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13.513.5The Particle Zoo

Particle Classification
More than 150 years ago, scientists recognized that elements could be arranged in groups

according to their chemical properties. The periodic table of elements resulted. As more

and more subatomic particles were discovered, it was found that they too could be organ-

ized into groupings according to their properties. A table of subatomic particles was

first proposed by Murray Gell-Mann (Figure 1) and the Japanese physicist Kazuhiko

Nishijima (1912– ), working independently.

The original tables were based chiefly on mass, but as more particles were discovered,

investigators discovered other properties.

Many puzzling observations about light emitted and absorbed by matter could be

explained if electrons were assumed to have some magnetic properties. Remember that

a charged particle that moves about some axis forms an electric current loop and there-

fore forms a magnetic dipole. It appeared as if rotational motion could account for these

magnetic properties. Based on this, in 1925 the Dutch physicists G.E. Uhlenbeck and

S. Goudsmit stated that the electron must revolve and rotate. This resulted in a realiza-

tion that a new quantum number, spin, was needed.

Subsequent work by other scientists revealed that all elementary particles have a spin

number attached. There are two things to be pointed out about this quantity. First, since

it is a quantum number, it cannot take a range of values; only certain discrete amounts

are possible. Second, spin is a property that is intrinsic to the particle; that is, any given

type of particle has one unique value of spin. All electrons, for example, have spin }
1

2
}. It

is impossible for the electron to have any other value of spin.

This new quantum number is best understood as a representation of the angular

momentum that the object has. For example, when we say that the electron has spin }
1

2
},

what we are really saying is that its angular momentum is }
1

2
}", where " 5 }

2

h

p
}.

Spin and mass are two of the keys to the grouping of particles. Table 1 presents the cur-

rent major classifications. In simple terms, the current scheme first distinguishes gauge

bosons, leptons, and hadrons and then makes subdivisions among the hadrons.

• Gauge bosons are so named because gauge theory makes them mediators of

interactions. (We will see later that this theory unites the electromagnetic force

with the weak force into a single electroweak force.) The particles in the gauge

boson category include the photon, which carries the electromagnetic force, and

the W and Z bosons, which carry the weak nuclear force.

• Leptons are particles that interact through the weak nuclear force and do not

interact through the strong nuclear force. The leptons comprise three charged

particles, each existing in both a positive and a negative form—the electron, the

muon, the tau (also called the tauon)—and neutrinos of three corresponding

types—the electron neutrino, the muo neutrino, and the tau neutrino.

• Hadrons are particles that interact chiefly through the strong nuclear force. They

include the neutron, the proton, the pion, and other particles with larger rest

masses. Hadrons are further divided by mass and spin into the mesons and the

heavier baryons.

So many particles had been discovered that by the 1950s some physicists referred to

the collection as a particle zoo. The well-known nuclear physicist Enrico Fermi remarked

that he would have been like a botanist had he the ability to remember all the names.

Fortunately, simplification was on the way.

Figure 1

Murray Gell-Mann (1929– )

spin the quantum property of parti-

cles denoting rotational motion;

each particle has its own spin

number

gauge bosons the class of parti-

cles that interact through the elec-

troweak force; contains the photon

and the W and Z bosons

leptons the class of particles that

interact through the weak nuclear

force; contains the electron, the

muon, the tauon, and the three

types of neutrino

hadrons the class of particles that

chiefly interact through the strong

nuclear force; contains the neutron,

the proton, the pion, and other parti-

cles of large mass

Magnetism and Spin

A modern theory of magnetism

proposes that electron spin is

responsible for the magnetism we

see in macroscopic pieces of

matter. If the electrons of a sub-

stance are equally divided in spin,

the magnetic fields around the

electrons cancel each other and the

substance is unmagnetized. When

the division is unequal, the macro-

scopic specimen is magnetized.

DID YOU KNOW??
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Table 1 Some Subatomic Particles

Name Symbol Antiparticle Rest Mass Spin Lifetime 

(MeV/c2) (s)

Gauge Bosons

photon g self 0 1 stable

W W+ W– 80.3 3 103 1 3 3 10225

Z Z0 Z0 91.2 3 103 1 3 3 10225

Leptons

electron e2 e+ 0.511 }
1

2
} stable

muon m mw 105.7 }
1

2
} 2.2 3 1026

tau t tw 1777 }
1

2
} 2.91 3 10213

neutrino (e) ne nwew < 7.0 3 1026 }
1

2
} stable

neutrino (m) nm nwmw < 0.17 }
1

2
} stable

neutrino (t) nt nwtw < 24 }
1

2
} stable

Hadrons

Some Mesons

pion p+ p2 139.6 0 2.60 3 1028

p0 self 135.0 0.84 3 10216

kaon K+ K2 493.7 0 1.24 3 1028

0.89 3 10210

K S
0

Kw S
0

497.7 0 5.17 3 1028

K L
0

Kw L
0

497.7

eta h0 self 547.5 0 5 3 10219

Some Baryons

proton p pw 938.3 }
1

2
} stable

neutron n nw 939.6 }
1

2
} stable

lambda L
0

Lw0 1115.7 }
1

2
} 2.63 3 10210

sigma S+ Sw2 1189.4 }
1

2
} 0.80 3 10210

S0 Sw0 1192.6 }
1

2
} 7.4 3 10220

S
2

Sw+ 1197.4 }
1

2
} 1.48 3 10210

xi J0 self 1314.9 }
1

2
} 2.90 3 10210

J
2

Jw+ 1321.3 }
1

2
} 1.64 3 10210

omega V
2

V+ 1672.5 }
3

2
} 0.82 3 10210

Spin

Be careful in how you interpret

spin. Normally when you see

something undergoing rota-

tional motion the various parts

all have a certain tangential

velocity that is a function of

their distance from the centre.

The elementary particles—

electrons and quarks—to which

the concept of spin is applied

are assumed to be point-like.

This means that there are no

parts to be undergoing that 

tangential velocity. All the

motion is rotational.

LEARNING TIP
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Section 13.5

Strangeness and the Eightfold Way
At the start of the 1960s, Murray Gell-Mann, in the United States, drew conclusions

from the unusual behaviour of certain hadrons, including the kaon, the lambda, and

the sigma. For one thing, the decay rates of these particles were unexpectedly long, as would

be expected for particles interacting through the weak rather than the strong nuclear

force. Further, it appeared that reactions always produced these particles in pairs, so that

if, for example, a certain reaction produced a kaon particle, it could be guaranteed to pro-

duce some variant of another kaon, or perhaps a lambda or sigma.

Gell-Mann explained many of the unexpected observations by assigning a new quantum

number, appropriately called strangeness. The unusually long decay times were explained

by making a further imaginative leap. The strangeness number was not exactly con-

served. Instead, the strange particles, which primarily interacted through the strong

nuclear force, were postulated to decay through the relatively slower weak nuclear force.

Gell-Mann then went on to prepare another classification scheme for the hadrons,

based on octets (eight-member groupings) of baryons, mesons, and spin numbers. Not

all the slots in the scheme could be filled immediately, since they described unknown par-

ticles. With characteristic self-confidence, Gell-Mann suggested that research would fill

the missing slots.

Gell-Mann’s eightfold classification scheme was particularly well accepted in the 1960s

(Table 2). Later findings, however, such as the discovery of a family of hadrons with 10,

not 8, members, cast some doubt on its overall usefulness. His fame was unblemished, how-

ever; he again rose to prominence for his work with quarks, which are discussed next.

strangeness a property of certain

particles that chiefly interact through

the strong nuclear force yet decay

through the weak nuclear force

Table 2 The Hadrons Classified According to Gell-Mann’s Eightfold Way

Mesons Baryons

Spin 0 1 }
1

2
}

Name pion kaon anti- eta rho hyper- antihy- omega sigma proton/ xi lambda

kaon kaon perkaon neutron

Charge 1, 0, 21 1, 0 0, 21 0 1, 0, 21 1, 0 0, 21 0 1, 0, 21 1, 0 0, 21 0

Strangeness 0 1 21 0 0 1 21 0 21 0 22 –1

Practice

Understanding Concepts

1. On what basis is a particle called (a) a gauge boson, (b) a lepton, and (c) a baryon?

2. Explain what is meant by the property “strange.”

3. Consider what Gell-Mann did to organize the hadrons according to strangeness.

Would you say that his work was entirely logical, entirely imaginative, or both? Explain

your answer.

Three Quarks …
The particles discovered in the 1960s and 1970s were all hadrons. It became apparent that

the four then-known leptons (the electron, the muon, and the two corresponding neu-

trinos) were truly elementary particles, since they did not appear to break down into

smaller particles. Hadrons, on the other hand, did.

Evidence that hadrons were not fundamental began to mount in the late 1960s. Jerome

Friedman, Henry Kendall, and Canadian-born Richard Taylor found evidence that the

particles within the nucleus were, themselves, composed of subparticles.

Nobel Prize Winner

In 1969, Gell-Mann received the

Nobel Prize for his work with the

concept of strangeness and the

development of the eightfold way

of classification.

DID YOU KNOW??



u

2

3
1— d

1

3
2—

d

1

3
2— Figure 2

Quark model of a neutron. The three charges add

up to 0, making the particle neutral. The baryon

numbers, strangenesses, and spins likewise add

up to the values expected of a neutron.
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At this time Gell-Mann, at the California Institute of Technology, was attempting to

classify all known particles, seeking a general substructure. He proposed that a pattern

he discerned in the hadrons could be explained by building hadrons up from six sub-

particles (organized into three particle–antiparticle pairs), which he called quarks.

Gell-Mann distinguished his three quarks (Table 3) on the basis of a property he

called their flavour: up, down, and sideways (abbreviated u, d, and s). Later on it became

apparent that sideways had to do with strangeness, so the term “strange” became more

common than “sideways.”

quarks elementary particles

making up hadrons

flavours categories of quarks: up,

down, and strange

baryon number a property of an

elementary particle; quarks have a 

baryon number of }
1

3
}

law of conservation of baryon

number the total baryon number

before a particle interaction equals

the total baryon number after

Table 3 Quarks, As Originally Conceived

Name Symbol Charge Spin Baryon Strangeness

Number

Quarks

up u 1}
2

3
} }

1

2
} }

1

3
} 0

down d 2 }
1

3
} }

1

2
} }

1

3
} 0

strange s 2 }
1

3
} }

1

2
} }

1

3
} 21

Antiquarks

up uw 2 }
2

3
} }

1

2
} 2 }

1

3
} 0

down dw 1}
1

3
} }

1

2
} 2 }

1

3
} 0

strange sw 1}
1

3
} }

1

2
} 2 }

1

3
} +1

Table 4 Baryon Numbers

Particle Baryon 

Number

baryon +1

antibaryon –1

mesons 0

leptons 0

gauge bosons 0

quarks }
1

3
}

antiquarks 2 }
1

3
}

Particle interactions have been observed to conserve the number of baryons present;

hence the introduction of another quantum number, the baryon number, and the law

of conservation of baryon number. Quarks are assigned a baryon number of }
1

3
}, since

three quarks are required to construct a baryon. Table 4 gives the baryon numbers of

other particles.

As Table 3 indicates, quark theory makes the imaginative proposal that the charge of

a quark is not an integer but a fractional multiple of the elementary charge (with the up

quark having charge + }
2

3
} and the down and strange each having – }

1

3
}). These fractional

assignments allow combinations of two or three quarks to have charge values of 61 or 0.

Each hadron was pictured as being composed of three quarks. For example, a neutron

would consist of the three quarks u, d, and d. The charges on these three quarks add to

zero, the baryon numbers to 1, and the strangenesses to 0. The spins of up and down

quarks were postulated to be opposite, giving the neutron a total spin of }
1

2
}. In other

words, the properties of the quarks added up to those of the neutron (Figure 2).

Three Quarks for Muster Mark!

