an atom; the

electron moves spontaneously to a

lower energy level in a relatively

short time (~1028 s)

stimulated emission process in

which an excited atom is stimulated

to emit a photon identical to a

closely approaching photon 

coherence property of light in

which photons have the same fre-

quency and polarization, travel in

the same direction, and are in phase

(b)

(a)
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with an excited atom could produce a second photon; these two photons could stimu-

late the emission of two more; and those four, four more. A chain reaction would quickly

occur, amplifying the light. Unfortunately, however, the number of atoms in the ground

state is, under normal conditions, greater than in the excited state.

When more atoms are in a metastable condition than are in the ground state, we say

there is a population inversion. For laser action to take place, both population inversion

and the conditions for stimulated emission must exist in the lasing medium.

The red light of the helium–neon laser is produced in a narrow glass tube (capillary

tube) containing a mixture of 85% helium and 15% neon, at low pressure. A metal

cathode is outside the tube and an anode inside one end of the tube. A potential differ-

ence of approximately 8 kV creates a strong electric field that provides a continuous

source of energy for the laser, much like a gas discharge tube. Fused to the capillary tube

at one end is a 99.9% reflective flat mirror. At the other end, another mirror reflects

99% of the light, transmitting 1%. It is this transmitted light that is the output of the laser

(Figure 14).

The strong electric field along the length of the laser tube causes free electrons to gain

kinetic energy as they are accelerated toward the positive anode. There is a high proba-

bility that an energetic electron will collide with a helium atom before reaching the

anode, putting the atom into its excited state as one of its electrons jumps to a higher

energy level. The thermal motions of the excited helium atoms result in collisions with

neon atoms in the laser tube. During such collisions, a helium atom may revert to its

ground state, passing energy to the neon atom. Conveniently, helium has exactly the

same energy in its excited state as the neon atom requires to raise it to its metastable

state. When an excited neon electron makes a downward transition (Figure 15),

metal jacket (cathode)

parallel laser

beam

capillary laser tube

anode ring

flat mirror, 99.9% reflective slightly curved mirror reflects 99% and transmits 1%

mixture of helium (85%) and neon (15%) at low pressure

2 2 222

1

1

2 2 222

Figure 14

Structure of a helium–neon laser
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Figure 15

Energy absorption, collision transfer,

and spontaneous emission of neon

light

John Polanyi

John Polanyi (1929–  ) worked ini-

tially at the National Research

Council in Ottawa and then at the

University of Toronto in the early

1950s. Using an infrared spectrom-

eter, he measured the light energy

emitted by the newly formed prod-

ucts of a chemical reaction. The

product molecules emitted a very

faint light (invisible to the human

eye) called infrared chemilumines-

cence. Polanyi’s ability to measure

the vibrational and rotational

motions in the product molecule

earned him the 1986 Nobel Prize in

chemistry. Because he understood

the source of this faint light, he was

able to propose vibrational and

chemical lasers, the most powerful

sources of infrared radiation ever

developed.

DID YOU KNOW??

population inversion the condi-

tion in which more atoms are in a

metastable state than in the ground

state
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1.96 eV of energy is released, and a photon with a wavelength of 633 nm is created.

Since there is a population inversion in the tube, this photon stimulates the emission

of an identical photon from an adjacent neon atom that, in turn, produces more stim-

ulations along the tube. To strengthen the output of coherent light, the mirrors at each

end of the tube reflect the light along the axis of the tube, back and forth through the laser

medium. Further reinforcement is achieved with each passage of photons along the tube

as a multitude of neon atoms are stimulated to produce 633-nm photons. The mirrors

reflect most, but not all, of the light. They transmit a small percentage of the light with

each reflection, sufficient to produce the bright laser beam emerging from the laser aper-

ture (Figure 16).

The type of laser described above is a continuous laser. In such a laser, when the atoms

are stimulated and fall down to a lower energy level, they are soon excited back up,

making the energy output continuous. In a pulsed laser, on the other hand, the atoms are

excited by periodic inputs of energy, after which they are stimulated to fall to a lower state.

The process then recycles, with another input of excitation energy.

Lasers are used in a wide variety of medical applications: in eye surgery (Figure 17),

for the destruction of tissue, for the breaking up of gallstones and kidney stones, for

optical-fibre surgery, for the removal of plaque from clogged arteries, for cancer treat-

ment, and for cauterization during conventional surgery. In addition, lasers are useful in

research into the functions of the cell. In industry, lasers are used for the welding and

machining of metals, for the drilling of tiny holes, for the cutting of garment cloth,

for surveying and distance measurements, for fibre-optics communication, and for 

holography.

Section 12.4

mirror partially

transparent

i

photons

Figure 16

The chain-reaction effect of stimu-

lated emissions in the laser tube

Geraldine Kenney-Wallace

Geraldine Kenney-Wallace, born

and initially educated in England,

took her Ph.D. in chemical physics

at the University of British Columbia.

In 1974, Kenney-Wallace organized

Canada’s first ultra-fast laser labora-

tory at the University of Toronto

where she was professor of physics

and chemistry. In 1987, she achieved

time scales of 8 3 10214 s for

research into molecular motion and

optoelectronics. After serving as

President of McMaster University in

Hamilton, she returned to research

in the U.K. She has received 13 hon-

orary degrees.

DID YOU KNOW??

Figure 17

Laser being used in eye surgery

• A continuous spectrum given off by a heated solid is caused by the interactions

between neighbouring atoms or molecules. An emission spectrum or line spec-

trum is emitted from electrically “excited” gases.

• An absorption spectrum occurs when some of the light from a continuous spec-

trum is absorbed upon passing through a gas. Atoms absorb light of the same

frequencies that they emit.

• The Franck–Hertz experiment showed that the kinetic energy of incident elec-

trons is absorbed by mercury atoms but only at discrete energy levels.

• An atom is normally in its ground state. The excited states or energy levels are

given by the discrete amounts of energy the atom can internally absorb.

• Ionization energy is the maximum energy that can be absorbed internally by an

atom, without triggering the loss of an electron.

• In the emission spectrum, the energy of the emitted photon equals the change in

the internal energy level: Ep 5 Eh 2 E
l
.

• When a photon is absorbed, its energy is equal to the difference between the

internal energy levels: Ep 5 Eh 2 E
l
.

• Atoms can receive energy in two ways: by collisions with high-speed particles,

such as electrons, and by absorbing a photon.

• Once raised to an excited state, an atom can emit photons either through sponta-

neous emission or through stimulated emission. Light amplification requires

stimulated emission.

Atomic Absorption and 

Emission Spectra
SUMMARY



638 Chapter 12 NEL

Section 12.4 Questions

Understanding Concepts

1. Compare and contrast continuous, line, and absorption

spectra.

2. Explain why the Franck–Hertz experiment was so important

in the development of the quantum model of the atom.

3. Compare spontaneous emission with stimulated emission.

4. In what ways does laser light differ from, and in what ways

does it resemble, light from an ordinary lamp?

5. Explain how a 0.0005-W laser beam, photographed at a dis-

tance, can seem much stronger than a 1000-W street lamp.

6. A certain variation of a helium—neon laser produces radia-

tion involving a transition between energy levels 3.66 3

10219 J apart. Calculate the wavelength emitted by the

laser.

7. A laser suitable for holography has an average output

power of 5.0 mW. The laser beam is actually a series of

pulses of electromagnetic radiation at a wavelength of

632.8 nm, lasting 2.50 3 1022 s. Calculate

(a) the energy (in joules) radiated with each pulse

(b) the number of photons per pulse

Applying Inquiry Skills

8. The energy-level diagram of atom X is shown Figure 18.

Assuming that atom X is in its ground state, what is likely to

occur when

(a) a 9.0-eV electron collides with the atom

(b) a 9.0-eV photon collides with the atom

(c) an 11.0-eV photon collides with the atom

(d) a 22.0-eV electron collides with the atom

9. Outline a method in which an astronomer can determine

the approximate average temperature of the surface of a

star by analyzing its spectrum.

Making Connections

10. What can the absorption spectrum of sunlight tell you

about the composition of the gases at the Sun’s surface?

11. The emission line spectrum for hydrogen from a distant star

is shifted toward the red end of the visible spectrum. What

conclusion can be drawn about the star?

12. In addition to the gas lasers, there are many other types:

solid-state, excimer, dye, and semiconductor. One of the

most powerful lasers used to cut metal and other dense

surfaces is the carbon dioxide (CO2) gas laser. Research

the Internet and other sources, and find out how the CO2

gas laser works and how it has been applied. Present your

findings in a creative way.

13. A missile shield for North America that uses lasers to knock

out incoming missiles has been researched and tested

since the 1980s. Research this technology and answer the

following questions:

(a) How would the shield work? In particular, what types

of lasers have been proposed?

(b) What are some of the major technical challenges?

(c) Why do some consider that the production of these

devices could provoke the proliferation of missiles?

• Some substances or combinations of substances have metastable excited states.

A population inversion occurs when more atoms are in a metastable condition

than in the ground state.

• For laser action to take place, both population inversion and the conditions for

stimulated emission must exist in the lasing medium.

• Lasers are of two types: continuous and pulsed.

0 eV

5.0 eV

11.0 eV

15.7 eV

20.0 eV

ionization

Figure 18

Energy levels for atom X

GO www.science.nelson.com

GO www.science.nelson.com

GO www.science.nelson.com
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12.512.5The Bohr Model of the Atom

The Energy Levels of Hydrogen
As early as the middle of the nineteenth century, it was known that hydrogen was the

lightest and simplest atom and thus an ideal candidate for the study of atomic struc-

ture. Its emission spectrum was of particular interest. The spacing of spectral lines in the

visible region formed a regular pattern. In 1885, this pattern attracted the attention of

J.J. Balmer, a Swiss teacher who devised a simple empirical equation from which all of

the lines in the visible spectrum of hydrogen could be computed. He found that the

wavelengths of the spectral lines obeyed the equation

}
λ

1
} 5 R 1}

2

1
2
} 2 }

n

1
2
}2

where R is a constant, later called the Rydberg constant, whose value Balmer found to be

1.097 3 107 m21, and n is a whole number greater than 2. Each successive value of n

(3, 4, 5, ... ) yields a value for the wavelength of a line in the spectrum.

Further studies of the hydrogen spectrum carried out over the next three or four

decades, using ultraviolet and infrared detection techniques, revealed that the entire

hydrogen spectrum obeyed a relationship generalizing the one devised by Balmer. By

replacing the 22 term in Balmer’s expression with the squares of other integers, a more

general expression was devised to predict the wavelengths of all possible lines in the

hydrogen spectrum:

}
λ

1
} 5 R 1}

n

1

l

2} 2 }
n

1
2
u

}2
where n

l
is any whole number 1, 2, 3, 4, ... , and nu is any whole number greater than n

l.

The choice of subscripts l for “lower” and u for “upper” reflects the idea of a transition

between energy levels.

This expression can be related to the energy of the emitted photons by isolating }
λ

1
}

from Ep 5 }
h

λ

c
} and substituting. Also, the energy of the emitted photon Ep is determined

from the difference in energy of the energy levels involved in the transition producing

the photon, that is Ep 5 Eu 2 E
l 
. This yields

}
λ

1
} 5 }

h

E

c

p
}

}
λ

1
} 5 }

Eu

h

2

c

E
l

}

}
Eu

h

2

c

E
l

} 5 R1}
n

1

l

2} 2 }
n

1
2
u

}2
Eu 2 E

l
5 Rhc 1}

n

1

l

2} 2 }
n

1
2
u

}2
E

l
2 Eu 5 Rhc 1}

n

1

l

2} 2 }
n

1
2
u

}2
Now, when nu becomes very large, Eu approaches the ionization state. If we choose the

ionization state to have zero energy, then Eu → 0 and }
n

1
2
u

} → 0 and the formula for the

energy levels becomes 

E
l

5 }
2

n

R

l
2

hc
}
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Rutherford’s planetary model proposed that the hydrogen atom consists of a single

proton nucleus (the Sun) and a single orbiting electron (a planet). In this model, the

Coulomb force of attraction binds the electron to its nucleus in much the way Earth is

bound to the Sun by the gravitational force. When we studied such a gravitational system

earlier (Section 6.3), we found it useful to choose the zero level of energy as the point where

the two masses are no longer bound to each other. This zero level of energy denotes the

borderline between the bound and the free condition of the system. If an object has a total

energy greater than zero, it can reach an essentially infinite distance, where its potential

energy is near zero, without coming to rest. For the hydrogen atom, this situation cor-

responds to ionization: the electron is no longer bound to its nucleus, as part of the

atom, but is liberated. Thus, if we choose E I 5 0 when n approaches infinity, then the

expression for the energy levels of hydrogen becomes even simpler:

En 5 EI 2 }
R

n

h

2

c
}

5 0 2

En 5 2}
2.18 3

n2

10218

} J

Then, converting from joules to electron volts, we have

(1.097 3 107 m21)(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}}}

n2
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En 5 2 eV where n 5 1, 2, 3, …
13.6
}
n2

Table 1 Energy Levels of Hydrogen

Level Value of n Energy Energy Above 

Ground State

ground state 1 213.6 eV 0

1st excited state 2 23.4 eV 10.2 eV

2nd excited state 3 21.51 eV 12.1 eV

3rd excited state 4 20.85 eV 12.8 eV

4th excited state 5 20.54 eV 13.1 eV

:

ionization state ` 0 13.6 eV

0

–1.51

–3.40

–13.6

E (eV)

–0.85

ground state (lowest)

“bound” electron

E < 0 eV (only certain

energies allowed)

unbound (ionized) 

electron E > 0 eV
n = ∞

n = 3

n = 2

n = 1

n = 4

Figure 1

Energy levels of hydrogen

The Energy Levels of Hydrogen

(p. 656)

You can measure the wavelengths

and calculate the energies for the

first four lines in the Balmer series,

then compare your results with the

theoretical values.

INVESTIGATION 12.5.1
Using this equation, we can calculate the values of all the energy levels of the hydrogen

atom, as in Table 1. The values can be represented graphically on an energy-level diagram

(Figure 1), showing both the energy above the ground state (on the right) and the energy

below ionization (on the left).

By performing Investigation 12.5.1 in the Lab Activities section at the end of this

chapter, you can measure the line spectra in hydrogen.

Abbreviations

Note that l stands for lower, but I,

as in EI, stands for ionization.

LEARNING TIP
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Calculate the energy of the n 5 6 state for hydrogen, and state it with respect to the

ground state.

Solution

n 5 6

E 5 ?

E 5 2}
13.

n

6
2

eV
}

5 2}
13.

6

6
2

eV
}

E 5 20.38 eV

The n 5 6 energy level is 20.38 eV, or 213.6 eV 2 (20.38 eV) 5 13.2 eV, above the

ground state.

SAMPLE problem 1

If an electron in a hydrogen atom moves from the n 5 6 to the n 5 4 state, what is the

wavelength of the emitted photon? In what region of the electromagnetic spectrum does

it reside?

Solution

λ 5 ?

From Sample Problem 1, the energy of the n 5 6 state is 20.38 eV.

The energy of the n 5 4 state is

E 5 2}
13.

4

6
2

eV
}

E 5 20.85 eV

energy change 5 20.38 eV2 (2 0.85 eV)

energy change 5 0.47 eV

0.47 eV 5 (0.47 eV)(1.60 3 10219 J/eV) 5 7.5 3 10220 J

The wavelength is calculated from the relationship

E 5 }
h

λ

c
}

λ 5 }
h

E

c
}

5

λ 5 2.6 3 1026 m, or 2.6 3 102 nm

The wavelength of the emitted photon is 2.6 3 102 nm, in the ultraviolet region of the spectrum.

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

7.52 3 10220 J

SAMPLE problem 2
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Figure 2

Niels Bohr (1885–1962) received his

Ph.D. from the University of

Copenhagen in 1911 but worked at

Manchester University with

Rutherford until 1916, when he

returned to Copenhagen to take up

a professorial chair in physics. He

was awarded the 1922 Nobel Prize

in physics for his development of the

atomic model. An avid supporter of

the peaceful uses of atomic energy,

Bohr organized the first Atoms for

Peace Conference in 1955 and in

1957 was honoured with the first

Atoms for Peace Award.

Practice

Understanding Concepts

1. What values of n are involved in the transition that gives rise to the emission of a

388-nm photon from hydrogen gas?

2. How much energy is required to ionize hydrogen when it is in

(a) the ground state?

(b) the state for n 5 3?

3. A hydrogen atom emits a photon of wavelength 656 nm. Between what levels

did the transition occur?

4. What is the energy of the photon that, when absorbed by a hydrogen atom,

could cause

(a) an electron transition from the n 5 3 state to the n 5 5 state?

(b) an electron transition from the n 5 5 state to the n 5 7 state?

Answers

1. n 5 8 to n 5 2

2. (a) 13.6 eV

(b) 1.51 eV

3. n 5 3 and n 5 2

4. (a) 0.97 eV

(b) 0.26 eV

The Bohr Model
The Rutherford planetary model of the atom had negatively charged electrons moving

in orbits around a small, dense, positive nucleus, held there by the force of Coulomb

attraction between unlike charges. It was very appealing, although it did have two major

shortcomings. First, according to Maxwell’s well-established theories of electrodynamics,

any accelerating electric charge would continuously emit energy in the form of electro-

magnetic waves. An electron orbiting a nucleus in Rutherford’s model would be accel-

erating centripetally and, hence, continuously giving off energy in the form of

electromagnetic radiation. The electron would be expected to spiral in toward the nucleus

in an orbit of ever-decreasing radius, as its total energy decreased. Eventually, with all its

energy spent, it would be captured by the nucleus, and the atom would be considered to

have collapsed. On the basis of classical mechanics and electromagnetic theory, atoms

should remain stable for only a relatively short time. This is, of course, in direct con-

tradiction to the evidence that atoms exist on a seemingly permanent basis and show no

such tendency to collapse.

Second, under certain conditions, atoms do emit radiation in the form of visible and

invisible light, but only at specific, discrete frequencies. The spiralling electron described

above would emit radiation in a continuous spectrum, with a gradually increasing fre-

quency until the instant of arrival at the nucleus. Furthermore, the work of Franck and

Hertz plus the analysis of emission and absorption spectra had virtually confirmed the

notion of discrete, well-defined internal energy levels within the atom, a feature that

Rutherford’s model lacked.

Shortly after the publication of Rutherford’s proposals, the young Danish physicist

Niels Bohr (Figure 2), a post-doctoral student in Rutherford’s laboratory, became

intrigued with these problems inherent in the model. He realized that the laws of clas-

sical mechanics and electrodynamics might fail to apply within the confines of the atom.

Inspired by the Planck–Einstein introduction of quanta into the theory of electromag-

netic radiation, Bohr proposed a quantum approach to the motion of electrons within

the atom.

His paper, released in 1913 after two years of formulation, sent shock waves through

the scientific community. In making the following three postulates about the motion

of electrons within atoms, he defied the well-established classical laws of mechanics and

electromagnetism:

Collapse Time

Detailed calculations beyond the

scope of this text suggest that the

collapse of an atom would occur

within 1028 s.

DID YOU KNOW??
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• Of all the possible circular and elliptical orbits for electrons around a nucleus,

only a very special few orbits are physically “allowed.” Each allowed orbit is char-

acterized by a different specific amount of electron energy.

• When moving in an allowed orbit, an electron is exempt from the classical laws of

electromagnetism and, in particular, does not radiate energy as it moves along its

orbital path. Each such orbit is consequently called a stationary state.

• Electrons “jump” from a higher energy orbit to a lower energy orbit, with the

energy difference between these two stationary states given off in the form of a

single photon of electromagnetic radiation. Similarly, an atom can only absorb

energy if that amount of energy is equal to the energy difference between a lower

stationary state and some higher one.

To summarize: Bohr’s idea was that atoms only exist in certain stationary states char-

acterized by certain allowed orbits for their electrons, which move in these orbits with

only certain amounts of total energy, the so-called energy levels of the atom. But what

made these allowed orbits different from all the other disallowed orbits?

Bohr believed, drawing on the work of Planck, that something in the model of the

atom must be quantized. Although he actually chose angular momentum, the picture is

clearer if we leap ahead a decade and borrow the concept of wave–particle duality from

de Broglie. Let us suppose that electrons can only exist in stable orbits if the length of the

orbital path is a whole number of de Broglie electron wavelengths. Recall that an elec-

tron of mass m and speed v has a de Broglie wavelength given by

λ 5 }
m

h

v
}

where h is Planck’s constant (6.63 3 10234 J?s).

The standing-wave pattern for an electron in a stable orbit might then, for example,

be three wavelengths, as in Figure 3(a). Similar conditions hold for the standing-wave

interference pattern for a string fixed at both ends (Figure 3(b)).

If the orbits are essentially circular, and if the first allowed orbit has a radius r1 and is

occupied by an electron moving with a speed v1, the length of the orbital path will be one 

wavelength:

2pr1 5 λ

2pr1 5 }
m

h

v1
}

Similarly, for the second allowed orbit,

2pr2 5 2λ

Section 12.5

stationary state the orbit of an

electron in which it does not radiate

energy

A

λ

B

2  r = 3λ

r

π

λ

Figure 3

(a) The standing-wave pattern for

an electron wave in a stable

orbit of hydrogen, here chosen

to have exactly three wave-

lengths 

(b) The standing-wave pattern for

a string fixed at both ends 

(a) (b)
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More generally, for the nth allowed orbit,

2prn 5 nλ 5 n1}
m

h

vn

}2
Thus, according to Bohr, the allowed orbits are those determined by the relationship

mvnrn 5 n1}
2

h

p
}2 (n 5 1, 2, … )

The whole number n appearing in this equation, which represents the number of

de Broglie wavelengths in the orbital path, is called the “quantum number” for the

allowed orbit (Figure 4). The equation itself, named “Bohr’s quantum condition,” pro-

vides the key to an explanation of atomic structure more complete than Rutherford’s.

The Wave-Mechanical Model of the Hydrogen Atom
With the formulation of Bohr’s quantum hypothesis about the special nature of the

allowed orbits, it became possible to combine classical mechanics with quantum wave

mechanics to produce an elegant model of atomic structure, satisfactory for hydrogen

(but overhauled a few years later to generalize the electron orbits of all elements).

A hydrogen atom consists of a stationary proton of mass mp and charge +1e and a

moving electron of mass me and charge –1e. The electron moves in a circular orbit of

radius rn at a constant speed vn in such a way that n complete de Broglie wavelengths fit

exactly into each orbital path. The Coulomb force of electrical attraction between the

proton and the electron provides the force necessary to sustain the circular orbit; that is,

Fc 5 Fe

5

or more simply,

mev
2
n 5 }

k

r

e

n

2

} Equation (1)

Applying Bohr’s quantum hypothesis,

mvn rn 5 n1}
2

h

p
}2 Equation (2)

Solving Equation (2) for vn, we have

vn 5 }
2p

n

m

h

ern
} Equation (2a)

Substituting this value for vn into Equation (1), we have

me1}2p
n

m

h

ern
}2

2
5 }

k

r

e

n

2

}

}
4p

n
2m

2h

e

2

r2
n

} 5 }
k

r

e

n

2

}

rn 5 }
4p

n

2m

2h

e

2

ke2
} Equation (3)

as an expression for the radius of the nth circular allowed orbit in the hydrogen atom.

ke2

}
r2

n

mev
2
n

}
rn

Symbols

The expression mv0r0 represents the

angular momentum of a mass m,

moving in a circle of radius r0, at a

constant speed v0. The quantity

}
2

h

p
} appears so frequently 

in quantum physics that it is often

abbreviated to " (“h bar”). 

DID YOU KNOW??

Figure 4

Standing circular waves for (a) two

and (b) five de Broglie wavelengths.

The number of wavelengths n is also

the quantum number.

n = 2

n = 5

(a)

(b)



Waves, Photons, and Matter 645NEL

Section 12.5

By substituting known values for the constants, we can evaluate this radius:

rn 5 n23 4
rn 5 5.3 3 10211n2 m

The radius of the smallest orbit in hydrogen (when n 5 1) is 5.3 3 10211 m, some-

times called the Bohr radius. It is a good estimate of the normal size of a hydrogen atom.

The radii of other orbits, given by the equation above, are

r2 5 22r1 5 4r1 5 4(5.3 3 10211 m) 5 2.1 3 10210 m

r3 5 32r1 5 9r1 5 4.8 3 10210 m (and so on)

Recall that, according to Bohr, an electron can only exist in one of these allowed orbits,

with no other orbital radius being physically possible.

To find the speed vn with which the electron moves in its orbit, we rearrange 

Equation (2a) to get

vn 5

vn 5 }
2p

n

k

h

e2

} Equation (4)

Again substituting known values, we have

vn 5 }
1
n

}3 4
vn 5 }

1
n

} (2.2 3 106) m/s

so that v1 5 2.2 3 106 m/s

v2 5 }
1

2
} v1 5 1.1 3 106 m/s

v3 5 }
1

3
} v1 5 7.3 3 105 m/s (and so on)

Just as with a satellite orbiting Earth, the electron has a definite, characteristic energy,

given by the sum of its kinetic and electrical-potential energies. Thus, in its nth orbit

the total energy of the electron is 

En 5 EK + Ee

En 5 }
1

2
} mev

2
n 1 12 }

k

r

e

n

2

}2
Substituting values for vn from Equation (4) and for rn from Equation (3), we have

En 5 }
1

2
} me1}2p

n

k

h

e2

}2
2

2

5 2

En 5 2
2p2mek

2e4

}}
n2h2

4p2mek
2e4

}}
n2h2

2p2mek
2e4

}}
n2h2

ke2

}}

1}4p
n
2k

2

m

h2

ee
2}2

2p(9.0 3 109 N?m2/C2)(1.6 3 10219 C)2

}}}}}
6.63 3 10234 J?s

nh
}}

2pme1}4p

n

2k

2

m

h2

ee
2

}2

(6.63 3 10234 J?s)2

}}}}}}
4p2 (9.1 3 10231 kg)(9.0 3 109 N?m2/C2)(1.6 3 10219 C)2



646 Chapter 12 NEL

Again substituting values for the constants, we have

En 5 2}
n

1
2
} 3 4

5 2}
2.17 3

n2

10218

} J

En 5 2}
1

n

3
2

.6
} eV

Thus, the energy levels for the allowed orbits of hydrogen are

E1 5 2 5 213.6 eV

E2 5 2}
1

2

3
2

.6
} 5 23.40 eV

E3 5 2}
1

3

3
2

.6
} 5 21.51 eV (and so on)

This model verifies, exactly, the hydrogen atom energy levels previously established on

the basis of the hydrogen emission spectrum. Although all the energy levels are negative,

as is characteristic of a “bound” system, the energy of the outer orbits is less negative,

and hence greater, than the energy of the inner orbits. The orbit closest to the nucleus

(n 5 1) has the lowest energy (–13.6 eV), the smallest radius (0.53 3 10210 m), and the

greatest electron speed (2.2 3 106 m/s).

It is now possible to draw a complete and detailed energy-level diagram for the

hydrogen atom (Figure 5).

13.6
}
12

2p2(9.1 3 10231 kg)(9.0 3 109 N?m2/C2)2(1.6 3 10219 C)4

}}}}}}}
(6.63 3 10234 J?s)2

n = ∞

n = 4
n = 3

n = 2

Paschen series

E1 has n = 3

Lyman series

E1 has n = 1

Balmer series

E1 has n = 2

emission: E1 = E 
l
 + hc

n = 1

0

–0.85
–1.51

–3.40

–13.6

E
n

e
rg

y
 (

e
V

)

λ

Figure 5

Energy-level diagram for the

hydrogen atom

Rydberg Constant

Spectroscopists had derived the

same result for En by examining the

Rydberg constant: 

En 5 2}
R

n

h

2

c
} 5 2}

13.

n

6
2

eV
} .

This meant that the Rydberg con-

stant, obtained empirically by fitting

the data for the emission lines of

hydrogen, agreed with Bohr’s pre-

dicted value to 0.02%, one of the

most accurate predictions then

known in science.

DID YOU KNOW??
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The lone electron of the hydrogen atom normally resides in the ground state (n 5 1).

However, in absorbing energy from photons or during collisions with high-speed par-

ticles, it may be boosted up to any of the excited states (n 5 2, 3, 4, ... ). Once in an

excited state, the electron will typically jump down to any lower energy state, giving off

the excess energy by creating a photon. The arrows in Figure 5 represent downward

transitions giving rise to the various lines found in the hydrogen emission spectrum.

They are grouped together in series, according to their common lower state; the series

are named after famous spectroscopists whose work led to their discovery. The Lyman

series is the set of transitions from higher energy levels to the ground state (n 5 1); the

Balmer series is the set of downward transitions to n 5 2; and the Paschen series is the

set of downward transitions to n 5 3.

A sample problem illustrates how we can identify these spectral lines.

Section 12.5

Lyman series series of wave-

lengths emitted in transitions of a

photon from higher energy levels to

the n 5 1, or ground, state

Balmer series series of wave-

lengths emitted in transitions of a

photon from higher energy levels to

the n 5 2 state

Paschen series series of wave-

lengths emitted in transitions of a

photon from higher energy levels to

the n 5 3 state

Determine, with the help of Figure 5, the wavelength of light emitted when a hydrogen

atom makes a transition from the n 5 5 orbit to the n 5 2 orbit. 

Solution

λ 5 ?

For n 5 5, E5 5 2}
1

5

3
2

.6
} eV 5 20.54 eV

For n 5 2, E2 5 2}
1

2

3
2

.6
} eV 5 23.40 eV

Ep 5 E5 2 E2

5 20.54 eV 2(23.40 eV)

Ep 5 2.86 eV

Thus,

λ 5 }
h

E

c

p

}

5

λ 5 4.35 3 1027 m, or 435 nm

The wavelength of light emitted is 435 nm. (This is a violet line in the visible spectrum, the

third line in the Balmer series.) 

(6.63 3 10234 J?s)(3.00 3 108 m/s)
}}}}

(2.86 eV)(1.60 3 10219 J/eV)

SAMPLE problem 3

Practice

Understanding Concepts

5. How does the de Broglie wavelength of the electron compare with the circum-

ference of the first orbit?

6. Calculate the energies of all the photons that could possibly be emitted by a

large sample of hydrogen atoms, all initially excited to the n 5 5 state.

7. In performing a Franck–Hertz type experiment, you accelerate electrons through

hydrogen gas at room temperature over a potential difference of 12.3 V. What

wavelengths of light could be emitted by the hydrogen?

8. Calculate the wavelength of the line in the hydrogen Balmer series for which 

n 5 4.

Answers

6. 0.31 eV; 0.65 eV; 0.96 eV; 

1.9 eV; 2.6 eV; 2.86 eV; 10.2 eV;

12.1 eV; 12.8 eV; 13.1 eV

7. 122 nm; 103 nm; 654 nm

8. 488 nm
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Success of the Bohr Model
Although based on theoretical assumptions designed to fit the observations rather than

on direct empirical evidence, Bohr’s model was for many reasons quite successful:

• It provided a physical model of the atom whose internal energy levels matched

those of the observed hydrogen spectrum.

• It accounted for the stability of atoms: Once an electron had descended to the

ground state, there was no lower energy to which it could jump. Thus, it stayed

there indefinitely, and the atom was stable.

• It applied equally well to other one-electron atoms, such as a singly ionized

helium ion.

The model was incomplete, however, and failed to stand up to closer examination:

• It broke down when applied to many-electron atoms because it took no account

of the interactions between electrons in orbit.

• With the development of more precise spectroscopic techniques, it became

apparent that each of the excited states was not a unique, single energy level but a

group of finely separated levels, near the Bohr level. To explain this splitting of

levels, it was necessary to introduce modifications to the shape of the Bohr orbits

as well as the concept that the electron was spinning on an axis as it moved.

Even though the Bohr model eventually had to be abandoned, it was a triumph of

original thought and one whose basic features are still useful. It first incorporated the ideas

of quantum mechanics into the inner structure of the atom and provided a basic phys-

ical model of the atom. In time, scientific thought would replace it by moving into the

less tangible realm of electron waves and probability distributions, as discussed in the next

section.

Answers

9. (a) 93 nm

(b) 1.2 3 104 nm

10. 10.2 eV; 122 nm

11. (a) 122 nm

(b) 1.89 3 103 nm

12. n 5 4.3 3 103;

27.4 3 1027 eV

• Balmer devised a simple empirical equation from which all of the lines in the 

visible spectrum of hydrogen could be computed: }
λ

1
} 5 R 1}

n

1

l
2

} 2 }
n

1
2
u

}2.

His equation allowed the energy levels for hydrogen to be predicted as 

En 5 2}
13.

n

6
2

eV
} (n 5 1, 2, 3, … ).

• The work of Franck and Hertz, and the analysis of emission and absorption

spectra had confirmed that there are discrete, well-defined internal energy levels

within the atom.

The Bohr Model of the AtomSUMMARY

9. Calculate the wavelengths of (a) the most energetic and (b) the least energetic

photon that can be emitted by a hydrogen atom in the n 5 7 state.

10. Calculate the energy and wavelength of the least energetic photon that can be

absorbed by a hydrogen atom at room temperature.

11. Calculate the longest wavelengths in (a) the hydrogen Lyman series (n 5 1) and

(b) the hydrogen Paschen series (n 5 3).

12. What value of n would give a hydrogen atom a Bohr orbit of radius 1.0 mm? 

What would be the energy of an electron in that orbit?
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• Bohr proposed that atoms only exist in certain stationary states with certain

allowed orbits for their electrons. Electrons move in these orbits with only certain

amounts of total energy, called energy levels of the atom.

• Bohr made the following three postulates regarding the motion of electrons

within atoms:

1. There are a few special electron orbits that are “allowed,” each characterized by

a different specific electron energy.

2. When moving in an allowed stationary orbit, an electron does not radiate

energy.

3. Electrons may move from a higher-energy orbit to a lower-energy orbit, giving

off a single photon. Similarly, an atom can only absorb energy if that energy is

equal to the energy difference between a lower stationary state and some

higher one.

• Bohr combined classical mechanics with quantum wave mechanics to produce a

satisfactory model of the atomic structure of hydrogen.

• The lone electron of a hydrogen atom normally resides in the ground state 

(n 5 1). By absorbing energy from photons, however, or from collisions with

high-speed particles, it may be boosted up to any of the excited states 

(n 5 2, 3, 4, ... ). Once in an excited state, the electron quickly moves to any lower

state, creating a photon in the process.

• Bohr’s model was quite successful in that it provided a physical model of the

hydrogen atom, matching the internal energy levels to those of the observed

hydrogen spectrum, while also accounting for the stability of the hydrogen atom.

• Bohr’s model was incomplete in that it broke down when applied to many-

electron atoms.

Section 12.5 Questions

Understanding Concepts

1. In the hydrogen atom, the quantum number n can increase

without limit. Does the frequency of possible spectral lines

from hydrogen correspondingly increase without limit?

2. A hydrogen atom initially in its ground state (n 5 1)

absorbs a photon, ending up in the state for which n 5 3.

(a) Calculate the energy of the absorbed photon.

(b) If the atom eventually returns to the ground state, what

photon energies could the atom emit?

3. What energy is needed to ionize a hydrogen atom from the

n 5 2 state? How likely is such ionization to occur? Explain

your answer.

4. Determine the wavelength and frequency of the fourth

Balmer line (emitted in the transition from n 5 6 to n 5 2)

for hydrogen.

5. For which excited state, according to the Bohr theory, can

the hydrogen atom have a radius of 0.847 nm?

6. According to the Bohr theory of the atom, the speed of an

electron in the first Bohr orbit of the hydrogen atom is

2.19 3 106 m/s.

(a) Calculate the de Broglie wavelength associated with

this electron.

(b) Prove, using the de Broglie wavelength, that if the

radius of the Bohr orbit is 4.8 3 10210 m, then the

quantum number is n 5 3.

7. Calculate the Coulomb force of attraction on the 

electron when it is in the ground state of the Bohr

hydrogen atom.
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12.612.6 Probability versus Determinism

Heisenberg’s Uncertainty Principle
Once scientists had abandoned the well-established realm of classical Newtonian

mechanics and entered the new, uncharted world of quantum mechanics, many phe-

nomena were discovered that were both strange and difficult to visualize. In classical

mechanics, objects we identify as particles always behave like particles, and wave phe-

nomena always exhibit pure wave properties. But the quantum hypotheses of Planck,

Einstein, and Bohr created a new dilemma: light, which had traditionally been viewed

as a wave phenomenon, was apparently composed of photons possessing distinct par-

ticle characteristics. Electrons, to this point thought of as tiny particles with a definite

charge and mass, behaved like waves with a definite wavelength, as they moved in orbits

within the atom and interacted with objects of atomic dimensions. Clearly, a new way

of looking at particle and wave phenomena was needed.

The equations in Section 12.5 suggest that we can be very precise about the proper-

ties of an electron in the hydrogen atom. We can determine an orbiting electron’s exact

location using the equation for rn and can likewise determine its exact speed and energy.

In 1927, the German physicist Werner Heisenberg (Figure 1) proposed that there was

always some inherent uncertainty in the determination of these quantities. It was not a

question of accuracy in measurements. The uncertainty was inherent and originated

from the quantum-mechanical nature of subatomic particles. Let us consider an illus-

tration of Heisenberg’s position.

Suppose we are measuring the temperature of a cup of hot coffee with a laboratory

thermometer. When the room-temperature thermometer is immersed in the coffee, it

extracts some heat from the coffee. Therefore, the temperature registered is that of the

system and not just the original temperature of the coffee. A smaller thermometer will

disturb the temperature of the coffee less, thereby yielding a more precise reading. In the

limiting situation, an infinitely small thermometer would produce an infinitely precise

result. There is no inherent lower limit to the size of the thermometer that would limit

the precision of the temperature determination.

Imagine, next, that we are trying to determine the position of an electron within 

an atom. To do this, we bombard the atom with highly energetic electromagnetic 

radiation of a given wavelength (Figure 2). A photon of wavelength λ will have a 

Figure 1

Werner Heisenberg (1901–1976) was

awarded the 1932 Nobel Prize in

physics for developing the uncer-

tainty principle.

scattered photon

p + ∆p1

p + ∆p2

short λ photon long λ photon

scattered photon

∆x1 ∆x2

electron electron

Figure 2

The more accurately we try to locate

the electron, the less precisely we

know its momentum.
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momentum }
λ

h
}. We know from our analysis of the Compton effect (Section 12.3) that 

this photon will transfer some of its momentum to the electron when they interact.

Thus, the electron will acquire a new and unknown value of momentum just as a con-

sequence of being located by the photon. The more accurately we try to locate the elec-

tron by selecting a photon of smaller wavelength, the less precisely we know its

momentum. If we use a photon of longer wavelength to be more precise about the

momentum of the electron, we must be content with being less certain of its location.

As a result, we are unable to measure both the position and the momentum of the

electron with unlimited accuracy. Heisenberg was able to determine the limits of these

inherent uncertainties and to express them mathematically, in a formulation known as

Heisenberg’s uncertainty principle:

Section 12.6

Heisenberg’s Uncertainty Principle

If ∆x is the uncertainty in a particle’s position, and ∆p is the

uncertainty in its momentum, then

DxDp $ }2
h
p} where h is Planck’s constant

To appreciate the significance of Heisenberg’s principle, let us look at examples from

both the macroscopic and the microscopic worlds. For a large particle of mass 1.0 kg,

whose momentum p is given by the equation p 5 mv,

∆x∆p 5 ∆xm∆v $ }
2

h

p
}

∆x∆v $ }
2p

h

m
}

$

∆x∆v $ 1.1 3 10234 J?s/kg

Thus, if we can know the position of the particle to within an uncertainty ∆x of

61026 m, we are permitted to know its speed to within an uncertainty ∆v 

of 610228 m/s (since the product of ∆x∆v cannot be smaller than 10234 J?s/kg). Such

small uncertainties are of no consequence when dealing with macroscopic objects.

On the other hand, for an electron of mass 9.1 3 10231 kg,

∆x∆v $ }
2p

h

m
}

$

∆x∆v $ 1.2 3 1024 J?s/kg

If we confine the uncertainty in the location of the electron to 610210 m (about the

size of an atom), we cannot know its speed within an uncertainty of less than 6106 m/s.

These uncertainties are significant enough to invalidate Bohr’s picture of a finite elec-

tron moving in a well-defined orbit. Clearly, a new look is needed at just what an elec-

tron is. We will leave this discussion to Chapter 13.

6.63 3 10234 J?s
}}}
2p(9.1 3 10231 kg)

6.63 3 10234 J?s
}}

2p(1.0 kg)
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Probability and Determinism
The Newtonian view of mechanics was deterministic. If the position and speed of an

object at a particular time were known, its position and speed for all future time could

be determined simply by knowing the forces acting on it. More than two centuries of suc-

cess in describing the macroscopic world had made the deterministic view of nature

convincing. Bohr had no reason to believe that the motion of electrons within atoms

would be any different.

However, because of the uncertainty in measuring an electron’s position and speed,

it becomes impossible to say, for any individual electron, where it is now or where it will

be at any future time. Because of its inherent wave properties, an electron in an atom

cannot be visualized as a Newtonian particle. Rather than saying where it is, we must be

satisfied with describing its location by stating the probability that it will be found near

any point.

One way of visualizing this situation is to think of the electron existing as a cloud of

negative charge distributed around the atom rather than as a particle moving in a cir-

cular orbit (Figure 3). The cloud is denser in areas of high probability and less dense in

areas where the electron is less likely to be found. For the first Bohr orbit of the hydrogen

atom (n 5 1), the cloud is most dense in a spherical shell of radius 5.3 3 10211 m, the

first Bohr radius. Even though this is where the electron is most likely to be, it does have

a small statistical probability of being anywhere else.

The “probability cloud” for other allowed Bohr orbits takes on different shapes and

dimensions in ways that can be determined mathematically. In 1925, working inde-

pendently, Heisenberg and Erwin Schrödinger devised equivalent mathematical equa-

tions whose solutions gave the probability distributions for virtually any problem in

quantum mechanics. The expressions became known as the Schrödinger equations and

have been immensely successful in solving atomic structure problems. They provide a

mathematical interpretation of the physical situation, yielding the values of all meas-

urable quantities such as momentum and energy, as well as the probability for all posi-

tions that the particle can occupy. Physicists have spent countless hours applying these

techniques to a seemingly endless array of problems, with success in almost every instance.

One example is the whole field of solid-state physics, from which semiconductors, the

backbone of modern electronics, have developed.

Determinism

Determinism is the philosoph-

ical doctrine that every event,

act, or decision is the inevitable

consequence of antecedents

that are independent of the

human will.