“Quark” is a nonsense word, found

in the James Joyce novel Finnegan’s

Wake (which, conveniently for the

actual structure of Gell-Mann’s

theory, refers to three of these

items). Much of the terminology in

contemporary particle physics is in

a similar way whimsical, not literal.

DID YOU KNOW??
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With this system, Gell-Mann was able to show the makeup of each baryon by using its

three quarks; he was also able to construct each meson by pairing a quark with an antiquark.

Construct and draw a quark model of a proton.

Solution

The charge of a proton is +1. Table 1 shows the proton’s spin to be }
1

2
} , and Table 2

shows the proton’s strangeness to be 0. Since the proton is composed of three quarks, 

each having baryon number }
1

3
}, the baryon number is 1. To satisfy these constraints, we 

need three quarks, in some combination of u and d. Table 3 shows that the combination

uud has a total charge of +1. We may therefore proceed to check the other quantum

numbers:

baryon number: }
1

3
} + }

1

3
} + }

1

3
} 5 1 (correct)

spin: one up and one down cancel, leaving }
1

2
} (correct)

strangeness: 0 + 0 + 0 = 0 (correct)

Since the sums for the other quantum numbers are correct, the combination uud is 

correct (Figure 3).

u

2

3
1—

u

2

3
1— d

1

3
2—

Figure 3

Quark model of a proton. The

charges have a sum of +1. Baryon

number, spin, and strangeness like-

wise add up to the values expected

of a proton.

Construct and draw a quark model of a p+ pion.

Solution

From Table 1 we see that the p+ pion has spin 0; from Table 2 we see that the p+ pion

has charge +1 and strangeness 0. Since the p+ pion is a meson, the baryon number is 0.

To obtain all the properties of a p+, we need a quark and an antiquark. Table 3 shows

that we cannot include the strange quark: if we included it, we would have to pair it with

its antiparticle to obtain a spin of 0. But this would yield charge 0, which is incorrect. The

remaining possibilities are then uuw, ddw, udw, and duw. The first two possibilities are excluded

because they yield the charge 0. The combination duw is excluded because it also yields an 

incorrect charge 12}
1

3
}2 + 12}

2

3
}2 5 –1. This leaves the combination udw as the only candidate. 

To confirm the correctness of this combination, we check the other quantum numbers:

baryon: }
1

3
} 1 12}

1

3
}2 5 0 (correct)

spin: u and d have opposite spins, yielding a sum of 0 (correct)

strangeness: 0 1 0 5 0 (correct)

The quark model of the p+ pion is udw (Figure 4).

u

2

3
1— d

—

1

3
1—

Figure 4

Quark model of a p+ pion. The net

charge is +1, and the other quantum

numbers likewise have the values

expected of a p+. Because the

meson is composed of a particle

and an antiparticle, it decays rapidly.

Quarks and Spin

As you can see in Table 3, the

spin numbers of the u and d

quarks are not distinguished with

signs but are nevertheless

assumed opposite. The combina-

tion of u and d consequently has

spin zero.

LEARNING TIPSAMPLE problem 1

SAMPLE problem 2

Practice

Understanding Concepts

4. Using Table 3, calculate the charge of each of the following hypothetical particles:

(a) uuu (b) uuw (c) dwdwu (d) dsw

5. Construct quark models for each of the following hadrons:

(a) antiproton (b) antineutron (c) neutral pion (p0) (d) K– kaon



Figure 6

Three states of the same neutron

(a) The neutron prior to a gluon exchange

(b) The u quark has exchanged a gluon with the adja-

cent d quark, causing the colours to be permuted.

(c) The first and second d quarks have exchanged a

gluon. Once again, the colours have been permuted.

One quark of each colour is present at all times.

u

2

3
1— d

1

3
2—

d

1

3
2—

d

1

3
2—u

2

3
1— d

1

3
2—

d

1

3
2—u

2

3
1— d

1

3
2—
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The Colour Force
There was one problem with Gell-Mann’s original model. According to the Pauli exclu-

sion principle, two identical particles with identical sets of quantum numbers cannot occur

together in the same atomic or subatomic system. Each quark, however, has a half-spin,

and quarks with identical flavours exist in the same particle. For example, the proton has

two u quarks and one d quark, and an omega (V) particle (a baryon) has three s quarks.

To solve this problem, the Danish-American physicist Sheldon Glashow suggested that

quarks had another property, which he called colour (Figure 5). He proposed that every

quark and antiquark had one of three possible values of this property, which he called red,

green, and blue. He further proposed that the three quarks making up baryons all have a

different colour, making each baryon colourless. In particular, the three s quarks in the

V particle were of different colours, consistent with the Pauli exclusion principle.

How does colour work with mesons? They are made up of a quark and an antiquark. Since

the quark and the antiquark already have different quantum states, they do not need to be

of different colour. Instead, the theory proposes that they rapidly change colour from red

to green to blue, with the change in colour so rapid that the colours balance out, making

the meson colourless.

The Strong Nuclear Force Revisited
Taylor’s observations that nucleons were composed of subparticles could not be com-

pletely explained in terms of quarks. Nuclei also seemed to contain uncharged parti-

cles—not quarks, which all have some fractional charge. Glashow believed that the quark

colour had to do with the strong nuclear force and that quarks exchanged particles,

gluons. According to this theory, it was the exchange of gluons (of colour) in the inter-

actions between quarks, and not (as previously proposed) the exchange of mesons, that

was the origin of the strong force.

The theory of the colour force and the interactions of particles due to gluons is quantum

chromodynamics, or QCD. Quantum chromodynamics is similar to Feynman’s quantum

electrodynamics, with colour analogous to electric charge and the gluon analogous to the

photon.

We can illustrate QCD by considering how quarks behave in the neutron, which has

quark composition udd. According to Glashow, all three particles must have different

colours to maintain the white quality of the colour force. Six of the eight possible gluons

that are exchanged have colour charge, giving them the ability to change the colours of

quarks and keeping the constituent quarks together while ensuring that the entire three-

quark assemblage remains colourless (Figure 6).

u

2

3
1— d

1

3
2—

s
1

3
2—

u

2

3
1— d

1

3
2—

s
1

3
2—

u

2
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Figure 5

(a) Sheldon Glashow proposed

that quarks had another prop-

erty, which he called colour.

The result was then 9 quarks

and 9 corresponding anti-

quarks. The antiquarks, which

are not pictured, are assumed

to have opposite colour:

antired, antigreen, and antiblue. 

(b) Sheldon Glashow

colour property assigned to 

quarks, keeping them in different

quantum states to avoid violation of

the Pauli exclusion principle

gluons hypothetical chargeless,

massless particles believed to carry

the strong nuclear force

quantum chromodynamics (QCD)

theory that describes the strong inter-

action in terms of gluon exchanges on

the part of quarks and antiquarks

“Colour”

The “colour charge” has nothing

to do with colour in the ordinary

sense of the word.

LEARNING TIP

(a)

(b)

(a) (b)

(c)
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The Full Quark Family Tree
In the years leading up to 1970, Glashow as well as Steven Weinberg and Abdus Salam

completed the work of unifying the electromagnetic and weak nuclear forces. The

electroweak, or gauge, theory showed that the two forces became one at extremely

high temperatures and pressures. (Gauge theories are theories in which forces arise from

underlying symmetries.) As expected, the theory was successful in making predic-

tions about the behaviour of leptons, the particles one would expect to be acted on.

There was a startling addition, however, in that the theory predicted a fourth quark—

postulated because the hadrons were also, to some degree, subject to the weak force.

Since the electroweak force was derived from four particles, symmetry suggested that

the family of leptons should likewise be constructed from four particles. Glashow

accordingly predicted a fourth quark, charm (symbol c). To the great surprise of the

physics community, who seriously doubted the work of Glashow, Weinberg, and Salam,

Samuel Ting and Burton Richter discovered the particle in 1974.

In 1975, Martin Perl and his associates started a third family of leptons by discov-

ering a fifth lepton, the tau (also known as the taon). Symmetry now required that the

hadrons have a third family, with two new quarks. Perl’s team accordingly proposed a fifth

and sixth quark, which came to be known as top and bottom in North America (and as

truth and beauty in Europe). The bottom quark was discovered at Fermilab in 1977 in

a composite quark–antiquark (bbw) particle called upsilon, Y.

The sixth quark, top, was the most elusive. Although its presence was long expected,

it remained undiscovered until 1995, when a team using the high-energy collider at

Fermilab found conclusive, even if indirect, evidence of its existence. Top decays rap-

idly, producing bottom and a W boson. The W, in turn, decays to pairs of quarks or into

a lepton and a neutrino. Specialized detectors showed evidence of the descendants from

top and of the particles that subsequently evolve from them, supporting the conclusion

that a top had been present originally (Figure 8).

In the 1970s and early 1980s, physics arrived at the conviction that the fundamental,

or elementary, particles are the quarks and the leptons. Of the three taken as funda-

mental earlier in the twentieth century—the proton, the neutron, the electron—only

the electron survives as fundamental.

The question arises: “What importance do quarks have to the materials we use in the

everyday world?” The only leptons needed to explain commonplace weak interactions

are the electron and its companion neutrino. The up and down quarks are needed to form

the two commonplace nucleons, the proton and the neutron. The muon, its neutrino,

and the strange quark, on the other hand, only appear in the high-energy world of

cosmic rays, high above Earth. Similarly, the charm, bottom, and top quarks only appear

in the explorations of particle accelerators. It seems that quarks do not have much rel-

evance for us. Yet these phantom particles apparently have a purpose in nature’s scheme.

The problem remains to determine just what this purpose is.

u (red) d ( green)

d (red)u ( green)

gluon

Figure 7

A Feynman diagram depicting the

colour-force exchange in the transi-

tion from (a) to (b) in Figure 6.

Practice

Understanding Concepts

6. In Figure 6(a), suppose that the u quark exchanges a colour-charged gluon with the

rightmost d quark. Sketch the result.

7. Recall that the root word chromos refers to colour. Explain why, in light of this, the

term “quantum chromodynamics” is appropriate.

8. Figure 7 is a Feynman diagram depicting the gluon exchange that produces (b) from

(a) in Figure 6. Draw the Feynman diagram depicting the exchange that produces (c)

from (b).

electroweak (gauge) theory

theory that unifies the electromag-

netic and weak nuclear forces

charm the fourth type of quark

top the fifth type of quark

bottom the sixth type of quark

Figure 8

The discovery of the top quark was

an international process involving

almost 1000 scientists in 22 coun-

tries. The “b jet” in the photograph

means “bottom jet”; quarks (and

gluons) appear as a narrow spray of

particles called a jet.
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• Elementary particles have been organized into groups according to their funda-

mental properties, including mass and spin.

• One classification scheme treated particles as gauge bosons, leptons, and

hadrons.

• The hadrons are further divided, by mass and spin, into two subclasses: the

mesons and the baryons.

• When some hadrons were observed to behave strangely, in having unexpectedly

long decay times, the spin quantum number was supplemented with a number

for strangeness.

• Gell-Mann used the new quantum number to organize the hadrons into three

distinct groups, each with eight particles, based on spin.

• Hadrons were found not to be elementary particles. Three new fundamental 

particles called quarks—up, down and strange, with charges +}
2

3
}, – }

1

3
}, and – }

1

3
},

and strangenesses 0, 0, and 21—were accordingly proposed.

• Baryons are assumed to consist of three quarks, and mesons to consist of a quark

and an antiquark. The various quantum numbers of a complex particle are the

sums of the quantum numbers of its constituents.

• The colour force was devised as a possible solution to the problem of applying

the Pauli exclusion principle to quarks. It is assumed that each flavour of quark

comes in three different colours. Baryons contain all three colours. Mesons cycle

rapidly through the colours.

• The strong force carrier is no longer believed to be the meson. Instead, the medi-

ators of the strong force are believed to be gluons.

• The original three quarks have been supplemented with an additional three:

charm, bottom, and top.