Nelson Canadian Dictionary

LEARNING TIP

nucleus

low probability

of finding electron

high probability

of finding electron

Figure 3

The electron cloud, or probability

distribution, for the ground state of

the hydrogen atom. The cloud is

most dense—corresponding to the

highest probability—at a distance

from the nucleus of 5.3 3 10211 m,

which is what the Bohr model pre-

dicts for the radius of the first orbit.

But modern quantum mechanics

departs from the Bohr model in

telling us that the electron can be

within or beyond that distance at

any given time.
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Section 12.6

Uncertainty

Einstein, who had trouble

accepting the uncertainty prin-

ciple, was quoted as saying: “God

does not play dice with the

Universe.” The contemporary cos-

mologist Steven Hawking, on the

other hand, has said: “Not only

does God play dice with the

Universe, he sometimes throws

them where they can’t be seen.”

(in A Brief History of Time, with ref-

erence to black holes) 

DID YOU KNOW??• In classical mechanics, the objects we identify as particles always behave like par-

ticles, while wave phenomena always exhibit pure wave properties.

• In quantum mechanics, light is composed of photons possessing distinct particle

characteristics, and electrons behave like waves with a definite wavelength.

• Heisenberg proposed that an inherent uncertainty exists in the simultaneous

determination of any measured quantity due to the quantum-mechanical wave

aspect of particles.

• We are unable to measure both the position and the momentum of the electron

with unlimited accuracy. Heisenberg was able to determine the limits of these 

inherent uncertainties and to express them mathematically as ∆x∆p $ }
2

h

p
}.

• Physics now considers the electron in an atom as a probability cloud of negative

charge distributed around the nucleus rather than as a particle moving in a cir-

cular orbit. The cloud is denser in areas of high probability and less dense in

areas where the electron is less likely to be found.

• An electron’s position and velocity are impossible to predict; we only know the

probability that the electron will be found near any point. The shapes and dimen-

sions of these probability distributions can be determined mathematically.

Probability versus DeterminismSUMMARY

Section 12.6 Questions

Understanding Concepts

1. In what sense does Bohr’s model of the atom violate the

uncertainty principle?

2. How accurately can the position and speed of a particle be

known, simultaneously?

3. A 12.0-g bullet leaves a rifle with a speed of 1.80 3 102 m/s.

(a) Calculate the de Broglie wavelength associated with

the bullet.

(b) If the position of the bullet is known to an accuracy of

0.60 cm (radius of the rifle barrel), what is the min-

imum uncertainty in momentum?

4. If Planck’s constant were very large, what would be the

effect on shooting an arrow at a stationary target? 

What would be the effect with a moving target, such 

as a deer?
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Key Expectations

• define and describe the concepts and units related to

the present-day understanding of the nature of the

atom including quantum theory, photoelectric effect,

matter waves, wave–matter duality, energy levels in the

atom, and uncertainty (12.1, 12.2, 12.3, 12.4, 12.5,

12.6)

• describe the photoelectric effect in terms of the

quantum energy concept, and outline the experi-

mental evidence that supports a particle model of light

(12.1)

• describe and explain in qualitative terms the Bohr

model of the hydrogen atom as a synthesis of classical

and early quantum mechanics (12.5)

• collect and interpret experimental data in support of the

photoelectric effect and, in the case of the Bohr model of

the atom, an analysis of the emission spectrum of

hydrogen (12.1, 12.5)

• outline the historical development of scientific views

and models of matter and energy that led up to Bohr’s

model of the hydrogen atom (12.1, 12.3, 12.5, 12.6)

• describe how the development of the quantum theory

has led to scientific and technological advances that

have benefited society (12.1, 12.2, 12.4)

• describe examples of contributions of Canadians to

the development of modern physics (12.1, 12.2)

Key Terms

Key Equations

• E 5 hf (12.1)

• h 5 6.63 3 10234 J?s Planck’s constant (12.1)

• EK 5 Ephoton 2W Einstein’s photoelectric 

equation (12.1)

• EK 5 hf 2W (12.1)

• p 5 }
λ

h
} (12.1)

• λ 5 }
h
p

} 5 }
m
h
v

} de Broglie wavelength (12.2)

• Ep 5 E i 2 E f photon emission (12.4)

• Ep 5 E f 2 E i photon absorption (12.4)

• En5 2}
1

n

3.
2

6
} eV hydrogen (12.5)

• ∆x∆p ≥ }
2
h
p
} Heisenberg’s uncertainty 

principle (12.6)

blackbody

blackbody radiation

quanta

Planck’s constant

photoelectric effect

photoelectrons

cutoff potential

threshold frequency

photon

Einstein’s photoelectric

equation

work function

photodiode

charge-coupled device

Compton effect

momentum of a

photon

pair production

wave–particle duality

principle of comple-

mentarity

de Broglie wavelength

matter waves

quantum mechanics

transmission electron

microscope

scanning electron

microscope

scanning tunnelling

electron microscope

continuous spectrum

emission spectrum

absorption spectrum

ground state

first excitation energy

energy levels

ionization energy

fluorescence

phosphorescence

metastable

laser

spontaneous emission

stimulated emission

coherence

population inversion

stationary state

Lyman series

Balmer series

Paschen series

Heisenberg’s 

uncertainty 

principle

MAKE a summary

Construct a concept map of the scientific ideas that con-

tributed to the development of the quantum theory and its

application to the hydrogen atom, beginning with Planck

and ending with Bohr. Include as many key terms, equations,

and concepts from this chapter as possible.
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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. Planck proposed that energy is radiated in bundles he

called quanta. The energy of a single quantum is

directly proportional to its wavelength.

2. At the cutoff potential, even the most energetic photo-

electrons are prevented from reaching the anode.

3. For a given photoelectric surface, the longer the wave-

length of light incident on it, the higher the cutoff

potential.

4. In the Compton effect, high-energy photons strike a

surface, ejecting electrons with kinetic energy and

lower-energy photons.

5. Photons have momentum whose value is given by 

p 5 }
h

λ

c
}.

6. When light passes through a medium, its behaviour is

best explained using its particle properties, whereas

when light interacts with matter, its behaviour is best

explained using its wave properties.

7. The diffraction of electrons revealed that particles

have wave characteristics.

8. Electrically “excited” gases produce a continuous

spectrum, while an emission spectrum or line spec-

trum is emitted from a heated solid.

9. An atom is normally in its ground state. The excited

states or energy levels are the amounts of energy the

atom can internally absorb.

10. The analysis of emission and absorption spectra con-

firmed that there are discrete, well-defined internal

energy levels within the atom.

11. In the atom we think of the electron as a particle

moving in a circular orbit whose wave properties pre-

dict its exact position and velocity.

Write numbers 12 to 24 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

12. In the photoelectric effect, increasing the frequency of

the light incident on a metal surface

(a) decreases the threshold frequency for the emis-

sion of photoelectrons

(b) decreases the number of photoelectrons emitted

(c) increases the threshold frequency for the emis-

sion of photoelectrons

Unit 5

(d) increases the kinetic energy of the most energetic

photoelectrons

(e) does not affect the kinetic energy of the photo-

electrons

Use Figure 1 to answer questions 13 to 15. Figure 1 shows

the results of an experiment involving the photoelectric effect.

The graph shows the currents observed in the photocell cir-

cuit as a function of the potential difference between the

plates of the photocell when light beams A, B, C, and D, each

with its own wavelength, were each directed at the photocell.

0

A

B

C

D

2 1

Potential Difference

C
u

rr
e

n
t

Figure 1

Graph of current versus

potential difference for

four different beams of

light (for questions 13,

14, 15)

13. Which of the beams of light had the highest 

frequency?

(a) A (c) C (e) They all had the same 

(b) B (d) D frequency.

14. Which of the beams of light had the longest 

wavelength?

(a) A (c) C (e) They all had the same 

(b) B (d) D wavelength.

15. Which of the beams of light ejected photoelectrons

having the greatest momentum?

(a) A (d) D

(b) B (e) They all ejected photoelectrons

(c) C having the same momentum.

Use Figure 2 to answer questions 16 and 17. Here, electrons

of a single energy are focused into a thin pencil-like beam

incident at 90° on a very thin crystalline film of gold. On the

other side of the film, a pattern of circular rings is observed

on a fluorescent screen.

electrons vacuum

screengold film
Figure 2

For questions 16 and 17

NEL An interactive version of the quiz is available online.

GO www.science.nelson.com
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16. This experiment provides evidence for 

(a) the wave nature of matter

(b) the high speed of electrons

(c) circular electron orbits around nuclei

(d) the spherical shape of the gold atom

(e) none of these

17. If the energy of the electrons were increased, the rings

would

(a) assume the shape of an increasingly eccentric

ellipse

(b) remain essentially unchanged

(c) become less intense

(d) increase in width

(e) decrease in size

Use Figure 3 to answer questions 18 to 20. Figure 3 shows a

Franck–Hertz experiment performed using an accelerating

potential of 8.00 V in a tube containing mercury vapour.

18. After passing through the gas, the electrons can have

energies

(a) of 4.86 eV and 6.67 eV only

(b) of 1.33 eV and 8.00 eV only

(c) of 0.84 eV, 2.40 eV, and 8.00 eV only

(d) of 3.14 eV, 1.33 eV, and 8.00 eV only

(e) in a continuum of values from 0 to 8.00 eV

19. An electron of kinetic energy 9.00 eV collides with a

mercury atom that is in the ground state. The mer-

cury atom 

(a) can only be excited to an energy of 8.84 eV

(b) can only be excited to an energy of 1.40 eV

(c) can only be excited to an energy of 0.16 eV 

(d) can be excited to any of the 4.86 eV, 6.67 eV,

or 8.84 eV energy levels

(e) cannot be excited by this electron

660 Chapter 12 NEL

20. A photon of energy 9.00 eV collides with a mercury

atom in the ground state. The mercury atom 

(a) can only be excited to an energy of 8.84 eV 

(b) can only be excited to an energy of 1.40 eV 

(c) can only be excited to an energy of 0.16 eV

(d) can be excited to any of the 4.86 eV, 6.67 eV, or

8.84 eV energy levels

(e) cannot be excited by this photon

21. Consider the following predictions made on the basis

of the Rutherford model of the atom:

I. Electrons in an atom spiral into the nucleus.

II. The nuclei of atoms scatter a particles in a

Coulomb interaction.

III. De-exciting atoms will emit light in a continuous

spectrum, rather than in a discrete set of colours.

Of these predictions,

(a) only I is contradicted by observation

(b) only II is contradicted by observation

(c) only I and II are contradicted by observation

(d) only I and III are contradicted by observation 

(e) none are consistent with observations

For questions 22 to 24, recall that c 5 3.00 3 108 m/s,

h 5 6.63 3 10234 J⋅s, and 1 eV 5 1.6 3 10219 J, and assume

further that the following are energy levels for a hydrogen-like

atom:

n 5 ` ... 18 eV

n 5 5 ... 17 eV

n 5 4 ... 15 eV

n 5 3 ... 12 eV

n 5 2 ... 8 eV

n 5 1 ... 0 eV

22. The ionization potential of this atom is

(a) 0 V

(b) 8 V

(c) 10 V

(d) 18 V

(e) impossible to compute from the data given

23. The energy of the photon emitted when this atom de-

excites from the state n 5 3 to the state n 5 2 is

(a) 4 eV (c) 8 eV (e) 12 eV

(b) 6 eV (d) 10 eV

24. An electron of kinetic energy 10 eV bombards this

atom in its ground state. A possible value for the

kinetic energy of this electron after this interaction is

(a) 0 eV (c) 8 eV (e) 28 eV

(b) 2 eV (d) 18 eV

660 Chapter 12 NEL660 Chapter 12 NEL

4.86 eV

0.00 eV

6.67 eV

8.84 eV

10.40 eV

ionization

Figure 3

Energy levels for mercury (for questions 18, 19, 20)



Waves, Photons, and Matter 661NEL

Understanding Concepts
1. Explain, using the photon theory, why we cannot see

in the dark.

2. In a photographer’s darkroom light is very damaging

to the sensitive film emulsions, ruining photographs.

However, we may use red light bulbs when working

with some types of film. Using the photon theory,

explain why red light does not affect the photo-

graphic film.

3. When monochromatic light illuminates a photoelec-

tric surface, photoelectrons with many different

speeds, up to some maximum value, are ejected.

Explain why there is a variation in the speeds.

4. Calculate the longest wavelength of light that can

eject electrons from a surface with a work function of

2.46 eV.

5. Light with the wavelength 6.0 3 102 nm strikes a

metal having a work function of 2.3 3 10219 J.

Calculate the maximum kinetic energy, in joules, of

the emitted electrons and the potential difference

required to stop them.

6. Light with wavelength 4.30 3 102 nm falls onto a

photoelectric surface. The maximum kinetic energy

of the photoelectrons is 1.21 eV. Calculate the work

function of the surface.

7. Calculate the momentum of a 4.10 3 102-nm photon

of violet light.

8. Calculate the energy, in electron volts, required to

give an electron an associated de Broglie wavelength

of 7.5 3 10210 m.

9. An electron is accelerated from rest through a poten-

tial difference of 1.50 3 104 V. Calculate its associated

de Broglie wavelength.

10. An electron is fired at a metal target, reaching a speed

of 1.00 3 106 m/s. On impact, it rapidly decelerates to

half that speed, emitting a photon in the process.

Calculate the wavelength of the photon.

11. (a) Calculate the wavelength of a photon that has the

same magnitude of momentum as an electron

moving with a speed of 2.52 3 106 m/s.

(b) Calculate the de Broglie wavelength associated

with the electron.

12. How does the diffraction of electrons by a thin nickel

foil illustrate the concept of wave–particle duality?

13. Identify the major discrepancies between observation

and Rutherford’s explanations of the emission of light

by atoms.

Unit 5

14. Why is it difficult for an observer on Earth to deter-

mine by spectral analysis whether the atmospheres of

Venus and Mars contain oxygen? Briefly explain your

reasoning.

15. When light of a continuous mix of wavelengths,

ranging from the deep ultraviolet to the deep

infrared, passes through hydrogen gas at room tem-

perature, only the Lyman series of absorption lines is

observed. Explain why we do not observe any of the

other series.

16. Suppose the electron in a hydrogen atom obeyed clas-

sical mechanics rather than quantum mechanics.

Explain why such a hypothetical atom should emit a

continuous spectrum.

17. Explain why deep ultraviolet and X rays are called

ionizing radiation.

18. State the principle of complementarity.

19. Explain the differences and similarities between the

interference of water waves and the interference of

electrons.

20. Compare how particles are viewed in quantum

mechanics versus how they are viewed in classical

mechanics.

21. Assuming that the hydrogen atom is spherical, by

what factor is its volume greater when in its first

excited state than when in its ground state?

22. What experimental evidence supported Bohr’s postu-

late concerning the existence of discrete energy levels

in the hydrogen atom?

23. Describe the change in each of the following quanti-

ties as an electron passes from one Bohr orbit to the

next higher energy orbit:

(a) speed (c) energy

(b) orbital  radius (d) de Broglie wavelength

24. According to the Bohr theory, what is the radius of

the second excited state of the hydrogen atom?

25. The average solar power received at ground level in

Toronto and Montreal is about 1.0 kW/m2.

(a) If the average wavelength of sunlight is 5.50 3

102 nm, how many photons per second strike an

area of 1.0 cm2? Assume that the light rays strike

the surface at 90°.

(b) Calculate how many photons you would find in a

thimble with a volume of 1 cm3.

26. How does the principle of uncertainty apply to an

electron orbiting a nucleus?

27. Can an object ever be truly at rest? Use the uncer-

tainty principle to explain.

Chapter 12 REVIEW
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Applying Inquiry Skills
28. Create a graph of electric current versus accelerating

potential that represents the findings of the Franck–

Hertz experiment.

29. The graph in Figure 1 shows the kinetic energy of the

most energetic photoelectrons as a function of the

frequency of light falling on the cathode in a photo-

electric cell.

(a) According to the graph, what potential difference

would be required to stop all the emitted elec-

trons if the incident light had a frequency of

7.5 3 1014 Hz?

(b) What is the physical significance of the intercept

of the graph with the frequency axis (x-axis)?

(c) What is the physical significance of the intercept

obtained when the graph is extrapolated back to

the kinetic energy axis (y-axis)?

(d) Use the graph to determine a value for Planck’s

constant.
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Figure 1

Maximum kinetic energy versus frequency (for question 29)

30. You used a spectroscope with a 5000-line/cm grating

to determine the wavelength of the green line of mer-

cury. Figure 2 gives your measurements. Calculate the

wavelength of the first-order green line of mercury.
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Making Connections
31. One of the most important applications of the photo-

electric effect is the solar cell (Figure 3). Research the

Internet and other sources and answer the following

questions:

(a) How do solar cells use the photoelectric effect?

(b) Comment on their efficiency, identifying meas-

ures taken to enhance it.

(c) List the significant advantages and disadvantages

of solar cells in comparison with other forms of

electrical generation.

(d) Describe three applications of the solar cell on

Earth and two in space.

(e) Suggest how solar cells may be used in the future.

Unit 5

Figure 3

The Hubble Space Telescope uses solar cells to generate power.

GO www.science.nelson.com

energy), the neutron tends to diffract around it. For

this reason, a moderator, such as heavy water or

graphite, slows the neutrons down to approximately

2 3 103 m/s, making fission-producing collisions

more likely. Using your knowledge of matter waves,

explain why a moderator is necessary to enhance the

probability of fission. Using your knowledge of elastic

collisions, explain how the moderator achieves its

design objective.

33. Some of the vocabulary of physics has found its way

into the vernacular. For example, “quantum leap” is

used to describe significant changes in anything, and

“polarization” is used with reference to opinions,

political views, and philosophies. Describe the use of

two or more other words from the world of physics

that have become part of the vernacular.

Extension
34. In a Young’s double-slit experiment performed with

electrons in place of photons, the angle locating the

first-order bright fringes is v1 5 1.6 3 1024° when

the magnitude of the electron momentum is 

p1 5 1.2 3 10222 kg·m/s. What momentum magni-

tude p2 is necessary with this same pair of slits if an

angle v2 5 4.0 3 1024° is to locate the first-order

bright fringe?

35. An electron and a proton are accelerated to equal

kinetic energies, attaining speeds low enough to keep

relativistic effects negligible. Find the ratio of their

de Broglie wavelengths.

36. The neutrons in a parallel beam, each having a speed

of 8.75 3 106 m/s, are directed through two slits 

5.0 3 1026 apart. How far apart will the interference

maxima be on a screen 1.0 m away?

37. The kinetic energy of a certain particle is equal to the

energy of a photon. The particle moves at 5.0% the

speed of light. Find the ratio of the photon wave-

length to the de Broglie wavelength of the particle.

38. The total number of protons in the known universe is

estimated to be about 1081; the radius of a proton is

about 10215 m. What is the order of magnitude of the

radius of the sphere, in metres, that would contain all

these protons if they were tightly packed together?

Sir Isaac Newton Contest Question
32. A high-speed neutron liberated in a nuclear reactor

has a speed of approximately 4 3 106 m/s. When such

a neutron approaches a uranium nucleus, instead of

hitting the nucleus and causing fission (splitting the

atom into two relatively equal parts, with a release of
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chapter

Radioactivity and

Elementary Particles

In this chapter,
you will be able to

• describe three types of

radioactive decay

• use equations to model

radioactive decay processes

• describe how particles

interact

• explain the work of particle

accelerators and particle

detectors and analyze

bubble chamber

photographs

• outline the discoveries that

led to our current

understanding of the four

fundamental forces of nature

• describe the developments

that led to the classification

of particles into the two

families of bosons and

fermions, and explain how

the families are divided into

the hadrons and leptons

• show how the concept of a

new, fundamental particle,

the quark, helped simplify

and systematize particle

theory

• follow some current

research, including work at

the Sudbury Neutrino

Observatory, and understand

the development of the

standard model and grand

unified and superstring

theories

Curiosity drives scientific research. At the heart of every scientific investigation is a ques-

tion that usually begins with how or why. How do stars like the Sun produce the enor-

mous amounts of heat and light that radiate through space? Why will a sample of

uranium expose photographic film in the dark? Why does the universe appear to be

expanding? Ultimately, scientists would like to know how all of the matter and energy

in the universe came to be.

In their search for answers to the great questions of science, scientists have constructed

grand theories that attempt to explain the nature of very large entities, such as planets,

stars, and galaxies, and very small things, such as atoms, protons, and electrons. Two of

the most fundamental theories of science—the theory of relativity and quantum

mechanics—stand in stark contrast to one another. Einstein’s general theory of rela-

tivity explains the nature of gravity and its effects on very large objects and the quantum

theory describes the nature of very small objects. Since protons, electrons, planets, and

galaxies are all forms of matter that interact through the four fundamental forces of

nature, it seems reasonable that a single theory should exist that explains the nature of

everything.

For the last thirty years of his life, Einstein tried—and failed—to devise an all-encom-

passing view of the universe by attempting to unify relativity and quantum mechanics.

It almost seems as if the universe obeys two sets of rules: one for the very large and one

for the very small.

How much progress has been made since Einstein’s death in 1955? We now have

steadily improving models that describe what happens at the level of the fundamental

building blocks of matter. This, in turn, may shed light on the more fundamental ques-

tion of why matter behaves as it does. It is possible that physics will, in your lifetime,

discover a theory that unites everything.
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1. Define or describe radioactivity.