The Particle ZooSUMMARY

Section 13.5 Questions

Understanding Concepts

1. Identify the particle corresponding to each of the following

quark combinations:

(a) su# (c) uds

(b) du# (d) uus

2. Since quarks each have spin }
1

2
}, explain how a combination

of three of them can still result in a particle—a baryon—

with spin }
1

2
}.

3. Is it possible to produce a proton using two red up quarks

and one blue down quark? Explain your answer.

4. Explain how mesons can be colour-neutral and yet com-

posed of two quarks.

5. What is the role of a gluon in contemporary theory? What

particle was previously thought to play the role?

6. (a) Briefly describe each of the types of quark.

(b) Explain why scientists are now confident that all the

possible quarks have been observed.

7. Identify the quark combination that would produce each of

the following particles:

(a) kaon + (b) sigma 0

Applying Inquiry Skills

8. Draw a Feynman diagram depicting a gluon interaction

between any two quarks in a proton.

Making Connections

9. How many different elementary particles are there in a CO2

molecule?

Nobel Prize Winners

In 1979, Sheldon Glashow, Abdus

Salam, and Steven Weinberg

received the Nobel Prize for their

work with the electroweak (or

gauge) theory.

DID YOU KNOW??

Top Heavy

Top is quite unusual in that its mass

is huge. At 174 300 MeV, it is much,

much heavier than all of the other

quarks, even the extremely massive

bottom, itself almost 300 times more

massive than u, d, and s put together.

DID YOU KNOW??

GO www.science.nelson.com
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13.613.6
Case Study: Analyzing Elementary

Particle Trajectories

The Bubble Chamber
The bubble chamber was developed in 1952 by Donald Glaser (Figure 1), who won the

Nobel Prize in physics in 1960 for his invention. It was the most commonly used particle

detector from about 1955 to the early 1980s. Although they are incompatible with the

functions of modern particle accelerator systems, bubble chambers have provided physi-

cists with a wealth of information regarding the nature of elementary particles and their

interactions.

Many of the properties of fundamental particles may be determined by analyzing the

trails they create in a bubble chamber. Using measurements made directly on bubble

chamber photographs (like the one on the front cover of this textbook), we can often iden-

tify the particles by their tracks and calculate properties such as mass, momentum, and

kinetic energy. In a typical experiment, a beam of a particular type of particle leaves an

accelerator and enters a bubble chamber, which is a large, liquid hydrogen-filled vessel,

as described in Section 13.3. Figure 2 shows a bubble chamber apparatus.

The liquid hydrogen is in a “superheated” state and boils in response to the slightest

disturbance. As fast-moving subatomic particles stream through the liquid hydrogen,

they leave characteristic “bubble trails” that can be photographed for analysis. The

chamber is placed in a strong magnetic field, which causes charged particles to travel

in curved trajectories.

In the bubble chamber photographs we will examine, the magnetic field points out of

the page so positively charged particles curve to the right (clockwise), and negatively

charged particles curve to the left (counterclockwise) (Figure 3).

Figure 1

Donald Glaser

Figure 2

Bubble chamber apparatus

Figure 3

The particles enter the chamber from

the bottom of the photograph. This

will be true of all bubble chamber

photos that appear in this case

study. Note that to determine the

sign of a particle’s charge, it is nec-

essary to know in which direction

the particle travelled along the track. 
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In this case study, we will be analyzing the following four subatomic particles: proton

(p), kaon (K), pion (p), and sigma (S). Of these, the proton is positively charged and is

a stable component of ordinary matter. The other three are short-lived and may be pos-

itive, negative, or neutral (Table 1).

Table 1 Some Elementary Particles and Their Charges

Particle Name Charge

Positive Negative Neutral

proton p1 no particle no particle

kaon K1 K2 K0

pion p1 p2 p0

sigma S1 S2 S0

Particle Reactions
When a beam of one type of particle collides with a target, various interactions are

observed. The photograph in Figure 4 shows a number of kaons entering the chamber

from the bottom. Since the magnetic field B#$ points out of the page, the counterclockwise

curvature of the tracks indicates that the particles are negatively charged. If we follow a K–

track, we will notice that many of these particles pass through the chamber without

incident. However, some interact with a hydrogen nucleus (a proton) and start a number

of reactions. The simplest type of interaction between two particles is called elastic scat-

tering, and can be considered analogous to a billiard ball collision. We represent the

elastic scattering of a K– particle and a proton (p+) symbolically as follows:

K2 1 p1 → K2 1 p1

Notice that in this case, no change occurs in the identities of the interacting particles—

they collide and bounce off each other unaffected. However, in some cases, an incident

K– particle reacts in such a way that new particles are created. In many cases, the created

particles live for only 10210 s or less and then disintegrate (decay) into other particles which

may themselves undergo further decay. We will focus on the S2 production reaction,

which may be symbolized as follows:

K2 1 p1 → S
2

1 p1

Notice in the above equation that the K– particle and the proton disappear, and a sigma

minus particle (S
2) and a pi plus particle (p1) are created. The S2 particle is the most

unstable product of the interaction and, in about 10210 s, disintegrates into a p2 par-

ticle and a neutral particle we will call X0, which leaves no trail in the bubble chamber.

(Note that unlike S2 and p1, X0 is not the symbol of a known subatomic particle; it is

a generic symbol we are using to denote an invisible, uncharged particle produced in

this event.) We symbolize the S2 decay reaction as follows:

S
2 → p2 1 X0

The overall interaction can be shown as a two-step process:

(1)
K2 1 p1 → S

2
1 p1

(2)→ p2 1 X0

where (1) represents S2 production and (2) symbolizes S2 decay.
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Recognizing Events On a Bubble Chamber
Photograph 
Bubble chamber photographs may appear confusing at first; however, they become easier

to understand when you know what to look for. It is relatively easy to locate events in the

photograph. An event is a change in a particle’s characteristics or a particle interaction

that is visible in the photograph.

K2 mesons travel with sufficiently low energy that many of them slow down and

come to rest. For a S2 production reaction to take place, the K2 meson and the proton

must be approximately 10215 m apart. Although there is a force of attraction between

the positively charged proton and the negatively charged K2 meson, the interaction is

more likely to occur when the K2 particle is moving slowly or is at rest. We know that

the initial momentum of the K2/p1 system is zero. Thus, the law of conservation of

momentum requires that the S2 and p1 particles have equal and opposite momenta.

This makes the S2 and p+ tracks appear to be a single track. The S2 production reac-

tion liberates energy because the combined rest mass of the K2/p1 system is greater

than the combined rest mass of the S2/p1 system. Figure 4 is a bubble chamber pho-

tograph that contains a S2 production/decay event; the event is circled.

Figure 4

A bubble chamber photograph showing a K2/p1 interaction (circled event)

S
2

2p

K2

1p

1
2

Figure 5

Schematic diagram of the K2/p1

interaction in Figure 4

Figure 5 is a schematic drawing of this event; it shows the particle identities and

directions of motion. Notice how the S2 and p1 tracks appear to be a single track. We

interpret this to mean that the S2 production reaction occurred after the K2 came to

rest (at point 1). You will also notice a sharp bend in the S2 track less than 1.0 cm

from where it was created (point 2). It is at this sharp bend that the S2 particle decayed

into a p2 meson and the invisible (neutral) X0 particle. The length of the S2 track will

be short due to the S particle’s relatively short lifetime. Look at each of the photographs

in Figures 6 and 7 and see if you can identify individual events; each photograph has one

or more events.
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Quantitative Analysis of Bubble Chamber Events
Careful measurements made of the length, direction, and curvature of the tracks in

bubble chamber photographs reveal much more information about the particles and

their interactions than a simple visual inspection of the photographs provides. Quantitative

analysis of the particles that are seen in the photographs can also lead to the discovery

of invisible particles such as X0.

This case study will be divided into parts A and B. In part A you will analyze the tra-

jectory of a π2 particle (pπ2) and determine its charge-to-mass ratio and rest mass. You

will then evaluate the calculated rest mass by comparing its value to the accepted value

as given in a standard reference table (Table 2). In part B, you will determine the rest mass

of the invisible X0 particle that is formed in the S2 event.

Part A: Determination of the Charge-to-Mass Ratio and the
Rest Mass of the p2 Particle Formed in S2 Decay
Recall that a particle of charge q and mass m, moving perpendicular to a uniform magnetic 

field of magnitude B, has a charge-to-mass ratio }
m

q
} given by }

m

q
} 5 }

B

v

r
} .

Assuming that charged (long-lived) subatomic particles travel at the speed of light 

(c 5 3.0 3 108 m/s) through a bubble chamber, we can determine the charge-to-

mass ratio by measuring the radius of curvature r of the tracks. In the bubble chamber

photographs we will examine, the magnetic field points out of the page and has a

magnitude B equal to 1.43 T. Therefore,

}
m

q

} 5 }
B

c

r
}

5 }
3.00

(1

3

.43

10

T

8

)r

m/s
} (1 T 5 1 kg/C?s)

}
m

q

} 5 }
1.98 3 10

r

8 C?m/kg
}

If the radius of curvature of the particle track is measured in metres, the charge-to-mass

ratio will be calculated in coulombs per kilogram (C/kg). If the charge of the particle is

known, then its mass can also be calculated. Since all known (long-lived) subatomic

particles possess a charge q that is the same as that of an electron (e 5 1.6 3 10219 C),

we can use this value to calculate the rest mass of the p– particle.

Calculating the Radius of Curvature by the Sagitta Method

For a curved track, the radius of curvature r cannot be measured directly since the centre

of the circular arc is not known. However, if we draw a chord on the track and measure

both the length of the chord l and the length of the sagitta s (the sagitta is the distance

from the midpoint of an arc to the midpoint of its chord), the radius r can then be found

in terms of l and s (Figure 8). As you can see in Figure 8, the Pythagorean theorem gives

the following relation between the radius r, chord length l, and sagitta s:

r
2

5 (r 2 s)2
1 1}

2

l
}2

2

Solving for r :

r 2 5 r 2 2 2r s 1 s2 1 }
l

4

2

}

2r s 5 s2 1 }
l

4

2

}

r 5 }
8

l2

s
} 1 }

2

s
}

Case Study 13.6

Table 2 Rest Masses for p2 and S2

Particle Rest Mass 

m

(MeV/c2)

p2 139.6

S
2 1197.4

The charge-to-mass ratio equation,

}
m

q
} = }

B

v

r
} , was first introduced in 

Chapter 8, Section 8.2 in the form

}
m

e
} = }

B

v

r
} . In this case, e represents

the charge on an electron, 

1.6 3 10219 C (the elementary

charge). The form of the equation

being used here uses the symbol q

to represent the charge on the

particle being analyzed.

LEARNING TIP
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Summary: Part A

To determine the charge-to-mass ratio of the p2 particle in S2 decay, we use the following

steps:

1. Identify a S2 event on the bubble chamber photograph and isolate the p2 track.

2. Determine the radius of curvature r by measuring the chord length l and sagitta s

and substituting into the equation r 5 }
l

8

2

s
} 1 }

2

s
}.

3. Calculate the charge-to-mass ratio by substituting the value of r into the equation

}
m

q
} 5}

1.98 3 10

r

8 C?m/kg
}.

4. Since the charge q of the p2 particle equals the elementary charge, 1.6 3 10219 C,

this value can be used to calculate the mass of the p2 particle in kilograms from

the charge-to-mass ratio.

r

s

C

l

Figure 8

The sagitta method for calculating

the radius of curvature r

It is best to draw the longest possible chord subtending the track arc in order to

obtain the greatest possible accuracy for the value of r.

A sigma decay event is identified in the bubble chamber photograph in Figure 9.

(a) Calculate the rest mass of the p2 particle.

(b) Evaluate your answer in (a) by comparing this calculated rest mass with the accepted

value (mp2 5 2.48 3 10228 kg). Calculate the percent difference.

Solution

(a) Measurements taken from the schematic (Figure 10):

lp2 5 6.8 cm

sp2 5 0.20 cm

SAMPLE problem 1



Radioactivity and Elementary Particles 719NEL

Case Study 13.6

First, calculate the radius of curvature r for the p2 particle:

r 5 }
8

l2

s

p

p

2

2

} 1 }
sp

2

2
}

5 }
8

(

(

6

0

.

.

8

20

cm

cm

)2

)
} 1 }

0.20

2

cm
}

r 5 29 cm, or 0.29 m

Now to calculate the charge-to-mass ratio of the p2 particle, substitute the value of r

into the equation:

}
m

q
} 5 }

1.98 3 10

r

8 C?m/kg
}

5 }
1.98 3

0.

1

2

0

9

8 C

m

?m/kg
}

}
m

q
} 5 6.6 3 108 C/kg

Notice that the charge-to-mass ratio of the p2 particle (6.6 3 108 C/kg) is smaller

than that of the electron (1.76 3 1011 C/kg). Since the two particles carry the same

charge, we may predict that the p2 particle has a larger mass.

We calculate the mass of the p2 particle by substituting the value of the elementary

charge (e 5 1.6 3 10219 C) for q :

Since q 5 1.6 3 10219 C, then

}
m

q
} 5 6.6 3 108 C/kg

m 5 }
6.6 3 1

q

08 C/kg
}

5 }
6

1

.6

.6

3

3

1

1

0

0
8

2

C

19

/k

C

g
}

m 5 2.42 3 10228 kg

The calculated mass of the p2 particle is 2.42 3 10228 kg. The mass is indeed

larger than the mass of the electron (9.1 3 10231 kg).

Figure 9

1p

2p

K2

s 2p

l 2p

lS
2

Figure 10



720 Chapter 13 NEL

(b) Now calculate the percent difference between the calculated value and the

accepted value:

% difference 5 3 100%

5 3 100%

% difference 5 2.3%

(2.42 3 10228 kg) 2 (2.48 3 10228 kg)
}}}}}

2.48 3 10228 kg

calculated value 2 accepted value
}}}}

accepted value

Practice

Understanding Concepts

1. Given the bubble chamber photograph of a beam of kaons in Figure 11, calcu-

late (a) the charge-to-mass ratio and (b) the rest mass of the p2particle.

Figure 11

Answers

1. (a) 7.9 3 108 C/kg

(b) 2.0 3 10228 kg
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Part B: Determination of the Identity of the X0 Particle
To determine the identity of the invisible X0 particle, we must calculate the following

values:

A. the momentum of the p2 particle (pp2)

B. the momentum of the S2 particle (pS2)

C. the angle v between the p2 and S2 momentum vectors at the point of decay

D. the rest mass of the X0 particle

We can use these values to compare the calculated rest mass to the rest masses of known

(neutral) subatomic particles as they appear in a standard table, such as Table 3.

We will now describe each of the four calculations that need to be performed.

A. Calculating the Momentum of the p2 Particle

A particle of charge q and momentum of magnitude p, moving perpendicular to a uniform

magnetic field of magnitude B, travels in a circular arc of radius r, given by the equation

r 5 }
q

p

B
}

We can rearrange the equation to solve for the magnitude of the momentum of a p2

particle:

p 5 qBr

The charge q on all known long-lived subatomic particles is constant (q 5 1.6 3

10219 C) and the value of B is also constant for a particular bubble chamber setting. If

the radius of curvature r is measured in centimetres, the momentum equation becomes:

(6.86 MeV/c ? cm)r

This equation may be used to calculate the momentum of the p– particle using the

bubble chamber photographs in this case study.

B. Calculating the Momentum of the S2 Particle 

The momentum of the S2 particle cannot be determined from its radius of curvature

because the track is much too short. Instead, we make use of the known way that a par-

ticle loses momentum as a function of the distance it travels. In each event in which the

K2 particle comes to rest before interacting, the law of conservation of energy requires

that the S2 particle have a specific momentum of 174 MeV/c. The relatively massive S2

particle loses energy rapidly, so its momentum at the point of its decay is significantly

less than 174 MeV/c, even though it travels only a short distance.

It is known that a charged particle’s range d, which is the distance it travelled before

coming to rest, is approximately proportional to the fourth power of its initial momentum,

(i.e., d ∝ p4). For a S2 particle travelling in liquid hydrogen, the constant of propor-

tionality is such that a particle of initial momentum 174 MeV/c has a maximum range

of 0.597 cm, before it decays and becomes invisible. However, in most cases, the S2 par-

ticle decays before it comes to rest, so the distance it travels, lS2, is less than its max-

imum range, d0 = 0.597 cm. Therefore, the equation

d 5 0.597 cm 1}174

p

M

S
2

eV/c
}2

4

will give the correct range for the S2 particle.

Case Study 13.6

Table 3 Rest Masses of Several 

Known (Neutral) 

Subatomic Particles

Particle Rest Mass 

(MeV/c2)

p0 135.0

K0 497.7

n0 939.6

L0 1115.7

S0 1192.6

Y0 1314.9
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The difference between the maximum range d0 and the actual S2 particle track

length lS2 is called the residual range. Thus, the relationship between the residual range

(d0 2 lS2) and the momentum of the S2 particle is

d0 5 0.597 1}174

p

M

S
2

eV/c
}2

4

p
S

2 5 174 MeV/c !4 }
0.59

d

7
0§cm
} 2§}}

0.5

l

9
S

7§2

cm
}§

Since d0 5 0.597 cm

p
S

2 5 174 MeV/c  !4 1 2
}
0.§5

l

9
S

7

2

cm
}§

Note that when l
S

2 5 0.597 cm, p
S

2 5 0 as would be expected.

C. Measuring the Angle v between the p2 and S2 Momentum Vectors 

at the Point of Decay 

The angle v between the p2 and S2 momentum vectors at the point of decay can be meas-

ured directly by drawing tangents to the p2 and S2 tracks at the point where the S2decay

occurs (Figure 12). We then measure the angle between the tangents using a protractor.

Calculating the Mass of the Invisible X0 Particle 

Although we cannot see bubble chamber tracks left by the X0 particle, its mass can be cal-

culated from measurements made directly on bubble chamber photographs. To do this,

we use the values of pp2, p
S

2, and angle v, determined in the previous three parts, to cal-

culate the energy and momentum of the particles that participate in the S decay process

(p2 and S2). We then use the law of conservation of energy and the law of conserva-

tion of momentum to calculate the energy and momentum of the invisible X0 particle.

These values are used to calculate the mass of the invisible particle. Finally, the identity

of the particle can be determined by comparing the calculated mass to a table that lists

the masses of known particles.

Since the particles that participate in the S decay event travel at speeds close to the speed

of light c , all calculations must be done using relativistic equations. The two equations

we will use are

E 5 mc2 and E2 5 p 2c2 + m2c4

where E is the total energy of the particle in MeV, m is the rest mass of the particle in

MeV/c2, and p is the momentum of the particle in MeV/c .

When performing calculations, use the values for the rest masses of the S2 and p2 par-

ticles shown in Table 2.

Remember that the invisible particle X0, whose mass we want to find, is produced in

the S2 decay process according to the equation

S
2 → p2 1 Xo

The law of conservation of momentum requires the X0 particle to have a momentum

p$
X0 given by the equation

p$
X0 5 p$

S
2 2 p$p2

The relativistic equation E 2 5

p2c2 1 m2c4 was introduced in 

Chapter 11 as, p 5 .

With a little effort, you should be

able to convert one into the

other. Assume that m0 5 m in

this case.

mv
}}

!1 2 }
c

v2

2}§

LEARNING TIP

1p

2p

K2

u

Figure 12

Measuring the angle v between the

p2 and S2 momentum vectors
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The law of conservation of energy requires the Xo particle to have energy EX0 given by

E
X0 5 E

S
2 2 Ep2

Since E 2 5 p2c2 + m2c4, then

mc2 5 ÏE 2 2 pw2c2w

Therefore, we calculate the rest mass m of the X0 particle as follows:

m
X0 5 Ï(E

S
2 2w Ep2)2w2 ( p

S
2wc2 2 ppw2c2 )2w

Expanding the (p
S

2c2 2 pp2c2)2 term we obtain

m
X0c

2 5 Ï(E
S

2 2w Ep2)2w2 ( p
S

2w2c4 2 2wp
S

2pp2wc4 1 pwp2
2c4)w

This equation can be used to calculate the rest mass of the invisible X0 particle from

measurements made on a bubble chamber photograph. The X0 particle can be identi-

fied by comparing its calculated rest mass with the masses of known particles in a ref-

erence table such as Table 3.

Summary: Part B

To measure the rest mass of the invisible X0 particle formed in a S decay event, you will

need to use all of the concepts and equations discussed in part B of this case study. Here

are the steps you should follow:

1. Analyze the bubble chamber tracks on a bubble chamber photograph and iden-

tify a S
2

decay event.

2. (a) Identify the p2 track.

(b) Draw the longest chord possible subtending the p2 track arc.

(c) Measure the length of the arc lp2 and the saggita sp2 in centimetres. Use

these values to calculate the radius of curvature rp2 of the p2 track, and

then substitute this value into the equation pp2 5 (6.86 MeV/c?cm)r to 

calculate the momentum of the p2 particle in MeV/c .

(d) Substitute the value of pp2 and the value of mp2 (140.0 MeV/c2) into the

equation Ep2
2 5 pp2

2c2 1 mp2
2c4 to calculate the total energy Ep2 of the

p2 particle in MeV.

3. (a) Identify the S
2

track.

(b) Measure the S
2

particle track length, l
S

2, in centimetres, and substitute this 

value into the equation d 5 0.597 cm 1}174

p

M

S
2

eV/c
}2

4

to calculate the 

S
2

particle’s momentum in MeV/c.

(c) Substitute the value of p
S

2 and the value of m
S

2 (1197.0 MeV/c2) into the

equation E
S

2
2 5 p

S
2

2c2 1 m
S

2
2c4 to calculate the total energy E

S
2 of the

S
2

particle in MeV.

4. Draw tangents to the p2 and S
2

trajectories and use a protractor to measure

the angle v.
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The bubble chamber photograph in Figure 13 shows a circled S2 decay event.

(a) Calculate the rest mass of the invisible X0 particle formed in the interaction.

(b) Identify the X0 particle by comparing its calculated rest mass with the masses of the

known particles in Table 3.

Solution

(a) To calculate the rest mass of the X0 particle, we will have to measure lp2, sp2, l
S

2,

and v directly on the bubble chamber photograph. See the schematic diagram of the

S2 event in Figure 14.

SAMPLE problem 2

5. Substitute the values for pp2, Ep2, p
S

2, E
S

2, and v into the equation

mX0c4 5 Ï(E
S

2 2w Ep2)2w2 (p
S

2w2c 4 2 2wp
S

2pp2wc4 1 pwp2
2c4)w to calculate the 

mass of X0 in MeV/c2.

6. Determine the identity of particle X0 by comparing its calculated rest mass with

the masses of known particles in a reference table such as Table 3.

Figure 13

Bubble chamber photograph

l

S
2
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Measurements taken from the schematic (Figure 14):

lp2 5 8.0 cm mp2 5 140.0 MeV/c2

sp2 5 0.30 cm m
S

2 5 1197.0 MeV/c2

l
S

2 5 0.6 cm v 5 137°

1. Calculate the radius of curvature of the p2 trajectory.

rp2 5 }
8

lp

sp

2

2

2

} 1 }
sp

2

2

}

5 }
8

(

(

8

0

.

.

0

30

cm

cm

)2

)
} 1 }

0.30

2

cm
}

rp2 5 26.8 cm

2. Calculate the momentum of the p2 particle.

pp2 5 6.86 rp2

5 (6.86 MeV/c?cm@)(26.8 cm@)

pp2 5 184 MeV/c

3. Calculate the energy of the p2 particle.

Ep2
2 5 pp2

2c 2 1 mp2
2c 4

5 (184 MeV/c)2c 2 + (140.0 MeV/c 2)c 4

5 (3.4 3 104 MeV2/c 2)c 2 + (1.96 3 104 MeV2/c 4)c 4

Ep2
2 5 5.4 3 104 MeV

Ep2 5 2.3 3 102 MeV

u

1p2p

K2

s 2p

l 2p

Figure 14

Schematic of the event

in Figure 13
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• Some properties of fundamental particles can be identified by analyzing bubble

chamber photographs.