2. Many discoveries in archaeology depend on radiocarbon dating. How is this related

to radioactivity?

3. (a) What are the four fundamental forces of nature?

(b) Which of these forces causes a stationary golf ball to move when it is hit with a

club?

(c) Which of these forces hold the neutrons and protons together in a nucleus?

4. (a) What is antimatter?

(b) What happens when antimatter collides with matter?

5. If a substance has a half-life of two days, what percentage of a sample of the material

will there be after four days?

6. What are elementary particles and how are they classified?

REFLECT on your learning

chapter
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Figure 1

The Sudbury Neutrino Observatory (SNO) is a

vital component of Canada’s contribution to the

universal quest for knowledge about the nature

of the universe. By probing the “inner space” of

the subatomic world, the SNO has already pro-

vided insights into the nature of the neutrino,

one of the most elusive—and abundant—particles

in the universe. Here, far underground and well

shielded from the effects of radiation, a unique

detection system is quietly adding to our knowl-

edge of these fundamental building blocks of

matter and of the Sun, the source of the solar

neutrinos the SNO sees.

rubber

bulb

wax or

silicone

sealer

wire

hanger

flask

watch
alcohol

dry ice (optional)

pipet

Figure 2

TRYTHIS activity Radiation

• Place several millilitres of alcohol in a 1-L flask (Figure 2).

• Suspend a watch with a luminous dial in the flask. Cover the flask with a

rubber bulb pump fitted to a rubber stopper.

• Use the pump to increase the pressure inside the flask. Hold the pressure

for about one minute, then release it suddenly.

• Look for ionized trails in the cloud that results.

• If available, use dry ice to cool the alcohol to enhance the effect.

The trails are caused by the radiation from the luminous watch dial.
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13.113.1 Radiation and Radioactive Decay

Radioactivity
Unexpected observations tend to trigger flurries of research. These, in turn, can lead

science into new and exciting directions. The discovery by Henri Becquerel (1852–1908)

in 1896 is a fascinating example: while studying phosphorescence, Becquerel noticed

that an ore containing uranium had the ability to darken a photographic plate even

when the plate was completely covered and protected from light. Shortly afterward,

other scientists, including Pierre (1859–1906) and Marie (1867–1934) Curie, isolated

other substances exhibiting this property.

Unlike other properties, such as magnetism and electrical conductivity, this new prop-

erty was different. It was unaffected by physical treatments, such as heating and cooling,

and it remained even after the strongest chemical treatment. Clearly, radioactivity, as it

was eventually named, appeared to be a fundamental property of the atom. The nucleus

of a radioactive atom emits radiation as it decomposes (decays).

New discoveries were imminent. Intense research by Rutherford and his colleagues, most

of it done at McGill University in Montreal, revealed radioactive emissions to be of three

types, initially referred to as alpha particles, beta particles, and gamma rays.

In alpha (a) decay, nuclei emit positively charged objects, a particles, at speeds per-

haps as high as 1.6 3 107 m/s (Figure 1). An a-particle beam from a typical natural

source, such as pitchblende, a source of uranium, can penetrate only about 5 cm of air

and is stopped with just a few sheets of paper.

Discovery of X rays

Becquerel’s discovery wasn’t the

only important accidental one. In the

previous year W.C. Roentgen unex-

pectedly discovered X rays while

studying the behaviour of electrons

in a high-voltage vacuum tube. In

that instance, a nearby material was

made to fluoresce. Within twenty

years of this discovery, diffraction

patterns produced using X rays on

crystal structures had begun to

show the finer structure of crystals

while, at the same time, giving evi-

dence that X rays had a wave nature.

Since then, X-ray radiation has

become an indispensable imaging

tool in medical science.

DID YOU KNOW??

radioactivity the spontaneous

emission of electromagnetic

(gamma) radiation or particles of

nonzero mass by a nucleus

β particlesα particles

collimator

dense, lead shield

γ rays

Figure 1

Alpha particles, beta particles, and gamma rays in a

magnetic field. The collimator acts like a gun barrel to

ensure that the particles are initially travelling in a

straight line. The crosses indicate that the direction of

the magnetic field is into the page of this book.

alpha (a) particle a form of radia-

tion consisting of two protons and

two neutrons, emitted during a decay

The particles emitted in beta (b) decay are primarily negatively charged particles

(Figure 1). In some cases, the particles may be positively charged. Beta particles from a

typical radioactive source travel at less than the speed of light but faster than a particles.

A b particle beam can pass through 3 mm to 6 mm of aluminum.

Unlike a and b particles, gamma (g) decay produces a form of electromagnetic

radiation called g rays. These are photons that travel at the speed of light (Figure 1).

A beam of g rays from a typical radioactive source can pass through a lead barrier as

thick as 30 cm. Photons do not have an electric charge.

Alpha Decay
The alpha (a) particles detected by Rutherford were found to consist of two protons and

two neutrons. Since the nucleus of the most abundant isotope of helium consists of

these particles, the a particle is often designated 42 He and may be viewed as equivalent

Isotopes

An isotope is a form of an ele-

ment in which the atoms have

the same number of protons as

all other forms of that element

but a different number of neu-

trons. The designation 42He is a

way of representing an atom, in

this case, helium; 4 is the

atomic mass number (equal to

the number of protons and neu-

trons), and 2 is the atomic

number (equal to the number of

protons). The following symbols

are all accepted ways of repre-

senting the isotope of helium

containing two protons and two

neutrons: 42He, helium-4, He-4,

and 4He.

LEARNING TIP



Radioactivity and Elementary Particles 667NEL

Recall that a particles emitted in nuclear decay have the ability to penetrate 5 cm of

air and to penetrate a few sheets of paper. They must therefore possess some kinetic

energy. Since energy is a conserved quantity, we may ask where the kinetic energy comes

from. The theory of binding energy and the strong nuclear force give a satisfactory answer.

The protons within the nucleus repel one another through the electric force. A stable

nucleus must therefore be held together by a force that is—at least over short distances—

stronger than the electric force. This force is called the strong nuclear force. The strong

nuclear force is only effective over distances on the order of about 1.5 3 10–15 m, which

is about the radius of a small nucleus. Since the strong nuclear force is attractive, work

must be done to break the nucleus apart.

Binding Energy
Studies have shown that the mass of an atomic nucleus is always less than the sum of the

masses of its constituent neutrons and protons. The energy equivalent of the mass difference

is the binding energy, or (positive) work that would have to be done to break a nucleus apart.

Section 13.1

alarm

circuit

alarmradioactive

source

(a) Normal operation

alarm

circuit

alarmradioactive

source

(b) Smoke present

Figure 2

A smoke detector is a life-saving

device that uses a radioactive mate-

rial in part of its circuitry. 

(a) A tiny quantity of radioactive

americium dioxide emits a par-

ticles, which ionize air molecules

and, consequently, permit a

small current to flow between

the plates. 

(b) Smoke particles absorb the

radiation and cause the current

to drop significantly, thus acti-

vating an alarm circuit.

An unstable polonium atom spontaneously emits an a particle and transmutes into an

atom of some other element. Show the process, including the new element, in standard

nuclear-reaction notation.

Solution

X 5 new element

218
84 Po → 4

2 He 1 A24
Z22 X

218
84 Po → 4

2 He 1
21824
8422 X

218
84 Po → 4

2 He 1 214
82 X

Every element has a unique atomic number. The periodic table shows the new element to

be lead (Pb). The finalized equation can now be written:

218
84 Po → 4

2 He 1 214
82 Pb

In the nuclear reaction, polonium transmutes into lead by a decay.

strong nuclear force the force that

binds the nucleus of a stable atom

transmutation the process of

changing an atom of one element

into another as a result of radioactive

decay

daughter nucleus the nucleus of

an atom created as a result of

radioactive decay

to a helium nucleus. When a radioactive material emits an a particle, the nucleus of one

if its atoms loses two protons and two neutrons. The loss of two protons changes the atom

from one type of element to another. This process is called transmutation. The nucleus of

the new atom is called the daughter nucleus. Alpha particles are put to work in a smoke

detector (Figure 2). Here, a small quantity of americium dioxide emits a particles that

ionize air molecules, causing a small current to flow between two plates in a circurt. Smoke

interferes with the ionization process, reducing the current between the plates. This acti-

vates the alarm circuit which sounds the alarm.

If an atom of element X transmutes into element Y by emitting an a particle, we say

that a nuclear reaction has occurred. The total number of protons and neutrons is con-

served. The nuclear reaction can be represented symbolically in an equation as

A

Z
X → 4

2 He 1 A24
Z22 Y

where A is the atomic mass number (the number of particles, or nucleons, in the nucleus)

and Z is the atomic number (the number of protons).

SAMPLE problem 1

binding energy the energy

required to break up the nucleus

into protons and neutrons
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Molecules of “heavy water,” used both in CANDU nuclear reactors and in the Sudbury

Neutrino Observatory, contain an oxygen atom, an ordinary hydrogen atom, and an atom

of the rare hydrogen isotope deuterium. A deuteron is the name given to the nucleus of a

deuterium atom. It is composed of a proton and a neutron. Calculate the binding energy

per nucleon in a deuteron.

Solution

md 5 2.013553 u (from Appendix C)

mp 5 1.007276 u

mn 5 1.008665 u

E 5 ((mp 1 mn) 2 md)c2

5 ((1.007276 u + 1.008665 u) 2 2.013553 u)c2

E 5 (0.002388 u)c2

Since 1 u 5 931.5 MeV/c2,

E 5 (0.002338 u)c2@ 1}
931.5

1

M

u

eV/c2@
}2

5 2.18 MeV

E 5 2.18 3 106 eV

The deuteron has two nucleons (a proton and a neutron; therefore,

En 5 }
E

2
}

5 }
2.18 3

2

106 eV
}

En 5 1.09 3 106 eV

The binding energy per nucleon is 1.09 3 106 eV.

Recall that the relation E 5 mc 2 relates the mass of an object in kilograms to the

energy of the object in joules. If the mass is given in atomic mass units (u), then the fol-

lowing conversion to electron volts can be made:

1 u 5 1.66054 3 10227 kg

E 5 mc
2

5 (1.66054 3 10227 kg) (2.9979 3 108 m/s)2

E 5 1.4923 3 10210 J

1 eV 5 1.6022 3 10219 J

E 5 1.4923 3 10–10 J 3}
1.6022

1

3

eV

10219 J
}

5 9.315 3 108 eV

E 5 931.5 MeV

E 5 mc
2

m 5 }
c

E

2
}

E 5 931.5 MeV/c2

Since m 5 u,

u 5 931.5 MeV/c2

Therefore, 1 u 5 931.5 MeV/c2.

SAMPLE problem 2

NEL

The Meaning of MeV/c2

MeV/c2 is a unit of mass 

commonly used in physics.

1 MeV/c2 5 1.782 663 3 10230 kg

LEARNING TIP
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Figure 3 is a graph of the average binding energies per nucleon for all the elements.

The average binding energy per nucleon is a maximum when the mass number is 56

(which is the case for iron) and decreases steadily afterward. Nuclei near the middle of

the periodic table are thus held together more strongly than other nuclei.

Why is it that the middle elements have the highest binding energies? The nucleus is

a battleground between the strong nuclear and electromagnetic forces. As we move in the

periodic table toward iron, we find the nuclei have more nucleons, all pulling inward

on each other. The binding energy therefore rises. As we move farther away from the

middle elements, we have still more nucleons. Now, however, some pairs of nucleons

are so widely separated that they can no longer experience the mutual attraction due to

the (short-range) strong nuclear force. The proton pairs among these nucleon pairs

continue to feel the repulsion of the infinite-range electromagnetic force. For the really

massive elements, for example, radium, polonium, and uranium, the binding energy is

so low that the nucleus is not stable at all. Once in a while, two protons and two neutrons

get together and form an a particle inside the nucleus. The a particle has kinetic energy

and is released in its creation.

When we compare the mass of the parent nucleus with the sum of the masses of the

daughter nucleus and an a particle, we find that the products of the nuclear decay are

less massive (Figure 4). This missing mass appears as the increased kinetic energy of

the products.

Section 13.1
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Average binding energy per nucleon

versus mass number

parent

mp

a

ma

daughter

md

Figure 4

According to conservation of mass,

we should have mp 5 ma + md.

However, mp . ma 1 md. The

missing mass is converted into

kinetic energy according to the rela-

tionship E5 mc2.

Calculate the total kinetic energy, in electron volts, of the products when 236
92 U undergoes

a decay to 232
90 Th.

Solution

mU 5 236.045562 u (from Appendix C)

mTh 5 232.038051 u

mHe 5 4.002602 u

EK 5 ?

mass of parent 236
92 U 5 236.045562 u

mass of daughters 232
90 Th 5 232.038051 u

4
2 H 5 4.002602 u

total mass of daughters 232.038051 u 1 4.002602 u 5 236.040653 u

mass difference 236.045562 u 2 236.040653 u 5 0.004909 u

energy equivalence 0.004909 u 3 931.5 MeV/u 5 4.572 MeV

The total kinetic energy of the products is 4.572 MeV.

Although both products share the liberated kinetic energy, they do not share it equally.

Recall that momentum is a conserved quantity. If an object, stationary in some inertial

frame, breaks into two fragments, conservation of momentum requires that the two

fragments fly off in opposite directions in that frame, with the vector sum of their

momenta equalling zero. The recoil velocities of the fragments depend on their relative

masses. When you jump from a small boat stationary with respect to the shore, you and

the boat move in opposite directions relative to the shore. Because you are much less

massive than the boat, you move faster than the boat does, making your momentum, m1v$1,

equal and opposite to the momentum m2v$2 of the boat.

SAMPLE problem 3
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We can apply this analysis to the a decay of uranium into thorium. Consider a tho-

rium nucleus at rest in an inertial frame of reference. Since mTh .. ma , after emitting

an a particle, the thorium atom’s recoil velocity will be much smaller than the speed of

the emitted a particle since momentum and energy are conserved.

Beta Decay
The beta (b) particles emitted in some forms of radioactive decay may be negatively

charged electrons or positively charged electrons, called positrons. A positron is a par-

ticle like an electron in every way except that it is positively charged. When the b decay

releases electrons, it is called b2 decay; when it releases positrons, it is called b+ decay.

The b particle is symbolized as –1
0 e if it is an electron and +1

0 e if it is a positron. b2

decay is much more common than b+ decay.

It is important to note that the electron released in b2 decay is not one of the electrons

in the orbitals of an atom that participates in chemical bonding. The b2 particle is pro-

duced in the nucleus of the radioactive atom. Although the mechanism of its produc-

tion is complex, it can be likened to the conversion of a neutron into a proton and an

electron:

1
0 n → 1

1 p 1 21
0 e

b+ decay can be considered the equivalent of a proton changing into a neutron and

a positron:

1
1 p → 1

0 n 1 +1
0 e

Notice that in each case, a nucleon changes identity. In the case of b2 decay, the

nucleus gains a proton; in the case of b+ decay, the nucleus loses a proton. The mass of

the nucleus does not change since a proton and neutron have approximately equal mass.

A typical b2 decay occurs when carbon-14 decays into nitrogen-14:

14
6 C → 14

7 N 1 21
0 e

We may represent b2 decay by the following general equation:

A

Z
X →

Z2(21)
AY 1 21

0 e

which reduces to

A

Z
X →

Z11
AY 1 21

0 e

A typical b+ decay event occurs when nitrogen-12 decays into carbon-12:

12
7 N → 12

6 C 1 +1
0 e

In general,

A

Z
X →

Z2(11)
AY 1 21

0 e

which reduces to

A

Z
X →

Z21
A Y 1 11

0 e

b+ decay occurs in isotopes that have too few neutrons in comparison with their

number of protons.

beta (b) particle negatively

charged particles emitted during b–

decay (electrons); positively charged

electrons ( positrons) emitted in b+

decay

positron a particle identical to an

electron but with a positive charge;

also called an antielectron

Beta Decay

Some like to understand b decay

by assuming that a neutron is the

combination of a proton and an

electron. However, this model is

incorrect for several reasons. We

will revisit b decay after we have

considered the elementary parti-

cles called quarks in Section 13.5.

At that time, you will be able to

formulate a better model for

b decay.

LEARNING TIP
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As was the case for a decay, an understanding of the equation E 5 mc2 helps us cal-

culate a theoretical value for the energy released in a single b decay.

Section 13.1

An atom of sodium-24 can transmute into an atom of some other element by emitting a 

b2 particle. Represent this reaction in symbols, and identify the daughter element.

Solution

24
11 Na →

Z11
AY 1 21

0 e

24
11 Na → 1111

24Y 1 21
0 e

24
11 Na → 24

12 Y 1 21
0 e

The periodic table reveals the new element to be magnesium:

24
11 Na → 24

12 Mg 1 21
0 e

When sodium-24 undergoes b– decay, magnesium-24 is produced.

Calculate the energy released by the reaction in Sample Problem 4.

Solution

mNa 5 23.990961 u (from Appendix C)

mMg 5 23.985042 u

Dm 5 mNa 2 mMg

5 (23.990961 u 2 23.985042 u)

Dm 5 0.005937 u

Since 1 u 5 931.5 MeV,

DE 5 (0.005937 u)(931.4 MeV/u) 

DE 5 5.5297 MeV

The energy released is 5.5297 MeV.

Masses

Sample Problem 5 illustrates that

you can use the mass of the neutral

atom since it contains the same

components as the products of the

interaction.

LEARNING TIP

SAMPLE problem 4

Recall that the mass of the electron is approximately 2000 times less than that of the

proton. The mass of the b particle is therefore much, much less than that of the daughter

nucleus. Due to the law of conservation of momentum, the recoil velocity of the daughter

nucleus should be practically zero. Based on this, you would expect almost 100% of the

energy released in the reaction to be found in the b particle.

Unfortunately this was found not to be the case. When experiments were done with

atoms that decayed by releasing a particles, the a particles produced all had the same

kinetic energy (as measured by their penetrating power), and this energy agreed closely

with its calculated value. The b particles, on the other hand, tended to have a range of

kinetic energies, all of them less than the law of conservation of energy required. (Typical

kinetic energies were just one-third of the value predicted.)

SAMPLE problem 5



672 Chapter 13 NEL

Further, the law of conservation of momentum appeared to be violated. If the reac-

tion really produced just two particles—the daughter nucleus and the b particle—the

law of conservation of momentum would require that the decay products move off in

opposite directions (in a given inertial frame of reference). This did not occur. Instead,

the two particles were found to be ejected at angles other than 180°. Compounding

this was the notion that angular momentum also did not seem to be conserved. Recall

from Chapter 5 that linear momentum is a quantity of motion, calculated as the product

mv$. Like energy, momentum is a conserved quantity. In a similar way, rotating objects

also have a quantity of motion called angular momentum, which is also a conserved

quantity. On the quantum scale, this quantity is called spin. (You will learn more about

spin in Section 13.5.) Interestingly, the calculations based on the emitted b particles

seemed to indicate that this quantity was not conserved.

In 1930, Wolfgang Pauli (1900–1958) suggested an explanation. Perhaps there was

another product in the reaction. The third particle would have zero charge and zero, or

nearly zero, mass. This particle could carry off the unaccounted kinetic energy,

momentum, and angular momentum. Enrico Fermi (1901–1954), who devised a com-

prehensive theory of b decay, called the particle the “little neutral one,” or neutrino. The

neutrino is represented by the Greek letter nu (n). When the conservation laws for 

b decay were recalculated, it was discovered that this particular reaction required an

antineutrino (nw), an “antiparticle” related to the neutrino as the positron (an antielectron),

+1
0 e, is related to the electron, –1

0 e . (These are two instances of the distinction between

matter and “antimatter,” which we shall examine later in this section.) Neutrinos are

extremely difficult to detect. The existence of the neutrino was not confirmed until 1956,

when some indirect evidence was found. Even today, this particle remains an elusive

entity since it has an extremely small probability of reacting with matter.

TRYTHIS activity Neutrinos

1. Place your hand on this page.

2. Look at your hand and count to 3.

3. About 1.5 3 1015 neutrinos just went through your hand.

A more correct equation for the decay process in Sample Problem 4 is thus

24
11 Na → 24

12 Mg 1 21
0 e 1 nw

A more correct equation for b+ decay includes the production of a neutrino as in the

following example of the decay of chromium-46 into vanadium-46:

46
24 Cr → 46

23 V 1 +1
0 e 1 n

Therefore, the general equations representing b2 decay and b+ decay are

A

Z
X →

Z11
AY 1 21

0 e 1 nw (b2 decay)
A

Z
X →

Z21
A Y 1 11

0 e 1 n (b1 decay)

Recall that a decay was explained with reference to the strong nuclear force, which binds

nucleons together. Neither this force nor the two more familiar fundamental forces—

gravity and the electromagnetic force—give a satisfactory explanation of b decay. It was

therefore necessary to acknowledge the presence of a fourth force, the weak nuclear force,

which we will consider later in this chapter. Altogether, we recognize four fundamental

forces in nature: the force of gravity, the electromagnetic force, and the strong and weak

nuclear forces.
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Gamma Decay
Unlike a and b decay, g decay results in the production of photons that have zero mass

and no electric charge. This type of decay occurs when a highly excited nucleus—prob-

ably the product of another nuclear reaction—drops to a lower energy state while emit-

ting a photon of energy. If an atom of material Y emits a g ray (g photon), then the

nuclear reaction can be represented symbolically as

A

Z
Y → A

Z
Y 1 g

Notice that a transmutation does not occur. Gamma decays frequently occur simul-

taneously with a or b decays. For example, the b– decay process by which lead-211 trans-

mutes to bismuth-211 is usually accompanied by g decay as the excited bismuth-211

nucleus drops to a lower state. The reaction is correctly written as follows:

211
82 Pb → 211

83 Bi 1 21
0 e 1 nw 1 g

In reality, gamma (g) rays are similar to X rays. Typical g rays are of a higher fre-

quency and thus higher energy than X rays; however, the range of frequencies for both

types of rays overlaps. For most practical purposes physicists distinguish between the two

based on how they are produced. The rays produced when high-energy electrons interact

with matter are normally called X rays, while those produced from within the nucleus

are usually called g rays.