• In the analysis of the p and S particles, we determine the momenta of the two

particles and the angle v between the momentum vectors at the point of decay.

This leads to calculation of the mass of the invisible particle, which can then be

compared with a table of known masses to identify the particle.

Case Study: Analyzing Elementary

Particle Trajectories
SUMMARY

4. Calculate the momentum of the S2 particle.

p
S

2 5 174 MeV/c !4

1 2 }
0.5

§l

9

S

7

2

cm
}§

5 174 MeV/c !4
1 2 }

0

0

.§5

.6

97

cm

cm
}§

8 174 MeV/c Ï4
1 2 1w

p
S

2 8 0 MeV/c

5. Calculate the energy of the S2 particle.

E
S

2
2 5 p

S
2

2c 2 1 m
S

2
2c 4

E
S

2
2 5 0 MeV2 + (1197.0 MeV2/c 4)c 4

E
S

2 5 1.197 3 103 MeV

6. Measure the angle between the p2 and S2 trajectories (p2 and S2 momentum 

vectors) v = 137o

7. Calculate the rest mass of the invisible X0 particle. 

m
X0c 2 5 Ï(E

S
2 2w Ep2)2 2w ( p

S
2

2cw4 2 2p
S

w2pp2cw4 1 ppw2

2c 4)w

5 Ï(1.1970w 3 103wMeV 2w 2.3 3w 102 MweV)2 2w 10 2 0w 1 (3.4w 3 104w MeV2w/c 4)c 4w2w

5 Ï(9.7 3w 102 MweV)2 2w (3.4 3w 104 MweV2)w

5 Ï(9.4 3w 105 MweV2) 2w (3.4 3w 104 MweV2)w

m
X0c

2 5 9.5 3 102 MeV

m
X0 5 9.5 3 102 MeV/c2

(b) The X0 particle’s rest mass (9.5 3 102 MeV/c2 ) corresponds best with the rest mass

of the n0 (nu) particle (940 MeV/c2 ). Therefore, we assume that the invisible neutral

particle produced in the sigma event is the n0 particle
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13.713.7
The Standard Model and 

Grand Unified Theories

The Standard Model
The standard model, which has evolved from the work begun in particle physics in the

early part of the twentieth century, unites quantum chromodynamic (QCD) theory

with the electroweak theory. The model is a complete and sophisticated theory that sees

the universe as composed of two essential types of particles: fermions and bosons. The

fermions, which all have spin }
1

2
}, are assumed to be the fundamental particles from which

matter is composed. These particles, in turn, are subdivided into the leptons and the quarks.

The bosons are assumed to be the particles that carry interactions and to be responsible

for the fundamental forces of nature.

Table 1 summarizes the particles of the standard model. Because quarks are assumed

to exist in three colours, there are 18 quarks, not 6. This gives a total of 24 fermions.

When you add each fermion and its antiparticle, you can account for no fewer than 48

fundamental particles from which matter is formed.

The fermions are organized into three distinct families, each containing two leptons

and two quarks. The first family, consisting of the electron, its neutrino, and the u and

d quarks, composes the matter that exists at everyday energies. The other two families

are assumed to be more prevalent at very high energies.

standard model the theory that

unites quantum chromodynamics

with the electroweak theory; it holds

that all matter is composed of

fermions and bosons

fermions according to the stan-

dard model, the particles from

which all matter is composed; sub-

divided into leptons and quarks

bosons according to the standard

model, the particles responsible for

the fundamental forces of nature

Table 1 The Standard Model

Fermions
building blocks of matter; spin 5 }

1

2
}

Leptons Quarks

Name Charge Mass Name Charge Mass

(me ) (me )

electron 21 1 up }
2

3
} 20

electron neutrino 0 ,0 down 2 }
1

3
} 20

muon 21 200 charm }
2

3
} 3 000

muon neutrino 0 ,0 strange 2 }
1

3
} 300

tau 21 3 600 top }
2

3
} 350 000

tau neutrino 0 ,0 bottom 2 }
1

3
} 11 000

Bosons

carriers of forces

Name Spin Force

photon 1 electromagnetic force

W+, W0, and Z bosons 1 weak nuclear force

gluons (8 different types) 1 strong nuclear force

graviton 2 gravitational force
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The standard model has been called the most sophisticated and complete theory ever

developed. It is the culmination of over a century of research and experimentation by many

thousands of individuals. With the exception of the graviton, every particle predicted by

the model has been discovered.

Despite this, the model has sometimes been described as crude in that it lacks the

simplicity of Newton’s idea of universal gravitation and the mathematical elegance of

Maxwell’s and Einstein’s field equations. Because it is so tied to experimental results, it

tends to concentrate more on the “what” than on the “why,” leaving questions such as the

following unanswered:

• What is so special about the number three? (For instance, why are there three

families of leptons and quarks?)

• If the number three is so special, then why are there only two types of matter par-

ticles?

• Why do the masses increase so much from family to family, without any precise

ratio?

• What is the underlying feature whose presence endows a particle with mass and

whose absence makes the particle massless?

• How do the four forces fit together? (In particular, how does gravity interact with

the other three forces at the quantum level?)

• Why do the various parameters, such as the masses of the particles, have to be

decided by experiment? Why can they not be predicted?

Grand Unified Theories
For decades physics has been seeking a standpoint more comprehensive than the theo-

retical unification of the weak and electromagnetic forces into the electroweak force.

We may distinguish two enterprises, one more ambitious than the other: there is the

attempt to unite the strong, weak, and electromagnetic forces as aspects of a single force;

this is called the quest for a grand unified theory (GUT). There is also the attempt to find

a still higher abstraction based on the idea that all the laws of nature flow from one fun-

damental law. This is the search for unification of the strong, weak, electromagnetic,

and gravitational forces, sometimes described as a theory of everything (TOE).

Let us begin by considering the current status of the quest for a GUT. A successful

unification must account for all the various force-mediating bosons. The task is made

difficult by the fact that the three forces behave in radically different ways. In particular,

the strong nuclear force actually increases with distance.

Sheldon Glashow and his associates tackled the GUT problem by applying symmetry

to the conservation of charge and spin. For example, the electron and the positron are

symmetric with respect to charge. Figure 1 shows that if the first-family fermions are seen

as vertices on a cube, the various particles become symmetric with respect to one another.

The GUTs extended the symmetries already in the standard model by unifying the three

forces and the particles that they acted upon. At the so-called unification scale, with

distances shorter than 10–30 m, the three forces were assumed to be one superforce, sym-

metrical and incapable of distinguishing between charge and spin. At distances greater

than the unification scale, the symmetry was held to break, with distinctions appearing

between the three forces.

grand unified theory (GUT) a

theory that attempts to combine the

strong, weak, and electromagnetic

forces into a single theory

unification scale the limit 

(10230 m) specified by the GUT

below which only one force is pre-

dicted to exist, in place of the sepa-

rate electromagnetic and strong and

weak nuclear forces

Symmetry in Physics

Symmetry has frequently been used in

the formulation of physical principles:

• Galileo visualized the laws of

physics as symmetrical in the

sense of remaining unchanged

when we transform ourselves

mathematically from one frame

to another, provided the frames

have a constant relative velocity.

• Einstein used special relativity to

generalize Galileo’s idea,

exhibiting even electrical phe-

nomena as the same in all iner-

tial frames (with a magnetic field

analyzed as an electric field in a

moving frame).

• Mathematician Emmy Noether

showed that the conservation

laws can be seen as symmetric

with respect to time.

• Feynman suggested that the

electron and positron could be

viewed as symmetric with respect

to time, with the positron actually

moving backward in time.

DID YOU KNOW??

The Standard Model

In many ways, the standard

model is more a law, which

describes an interaction, than a

theory, which gives causes for

an interaction.

LEARNING TIP
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Using symmetry, several things were accomplished. The unification of the strong,

weak, and electromagnetic forces was achieved not only on the unification scale but also

at very high energies. An explanation was reached for the arrangement of quarks and lep-

tons in the three great fermion families and for the quantization of charge.

The unification predicted a new fundamental force field. The mediating particle for

the field, X, the Higgs boson, is massive, perhaps as much as 1014 times more massive

than the proton. Recall that force-mediating particles are virtual, not real; that they arise,

in an apparent creation from nothing, out of the “quantum vacuum” because Heisenberg

DEDt uncertainty allows very short-lived violations of conservation of energy; and that

the same DEDt uncertainty that allows them to live makes their existence so fleeting

they cannot be observed. It follows from these ideas that the life of a virtual particle is

inversely proportional to its mass. Therefore, the life of the massive Higgs particle is

very fleeting indeed, about 10–35 s, or sufficient time for travelling at most 10–23 m.

According to GUTs, if elementary particles approach one another at distances of about

10–30 m, it will be possible for them to exchange an X particle. At these distances, the

X particle would allow radical transmutations, perhaps even making quarks and leptons

interchangeable. In accordance with the assumed conservation of baryon number, the

probability of this happening is unlikely. Because of their huge mass, X particles have an

extremely small probability of spontaneously appearing from the quantum vacuum, even

at the tremendously high energies that can be achieved in particle accelerators.

A Disturbing Consequence of Unification
Because of quantum uncertainty, it is possible that the Higgs boson can spontaneously

appear for a very short time inside a proton. This raises an issue that must be dealt with

if GUTs are to survive the test of experiment. Suppose that, during its brief appearance

inside the proton, the Higgs boson encounters one of the three quarks. Suppose, fur-

ther, that this quark subsequently makes a close approach to a second of the three. The

Higgs boson in this scenario may be exchanged, causing the two quarks to change into

two new particles: an antiquark and a positron. The positron will be ejected. The anti-

quark, for its part, will unite with the remaining (third) quark to form a pion. The pion

will subsequently decay into photons.

Given an enormous period of time, it is possible that all the protons in the universe

could decay in this way, leaving only photons, positrons, and electrons. The latter two,

being mutual antiparticles, will also annihilate one another, leaving only photons.

This chain of events—possible, according to GUTs, although of exceedingly low prob-

ability—has a radical effect on our conception of matter, since it means that the proton,

and hence every atom, is inherently unstable. But these events are so unlikely that the

expected life of a proton is around 1032 years.

Quantum uncertainty, the cause of proton decay, is taken advantage of in the search

for evidence for it. Because the decay is described in terms of probabilities, there is a

tiny probability that any given proton will decay in a finite period of time. Experiments

have therefore been initiated to take advantage of this. The methodology is simple.

Massive quantities of a nonradioactive substance are examined over long periods of

time to see if proton decay can be detected. To date, no such decay has been detected. This

lack of evidence, although not sufficient to discredit the unified theories, has sparked the

development of other creative theoretical avenues, for example, string theory.

Section 13.7
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Figure 1

A cube showing the symmetry of the

first family of quarks and leptons.

There are three of each type of

quark, since each is assumed to

have three colours.

Higgs boson the theoretical par-

ticle X predicted to carry a fourth

fundamental force field in the GUT

unification of the electromagnetic

and strong and weak nuclear forces

String Theory

String theory, like Dirac’s positron,

may have arisen for the wrong

reason. A 1968 publication, which

was later found to be incorrect,

treated hadrons as one-dimen-

sional strings. Although the rest of

the theory was abandoned, the

idea of the one-dimensional

vibrating string stayed and eventu-

ally evolved into present-day string

theory.

DID YOU KNOW??
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Physics on a String
Shortly after Einstein published his general relativity theory, the German mathematician

Theodor Kaluza developed a geometrical representation of electromagnetism. His theory

envisioned the electromagnetic field as a warp or ripple in a fourth spatial dimension. If

Einstein’s theory of gravitation is formulated in Kaluza’s framework, the result is a five-

dimensional universe, incorporating four-dimensional gravity with Maxwell’s equations.

The Swedish-born Oskar Klein extended upon Kaluza’s theory by suggesting that the

extra spatial dimension was invisible, being curled up in the manner of a coil of rope.

According to Klein, particles are, in fact, tiny circles moving in four-dimensional space

(Figure 2). The circles were calculated to be incredibly small—approximately one-

billionth the size of the nucleus—and therefore invisible for all practical purposes.

The Kaluza-Klein theory faded from prominence, since it failed to incorporate the

two newcomers to dynamics: the strong and weak nuclear forces. In the 1980s, however,

the theory resurfaced and was regarded as appropriate for some complexities in the two

newcomers. In its reformulation, string theory dealt with the complications of the strong

and weak nuclear forces by putting strings into many extra dimensions rather than into

the single extra dimension originally introduced for the electromagnetic force.

The new theory saw fundamental particles as strings that could be open or closed

(Figure 3). Each fundamental particle was assumed to be a different vibrating mode on

the same string.

As in the original Kaluza-Klein model, the strings were assumed to be small (on the

order of 10–33 m) and therefore appear as pointlike particles even from the perspective

of giant accelerators. Since the strings were assumed to obey Einstein’s equations in

space-time, there was a prospect of their uniting quantum mechanics with general rel-

ativity.

Initial work with strings caused great interest. The fact that the graviton would emerge

as the lowest form of energy for a string gave some indication that gravity might soon

be united with the other three forces. Unfortunately, the mathematics soon became

much too complicated, since the model had to place the strings into 26 dimensions.

This, coupled with strong developments in GUTs, caused research to slow down.

In 1984, Michael Green and John Schwartz simplified the mathematical model to

10 dimensions. Of these, 6 are “curled up,” making them invisible and leaving 4 for

inspection. The resulting superstring theory rekindled interest, by accommodating super-

symmetry, allowing fermions and bosons to be rotated into one another. Each fermion

was now paired with a boson called a sparticle, and each boson paired with a fermion

called a bosino.

Around the time the work of Green and Schwartz was becoming noticed, there was

another favourable development. String theory unexpectedly suggested the existence of

a particle not known to exist in the nucleus. The particle was massless and travelled at

the speed c. Furthermore its spin number was 2. It was suggested that the particle was

one already known to theory but not known in the nucleus: the graviton. In this way, string

theory started to become a theory that also described gravity.

The extra dimensions intrinsic to string theory continue to raise possibilities that are

intriguing but difficult to test. String sizes are typically one billion-billion times smaller

than the nucleus. As we saw in Chapter 12, quantum theory associates distance (or the

de Broglie wavelength associated with the particle probing that distance) with energy.

Examining those minuscule distances will therefore require probing particles with enor-

mous energies, beyond the capability of any conceivable accelerator.

In fact, the only event involving these types of energies is the theoretical big bang. If

superstring theory is correct, then the extra dimensions may have been fundamental to

Figure 2

A hypertube. A hose is really a

cylinder. When viewed from a dis-

tance, however, a cross-section

looks like a point on a line. Similarly,

a particle may be a tiny circle in the

fourth dimension.

Time

S
p

a
c
e

Figure 3

Closed-loop string. When viewed in

space-time, such a string appears

as a tube.

Supersymmetry Particles

The names of the partner particles

in supersymmetry are also whim-

sical: under the heading of sparti-

cles we find squarks and sleptons,

while under the heading of bosinos

we find gluinos, photinos, winos,

and gravitinos.

DID YOU KNOW??
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that event. In fact, it may well have been that at the time of the big bang, all the dimen-

sions existed as equal partners, with three of the dimensions then greatly expanding,

drawing the remainder out of sight. Although still in existence, the extra dimensions

are only seen through their effects on the internal processes at the subnuclear level.

Gravity, still the “odd one out,” therefore remains as the only force that can be asso-

ciated with the space-time we perceive.

Strange as all of this may seem, the symmetry inherent in the theory suggests an even

stranger consequence. The full theory expects the full unification of all interactions

twice over. This, in turn, hints at the possible existence of a parallel, shadow universe, able

to interact with ours only through gravity. A low-mass object from that universe would

appear invisible to objects in this one because the only interaction would be through

gravity. A massive object from that universe (say, with the mass of a planet or star)

would, on the other hand, be noticeable from its gravitational effects. Such an object, if

it came into close contact with a body in our universe, would cause the body to behave

erratically, suffering a strong gravitational pull without a detectable source.

We may now speculate that stars, planets, and other large objects could form from

this invisible matter. When observed from Earth, they would be indistinguishable from

black holes formed from the inward collapse of large quantities of matter in the uni-

verse to which we have spatial access. Perhaps this would account for some of the so-called

dark matter evidently existing in our universe and betraying its existence through grav-

itational effects.

Of course, superstring theory is speculative, perhaps destined to rise eventually to the

eminence now enjoyed by quantum theory or to go the route of the ether.

Conclusion
Many see science as a quest for understanding the nature of the universe. While this

may well be true, most then take this reasonable observation to a naive conclusion. They

assume that, at some time in the not-too-distant future, all will be known. This is not just

true today. Near the end of the nineteenth century, after Maxwell’s equations had been

published, many scientists assumed that most of the truths about the physical world

had been revealed. All that remained was to fill in some pieces here and there.

Now more than one hundred years later, we can look back and see how naive this idea

was. Quantum theory demolished the concept that the nature of the everyday world

was scalable down to the sizes of the atom. Logical laws describing behaviour were soon

replaced with individual quirkiness that could only be understood statistically. Through

the twentieth century the situation grew increasingly more complex as interaction after

interaction was discovered.

Today, in the early part of the twenty-first century, the best theories that we have—and

the standard model is very good—leave us with more questions than answers. When

one begins to develop an appreciation for all of this, one is forced to conclude that we

may never find the truth that we seek. It may be forever beyond our grasp.

In your study of physics, you have seen theories proposed, tested, and refined or aban-

doned. Through this continual upheaval, one thing has remained constant. We con-

stantly crave a physical understanding of the universe and use all our tools to this end.

Perhaps this is the greatest lesson of all. Science, and indeed life, should be seen as an

unceasing interplay between need, technological innovation, and theory. If our craving

for physical insight is destined never to be fully satisfied, we may still experience a self-

less joy in directing our finite intellects to a reality exceeding our intellectual limita-

tions. Perhaps it’s the process that counts, not the end result.

Section 13.7
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• The standard model, sometimes referred to as the most complete and well-

developed model in the history of science, describes the universe in terms of two

classes of particles: fermions, the matter makers, and bosons, the force carriers.

Fermions are further divided into two subclasses: the leptons and the quarks.

• The standard model, although well developed, is not mathematically elegant and

leaves several important questions unanswered.

• Grand unified theories have generally exploited symmetry in an attempt to recon-

cile the electroweak and strong nuclear forces. At very small distances, the carrier

of this unified force is thought to be the extremely massive X, the Higgs boson.

• The interactions of the X boson, when coupled with concepts of quantum

mechanics, result in a small, but not zero, probability that a proton will decay and

so lead to a view of matter as inherently unstable.

• Attempts to observe proton decay have been unsuccessful. This, in turn, has

increased interest in other types of theories, particularly those relating to strings.

• The currently preferred version of string theory, superstring theory, takes the

fundamental entities in the universe to be extremely tiny, multi-dimensional

strings. Although strings are regarded as composed of 10, or perhaps more,

dimensions, only 3 of the spatial dimensions are visible.

• According to superstring theory, the three currently observed dimensions

increased in importance immediately after the theoretical big bang, causing the

remainder to be hidden from view.

The Standard Model and 

Grand Unified Theories
SUMMARY

Section 13.7 Questions

Understanding Concepts

1. Table 1 lists 16 fundamental particles according to the

standard model.

(a) Explain how you can say that there are 48 different

fermions.

(b) How many different particles exist in the standard

model?

2. Construct a table similar to Table 1 but include only the

particles that would be relevant to the first family, that is,

the particles thought to constitute the matter that exists in

the everyday world that we live in.

3. In what way(s) is the standard model crude?

4. (a) What is unified by the GUTs?

(b) Briefly describe the typical means of achieving this

unification.

5. Explain why the X particle is difficult to observe.

6. How does the nature of the X particle suggest that matter

may be unstable?

7. Why are many scientists and other thinkers still developing

alternatives to GUTs?

8. Why do strings, in superstring theory, appear as particles?

9. If there is only one type of string, then how can the large

variety of observed particles be accounted for?

10. Estimate the particle energies that would typically have to

be produced to observe strings and the X boson.

11. Use either the uncertainty principle or de Broglie’s equation

to show that the unification distance corresponds to an

energy level of about 1017 MeV.
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Key Expectations

• define and describe the concepts and units related to the

present-day understanding of the atom and elementary

particles (13.1, 13.2, 13.3, 13.4, 13.5, 13.6, 13.7)

• describe the principal forms of nuclear decay and

compare the properties of alpha particles, beta parti-

cles, and gamma rays in terms of mass, charge, speed,

penetrating power, and ionizing ability (13.1, 13.2)

• analyze images of the trajectories of elementary parti-

cles to determine the mass-versus-charge ratio (13.6)

• describe the standard model of elementary particles in

terms of the characteristic properties of quarks, lep-

tons, and bosons, and identify the quarks that form

familiar particles such as the proton and the neutron

(13.4, 13.5, 13.7)

• compile, organize, and display data related to the

nature of the atom and elementary particles, using

appropriate formats and treatments (13.2, 13.6, 13.7)

• describe examples of Canadian contributions to

modern physics. (13.3, 13.4, 13.7)

Key Terms

Key Equations

• E 5 mc2 (13.1)

• E 5 931.5 MeV/c2 3 m (13.1)

• A

Z X → 4
2He 1 A24

Z22 Y a decay (13.1)

• A

Z X → Z11
A Y 1 21

0 e 1 nw b2 decay (13.1)

• A

Z X → Z21
A Y 1 11

0 e 1 n b1 decay (13.1)

• A
Z Y → A

Z Y 1 g g decay (13.1)

• N 5 N01}
2

1
}2

}
t1

t

/2

}

amount of radioactive (13.2)

substance remaining

• A 5 A0 1}
2

1
}2

}
t1

t

/2

}

radioactivity level (13.2)

radioactivity

alpha (a) particles

transmutation

daughter nucleus

strong nuclear force

binding energy

beta (b) particles

positron

gamma (g) rays

Geiger-Mueller tube

scintillation tube

Pauli exclusion 

principle

half-life

decay constant

becquerel

radioactive dating

isochronous

quantum electro-

dynamics

Feynman diagram

virtual photon

meson

muon

pion

weak nuclear force

W boson

Z boson

graviton

spin

gauge bosons

leptons

hadrons

strangeness

quarks

flavours

baryon number

law of conservation of

baryon number

colour

gluons

quantum chromo-

dynamics

electroweak (gauge)

theory

charm

top

bottom

standard model

fermions

bosons

grand unified theory

(GUT)

unification scale

Higgs boson

MAKE a summary

Construct a concept map of the scientific ideas that con-

tributed to the development of the quantum theory, begin-

ning with Planck and ending with the standard model. If you

completed the concept map in the Chapter 12 Make A

Summary, make it the basis of your present map, adding

appropriate concepts from this chapter.
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Write numbers 1 to 9 in your notebook. Indicate beside

each number whether the corresponding statement is true

(T) or false (F). If it is false, write a corrected version.

1. The amount of energy released in a particular a or b

decay is found by determining the mass difference

between the products and the parent. A mass–energy

equivalence calculation then gives the energy.

2. The average binding energy per nucleon decreases

with increasing atomic mass number.

3. The half-life for the decay shown in Figure 1 is 250 a.

4. Both a and b decay can be explained in terms of the

strong nuclear force.