Section 13.1

gamma (g) ray high-frequency

emission of (massless, chargeless)

photons during g decay

Give the value of x and y in each reaction. Classify each as a, b, or g decay.

(a) 212
82 Pb → 212

x
Bi 1 21

0 e

(b) 210
84 Po →

x

y Pb 1 4
2 He

(c) 227
89 Ac → 227

90 Th 1 x

(d) 226
88 Ra →

x

y Ra 1 g

Solution

(a) x5 83. Since 21
0 e is by definition a b2 particle, the reaction is b2 decay.

(b) x5 82, y5 206. The reaction is a decay since 2 protons and 2 neutrons are emitted

as one particle.

(c) x5 21
0 e. The increase by 1 in the atomic number and the lack of change in the mass

number together indicate that a proton appeared; therefore this is b2 decay.

(d) x5 88, y5 226. Since the process is g decay, neither the atomic number nor the

atomic mass number is changed.

Answers

1. (a) x5 82; y 5 21
0 e

(b) x 5 214; y 5 84

(c) x 5 226; y 5 88

(d) x 5 4
2 He 

(e) x 5 3
1 H

SAMPLE problem 6

Practice

Understanding Concepts

1. Give the values of x and y in each of the following equations:

(a) 212
x

Pb → 212
83 Bi 1 y

(b) 214
83 Bi → x

y
Po 1 21

0 e

(c) x
y

Ra → 222
86 Rn 1 4

2 He

(d) 215
84 Po → 211

82 Pb 1 x

(e) 3
1 H → x1 g
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Radiation Detectors
When decay particles pass through a gas, they cause extensive ionization. The a and b

particles are charged and have very high kinetic energy (of the order of 1 MeV, com-

pared with the 10 eV or so required for ionization). Consequently, they have little dif-

ficulty pulling or knocking orbital electrons loose. The uncharged g particles can also cause

some ionization through either the photoelectric effect or the Compton effect.

A Geiger-Mueller tube (Geiger counter) takes advantage of ionization to detect radi-

ation. The device consists of a partially evacuated tube containing a copper cylindrical

cathode (negatively charged electrode) and a thin wire anode (positively charged elec-

trode) inside the copper cylinder (Figure 5). The potential difference across the elec-

trodes is barely below the point at which a spark will jump across.

photon

incoming photon

light-sensitive

cathode

+1600 V

+1200 V

output pulse

+800 V

+400 V

+1400 V

+1000 V

+600 V

+200 V

photomultiplier

tube

scintillation

crystal

Figure 6

A scintillation tube

scintillation tube an instrument

that detects and measures the

energy delivered to a crystal by

incoming g photons

Geiger-Mueller tube an instru-

ment that detects and measures the

ionization from a and b particles

electrical connections

(  potential difference

usually > 900 V)

cylindrical copper

cathode

fine tungsten

wire anode

thin glass envelope

Figure 5

A Geiger-Mueller tube

When a particle enters the tube, it ionizes many gas molecules. The electrons accelerate

toward the anode, the positive ions toward the cathode. The ions collide with neutral mol-

ecules in their path and cause even more ionization. The net result is a cascade of neg-

ative charge into the anode and positive charge into the cathode, producing a short-lived

current. The pulse is then amplified. A resistor in the circuit dissipates the current. The

tube then stabilizes until another a or b particle causes another cascade.

Since g rays do not cause nearly as much ionization as a and b particles, they are dif-

ficult to detect with a Geiger-Mueller tube. In their case, the scintillation tube (Figure 6)

is used. The incoming g photon strikes a scintillation crystal in the tube, giving up much

of its energy. The crystal emits this captured energy as a lower-energy photon. When the

photon strikes the first of several electrodes, several electrons are released. These, in turn,

accelerate toward the second electrode. Each of the impinging, newly liberated electrons

causes further releases. The net result is a cascade of electrons striking a final electrode.

This small current pulse is amplified and can be used to drive a counter as in some Geiger-

Mueller detectors. Since the pulses are proportional to the amount of energy originally

deposited by the g photon in the crystal, they can be used to measure g-ray energy.

A third type of detector, in common use, uses a semiconductor diode. The semicon-

ductor allows a transient current to flow when a particle strikes it.

Pair Production and Pair Annihilation
In the early 1930s, Carl Anderson (1905–1991) made an intriguing observation. When

high-energy radiation from deep space passed through a detector, pairs of particles were

produced spontaneously. The incoming radiation (for the most part high-energy X rays)

seemed to disappear. In its place pairs of particles appeared. The motion of the particles

indicated that they had equal masses and speeds; therefore, they had momenta of equal

magnitude and opposite charges of the same magnitude. One of the particles was the
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familiar electron; the other was called an antielectron, or positron (Figure 7). Anderson’s

observation was in agreement with the mass–energy equivalence from special relativity.

The opposite of this process has also been observed. When electrons and positrons

interact, they annihilate one another, usually producing a pair of photons, each with an

energy of 0.511 MeV (the rest-mass energy of an electron). The production of two pho-

tons, rather than one, is in accordance with conservation of momentum (Figure 8).

Antimatter
We have seen that sodium undergoes b– decay according to the reaction 24

11 Na →
24
12 Mg 1 –1

0 e 1 nw and that the reaction products include an antineutrino. Current theory

holds that every particle has its own antiparticle. In a few cases, the particle is its own

antiparticle. Most notably, a photon is its own antiparticle. Think of an antiparticle as

a sort of opposite or mirror image of the given particle; for example, the particle and

antiparticle are opposite in charge, if they happen to be charged.

The existence of antimatter was first proposed because of the fact that equations with

even exponents have more than one root. In the late 1920s the brilliant theoretician Paul

Dirac proposed a theory that combined the concepts of special relativity with those of

quantum mechanics. Dirac’s equation incorporated the wave nature of electrons and

the relativity of motion; however there was one peculiarity. With Dirac’s new theory the

relation between mass and energy was expressed as E2 5 m2c 4. This, in turn, yielded

two separate relationships: the now-familiar E 5 mc2 and a second equation, E 5 –mc2.

The second equation indicates that the energy of the electron could be negative.

Because most physical systems tend to seek the lowest possible energy, the idea has a

disturbing consequence: the energy of the electron could, in theory, continue to become

more and more negative, without lower bound. This does not make sense.

Dirac’s solution to this impossibility called upon the Pauli exclusion principle, which

says that no more than one particle can occupy any one quantum state. He reasoned

that the negative energy states might already be occupied by electrons. Since they had never

been observed, Dirac’s reasoning asserted that they were invisible.

He went on to contend that if one of the invisible electrons absorbed sufficient energy,

it could make a transition to a positive energy state, entering the observable realm. The

transition would, in turn, leave behind a “hole” in the realm of particles with negative

energy. If the negative-energy particles were invisible, the hole left by the absence of

such a particle must be visible. This new particle would resemble an electron in almost

all respects, except in being positively charged. This means, overall, that when an elec-

tron appeared, it would be accompanied by its opposite, an antielectron, or (as it became

known) a positron.

The presence of these particles was confirmed in the early 1930s through studies of radi-

ation from deep space. Some particles, which resembled electrons in all other ways,

curved the wrong way in a magnetic field. These had to be the elusive positrons. Many

other types of antiparticles, such as antiprotons, antineutrons, and antineutrinos, have

since been observed, produced, and even stored.

Later developments in quantum theory solved the problem of preventing electrons from

falling into ever-increasing negative energy states. The “negative energy” portion of

Dirac’s mass–energy relation is still accepted, however. This part of the equation pre-

dicts that all types of particles should have a corresponding antiparticle. The holes in the

negative energy spectrum were later reinterpreted as positive energy antiparticles.

Section 13.1

positron

photon

electronnucleus

Figure 7

Pair production

photon
electron

positron
photon

Figure 8

Pair annihilation

Serendipity

Many important discoveries in sci-

ence are sparked by chance

observations or just plain good

luck. This is likely because impor-

tant discoveries often require

novel thinking, of the kind that can

be sparked by an unexpected

event.

DID YOU KNOW??

Positron Production

The husband-and-wife team of

Frédéric and Irène Joliot–Curie

produced positrons from the

decay of phosphorus-30, an artifi-

cially produced isotope of an ele-

ment that is not radioactive in its

commonly found forms.

DID YOU KNOW??

Pauli exclusion principle states

that no more than one particle can

occupy any one quantum state
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Section 13.1 Questions

Understanding Concepts

1. Prepare a table comparing the three types of radioactive

emission. Classify each type under the following headings:

Type of Emission, Mass, Charge, Speed, Penetrating Power,

Ionization Ability.

2. In each of the following equations, identify the missing par-

ticle and state whether the element has undergone a

or b decay. (Do not include g emissions.)

(a) 222
86 Rn → 218

84 Po 1 ? (b) 141
57 La → 141

58 Ce 1 ?

(c) 238
92 U → 234

90 Th 1 ? (d) 141
56 Ba → 141

57 La 1 ?

(e) 17
35 Cl → 35

18 Ar 1 ? (f) 212
82 Pb → 212

83 Bi 1 ?

(g) 226
88 Ra → 222

86 Rn 1 ? (h) 215
84 Po → 211

82 Pb 1 ?

3. Give the value of x and y in each of the following equations:

(a) 212
x

Pb → 212
83 Bi 1 y (b) 214

83 Bi → x

y
Po 1 21

0 e

(c) x

y
Ra → 222

86 Rn 1 4
2 He (d) 215

84 Po → 211
82 Pb 1 x

(e) 3
1 H → x1 n (f) 141

58 Ce → 59
x Pr 1 21

0 e

4. (a) Generally speaking, which tend to be more unstable,

small or large nuclei? Explain your answer.

(b) What implication does this have for elements with

large atomic mass numbers?

5. The particles produced when any given isotope undergoes

a decay all have the same kinetic energy. The particles pro-

duced when a given isotope undergoes b decay, on the

other hand, can have a range of values of kinetic energy.

Explain the differences.

6. Calculate the total binding energy and the average binding

energy per nucleon of carbon-14. See Appendix C for the

atomic masses of carbon-14, the neutron, and the proton.

7. Carbon-14 decays by b2 emission.

(a) Express the reaction in symbols.

(b) The daughter nucleus produced in the reaction has an

atomic mass of 14.003074 u. Calculate the energy

released in one decay.

8. Explain why a sample of radioactive material is always

slightly warmer than its surroundings.

Making Connections

9. Make an inventory of all of the devices in your home that

contain a radioactive substance. Explain the purpose of the

radioactive material in the device. Then search the Internet

to find out how the consumer products in Figure 9 use

radiation in their manufacture.

• Alpha decay occurs when an unstable nucleus emits a particle, often denoted as 
4
2 He, which consists of two protons and two neutrons. The resulting daughter

nucleus is of a different element and has two protons and two neutrons fewer

than the parent.

• Beta decay assumes two forms. In b2 decay, a neutron is replaced with a proton

and a b2 particle (a high-speed electron). In b1 decay, a proton is replaced with

a neutron and a b1 particle (a high-speed positron).

• The analysis of b decays reveals that additional particles, either antineutrinos or

neutrinos, must be produced to satisfy the conservation of energy and linear and

angular momentum.

• Gamma decay is the result of an excited nucleus that has emitted a photon and

dropped to a lower state.

• The twin phenomena of pair production and pair annihilation demonstrate

mass–energy equivalence.

Radiation and Radioactive DecaySUMMARY

Figure 9

(a) Cosmetics are sterilized with

radiation to remove allergens.

(b) Nonstick pans are treated

with radiation to fix the 

nonstick coating to the pan.

(c) Computer disks “remember”

data better when they are

treated with radioactive 

materials.

(a) (b) (c)
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13.213.2Rate of Radioactive Decay

Half-Life
The probability that any given nucleus will undergo decay depends on the nature of the

nucleus. Some nuclei are more unstable than others and are therefore more likely to

decay in any given period of time. It is not possible to determine the exact time that any

particular nucleus will undergo radioactive decay.

Because atoms are so small, any significant

quantity of material will contain an enormous

number of them. When viewed on this scale,

probabilistic determinations of the behaviour

of the material can be made with great accuracy.

Consider this analogy: if a coin is tossed, you

have no way to predict, with accuracy, whether

the outcome will be heads or tails. On the other

hand, if one billion coins were tossed, you could

predict, with almost full accuracy, that 50% of

the outcomes would be heads. In a similar way,

if you have a measurable quantity of a given

radioactive substance, you can make an accu-

rate prediction, on the macroscopic scale, about

the level of radioactivity at any future instant.

The concept of half-life, first used by Rutherford, is a useful mathematical tool for

modelling radioactive decay. This is based on the premise that the rate at which nuclei

decay is related to the number of unstable nuclei present. This reasoning has a power-

fully simple outcome: the time needed for one-half of the unstable nuclei to decay will

always be a constant.

TRYTHIS activity
Modelling Radioactive

Decay

Assume that 40 coins represent 40 unstable atoms and that they have two

states: decayed or not. Place all the coins in a jar, shake the jar, and empty

the coins onto a paper plate. Assume that the coins showing tails have not

yet decayed. Record this number and remove these coins from the plate.

Discard the coins that came up heads. Place the nondecayed (tails) coins

back in the jar and repeat the process. Again, record the number of coins that

have not decayed. Continue until all of the coins have decayed. Graph the

results and compare the shape of the line to the one shown in Figure 1.

Comment on the similarity.

half-life a measure of the radioac-

tivity of an isotope; the time t1/2

needed for half the atoms in any

sample of that isotope, prepared at

any instant, to decay

The half-life of carbon-14 is 5730 a. The mass of a certain sample of this isotope is 800 mg.

Graph the activity for the first 5 half-lives.

Solution

m 5 800 mg

t1/2 5 half-life 5 5730 a

After 5730 a, the amount of carbon-14 remaining will be one-half the original amount, or

400 mg. In another 5730 a, it will be one-half as much again. This reasoning allows you to

make the calculations summarized in Table 1 and construct a plot (Figure 1). 

Table 1

Time (a) 0 5730 11 460 17 190 22 920 28 650

Amount Remaining (mg) 800 400 200 100 50 25

300

200

100

0

5 
73

0

11
 4

60

17
 1

90

Time (a)

A
m

o
u

n
t 

R
e

m
a

in
in

g
 (

m
g

)

22
 9

20

28
 6

50

400

500

600

700

800

900

Figure 1

For Sample Problem 1

SAMPLE problem 1
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Using an Equation to Model Radioactive Decay
The level of radioactivity in a substance can be thought of as the number of nuclear

decays per unit time. A highly radioactive substance is thus one in which the decay is rapid;

the half-life would be correspondingly short.

If a sample initially has N unstable nuclei, then the rate of decay can be written as }
D

D

N

t
}.

This quantity is normally called the activity, A, stated in decays per second. As we have

already noted, the rate of decay is proportional to the number N of unstable nuclei (A ∝ N):

A 5 }
D

D

N

t
} 5 2λN

where A is the activity of the sample (SI, s–1), and λ is the decay constant of the isotope

(also s21). Each isotope has its own decay constant.

Quantities whose rate of decay depends upon the amount of substance present are said

to undergo exponential decay. In this instance, the amount N of radioactive substance left

after some time t has elapsed is given by

N 5 N01}
2

1
}2

}
t1

t

/2

}

where N0 is the initial quantity, and t1/2 is the half-life. In a similar way, the activity A of

a sample after some time t is given by

A 5 A0 1}
2

1
}2

}
t1

t

/2

}

where A0 is the initial activity.

The SI unit for radioactivity is the becquerel, Bq. In SI base units, 1 Bq 5 1 s21. This

is a very small unit. For example, 1.0 g of radium has an activity of 3.7 3 1010 Bq.

Therefore, the kilobecquerel (kBq) and the megabecquerel (MBq) are commonly used,

so we would say that the activity of 1.0 g of radium is 3.7 3 104 MBq.

Answers

1. (a) 240 mg

(b) 8000 a

2. (b) 5.7 3 1024 g

(c) 3.7 3 103 a

decay constant the proportionality

constant that relates the rate of

decay of a radioactive isotope to the

total number of nuclei of that isotope

becquerel (Bq) the SI unit for

radioactivity; 1 Bq 5 1 s21

The half-life for carbon-14 is 5730 a. A specimen of peat from an ancient bog presently

contains 800 mg of carbon-14.

(a) What will be the amount of carbon-14 remaining after 10 000 a?

(b) At what time will the amount remaining be 300 mg?

Solution

(a) N0 5 800.0 mg t 5 10 000 a

t1/2 5 5730 a N 5 ?

Practice

Understanding Concepts

1. Using the information in Sample Problem 1,

(a) estimate the amount remaining after 1.00 3 104 a

(b) predict the time at which the amount remaining will be 3.00 3 103 mg

2. A small sample has 5.0 3 1023 g of radium, the half-life of which is 1600 a.

(a) Prepare a graph showing the amount remaining for the first 6 half-lives.

(b) Determine, from your graph, the amount remaining after 5.00 3 103 a.

(c) At what time will the amount remaining be 1.0 3 103 g?

Applying Inquiry Skills

3. According to Figure 1, when will the amount of carbon-14 be zero? Explain

whether you think the model is reasonable.

SAMPLE problem 2
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Section 13.2

N 5 N01}
2

1
}2}
t1

t

/2

}

5 8001}
2

1
}2}

1

5

0

7

0

3

0

0

0
}

N 5 240

After 10 000 a, the amount remaining will be 240 mg.

(b) N0 5 400 mg t1/2 5 5730 a

N 5 300 mg t 5 ?

N 5 N01}
2

1
}2}
t1

t

/2

}

300 5 800.0 1}
2

1
}2}

57

t

30
}

}
3

8
} 5 1}

2

1
}2}

57

t

30
}

log1}
3

8
}2 5 log1}

2

1
}2}

57

t

30
}

(where we arbitrarily choose logarithms of any 

desired base)

log1}
3

8
}2 5 }

57

t

30
} log1}

2

1
}2

t 5 5730

t 5 8100 a

After 8100 a, the amount of radioactive material remaining will be 300 mg.

log1}
3

8
}2

}

log1}
2

1
}2

Logarithms

Recall the following property of

logarithms: log x y 5 y log x.

LEARNING TIP

The half-life of cobalt-60 is 5.2714 a. At a certain medical-supply house specializing in

radiotherapy, a particular sample of this isotope currently has an activity of 400.00 kBq.

How much time will have passed before the activity drops to 40.000 kBq?

Solution

t1/2 5 5.2714 a A 5 40.000 kBq

A0 5 400.00 kBq t 5 ?

A 5 A01}
1

2
}2}
t1

t

/2

}

40.000 5 400.001}
2

1
}2}

5.2

t

714
}

}
4

4

0

0

.

0

0

.

0

0

0

0
} 5 1}

2

1
}2}

5.2

t

714
}

log1}44
0

0

.

0

0

.

0

0

0

0
}2 5 log1}

2

1
}2}

5.2

t

714
}

log(0.1) 5 }
5.2

t

714
} log1}

2

1
}2

t 5 5.2714

t 5 17.511 a

The radioactivity will drop to 40.000 kBq after 17.511 a.

log(0.1)
}

log1}
2

1
}2

SAMPLE problem 3
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Radioactive Dating
Archaeologists and geologists use radioactive dating to estimate the age of ancient

objects. One common procedure uses carbon-14.

Neutrons in the constant stream of high-energy particles from deep space react with

atmospheric nitrogen atoms, knocking one proton from the nucleus of 14
7N. The neutron

is absorbed, resulting in the creation of a 14
6C atom (Figure 2). This carbon atom can com-

bine with oxygen in the atmosphere to produce a CO2 molecule. Plants can thus absorb

some of this radioactive carbon in the normal photosynthetic process by which they

produce their food. Likewise, the animals that eat those plants can ingest radioactive

carbon (Figure 3).

The proportion of the total amount of carbon that is carbon-14 is very small, about

1.3 3 10–12. Nonetheless the amount is measurable. As long as the creature is alive, it will

continue to absorb and collect this radioactive material. Once the creature dies, no fur-

ther carbon-14 will be ingested, and the proportion of carbon-14 will start to decline.

A measurement of the activity present can therefore be used to estimate the age of the

specimen. Carbon-14 is most useful for dating materials less than 60 000 a old. After

about four half-lives have elapsed, the fraction, }
1

1

6
}, of the remaining C-14 is too small

to be measured accurately.

Answers

4. (a) 4.4 mg

(b) 164 a

5. (a) 496 mg

(b) 2245, or ≈ 2.8 3 10214

(c) 1280 h

radioactive dating a technique

using known properties of radioac-

tive materials to estimate the age of

old objects

proton neutron

14
N7

14
C6

Figure 2

An interaction with a high-speed

neutron can cause a nitrogen atom

to transmute to a carbon-14 atom.