5. The fact that gravitons can interact with one another

is one of the principal obstacles impeding the devel-

opment of a quantum theory of gravity.

6. In Murray Gell-Mann’s eightfold way of classification,

each of the three sets of eight particles has a unique

spin number.

7. Electrons, which normally have a spin of }
1

2
}, can take

on other values of spin if they acquire enough energy.

8. According to quark theory, two quarks are needed to

form a hadron, and two quarks are needed to form a

meson.

9. When a quark absorbs or emits a gluon, its mass

changes.

Write numbers 10 to 16 in your notebook. Beside each

number, write the letter corresponding to the best choice.

10. The process represented by the nuclear equation 
230

90 Th → 226
88 Ra 1 4

2 He is

(a) annihilation (d) g decay

(b) a decay (e) pair production

(c) b decay

Unit 5

11. The values of x and y that correctly complete the

equation 214
82 Pb →y

x Bi 1 –1
0 e 1 nw are

(a) x 5 214, y 5 81

(b) x 5 214, y 5 82

(c) x 5 214, y 5 83

(d) x 5 215, y 5 83

(e) x 5 212, y 5 81

12. A sample of coal initially contains 10.0 mg of carbon-

14. This isotope has a half-life of 5730 a. The amount

of carbon-14 remaining in the sample after 573 a is

(a) 0.00 mg (d) 9.30 mg

(b) 1.00 mg (e) 9.99 mg

(c) 5.00 mg

13. If the mass of the particle being accelerated in a

cyclotron were to double, the cyclotron frequency

would have to 

(a) decrease by a factor of 2

(b) decrease by a factor of 4

(c) increase by a factor of 2

(d) increase by a factor of 4

(e) undergo no change, since the frequency is 

independent of mass

14. Modern synchrotrons perform colliding-beam exper-

iments because

(a) the resulting collisions are more energetic

(b) it is easier to contain the resulting particles

(c) only colliding-beam arrangements conserve

momentum

(d) collisions with stationary targets do not produce

particles

(e) none of the above

15. The need to bring quark theory into agreement with

the Pauli exclusion principle prompted existing ideas

to be modified by

(a) postulating the s quark

(b) postulating a second family of quarks

(c) postulating a third family of quarks

(d) endowing quarks with a fractional charge

(e) introducing a quantum number for colour

16. Attempts to develop a grand unified theory have

encountered particularly grave difficulties in uniting

(a) the strong nuclear force with the weak and elec-

tromagnetic forces

(b) the weak nuclear force with the electromagnetic

force

(c) the strong nuclear force with gravity

(d) the strong nuclear force with the electromagnetic

force

(e) the weak nuclear force with the strong nuclear force 

NEL An interactive version of the quiz is available online.

GO www.science.nelson.com
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Understanding Concepts
1. Summarize the properties of a, b, and g radiation in

a table under the following headings: composition,

penetrating ability, and charge.

2. Give the values for x and y in each of the following

equations:

(a) x
y Pb → 212

83 Bi 1 –1
0 e

(b) 238
92 U → x

y Th 1 4
2 He

(c) 215
84 Po → 211

x Pb 1 4
2 He

(d) 116
49 In → x

y In → g

(e) 30
15 P → 30

14 Si 1 x
y z 1 n

(f) 13
7 N → x

y z 1 +1
0 e 1 n

3. Compare and contrast the strong nuclear force and

the electric force.

4. Is it possible for 21 H to undergo a decay? Explain

your reasoning.

5. Plutonium-239 decays to uranium-235 by a emission.

(a) Express the reaction in a balanced nuclear 

equation.

(b) Calculate the amount of energy released by one

decay. (Refer to Appendix C for atomic masses of

plutonium-239, uranium-235, and an a particle.)

6. A sample initially contains 22.0 mg of lead-212.

(a) How much lead-212 will remain after 24 hours?

(b) How much time will elapse before the amount of

lead-212 left is 5.0 mg?

7. A chunk of carbon, assumed to be ashes from an ancient

fire, has an activity of 89 Bq. The initial activity is esti-

mated to be 105.4 Bq. Estimate the age of the sample.

8. Briefly describe two medical applications of radioactivity.

9. (a) Explain why there is an upper limit on the

amount of energy that a cyclotron can impart to

a particle.

(b) How do synchrocyclotrons and synchrotrons

overcome this upper limit?

10. Why is it easier for a synchrotron to accelerate pro-

tons to very high energies than to accelerate electrons

to very high energies?

11. You are designing a very high-energy particle acceler-

ator. Why would you be more likely to obtain

extremely high energies from a synchrotron than

from a linear accelerator?

12. Why do the detectors used in modern particle accelera-

tors typically have several integrated parts?

13. Two sufficiently energetic colliding protons can pro-

duce a neutral pion (p0) from the released kinetic

energy, in the process p + p → p + p + p0. Draw a

Feynman diagram for this interaction.

14. Two protons moving with equal speeds and in oppo-

site directions collide. The collision produces a neu-

tral pion (p0). Use the masses of the particles to

calculate the minimum kinetic energy required of

each proton.

15. Identify the particles associated with each of the fol-

lowing quark combinations:

(a) uss

(b) uuw
16. In what sense is it appropriate to call a boson a “mes-

senger” particle?

17. Distinguish between

(a) fermions and bosons

(b) leptons and hadrons

(c) mesons and baryons

18. Fermions are organized into families (groupings dis-

tinct from those that appear in the previous question).

(a) Explain what is meant by a “family” of fermions.

(b) Prepare a table that organizes the particles of

each family.

19. Briefly explain what is meant by each of the following

quantum variables:

(a) spin

(b) strangeness

20. A S2 event was identified on a bubble chamber 

photograph in which the values of s and l for the 

p2 track are measured to be 0.6 cm and 11 cm,

respectively. Calculate 

(a) the charge-to-mass ratio of the p2 particle

(b) the mass of the particle

21. Sketch a helium atom, assuming with quark theory

that its constituents are u, d, and e–.

22. (a) Identify the respect(s) in which the standard

model is a sophisticated and complete theory.

(b) Identify the respect(s) in which the standard

model is crude.

23. How does the X boson attempt to reconcile all the

fundamental particles into one particle?

24. Copy Figure 1 into your notebook. Complete the dia-

gram by filling in the names of the fundamental

forces and the names of the unification theories.
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Applying Inquiry Skills
25. The initial activity of a sample of cobalt-60 is 240 Bq.

Graph the activity over a one-year period. (See

Appendix C for the half-life.)

26. Table 1 gives the activity levels of a sample of a

radioactive substance at various times.

Unit 5

Making Connections
28. Technological breakthroughs often enable correspon-

ding breakthroughs in science.

(a) Give an example of where this is demonstrated in

the science of elementary particles.

(b) The technological breakthroughs also have

spinoff applications that can be of great social

benefit. Give an example of where this is demon-

strated by a technology that was developed ini-

tially for elementary particle research.

29. Suggest some reasons why one might be reluctant to

accept string theory over the standard model.

30. Recall from previous quantum theory work in this

text that particles can appear spontaneously from the

“quantum vacuum” under appropriate conditions.

Recall also that virtual particles, such as virtual pho-

tons, can mediate forces.

(a) What are the special conditions that apply to the

creation and properties of virtual particles?

(b) How do these special conditions govern the rela-

tion between the mass of a virtual particle and

the distance over which it can act?

(c) If a virtual particle were massless, what conclu-

sion might reasonably be drawn about the range

over which the consequent force can act?

GO www.science.nelson.com

electrostatic force

electromagnetic force

________ force

________ force

________ force

________ force

(name of theory)

(name of theory)
magnetic force

?

?

?

?

Figure 1

For question 24. Which

theories aim to unite

which forces?

Table 1

t (h) A (Bq)

0 1000.0

12 786.6

24 618.8

36 486.8

48 382.9

60 301.2

72 236.9

84 186.4

96 146.6

108 115.3

(a) Construct a graph with a curve of best fit.

(b) Calculate the half-life.

(c) Write an equation giving the activity at any time.

27. Place a Geiger-Mueller counter on a stand far away

from any radioactive sources. Record the number of

counts for a 5-min period. Cover the Geiger-Mueller

counter with some aluminum foil and place it back

on the stand. Record the number of counts for a 5-min

period.

(a) What change did you note in the rate at which

radioactive emissions were detected?

(b) Propose a hypothesis to account for the observed

differences.

Extension
31. Two protons collide, travelling at equal speeds in

opposite directions, in the interaction p + p →
n + p + p+.

(a) Determine the total mass of the particles existing

before the reaction. Use Table 1 in Section 13.5.

(b) Determine the total mass of the particles existing

after the reaction.

(c) Determine the mass difference. Use this answer

to calculate the minimum kinetic energy that the

protons need to have to produce the reaction.
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Write numbers 1 to 16 in your notebook. Indicate beside

each number whether the corresponding statement is true

(T) or false (F). If it is false, write a corrected version. 

1. The time interval separating two events is not

absolute but relative to the choice of inertial frame.

2. It is possible for a particle with a nonzero rest mass to

be accelerated to the speed of light.

3. Rest energy, the product of c2 and rest mass, can be

converted into other forms of energy.

4. Photoelectrons are emitted from a photoelectric

material when the frequency of the incident light

exceeds the threshold frequency of the material.

5. In the photoelectric effect, the intensity of the inci-

dent light does not affect the threshold frequency.

6. The cutoff potential measures the maximum kinetic

energy with which photoelectrons are emitted.

7. Coulomb’s law, Fe 5 }
kq

r
1
2

q2
} , does not apply to the 

forces between charged particles at distances smaller

than the size of atoms.

8. The Franck–Hertz experiment revealed that the

energy of incident electrons is absorbed by mercury

atoms only at discrete energy levels.

9. An a particle is also called a hydrogen nucleus.

10. The neutrino was suggested to resolve the problem of

conserving energy and momentum in b decay.

11. For any given energy, less synchrotron radiation

results in an accelerator when less massive particles

are used.

12. The strong nuclear force can be attractive or repulsive.

13. Because the particles that mediate the weak force are

relatively massive, the force acts over a relatively short

distance.

14. All hadrons are leptons or mesons.

15. The standard model accounts for every observed 

particle.

16. Symmetry is frequently applied to scientific theories

to predict previously unobserved events.

Write numbers 17 to 25 in your notebook. Beside each

number, write the letter corresponding to the best choice.

17. You and your friend are in separate spaceships. In the

inertial frame of your ship, your friend recedes from

you at 0.9999c. If you point a laser beam at your friend,

and your friend points a laser beam at you, then

(a) each of you sees laser light arrive at a speed of c

(b) each of you sees laser light arrive at a speed of 2c

(c) neither of you sees light from the other’s laser

(d) one of you sees laser light arrive at a speed of c,

while the other sees laser light arrive at a speed of 2c

(e) none of these propositions is true

18. A clock, designed to tick once a second, is in a space-

ship moving at a constant speed of 0.5c through an

inertial frame. You find that the clock is 

(a) ticking once a second

(b) ticking at a rate faster than once a second 

(c) ticking at a rate slower than once a second

(d) running backward

(e) none of these

19. Classical physics offered a satisfactory explanation for

(a) the deflection of charged particles in an electric

field

(b) the diffraction of electrons by crystals

(c) the intensity spectrum of blackbody radiation

(d) the photoelectric effect

(e) matter waves

20. When investigating b decay, the neutrino was postu-

lated to explain

(a) conservation of energy and momentum

(b) conservation of the number of nucleons

(c) counteracting the ionizing effect of radiation

(d) the production of antiparticles

(e) the energy to carry away the b particle

21. Gamma radiation differs from a and b emissions in

that

(a) it consists of photons rather than particles having

nonzero rest mass

(b) it has almost no penetrating ability

(c) energy is not conserved in the nuclear decays

producing it

(d) momentum is not conserved in the nuclear

decays producing it

(e) it is not produced in the nucleus

22. How could you distinguish between a and b particles

in a cloud chamber?