Radiocarbon Dating

In its simplest form, radiocarbon

dating assumes that the proportion

of the total amount of carbon that is

carbon-14 has been stable for many

thousands of years, yielding a

simple decay process. For most

practical purposes, this assumption

works well. However, fluctuations in

the ratio of carbon-14 to stable

carbon-12 must be taken into

account where highly accurate cal-

culations are needed. These fluctua-

tions can be determined, and the

necessary corrections made to our

calibrations, by taking samples from

very old living trees.

DID YOU KNOW??

Practice

Understanding Concepts

4. A mass of contaminated soil from the site of a 1950s nuclear-weapons test con-

tains 5.0 mg of strontium-90. This radioactive isotope has a half-life of 29.1 a.

(a) Calculate the quantity of radioactive material remaining after 5.00 a.

(b) Calculate the time needed for the quantity to decay to 0.100 mg.

5. The thyroid gland gathers and concentrates iodine from the bloodstream. The

radioactive isotope I-131, with a half-life of 193 h, can consequently be used as

a marker in determining how well the thyroid gland is functioning. An initial

amount of 5.00 3 102 mg is given to a patient.

(a) The patient is tested 2.00 h after the I-131 is taken. How much of the mate-

rial is left in the patient’s body?

(b) What fraction of the original quantity is left after one year?

(c) How much time is required for the amount to fall to }
1

1

00
} of the original 

quantity?

6. A Geiger-Mueller tube is irradiated by a gram of C-14 (t1/2 5 5730 a). An iden-

tical tube is irradiated by a gram of I-131 (t1/2 5 8.04 d). The two sources are the

same distance from their respective detectors. Which detector gives the higher

reading? Explain your answer.
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Section 13.2

Neutrons strike nitrogen in the atmosphere,

producing carbon-14 and hydrogen.

hydrogen

Cosmic rays, passing through atmosphere,

produce fast neutrons.

carbon-14 atom

Animals, feeding on

vegetation, absorb

carbon-14.

When animals and plants

die, carbon-14 disintegrates

at a known rate.

at death

5730 a: 12 of carbon-14 remains

11 460 a: 14 of carbon-14 remains

17 190 a: 18 of carbon-14 remains

70 000 a: almost no carbon-14 remains

Carbon-14 mixes with oxygen to

form radioactive carbon dioxide.

Vegetation absorbs 

radioactive carbon dioxide.

neutron
nitrogen atom

Figure 3

Radiocarbon dating is possible

because plant and animal life

absorb radioactive carbon-14

through their intake of CO2. When

an organism dies, the carbon-14,

disintegrating at a rate determined

by the carbon-14 half-life of 5730 a,

is not replaced. At any stage, the

proportion of carbon-14 that is left

in a specimen indicates its age.
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Materials with relatively longer half-lives can be used to determine the absolute age of

geologic formations. Uranium-238, for example, with a half-life of 4.5 3 109 a, can be

used to date even the oldest deposits on Earth. Since U-238 decays several times, even-

tually becoming Pb-206, several types of daughter nuclei are to be expected. To date a rock,

the geochemist measures the contained mass of U-238 as well as the contained masses

of the expected daughter isotopes. The relative amounts of U-238 and daughter iso-

topes can then be used to estimate the age of the rock. Samples found near Sudbury

have been determined with this method to be in excess of 3.5 3 109 years old, making

them among the oldest rocks in the world.

Table 2 lists some of the isotopes commonly used in radioactive dating.

A piece of wood from an ancient burial site has an activity of 3.00 3 101 Bq. The original

activity is estimated to be 2.4 3 102 Bq. What is the estimated age of the wood?

Solution

A 5 3.00 3 101 Bq t1/2 5 5730 a

A0 5 2.4 3 102 Bq t 5 ?

A 5 A01}
2

1
}2

}
t1

t

/2

}

3.00 3 101 5 2.4 3 1021}
2

1
}2

}
57

t

30
}

5 1}
2

1
}2

}
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t

30
}

log1 2 5 log1}
2

1
}2

}
57

t

30
}

log1 2 5 }
57

t

30
} log1}

2

1
}2

t 5 5730

t 5 1.7 3 104 a

The sample is estimated to be 1.7 3 104 a old.

log1}3
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3

1
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0

0
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1
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}}

log1}
2

1
}2

3.00 3 101

}}
2.4 3 102

3.00 3 101

}}
2.4 3 102

3.00 3 101

}}
2.4 3 102

Table 2 Some Isotopes Commonly Used in Radioactive Dating

Radioactive Substance Material Tested Half-Life Potential Range

(a) (a)

carbon-14 wood, charcoal, shell 5 730 70 000

protactinium-231 deep sea sediment 32 000 120 000

thorium-230 deep sea sediment, coral shell 75 000 400 000

uranium-234 coral 250 000 106

chlorine-36 igneous and volcanic rocks 300 000 500 000

beryllium-10 deep-sea sediment 2.5 billion 800 000

helium-4 coral shell 4.5 billion —

potassium-40 volcanic ash (containing 1.3 billion —

decay product argon-40)

Keeping Earth Warm

The most abundant radioactive 

isotopes in Earth’s crust and mantle

are potassium-40, uranium-235,

uranium-238, and thorium-238.

Their half-lives are long, and they

generate enough heat to keep the

interior of Earth quite hot.

DID YOU KNOW??

SAMPLE problem 4
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Decay Series
Uranium-238 decays by emitting an a particle. The daughter isotope, Th-234, being

itself unstable, decays to Pa-234 by emitting a b2 particle. In fact, as many as 14 trans-

mutations can occur before a stable daughter, Pb-206, is created. Figure 4 shows sev-

eral series of transmutations by which U-238 can decay. The decay yields unstable

isotopes (such as radium-226, with a half-life of 1600 a) that would have long disap-

peared from Earth if they were present only when Earth was formed, 4 or 5 billion years

ago, and were not somehow replenished in recent times.

Section 13.2

Practice

Understanding Concepts

7. An ancient piece of bark is estimated to have originally contained 2.00 mg of carbon-14.

Measurements reveal that it currently has 0.25 mg of carbon-14. Estimate its age.

8. L’Anse Aux Meadows, in Northern Newfoundland, is the only confirmed viking 

settlement in North America. Suppose that a sample of charcoal (a form of pure

carbon) is found at the site and the measured activity is currently 7.13 Bq. The original

activity is estimated to be 8.00 Bq. Estimate the age of the settlement.

9. A sample of a uranium ore is estimated to have originally contained 772 mg of

uranium-238. Analysis reveals the sample to contain 705 mg of uranium-238. What is

its estimated age? (Refer to Appendix C for the half-life of U-238.)

10. An ancient burial site contains a piece of parchment and the blade of a knife. Can

carbon-14 dating determine the date of both items, of neither, or of just one? Explain

your answer.

Answers

7. 1.7 3 104 a

8. 9.5 3 102 a

9. 5.9 3 108 a
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Figure 4

A nuclide chart shows all the decay products of a given radioisotope. In nuclear physics, nuclide

charts are more useful than the periodic table. The last isotope in a nuclide chart is usually

stable. This is illustrated in the chart for uranium-238, where lead-206 is not radioactive and

thus stable.
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Medical Applications of Radioactivity
Recall from Section 13.1 that the a and b particles released in nuclear decays ionize the

molecules of the substances they pass through. For example, fast-moving b particles

can knock electrons in the air molecules from their orbitals. This is even more so the case

for a particles, which carry twice the charge. The particles emitted in radioactive decay

processes have relatively high kinetic energies, on the order of 104 eV to 107 eV. Since a

kinetic energy on the order of 10 eV is enough to ionize an atom or a molecule, a single

particle can produce a very large number of ionizations. In addition, photons produced

by g decay can ionize atoms and molecules, through Compton scattering and the pho-

toelectric effect.

Ionization is a disadvantage for any living tissue bombarded by a particles, b parti-

cles, or g rays . The ionized molecules can cause harmful chemical reactions within the

cells harbouring them. Damage to DNA can cause even more serious harm. If the radi-

ation is sufficiently intense, it will destroy molecules faster than replacement copies can

be made, killing the cell. Even worse, the damage to the cell’s DNA might be such that

altered cells could survive and continue to divide. Such a condition could lead to one of

many forms of cancer.

Fortunately, the damaging effects of radiation on living tissue can be put to good use,

since the processes that kill healthy cells are even more liable to kill the rapidly growing

cancerous cells. Radiotherapists concentrate the radiation on the place where it is needed,

minimizing the effect on the healthy surrounding tissue. One process localizes the damage

by moving the source of the radiation around the body while directing a thin beam of

particles at the cancerous tissue. A second process localizes the effect by using very small,

rice-like radioactive particles, embedded close to the cancer (Figure 5).

Radiation has applications in diagnosis as

well. Sodium-24, for example, which is soluble

in blood, is injected into the body to measure

kidney function. The isotope 99
43Tc (tech-

netium), with a half-life of 6 h, is a vital part

of many of the more popular radioactive

tracers in current use. Because the isotope

can combine with many other materials,

tracer compounds can be designed that are

tailored to many different body systems and

functions. These advanced tracers can then

be coupled with equally advanced detectors—

gamma cameras—to produce real-time data

for studies.

Gamma cameras can also be used with

chemicals containing positron emitters to

help form three-dimensional scans in positron

emission tomography (PET). When the emit-

ters undergo b+ decay within the body, the

Practice

Understanding Concepts

11. Express in symbols the first four decay reactions in the decay series of U-238.

12. Using Figure 4, determine the number of possible unique ways by which a stable

daughter can be produced.

Figure 5

The white dots on this X-ray are

radioactive implants used to treat

prostate cancer.
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resulting positron typically travels only a short distance before colliding with an electron.

Two g photons of opposite momenta are emitted and recorded by gamma camera detec-

tors on opposite sides of the patient. The location of the annihilations, which are along

the line between the two g photons, can be traced once the differences in arrival times

are calculated (Figure 6).

Section 13.2

The Cobalt Bomb

The “cobalt bomb,” used to treat

cancer, directs very high-energy g

and b radiation, produced from the

decay of cobalt-60, onto affected

areas. The apparatus is designed

and marketed by Atomic Energy of

Canada Limited (AECL).

DID YOU KNOW??

electronics and computer

photomultiplier tubes

detection crystal

collimator

Figure 6

A gamma camera assembly. The photons emitted in the patient’s body are detected

by the photomultiplier tubes. A computer monitor displays the image computed from

the photomultiplier signals.

Figure 7

PET imaging helps identify 

problems such as tumours and

damage to organs.

(a) A healthy heart 

(b) A heart that has suffered a

myocardial infarction

Continuous advances in the speed and sophistication of PET electronics have pro-

duced a steady improvement in image resolution (Figure 7). In addition, PET imaging

makes use of a much higher percentage of the nuclear decays than do most other such

techniques. This allows the administered dose of radiation to be much lower, making the

devices inherently safer than the alternatives, such as the X-ray-based CAT (computer-

ized axial tomography) scanners.

(a) (b)



686 Chapter 13 NEL

Section 13.2 Questions

Understanding Concepts

1. Uranium-238 has a half-life of 4.5 3 109 a. A material spec-

imen presently containing 1.00 mg of U-238 has an activity

of 3.8 3 108 Bq.

(a) Calculate the activity of the specimen after 1.00 3 106 a.

(b) How many years will pass before the amount of U-238

remaining is 0.100 mg?

2. The activity of a specimen containing some hypothetical

radioactive isotope X is initially measured to be 1.20 3

103 Bq. One hour later, the activity has fallen to a value of

1.00 3 103 Bq. Calculate the half-life of X.

3. Mass spectrometry of a mineral specimen originally com-

posed mainly of U-238 reveals that 9.55% of the metallic

content is consistent with daughter products from the

decay of this isotope. Estimate the age of the specimen.

4. A bone fragment of carbon is found to have an activity of

4.00 Bq. The initial activity is estimated to be 18.0 Bq.

Estimate the age of the fragment.

5. It is quite likely that transuranium elements (elements with

atomic numbers greater than 92) were present in Earth’s

crust shortly after the planet formed. Suggest reasons why

these elements are not presently found in minerals.

6. You have unearthed a clay tablet in your back yard. Why

would C-14 dating be inappropriate? Suggest a reasonable

alternative.

Applying Inquiry Skills

7. Thorium-232 undergoes the following series of decays

before a stable daughter is produced: b2, b2, a, a, a, a, 

b2, b2, a. Construct a graph similar to Figure 4 to depict

the series.

Making Connections

8. Radioactive dating has helped determine that life first

appeared on Earth approximately 3 billion years ago.

Suggest how this estimate could have been made.

9. Research the costs of purchasing and maintaining a PET

scanner. Draw conclusions about the cost-effectiveness of

such a purchase.

10. Research the methods used in mining radioactive sub-

stances, such as uranium. Briefly describe some of the

safeguards taken to protect the health of the miners.

• The half-life, which is unique to any given isotope, is the time required for one-

half of the original to decay.

• The activity A, in decays per second (Bq), is proportional to the number N of

unstable nuclei present.

• The amount of radioactive substance N left after some time t is given by 

N 5 N01}
1

2
}2}t1

t

/2
}

, where N0 is the initial quantity and t1/2 is the half-life.

• The activity, A, in becquerels, after some time t is given by A 5 A01}
1

2
}2}t1

t

/2
}

, where

A0 is the original activity.

• If the half-life of a radioactive isotope, the level of radioactivity, and the original

activity or amount are known, then the age of a material can be estimated.

Rate of Radioactive DecaySUMMARY

GO www.science.nelson.com
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13.313.3Working with Particles

Suppose you challenge two friends to identify an object concealed from their view, a golf

ball. You allow your friends to fire a large number of probing particles, from any angle,

and to measure the trajectories upon rebound, as in Rutherford’s a-scattering investi-

gation. You equip your friends with two sizes of probe, one much smaller than the

other (Figure 1). Which friend will get more precise information about the object being

bombarded?

(a) (b)

Figure 1

(a) A golf ball appears spherical

when probed with steel balls 

4 mm in diameter. 

(b) With steel balls 1 mm in diam-

eter, some of its dimples are

revealed.

The friend using the smaller probing particles would be able to resolve the surface

dimples. In a similar way, physicists probe the atom with particle beams of the highest

possible resolving power, as determined by the de Broglie wavelength.

Recall from Chapter 12 that the de Broglie wavelength associated with any moving

object of nonzero mass is λ 5 }
m

h

v
}. It follows that the wavelength associated with a

particle decreases when the speed increases (disregarding relativistic effects), being

inversely proportional to the square root of the kinetic energy. Therefore, high-energy

particles are preferred for probing unknown nuclei.

In Chapter 12 we saw that the probing of the nucleus began in Rutherford’s labora-

tory with a particles from a natural radioactive source. By the 1930s, experimentalists

began constructing accelerating machines, in search of higher energies. This search con-

tinues into the twenty-first century.

The Cyclotron and Synchrocyclotron
It is evident that charged particles can be accelerated through high potentials, such as are

achievable with a Van de Graaff machine. However, in the 1930s, problems in working

with very high voltages stimulated the American, Ernest Lawrence, to consider acceler-

ating particles by means of a large number of small increases in electrical potential rather

than with one large increase. Lawrence suggested magnetically deflecting the particles into

a circular orbit. The key to the operation of his device, the cyclotron (Figure 2), is the fact

that the orbits of charged particles in a uniform magnetic field are isochronous: the

time taken for particles with the same mass and charge to make one complete cycle is the

Figure 2

Ernest O. Lawrence holding

his first cyclotron

isochronous recurring at regular

intervals even when some variable

changes; for example, the period of

a pendulum is isochronous with

respect to variations in the mass of

the bob
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same at any speed. Since the radius of the circular path increases exactly as the speed, the

time for any orbit stays constant. This makes it possible for a modest potential difference,

reversing in polarity at constant frequency, to accelerate a charged particle many times.

The most obvious feature of the cyclotron is a pair of “dees,” hollow, D-shaped elec-

trodes that cause the accelerating particles (usually protons) to move in a spiral path.

Figure 3 shows that a magnetic field is directed downward through the dees to cause

the deflection. An AC potential is applied to opposite dees. The period of the variation

in potential is timed to coincide with the period of the circular motion of the particles.

In this way, the strong electric field in the gap between the dees causes the particles to accel-

erate each time they jump over.

The increased speed results in ever-increasing radii for the circular motion. After

some number of revolutions, the particles are so energetic they miss the second dee

when they cross the gap, leaving the apparatus in a high-energy beam that can be used

in collision experiments.

At nonrelativistic speeds the mechanics are simple. The design task is to find the right

AC frequency, given the charge on the particles and the strength of the magnetic field.

This is straightforward, since the charge of the proton and the a particle is precisely

known, and the magnetic field strength can be calculated from the geometry and cur-

rent load of the electromagnet.

The kinetic energy of the emitted particles is independent of the potential difference

across the dees. A very high voltage causes an enormous acceleration across the gap,

leading to a spiral pattern that grows quickly, with the particle exiting after only a few

cycles. A lower voltage, on the other hand, produces less acceleration across the gap,

leading to a spiral pattern that grows slowly, with the particle exiting after many cycles.

The same total work is done in both cases, ensuring that the charged particle exits with

the same kinetic energy in both cases.

However, at relativistic speeds the mechanics of the cyclotron are not simple. Like dura-

tion and length, momentum is affected by high speeds. As the speed of the particle

approaches the speed of light, the momentum approaches infinity. This steady relativistic

increase in momentum causes the cyclotron frequency to lose synchronization with the

circling particles at high energies and therefore sets an upper limit on the energy that can

be imparted.

A synchrocyclotron, or frequency-modulated (FM) cyclotron, is a modified classic

cyclotron in which the frequency of the alternation in electric potential is changed during

the accelerating cycle. This allows the particles to stay in phase with the alternating elec-

trical field even when the relativistic momentum increase becomes significant. As a

result, relativity does not impose as low a limit on the energy of the accelerated particles

as with the classic cyclotron.

We can illustrate this concept with protons. In the early part of the acceleration, when

the speed is lower, a conceivable frequency for proton acceleration is 32 MHz. By the

time the proton has acquired an energy of 400 MeV, the required frequency has fallen to

20 MHz. This change in frequency takes approximately 10 ms. As a result, the acceler-

ated protons are delivered in bunches, one for each frequency-modulation cycle. After

the delivery of a bunch of protons, the frequency must return to 32 MHz so that the

machine can pick up another batch of protons.

Since the beam is not continuous but comes in bursts, its intensity is much lower than

in a classic cyclotron. To compensate, there are now very large synchrocyclotrons, with

huge magnets, in many countries. The size and cost of the magnets presently set an

upper limit of 1 GeV to the energy achievable in a synchrocyclotron. Superconducting

magnets may, however, increase this limit by making smaller magnets feasible.

BB

B

E

S

B

beam

Figure 3

A cyclotron. The crosses indicate

that the magnetic field is downward,

through the dees. The oscillating

electric field across the gap between

the dees gives the particle a small

boost of energy each time it crosses

the gap. The magnetic field, acting

down through the dees, keeps the

particle moving in a circular path but

with increasing radius. What would

happen if the direction of the mag-

netic field were reversed?

Let’s See What This Does ...

The experimental side of particle

physics has often been described as

the act of bombarding the target

with high-energy particles to “see

what comes out.”

DID YOU KNOW??
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The TRIUMF Cyclotron
In the 1970s, several new versions of the synchrocy-

clotron appeared, designed to improve both the inten-

sity of the proton beam and the length of the duration

of the bursts. In these machines, it is the magnetic field

rather than the frequency of the alternation in poten-

tial difference that is varied to compensate for the rel-

ativistic momentum effect. Adjustments had to be

made in the magnetic field as problems in focusing

developed. It was found that if the electromagnets were

segmented, this problem was partially resolved. The

TRIUMF cyclotron at the University of British

Columbia is an example of a synchrocyclotron with

segmented magnets, or, as they are now called, sector-

focused cyclotrons (Figure 4).

The TRIUMF cyclotron is of a type often called a “meson factory.” It is so named

because it is particularly well-suited to the production of short-lived particles called

pions, which belong to a class of particles called mesons.

The negatively charged hydrogen ions accelerated by the TRIUMF reach speeds of

about 0.75c. At this point, the ions have energies of about 520 MeV and are directed out

of the cyclotron into areas where they are used for research. Using a stripping foil inside

the cyclotron, electrons can be removed from the ions, thus leaving proton beams with

varying energies, which can also be used for research. The proton beams can be directed

into pipes called beam lines, where electromagnets guide them to where they are needed,

either in the proton hall, where the beam can be used directly, or the meson hall. The pro-

tons then collide with targets, producing the short-lived pions.

Linear Accelerators
Cyclotrons and synchrocyclotrons have a number of disadvantages. Since the particles

are contained by a magnetic field, the ejection of a high-energy beam is difficult and

inefficient. Therefore, using internal targets limits the kinds of experiments that can be

performed. Also, in the case of high-energy electrons, there are severe losses of energy

through synchrotron radiation.

The linear accelerator, or linac, is designed to overcome some of these limitations. The

linac is a long, evacuated tube containing a large number of drift tubes. Alternate drift

tubes are connected to opposite sides of a high-frequency generator through transmis-

sion lines running the length of the accelerator (Figure 5(a)). If a negatively charged

Section 13.3

Figure 4

The TRIUMF is the world’s largest

cyclotron. (TRIUMF stands for tri-

university meson facility, although

now there are 11 universities

involved.)

source of charged particles

AC source drift tubes

Figure 5

(a) A linear accelerator. Charged

particles accelerate as they are

attracted by the alternately

charged drift tubes. 

(b) The Stanford Linear Accelerator

(a) (b)
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particle is injected when the potential of the first drift tube is positive, the particle accel-

erates to it, acquiring kinetic energy. Once it is in the first tube, it does not accelerate

further but moves at a constant “drift” velocity. (Inside a drift tube, as inside any container

with walls at a spatially constant potential, the electric field is zero at all times, even if the

potential of the walls happens to vary over time.) If, by the time the particle reaches the

end of the first drift tube the electrical potential difference between alternate drift tubes

has reversed, the particle accelerates between the tubes. The particle drifts more quickly

through the second tube, which is longer. It is further accelerated in the space between

the second and third tubes, since the potential difference has reversed again. The process

continues through a succession of progressively longer drift tubes, with the kinetic energy

of the particles increasing upon each transition.

The Stanford Linear Accelerator (SLAC), completed in 1961, is 3.2 km long and con-

tains 240 drift tubes (Figure 5(b)). It is designed to accelerate electrons to energies of

approximately 20 GeV. At this energy, the relativistic momentum increase gives the elec-

tron a mass 40 000 times its rest mass. The highest-energy proton linac is located at Los

Alamos, New Mexico. Completed in 1973, it accelerates protons to 800 MeV.

The intense pulses of high-energy protons from proton linacs make these devices

ideal as injectors for proton synchrotrons. Used on their own, however, they serve pri-

marily to produce mesons in the bombardment of targets.

Synchrotrons
Strong progress in nuclear research was made possible by raising the energies of protons

in successively larger accelerators of the designs we have considered so far. This had to

stop, however, because of the rising cost of the magnets, some of which had to have

masses as great as 40 000 t.

Higher energies are reached by combining some design ideas from the linac and the

synchrocyclotron. In a synchrotron, in place of one large magnet a series of smaller mag-

nets keeps the accelerated beam in a circular path. Between successive electromagnets are

radio-frequency accelerating devices called cavities, which work much like the short sec-

tions of a linear accelerator. Protons are first accelerated by a linear accelerator, then

directed into a circular vacuum chamber running through a succession of electromag-

nets (Figure 6). The electromagnets are designed in such a way that the field increases

with increasing radius, confining the beam of protons to a relatively small cross-section.

This beam can be used directly to strike targets outside the ring. Alternatively, a target

can be placed in the beam, so that secondary particles are ejected from it. In either case,

special magnets direct the particles out of the ring.

While electrons are sometimes used in synchrotrons (e.g., the Canadian Light Source,

discussed later), usually protons are the particles used. Why? Charged particles emit pho-

tons—synchrotron radiation—when accelerated. Since the particles in the synchrotron

undergo circular motion, they are constantly accelerated not only by the accelerating

cavities but also by the bending magnets (Figure 7). The net result is that much of the work

done on the particles is radiated away, without increasing the kinetic energy. Because the

amount and intensity of the synchrotron radiation depend on the speed of the particles

and the magnetic field strength, the emission increases enormously at relativistic speeds.

Specifically, the output of synchrotron radiation increases with the cube of the ratio of

a particle’s energy to its rest-mass energy (the product of rest mass and c2). Because this

ratio tends to be much higher for lighter particles, heavier particles are preferred. The

energy of the protons is increased by a series of accelerators before the protons are injected

into a “main ring” in a synchrotron. The so-called Tevatron, the synchrotron at the Fermi

National Accelerator Laboratory (Fermilab) in Batavia, Illinois, illustrates this arrangement.

In the Tevatron main ring are 1000 superconducting magnets (each costing $40 000),

from initial linear

accelerator

to target

electromagnets

accelerating

cavities

Figure 6

A simplified schematic of a 

synchrotron

magnetic

field points

upward

beam of 

protons

curls to 

the right

to next

accelerating cavity

Figure 7

Segmented bending magnet

Magnet Technology

The currents required to give an

ordinary electromagnet the field

strength specified for contemporary

cyclotrons would melt the coils.

There is thus no alternative to

superconducting electromagnets.

The massive international funding

devoted to magnet technology has

had useful spinoffs. For example, the

increased production of supercon-

ducting magnets made possible the

commercial manufacturing of mag-

netic resonance imaging (MRI)

devices.

DID YOU KNOW??
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with coils of niobium and titanium cooled to –268° by liquid helium. At this temperature,

the coils lose nearly all their electrical resistance, minimizing power demands.

Accelerated particles are stored in a second ring, ready for collision with accelerated

particles in the first ring. When a moving particle strikes a target, which in the inertial

frame of the laboratory is essentially at rest, only a small portion of the resulting energy

is available for interaction with another particle. For particles moving at close to the speed

of light the effect is significant. For example, if a proton with an energy of 400 GeV

strikes a proton in a target at rest, only 27.4 GeV is available for the interaction. If, on

the other hand, the two particles are moving in opposite directions and collide, then all

the energy is available for the interaction (Figure 8). For example, if two 31.4 GeV pro-

tons collide, 62.8 GeV is available for the interaction.

A similar arrangement is available with the Large Electron-Positron Collider (LEP) at

CERN (European Organisation for Nuclear Research) in Geneva, Switzerland. Beams

of particles are accelerated in two rings, moving clockwise in one, counterclockwise in

the other. When the beams meet, some of the particles interact. A team under the direc-

tion of Carlo Rubbia used colliding beams of protons and antiprotons in a CERN accel-

erator to confirm the existence of three particles, the W+, W–, and Z particles, known as

bosons. (We will return to bosons later in this chapter.)

Synchrotrons are enormous in size and cost. The synchrotron at Fermilab has a cir-

cumference of 6.3 km. The LEP has a circumference of 27 km. A giant superconducting

supercollider was planned for Waxahachie, Texas. The device would have used a ring

87 km in circumference and could have produced collisions with energies of 40 TeV.

Nicknamed the Desertron, since its huge size could only be accommodated in a large

expanse like the American desert, it was cancelled in 1993 because of its cost. Apparently

the magnitude and costs of high-energy particle research have reached levels exceeding

what can be accommodated by national governments acting alone.

Despite the challenges in funding, several large-scale projects are underway. Upgrades

are constantly in progress at Fermilab’s Tevatron. There are also plans for the construc-

tion of a very large hadron collider near Fermilab. This device will collide muons (heavy

cousins of the electron) with about 50 times the energy available at the Tevatron. The

promising outlook for international cooperation in particle physics is illustrated by the

Large Hadron Collider (LHC) at CERN, expected to enter production, using the existing

LEP tunnel, in the first decade of this century. Energies as high as 7 TeV should be pos-

sible (Figure 9).

Section 13.3

Figure 8

Colliding beams of particles

Figure 9

(a) CERN’s new Large Hadron

Collider

(b) The giant Collider Detector at

Fermilab

(a) (b)
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Synchrotron Radiation: The Canadian Light Source
Synchrotron radiation, more commonly known in Canada as synchrotron light, can be

put to good use as a tool used in microscopy. The Canadian Light Source (CLS) syn-

chrotron, located in Saskatoon, has been specifically designed to produce intense beams

of light at various wavelengths, particularly those in the X-ray range. The extremely

small wavelength of the light, coupled with its great intensity (Table 1), makes it an ideal

probe with which to examine the most minute of structures.

Initiated in 1999, the majority of the CLS’s beam lines are expected to be in operation

by 2007 (Figure 10). The total funding in the amount of $173.5 million for the CLS

comes from a variety of sources, both public and private (Table 2).

Funding Research on 

Elementary Particles

Progress in particle physics goes hand in hand with particle-

accelerator technology. The rapid but expensive process

through which the atomic bomb was developed suggested to

the policy-makers of the day that the new physics, if coupled

with sufficient funding, could readily be put to military use. After

World War II, physics enjoyed lavish funding, particularly in the

United States. The funding climate soon produced the hydrogen

bomb and encouraged the development of increasingly pow-

erful particle accelerators. Thanks to the accelerators, the zoo of

known particles expanded greatly, and theoretical predictions

were put to effective test.

By the end of the 1980s, however, the easing of Cold War ten-

sions reduced the perceived need in the West to invest in

physics as a guarantor of national security. One of the first

major projects affected was the Desertron, cancelled in 1993. At

the same time, construction of the international LHC at CERN

went ahead. The message was clear: the future of large-budget

particle physics lay in international cooperation.

Understanding the Issue

1. Search the Internet using key words such as “particle

physics” and “particle accelerators.”Visit the Web sites at

Brookhaven, CERN, Fermilab, TRIUMF, and Stanford to get

an idea of the megaprojects currently underway.

2. Imagine that you are in charge of building the next genera-

tion of superaccelerator. You have settled on a synchrotron

100 km in circumference.

(a) From which organizations would you seek funding?

What would be the basis for your proposal?

(b) What opposition would you expect to encounter? How

would you deal with it?

3. What recommendations regarding future directions for ele-

mentary particle research would you make to the interna-

tional research community?

Form an Opinion

4. On the strength of your research and your answers to the

above questions, form an opinion on the appropriate level

of public funding for research in particle physics. Present

your opinion verbally to the class.

Define the Issue Analyze the Issue Research

Defend the Position Identify Alternatives Evaluate

Decision-Making SkillsEXPLORE an issue

GO www.science.nelson.com

Table 1 Relative Brightness of

Various Light Sources

Source Intensity

1}
pho

m

to

m

n

2

s/s
}2

CLS synchrotron 1019

sunlight 1013

candle 109

medical X ray 107

funding

conventional

construction

equipment

assembly

commissioning

of six

beamlines

open for

business

phase II

beamlines

phase III

beamlines

1999 2000 2001 2002 2003 2004 2005 2006 2007

Figure 10

Timeline for completion of the CLS beam lines
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The CLS is actually a series of integrated systems. First, the com-

bination of an electron gun and a linac accelerates electrons to close

to the speed of light, where they attain a kinetic energy of approx-

imately 0.3 GeV. Next, the particles are injected into the booster

ring where their kinetic energy is increased, by a factor of approx-

imately 10, to 2.9 GeV. From here, the high-energy electrons are

transferred to the 54 m diameter storage ring, where the synchro-

tron light is produced.

Beam lines then direct the synchrotron light to an area called the

optics hutch where the full spectrum is separated into several discrete

bands, including infrared and soft and hard X rays. These beams

are then available for research at the experimental hutch and at var-

ious stations in the facility (Figure 11).

There are many uses for synchrotron light (Table 3). Medical sci-

ence, for example, can benefit from the extremely detailed images

that the light can produce. In particular, researchers expect to use

the facility to study the finer structures of the heart and brain. In

addition, chemical researchers can also benefit from the intensity of

the light by using it to produce nanosecond-by-nanosecond rep-

resentations of molecular interactions. This information can then

be put to use in the design of pharmaceuticals that have much more

predictable results. Other applications to chemistry will include the

design of advanced materials.

Section 13.3

Table 2 Funding for the CLS

Source Millions of 

Dollars

“In kind” contributions 32.6

Canada Foundation for Innovation 56.4

Federal Government 28.3

Saskatchewan Provincial Government 25

Ontario Synchrotron Consortium 9.4

University of Saskatchewan 7.3

City of Saskatoon 2.4

SaskPower 2.0

University of Alberta 0.3

University of Western Ontario 0.3 + 

in kind 

Other 9.5

(a)

(b)

(c)

Figure 11

(a) In the optics hutch, the synchrotron light is separated into portions of the 

electromagnetic spectrum, then focused with specially curved mirror systems.

(b) In the experimental hutch, the selected wavelength of synchrotron light is

directed onto the sample to be analyzed and the data stored.

(c) The data are transferred to work stations for analysis.

Table 3 Research Applications

Type Sample Applications

infrared Studying the behaviour of biological 

molecules 

advanced materials design

soft X rays Studying the chemical structure 

of materials

hard X rays Studying materials at the molecular level
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Particle Detectors
Subatomic particles are far too small and move far too quickly to be observed and meas-

ured directly. Further, most elementary particles are exceedingly short-lived, typically

decaying into other particles within a nanosecond. The particle detectors used to observe

the subtle products of high-energy accelerators are in some ways as impressive as the

accelerators themselves. For example, we must be able to photograph the effects of a

subatomic particle that remains in the detector for just 10–11 s.

For a detector to sense a particle, there must be an interaction between the particle and

the detector material. The interaction is typically the emission of light, the ionization of

the medium, or a phase or chemical change in the medium. Table 4 summarizes the

various devices used to detect subatomic particles. We will first examine two of the

detectors traditionally used in high-energy research, the cloud chamber and the bubble

chamber, and then briefly consider more contemporary instrumentation.

Table 4 Some Properties of Particle Detectors

Primary Type of Device Sensitive Time Space

Response Material Resolution Resolution

ionization solid-state detector solid 1026 to 1027 s size of detector

ionization chamber gas

proportional counter

Geiger counter

spark chamber 1 mm

light scintillation counter gas, liquid, 1029 s size of detector

emission Cerenkov counter or solid

scintillation chamber solid 1028 s 1 mm

phase or cloud chamber gas none 0.1 mm

chemical change
bubble chamber liquid

nuclear emulsion gel 1 mm

solid-state track solid

detectors

Practice

Understanding Concepts

1. Simple mathematical models can only be applied to particle accelerators when the

energies and speeds are relatively low. Why does the situation become so much more

complicated in practice?

2. Why is TRIUMF called a “meson factory”?

3. TRIUMF uses hydrogen ions or protons. Suggest a reason why the electron is the par-

ticle of choice for the CLS synchrotron.

4. Suggest reasons why the operators of the CLS refer to synchrotron light rather than

the conventional term, synchrotron radiation.
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Section 13.3

vapour cameras

window

window

valve B

valve A

piston

strobe light

strobe light

Figure 12

Schematic of a cloud chamber

Cloud Chambers
The cloud chamber was devised in 1911 by Charles Wilson (1869–1959) in England.

Wilson found that in a gas supersaturated with a vapour, condensation forms along the

trajectories of charged ions, leaving trails of droplets, which can be photographed.

A simple cloud chamber can be made with a glass or plastic cylindrical container,

open at one end. A piece of black cloth saturated with alcohol is placed onto a block of

dry ice and then covered by the container. The container soon fills with alcohol vapour.

A supersaturated layer of alcohol forms just above the black cloth. If a radioactive source,

emitting a or b particles, is put into the container, the moving particles leave behind

vapour trails, reminiscent of jet-airplane sky trails, as they condense the alcohol vapour.

(A strong source of light from the side, such as the beam from a 35-mm slide projector,

helps make the trails visible.)

Argon and ethyl alcohol are common in the more sophisticated cloud chambers used

in serious research. In the detector in Figure 12, compressed air forces a piston forward

when valve A is opened. When valve B is opened to the atmosphere, the piston is forced

backward, the pressure decreases, and the vapour expands to a supersaturated state,

making droplet growth possible. When charged particles pass through the chamber, they

attract nearby molecules, creating tiny droplets that form small vapour trails in the

chamber. A high-speed strobe camera, triggered by the passage of a particle, records any

trails present in the chamber, including any trails representing collisions.
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Figure 13

The bubble chamber holds a lique-

fied gas close to its boiling point for

the particular pressure applied. The

liquid is then superheated by

allowing the pressure to drop

slightly. The bubbles that form are

made visible on the diffusing surface

and are photographed in stereo.

Figure 14

(a) A bubble chamber photograph

(b) A hydrogen bubble chamber

Figure 15

Tracking detector

Bubble Chambers
Bubble chambers (Figure 13) use liquefied gas, for example, propane, hydrogen, helium,

or xenon, with liquid hydrogen the most common choice. The hydrogen must be kept

cameracamera

incident

particles

strobe light

liquid piston

diffusing surface

window

below –252.8°C to remain liquid at a typical operating pressure. If the pressure is sud-

denly lowered, the liquid boils. If a high-speed charged particle passes through the hydrogen

as the pressure is lowered, hydrogen ions form. The hydrogen boils a few thousandths of

a second sooner around these ions than in the rest of the container. Carefully timed pho-

tographs record the resulting bubble trails. A magnetic field is frequently applied across the

chamber, causing the paths of positively charged particles to curve in one direction, the paths

of negatively charged particles to curve in the other. By measuring the curvature of their

paths and knowing the strength of the magnetic field, we can determine the ratio of the

momentum to the charge (as a useful first step in working out the mass). Further, since a

hydrogen atom is simply a proton and an electron, if the chosen medium is hydrogen,

collisions between accelerated protons and the protons in the tank could occur and be

recorded. One such collision can be clearly seen at the bottom left of the bubble chamber

photograph in Figure 14(a). Bubble chambers are quite large and complex (Figure 14(b)).

Tracking Detectors and Calorimeters
The detectors at supercolliders consist of several devices, each testing for different events

caused by a collision.

The tracking detector uses a series of wire grids (Figure 15). Particles pass through

each grid and produce an electrical signal. The pattern through many grids can be used

to reconstruct the trajectory through the detector. If a magnetic field has been applied

and the incoming particle is charged, the shape of the trajectory supplies clues regarding

the type of particle and its energy. Photons are invisible to this detector.

(a) (b)
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Section 13.3

Electromagnetic calorimeters are usually constructed of slabs of absorbent material

sandwiched between light-sensitive detectors (Figure 16). These detectors give an indi-

cation of the kinetic energy possessed by the incoming particles, since both the degree

to which the particles penetrate the material and the amount of light produced are deter-

mined by the energy. Typically, photons and electrons, which lose energy quickly, are

stopped in the inner layers of the detectors. Jets produced by particles descended from

protons and neutrons travel farther. Muons (high-energy particles produced by colli-

sions in accelerators) penetrate the farthest.

These various types of detectors are often combined into one unit. Figure 17 depicts

one such device. But one key component of the contemporary detector is not pictured.

Any given experiment will produce several million particle interactions per second. The

detector produces data at a rate of 20 Mb/s. The computer is therefore an essential part

of the detection system. Data are typically analyzed with hundreds of PCs “clustered” into

a supercomputer.

tracking

e.m. calorimeter

hadron calorimeter

muon chamber

tracking

e.m. calorimeter

hadron calorimeter

muon chamber

Figure 16

Particle detector. Particles and

antiparticles are made to collide in

the tube at the centre. Collision

products, whether photons of elec-

tromagnetic radiation, hadrons (a

family of particle we will examine

shortly), or muons, are detected in

the surrounding cylinders.

Figure 17

Cross-section of a complex particle

detector. The forked-lightning

appearance of some trajectories tells

us that particles decay into daughter

particles, with the daughters them-

selves liable to decay. The lines that

seem to appear from nowhere repre-

sent photons, visible to the electro-

magnetic calorimeter but invisible to

the tracking detector deeper in the

interior of the apparatus.

• We gain much of our information about the atom through collision experiments

in which high-energy particles are made to collide with stationary atoms or with

one another.

• Particle accelerators are used to accelerate charged particles, such as protons and

electrons, to very high kinetic energies.

• The cyclotron, an early high-energy accelerator, operates by accelerating particles

as they cross the gap between two hollow electrodes.

• Synchrocyclotrons impart higher kinetic energies than the classic cyclotron by

varying the frequency of the accelerating voltage in compensation for relativistic

mass increase.

• Linear accelerators use electric fields to accelerate charged particles on a straight

path through many sets of oppositely charged electrodes.

• Synchrotrons accelerate objects in a circle with constant radius. Both the fre-

quency of the radio-frequency accelerating cavity and the strength of the bending

magnets are adjusted to compensate for the relativistic mass increase.

• Synchrotrons typically collide oppositely moving particles, thereby greatly

increasing the energies of the collisions.

• High-energy particles in synchrotrons such as the CLS emit a full spectrum of

electromagnetic waves. This synchrotron light is well suited to the task of probing

the fine structure of matter.

• Particle detectors work in tandem with accelerators to provide information about

elementary particles.

• Cloud chambers and bubble chambers display the trajectories of charged parti-

cles as trails of vapour. Strong electromagnetic fields can be applied to deflect the

charged particles, which provide clues to masses and kinetic energies.

• The detectors in contemporary accelerators are often integrated units, com-

prising a tracking detector and electromagnetic calorimeters.

Working with ParticlesSUMMARY
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Section 13.3 Questions

Understanding Concepts

1. Explain why there is an upper limit on the amount of energy

that a cyclotron can impart to a particle. How do circular-

path accelerators, more sophisticated than the cyclotron,

overcome this limitation?

2. Explain why a neutron inside the Stanford linac would not

be accelerated.

3. Protons enter a hypothetical synchrotron, 1.0 km in radius,

with an initial energy of 8.0 GeV. The protons gain 2.5 MeV

with each revolution. Assume that although the protons

complete each revolution at essentially the speed of light,

the relativistic mass increase can be neglected.

(a) Calculate the distance travelled by the protons before

reaching 1.0 TeV.

(b) Calculate the time it takes the protons to travel this

distance.

Applying Inquiry Skills

4. You have constructed a simple cloud chamber from a side-

illuminated viewing cylinder resting on dry ice. You have

placed a radioactive source in your chamber. How could

you now determine whether the particles you are observing

are neutral or charged, and if charged, whether charged

positively or negatively?

5. You are working with a radioactive source emitting parti-

cles of several kinds, all positively charged, not necessarily

of the same mass. How could you determine whether all

the particles have the same charge?

Making Connections

6. Some microwave communications dishes are not formed

from sheet metal but from steel mesh. (The mesh reduces

low-velocity wind loading.) Use your understanding of par-

ticle energy and resolving power to help explain why these

dishes reflect microwaves just as effectively as ones fash-

ioned from sheet metal.

7. Recall from Chapter 12 that every object of nonzero mass

m, moving at nonzero speed v, has an associated de Broglie

wavelength λ 5 }
m

h

v
} . Consider a proton that has been 

accelerated to 1TeV. Neglecting the relativistic mass

increase and comparing the de Broglie wavelength of the

proton under this assumption with the wavelength of visible

light, explain why high-energy particles are promising tools

for resolving the finer details of the workings of atoms.

8. Table 5 compares some of the particle accelerators dis-

cussed in this section. Copy and complete the table.

9. Table 6 summarizes some of the basic research that can

be done using various types of particle accelerators. Copy

the table and complete the missing entries. For “Resolving

Ability,” make an estimate based on the de Broglie 

wavelength.

10. In this section, you learned that sophisticated computers

are needed to process the data from particle experiments.

Visit the TRIUMF Web site and learn about new microchips

created for this purpose. Briefly report on your findings.

Table 6

Experiment Typical Resolving Types of 

Particle Ability Questions 

Energies Addressed 

by Experiment

gold-foil a ? ? ?

scattering

early experiments ? ? ?

with cyclotrons

experiments with ? ? ?

synchrocyclotrons

experiments with ? ? ?

linacs

Tevatron ? ? ?

experiments

CERN LHC ? ? ?

experiments

Table 5

Name Method for Particles Energies 

Accelerating Accelerated Achieved

Particles

cyclotron ? ? ?

synchrocyclotron ? ? ?

linac ? ? ?

synchrotron ? ? ?

GO www.science.nelson.com
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13.413.4Particle Interactions

The idea that matter is composed of elementary building blocks originated with

Democritus, around 500 B.C. By the early 1800s, with the acceptance of Dalton’s atomic

theory, the atom was considered elementary. By the early part of the twentieth century,

the discovery of the electron and the basic subatomic structure of the atom suggested that

the electron, proton, and neutron were the elementary particles. By the mid-1930s, the

photon, positron, and neutrino were also considered elementary. Since that time, hun-

dreds of additional particles have been discovered and are still being discovered. The

question arises then, What particles are elementary? It is this question that challenges par-

ticipants in the field of physics known as elementary particle physics.

The Electromagnetic Force
British theoretician Paul Dirac (Figure 1) laid much of the foundation for elementary

particle physics. In 1927, Dirac worked out the quantum mechanics of electromagnetic

fields, explaining the formation and absorption of photons in the atom and, as we saw

in Section 13.1, postulating the existence of the positron.

As previously discussed, it is the electromagnetic force that attracts the electron to

the positive nucleus and in fact holds matter together. In studies of objects in collision,

certain interactions are often described as involving forces that act at a distance, whereby

two objects interact without physical contact, with an interchange of energy and

momentum. How, then, is the transfer of energy and momentum achieved?

In examining wave–particle duality, we saw that an electromagnetic wave (such as g radi-

ation or visible light) can be considered a stream of photons, each photon having energy

and momentum. Using the work of Dirac, this quantum approach can be applied to the

effects caused when one particle’s electromagnetic field acts on the electromagnetic field

of another particle. In a sense, we consider an electromagnetic field to be composed of par-

ticles. When one electromagnetic field acts on another, the two fields exchange photons

with each other during the interaction. In other words, photons are the carriers, or transfer

agents, that carry the electromagnetic force from one charged particle to another.

As an analogy, consider a girl and a boy standing facing each other on a nearly fric-

tionless ice surface, each holding a hockey puck. If the girl throws her puck to the boy,

the girl will move backward (action–reaction and impulse). The boy will also move

backward when he catches the puck. Their movements demonstrate repulsive force. On

the other hand, if they exchange pucks by grabbing them from each other, they will be

pulled together—the equivalent of an attractive force.

Another way is to say that the particles exchanged in this manner convey messages.

Typically the message will be “come closer” or “move away.” In fact, physics often refers

to particles like the photon as messenger particles.

Because of the uncertainties inherent in quantum mechanics, it is impossible to directly

observe the types of exchanges we have outlined. It is possible, however, to describe

them. In the 1940s, Richard Feynman (Figure 2) and Julian Schwinger developed a com-

plete theory of the exchanges, called quantum electrodynamics (QED). Since then,

numerous experiments have demonstrated the ability of QED to describe, in detail, the

subtle interactions possible between particles in terms of virtual photons.

Feynman also developed the concept of a particular kind of space-time diagram, the

Feynman diagram, to illustrate such electrodynamic interactions. The simplest case

occurs when only one photon is exchanged. Consider the interaction of two electrons.

Figure 1

Paul Dirac (1902–1984)

Figure 2

Richard Feynman (1918–1988)

quantum electrodynamics the

study of interactions of charged par-

ticles in terms of virtual photons

Feynman diagram a space-time

diagram that depicts the interac-

tions of charged particles
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One electron may be considered to create a photon, the other to absorb the photon.

Each electron undergoes changes in energy and momentum because of the exchange. Since

a change in momentum is caused by a force, the electrons repel each other (Figure 3).

This concept was applied to many other electromagnetic interactions, and it was concluded

that the exchange of a photon, or photons, is responsible for all electromagnetic inter-

actions between charged particles. The exchange photon, being for a variety of reasons

unobservable, is called a virtual photon to distinguish it from a real photon.

virtual photon the exchange

photon in an electromagnetic inter-

action; virtual in the sense of being

unobservable

photon

electron electronSpace

T
im

e

Figure 3

A Feynman diagram depicting the electromagnetic

force. The vertical axis represents time and the hori-

zontal axis represents position (Feynman diagrams can

be drawn with or without the time/space axes.) The red

wavy line represents a virtual photon exchanged

between the two electrons. The photon transmits

momentum and energy from one electron to the other.

Since the transfer is not quite instantaneous (the speed

of the photon, c, is finite), the line is not quite horizontal.

meson

neutron proton

Figure 4

The strong nuclear force. The virtual

particle exchanged this time is the

carrier of the strong nuclear force

rather than the photon, which car-

ries the electromagnetic force.

meson the elementary particle

originally predicted to be respon-

sible for the strong nuclear force;

now a class of particles

We have just considered the exchange of a single virtual photon. Alternatively, two or

more photons may be exchanged. The probability of these more elaborate situations,

however, decreases with the number of exchanges, as does the strength of the interaction.

The Strong Nuclear Force
In the nucleus of a stable atom, protons and neutrons are bound together by the strong

nuclear force. In 1935, the Japanese physicist Hideki Yukawa (1907–1981) proposed that

just as the photon is the particle transferring the electromagnetic force, some particle trans-

fers the strong nuclear force between the nucleons in the nucleus. Yukawa predicted that

this new particle would have a rest mass midway between the electron and the proton.

The postulated particle was consequently called the meson, which means “in the middle.”

Let us consider the hypothetical interaction in Figure 4. The particle that carries the

interaction must have been created from the quantum vacuum. According to the uncer-

tainty principle, the apparent violation of mass conservation implies that

(DE )(Dt) < }
2

h

p
}

(DE ) < }
2p

h

(Dt)
}

mc2 <

mc2 < }
2

h

p

c

d
}

Using the known values of h and c as well as the value d 5 1.5 3 10–15 m (a typical

diameter of the nucleus of a small atom), we obtain an estimate for DE of 2.2 3 10–11 J,

or approximately 130 MeV. Comparing this with the energy equivalent of the electron rest

mass, 0.511 MeV, we estimate the meson to be a little over 250 times more massive than

the electron (250me).

Using similar reasoning, Yukawa calculated that the meson would have a rest mass of

270me. He further theorized that just as photons not only are the unseen participants in

electromagnetic interactions but can also be observed as free particles, so too a free

meson is observable. At the time, the most obvious place to look for this particle was the

sky, through an examination of the particles created by collisions resulting from incoming

h
}

2p1}
d

c
}2

Heisenberg Uncertainty

Principle

Recall that according to the

Heisenberg uncertainty prin-

ciple, we cannot measure the

momentum and position of an

object simultaneously to better

than an uncertainty given by 

DxDp$ }
2

h

p
}. Note that, in a 

similar way, the energy of an

object can be uncertain, even

not conserved, for a very short

period of time, according to 

DEDt $ }
2

h

p
}. The quantity }

2

h

p
}, 

often denoted " (h-bar), equals

1.055 3 10–34 J?s.

LEARNING TIP
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cosmic rays from deep space. In 1936, a new particle was discovered, of mass 207me. At

first it was thought to be the elusive meson, but closer study revealed otherwise: not

only was its mass too low; its interactions with matter were too weak. For instance, these

particles were found in deep mines, having passed unaffected through several kilome-

tres of earth. But the meson, as the carrier of the strong force, would have to interact

strongly with matter. The new particles were called mu (m) mesons, or muons. They

exist in two forms: positive and negative.

Finally, in 1947, Yukawa’s particle was found by British physicist Patrick Blackett

(1897–1974). The observations were made from cosmic rays, which typically contain

very few mesons. Blackett therefore only observed a small number of the sought-after par-

ticles, so he could not be sure whether his observations were simply due to chance.

Fortunately, a 4.7-m cyclotron had just been completed at the Lawrence Berkeley

Laboratory. This instrument, coupled with a photographic method developed by British

physicist Cecil Powell (1903–1969), confirmed the observations. Blackett’s particle was

later found to be one of a family of mesons and was named the pi (p) meson, or pion.

Pions were also found to exist in two varieties, p+ and p– (positive and negative), and to

have a rest mass of 274me , as Yukawa had predicted. Later, a third p meson, the neutral

p0, was discovered, with a slightly smaller mass of 264me .

The p mesons exhibited strong interactions with matter. It was generally accepted

that mesons transmit, or mediate, the strong nuclear force in much the same way as

photons transmit the electromagnetic force. Free p mesons (pions) are unstable and

quickly decay (in 10–8 s) into m mesons (muons). In fact, the muons observed in cosmic

radiation are probably produced from the decay of pions. Since the discovery of the

pion, a number of other mesons have been discovered, and these also appear to mediate

the strong nuclear force (Figure 5).

Recent developments in physics have greatly enhanced this picture. Today, the car-

riers of the strong nuclear force are thought to be the gluons (see Section 13.5).

The Weak Nuclear Force
We have already seen that the process of b decay cannot be explained in terms of the

electromagnetic force or the strong nuclear force. A reasonable theory of this process

required a third force, which came to be known as the weak nuclear force.

A modern explanation of the b decay process assumes that the proton and the neu-

tron are not elementary particles. Instead, each is composed of combinations of smaller

elementary particles called quarks. There are several types of quarks including the up

quarks and down quarks. Protons are assumed to be composed of two up quarks and one

down quark, and neutrons are assumed to be composed of one up quark and two down

quarks. (We will examine quarks in detail in Section 13.5.)

Section 13.4

pion an elementary particle; a pi

meson

n p

np

p−

np

n p

p+

pp

p p

p0

Figure 5

Feynman diagrams of nucleon–

nucleon interactions through the

exchange of virtual pions 

(a) neutron–proton interaction 

(b) proton–neutron interaction 

(c) proton–proton interaction

(a)

(b)

(c)
Practice

Understanding Concepts

1. A positron and an electron can annihilate one another, producing g photons. Draw a

Feynman diagram showing this process.

2. Recall from Chapter 12 that in the photoelectric effect, a photon striking a metal sur-

face with sufficient energy can liberate electrons from that surface. Draw a Feynman

diagram showing the interaction.

weak nuclear force the weak

force in a nucleus thought to be

associated with b decay

muon an elementary particle; a mu

meson
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In the process of b2 decay, a neutron disappears and is replaced by a proton, a b par-

ticle, and an antineutrino. The theory of quarks offers the following description of the

process: a particle consisting of one up quark and two down quarks is changed when one

of the down quarks disappears and is replaced with an up quark and a quite massive par-

ticle, a virtual W boson. This virtual W boson, like any virtual particle, has an exceed-

ingly short life, decaying almost at once to produce the more familiar b-decay products:

the b particle and the antineutrino (Figure 6). It is one of the carriers of the weak force.

The electroweak theory, which sought to unite the electromagnetic force with the weak

force, predicted a second particle, later called the Z boson. These particles are difficult

to observe directly. However, careful examination of many interactions revealed some

events that could not be explained without their existence. Direct evidence was later

found in 1983, when very high-energy particle accelerators caused collisions that pro-

duced both W and Z bosons.

Gravity: The Odd One Out
Since the other forces can be explained in terms of particle exchange, it makes sense to assume

that the same can be done with gravity. In recent years, much work has been done on the

graviton, the hypothetical carrier of the gravitational force. The particle is as yet unseen;

many think it will never be seen. Therefore, theory will have to provide clues about its nature.

It is assumed that, like photons, gravitons travel at the speed of light. Unlike photons,

however, which do not directly interact with one another, gravitons can interact. Two inter-

secting beams of photons, for example, will pass through one another unscathed.

Gravitons, on the other hand, will scatter when they interact. This self-interaction is

perhaps the chief barrier preventing scientists from formulating a quantum theory of

gravity. This implies that two gravitons can exchange a third graviton while simultane-

ously interacting with particles. These multiple exchanges make the interactions much

too complicated and uncertain to describe.

Despite these challenges, work is ongoing on the theory of quantum gravity, for it

will be necessary to complete this before we can completely understand the big bang

theory. At the Big Bang, when it is thought that the whole universe was an unbelievably

dense object, the strength of the gravitational force was comparable to that of the other

types of interactions.

Table 1 summarizes the four fundamental forces and their carriers.

Presently the most promising research in this area views particles as closed loops, or

strings, rather than as point-like entities. Some important features of the emerging string

theories will be described in Section 13.7.

W boson short-lived elementary

particle; one of the carriers of the

weak nuclear force

Z boson short-lived elementary

particle; one of the carriers of the

weak nuclear force

graviton the hypothetical particle

predicted to carry the gravitational

force

up

down

up

down

W e−

n

Figure 6

A Feynman diagram depicting b

decay. Only one quark is affected. The

result is a particle with two up quarks

and one down (a proton) as well as a

b particle and an antineutrino.

Table 1 Forces and Their Carriers

Force Carriers Symbol Charge Mass

electromagnetic photon g 0 0

strong gluon g 0 0

weak W boson W+ + 80.1 GeV

W2 2 80.6 GeV

Z boson Z 0 91.2 GeV

gravitational graviton G 0 0

The Weakest Force

The gravitational force is by far the

weakest of the forces between

pairs of elementary particles: it is

1030 times weaker than the weak

force. We feel its effects so much

because the force is always attrac-

tive and its effect is always additive.

Gravity feels strong because so

many particles are acting on so

many other particles. The weight

you feel right now is due to every

particle in Earth acting on every

particle in your body.

DID YOU KNOW??



Radioactivity and Elementary Particles 703NEL

The Sudbury Neutrino Observatory
In a way, you can consider the accelerators and detectors discussed in Section 13.3 as

active observatories in which scientists probe elementary particles. The observatories

are active in the sense that they produce their own particles that are used for observa-

tion. This is not the only possible approach. The earlier observatories made use of cosmic

rays. These observatories could therefore be considered passive because they worked

using particles that had been created elsewhere.

Several passive observatories exist today. One of the most recent, and exciting, is the

Sudbury Neutrino Observatory (SNO), operated by an 80-member collaboration of sci-

entists from Canada, the United States, and Great Britain. Located 2 km underground,

near Sudbury, Ontario, in the deepest section of Inco’s Creighton Mine, the SNO meas-

ures neutrinos that come from the energy-releasing core of the Sun. The observatory,

begun in 1990 and completed in 1998 at a cost of $78 million, has been in almost con-

tinuous use since 1999.

The heart of the observatory is located in a ten-storey-high cavern where a 12-m

spherical acrylic container holds 1000 t of deuterium oxide, D2O, or “heavy water.” This

is placed in a water-filled cavity measuring 22 m in diameter and 34 m high. Outside the

acrylic sphere is a geodesic sphere containing 9456 light sensors or phototubes capable

of detecting the tiny amounts of the blue-violet Cerenkov light that is formed when

neutrinos are stopped or scattered by the D2O molecules (Figure 7). The D2O is ideal for

the detection of neutrinos because all three types react with it, and with three separate

reactions, the SNO is unique in its ability to look for a conversion, or “oscillation,” of the

one type of neutrino produced in the Sun’s core into the other two types. Several thou-

sand interactions per year are recorded at the observatory.

Previous neutrino detectors have recorded far fewer interactions than expected, based

on models that explain the energy production in the Sun, so one of the purposes of the

SNO is to try and determine why. One explanation that has been put forward centres on

the neutrino’s possible ability to transmute from one type to another. This, in turn, sug-

gests that the particle has mass. Unlike the other operating observatories, which see a single

neutrino reaction, the SNO sees three types of neutrino interactions and can determine

the presence of neutrinos of all three types.

In 2001, SNO scientists announced that they had found the cause of a 30-year old

mystery—why only about one-third of the neutrinos expected from solar models had been

detected in previous neutrino detectors. SNO has found that the other two-thirds of

the neutrinos had indeed been changed to the other two types of neutrinos not seen by

the other labs. From these results, a small mass can be assigned to the neutrino (previ-

ously thought to be massless), and its effect on the expansion of the universe could be

estimated. The results attracted world-wide attention and were rated among the top

discoveries in 2001.

Section 13.4

Practice

Understanding Concepts

3. Briefly describe the process by which the mass of the meson can be estimated.

4. How was it determined that the muon, discovered in 1936, was not the much-sought

meson?

Figure 7

The SNO detectors are held in place

on an 18-m sphere, which surrounds

the container of heavy water.

Nobel Prize Winners

Patrick Blackett, Hideki Yukawa,

and Cecil Powell each won a

Nobel Prize for their work in

nuclear physics: Blackett, in 1948,

for his development of a cloud

chamber and associated discov-

eries in nuclear physics; Yukawa,

in 1949, for predicting the exis-

tence of mesons; and Powell, in

1950, for his development of a

photographic method to study

nuclear processes and for his work

on mesons.

DID YOU KNOW??

Expensive Water

The D2O, on loan from Atomic

Energy of Canada, is valued at

$300 million. It is material that has

been produced and stockpiled for

use in the CANDU nuclear reac-

tors. Heavy water is similar to

ordinary water; however, the

hydrogen from which it is formed

is deuterium, which has a neutron

in its nucleus besides the proton.

Canada, the only country in the

world with stockpiled D2O, is the

only country capable of building

an observatory like the SNO.

DID YOU KNOW??
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• The electromagnetic force can be seen as a particle exchange. The particle, a vir-

tual photon, is invisible.

• The theory of quantum electrodynamics describes interactions in terms of the

exchange of particles.

• A Feynman diagram is a shorthand way of depicting particle interactions. The

two-dimensional diagrams can be seen in terms of space and time.

• The meson, originally thought to be the carrier of the strong nuclear force, was

predicted in 1935 by Yukawa and finally detected in 1947 by Blackett.

• The weak nuclear force can be explained in terms of an exchange of particles.

The carriers of this force, the W and Z bosons, though difficult to observe, were

detected in 1983.

• Gravitons are the hypothetical carriers of the gravitational force; they are capable

of self-interaction, so the formulation of a theory of quantum gravity is proving

difficult.

• The Sudbury Neutrino Observatory detects the three types of neutrinos; it is able

to accomplish this by detecting the radiation emitted when a neutrino is scat-

tered or stopped by a D2O molecule.

Particle InteractionsSUMMARY

Section 13.4 Questions

Understanding Concepts

1. In what sense is “element” now an outdated term?

2. Explain how an interaction can be attractive when particles

exchange particles.

3. Explain why we call the photon involved in the electromag-

netic force virtual.

4. Some electromagnetic interactions involve the exchange of

more than one photon. How do these typically differ from

interactions involving the exchange of one photon?

5. (a) What nuclear process made it clear that there was a

force in addition to the electromagnetic, gravitational,

and strong nuclear forces?

(b) Name the carriers of this fourth force.

6. (a) Draw a Feynman diagram depicting b decay.

(b) A proton and an antiproton can annihilate one another,

in a process producing two pions. Draw a Feynman

diagram showing the process.

7. (a) In what ways is it true that gravity is “the odd one

out”?

(b) Explain why it is difficult to formulate a quantum

theory of gravity.

8. In which of the four force interactions does each of the fol-

lowing particles play a role?

(a) electron (c) proton (e) neutrino

(b) positron (d) neutron

9. Recall that the description of the process that could esti-

mate the mass of the Yukawa particle resulted in the 

approximation mc2 < }
2

h

p

c

d
} . The masses of the W and Z

bosons are assumed to be 80.3 GeV/c2 and 91.2 GeV/c2.

Use the approximation equation to estimate the range of

the weak force.

Making Connections

10. Visit the SNO Web site and answer the following questions:

(a) Approximately how many people were involved in con-

structing the facility?

(b) How has the facility been funded?

(c) Briefly describe one of the three ways in which neu-

trinos are detected in the SNO.

(d) Briefly describe some research results from the facility.

Nobel Prize Winners

In recognition of their development

of the CERN facility and of their

leadership in the discovery process

that eventually produced and

detected the W and Z bosons, Simon

van der Meer and Carlo Rubbia

were awarded the 1984 Nobel Prize

in physics.

DID YOU KNOW??

GO www.science.nelson.com