(a) It would be trivial since only a particles produce

visible tracks.

(b) It would be trivial since only b particles produce

visible tracks.

(c) It would be impossible to do.

(d) The a particles tend to produce double trails.

(e) The particles bend in opposite directions in a

magnetic field.

NELAn interactive version of the quiz is available online.
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23. The Feynman diagram in Figure 1 illustrates

(a) b+ decay (d) pair production

(B) b– decay (e) annihilation

(c) a decay

24. The quantum quantity called strangeness was postu-

lated because observation revealed

(a) opposite charges and production in pairs

(b) unexpectedly long decay times and production in

pairs

(c) unexpectedly long decay times and opposite

charges

(d) unexpectedly high spin numbers and opposite

charges

(e) unexpectedly low spin numbers and unexpect-

edly long decay times

25. An example of an impossible quark combination is

(a) uud (c) uuu (e) us

(b) udd (d) ud

Write the numbers 26 to 40 in your notebook. Beside each

number place the expression or expressions, equation or

equations, required to complete the text. 

26. Any frame of reference in which the law of inertia

holds is called a(n) _______ frame. Any frame in which

the law of inertia does not hold is called a(n) _______

frame.

27. Michelson and Morley’s interferometer experiment

showed that _______ .

28. According to the effects of length contraction, a body

contracts along the direction of its _______ .

29. The only mass that can be measured directly is

_______ .

30. Planck proposed that energy is radiated in discrete

bundles called _______ .

31. The threshold frequency for photoelectron emission

from a photoelectric material is _______ (the same,

different) for different metals.

Unit 5

32. The higher the frequency of the light, the _______

(higher, lower) the cutoff potential.

33. Matter waves predict the _______ that a particle will

follow a particular path.

34. A 4.0-eV photon is absorbed by a metal surface with

threshold energy 3.0 eV. An electron can be emitted

with a kinetic energy in the range of _______ eV to

_______ eV.

35. A continuous spectrum is produced by _______ .

An emission spectrum is produced by _______ .

36. In the Rutherford scattering experiment, particles

were beamed at a thin gold foil. After encountering

the gold foil, most of the particles were _______ .

37. As the electron in a hydrogen atom passes from a

higher to a lower orbital, its orbital radius _______

(increases, decreases), its speed _______ (increases,

decreases), and its energy _______ (increases,

decreases).

38. The half-life, in years, for the decay represented by the

graph in Figure 2 is _______ .

39. We can determine whether a given particle is a meson

or a baryon once we know its _______ .

40. Match the scientist to the discovery or innovation.

a-scattering experiment Rutherford

radioactivity Davisson

diffraction of particle Bohr

energy levels and orbitals in Compton

the hydrogen atom Becquerel

energy levels in an excited gas de Broglie

matter waves Planck

particle classification Einstein

momentum of a photon Franck

photoelectric effect Heisenberg

planetary model of the atom Gell-Mann

quanta

uncertainty
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Understanding Concepts
1. While stopped at a red light, you notice the car beside

you creep forward. You instinctively step on the brake

pedal, thinking that your car is rolling backward.

What does this say about absolute and relative

motion?

2. To whom does the duration of a process seem longer:

an observer moving relative to the process or an

observer moving with the process? Which observer

measures proper time?

3. Explain how the length-contraction and time-dilation

equations might be used to indicate that c is the limit-

ing speed in the universe.

4. Give a physical argument that shows that it is impos-

sible to accelerate an object with a nonzero mass to the

speed of light, even with continuous force acting on it.

5. A beam of a certain type of elementary particle

travels at the speed of 2.80 3 108 m/s relative to

Earth. At this speed, the average lifetime of the parti-

cles is measured to be 4.86 3 1026 s. Calculate the

lifetime of the particle at rest.

6. You leave Earth for Jupiter, 5.9 3 108 km away. You and

mission control synchronize your watches at launch

and agree the local time is 12:00 noon. The spaceship’s

average speed for the trip is 0.67c relative to Earth.

(a) What time do you and mission control claim it is

when you reach Jupiter?

(b) What is the distance from Earth to Jupiter, in the

inertial frame of your ship?

(c) Your ship meets part of its power requirement by

collecting hydrogen, at the rate of 1.0 3 10–3 kg/s,

from space and converting the mass to usable

energy at an efficiency of 10%. What usable power

does this system generate?

7. A spaceship passes you at a speed of 0.850c relative to

Earth. On Earth you measure its length to be 52.2 m.

How long would it be when at rest on Earth?

8. A proton is moving at a speed of 0.60c with respect to

some inertial frame. Calculate its relativistic

momentum as measured by an observer in that frame.

9. An electron is travelling at 0.866c relative to the face

of a television picture tube. Calculate its relativistic

momentum with respect to the tube.

10. An electron is accelerated to the speed 2.8 3 108 m/s

in a particle accelerator. The accelerator is 3.0 km

long according to the physicists using it.

(a) In the frame of reference of the electron, how

long does it take to reach the target at the end of

the accelerator?

(b) Calculate the electron’s momentum when it hits

the target.

11. Explain why it is easier to accelerate an electron than

a proton to a speed approaching c.

12. Calculate the amount of mass that must be converted

to produce 2.3 3 108 J of energy.

13. Calculate the amount of mass that must be converted

in order to continuously run a 60-W desk lamp for

one year.

14. Calculate the energy associated with a single

quantum of X radiation with a frequency of

2.15 3 1018 Hz.

15. In tables listing the properties of elementary particles,

sometimes the masses are represented in units of

mega electron volts rather than kilograms. What does

this mean?

16. Compare the energy of a quantum of “soft” ultravi-

olet radiation (λ 5 3.80 3 1027 m) with a quantum

of “hard” ultraviolet radiation (λ 5 1.14 3 1027 m).

Express your answer as a ratio.

17. Calculate the wavelength, in nanometres, of a photon

with an energy of 3.20 3 10219 J.

18. Using Planck’s hypothesis, suggest a reason why no

photoelectrons are released from a photoelectric sur-

face until light of sufficiently short wavelength is

directed at the surface.

19. Explain the following:

(a) The threshold frequency is different for different

metals.

(b) Extremely intense red light might fail to liberate

any photoelectrons from a surface, but a weakly

intense blue light might.

(c) The photocurrent increases with the intensity of

the illumination once the threshold frequency is

reached.

20. Barium has a work function of 2.48 eV. What colours

of the visible spectrum liberate photoelectrons from a

barium surface?

21. Nickel has a work function of 5.01 eV.

(a) Calculate the threshold frequency for the photo-

electric effect.

(b) Calculate the cutoff potential for radiation of

wavelength 1.50 3 10–7 m.
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22. Barium has a work function of 2.48 eV. Calculate the

maximum kinetic energy of the ejected photons when

barium is illuminated by a 452-nm source.

23. When 355-nm light strikes a certain metal, the max-

imum kinetic energy of the photoelectrons is 1.20 eV.

Calculate the work function of the metal.

24. Light of frequency 8.0 3 1014 Hz illuminates a photo-

electric surface whose work function is 1.2 eV. Calculate

the maximum speed with which an electron reaches the

collector, given a retarding potential of 1.0 V.

25. Using the questions below as a guide, compare and

contrast the photoelectric effect and the Compton

effect.

(a) What is required to initiate the effect?

(b) What is the result of the interaction?

(c) Why does each effect have a significant implica-

tion for the nature of light?

26. A thin metal foil is bombarded with X rays in a

vacuum. A Compton collision occurs between an 

X ray photon and an electron in the foil, causing an

electron to emerge at some angle to the trajectory of

the incident photon, with some kinetic energy and

momentum. Describe two characteristics of the

emerging photon.

27. Calculate the momentum of a photon whose wave-

length is 525 nm.

28. Calculate the momentum of a photon whose fre-

quency is 4.5 3 1015 Hz.

29. Calculate the momentum of a 136-eV photon.

30. An incident photon, of energy 6.0 3 104 eV, initiates

a Compton-effect event where the scattered electron

has 5.6 3 104 eV of kinetic energy.

(a) Calculate the energy of the scattered photon.

(b) Calculate the speed of the electron involved in

the event.

(c) Calculate the momentum of the electron.

31. Calculate the wavelength of a photon having the same

momentum as an electron moving at 1.0 3 106 m/s

(assume nonrelativistic).

32. In a Franck–Hertz experiment, electrons were accel-

erated through a potential difference DV and then

introduced into mercury vapour. After passing

through the mercury vapour, the remaining energy

of the electrons was measured. Consider only the 

following prominent energy levels for mercury above

the ground state: 4.9 eV, 6.7 eV, 8.8 eV, and 10.4 eV.

Unit 5

(a) If an electron entered the vapour with energy of

3.0 eV, how much energy might it have after

passing through the vapour?

(b) If an electron entered the vapour with energy of

8.0 eV, how much energy might it have after

passing through the vapour?

33. Can an electron in the ground state of hydrogen

absorb a photon of energy less than 13.6 eV or greater

than 13.6 eV? Explain your reasoning in each case.

34. Figure 1 in Section 12.5 depicts the energy levels for

hydrogen.

(a) Calculate the wavelengths of the photons emitted

in the second Lyman transition and the second

Balmer transition.

(b) Calculate the energy that the atom must absorb if

it is to make a transition from n 5 2 to n 5 4.

35. A photon has zero rest mass. If a photon is reflected

from a surface, does it exert a force on the surface?

Explain your answer.

36. Prepare a table comparing the three types of radioac-

tive decay we examined in Section 13.1. Include a

description of the particle emitted, how it affects the

N and Z numbers of the parent substance, and an

example of a material that undergoes that type of

radioactive decay.

37. Complete each specification of a nuclear equation.

Classify each as an a, b, or g decay.

(a) 15
8 O → x

y Z 1 11
0e 1 n

(b) 226
88 Ra → x

y Z 1 4
2 He

(c) 231
91 Pa → 227

89 Ac 1 x
y Z

(d) 214
82 Pb → x

y Z 1 21
0e 1 nw

(e) 239
92 U → y

x Z 1 21
0e 1 nw

38. Use the information in Table 1 to calculate the

average binding energy per nucleon in copper-65.

Table 1

Name Rest Mass (u)

electron 0.00055

proton 1.00728

neutron 1.00867

copper-65 64.92779
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39. (a) Complete the following equation, which depicts 

a decay in polonium-214:

214
84 Po → x

y Z 1 q
r S

(b) The mass difference between parent and daugh-

ters reveals that the decay releases 7.82 MeV.

Explain the origin of this energy.

(c) This energy is released as kinetic energy, shared

between the two daughters. Look carefully at

your reaction and suggest a reason why this is so.

40. (a) Explain why Geiger-Mueller tubes are less sensitive

to g radiation than they are to a and b particles.

(b) Identify one device appropriate for detecting

weak g radiation. Explain why this device is more

successful than the Geiger-Mueller tube.

41. Figure 1 depicts the activity of a radioactive sample.

Estimate the half-life.

42. A sample of strontium-90 (with a half-life of 28.8 a) is

estimated to have an initial activity of 2.50 3 1012 Bq.

(a) Determine the activity after one half-life.

(b) Calculate the activity after 5.0 a.

43. A sample of Ra-226 (with a half-life of 1600 a) has an

initial mass of 2.50 mg. How much time will elapse

before only 1.00 mg remains?

44. A charcoal sample is estimated to have had an initial

activity of 2.99 Bq. The present activity is measured

to be 1.93 Bq. Estimate the age of the sample.

45. The half-life of a sample is 3.7 a. With initial activity

of 450.0 Bq, calculate the activity after 10.0 a.

46. A grand unified theory seeks to unify three forces.

Which force is left out?

47. Explain how a synchrocyclotron differs from a 

cyclotron.

48. Briefly describe how a synchrotron and a linear accel-

erator respectively accelerate particles. Name two

major synchrotrons and one major linear accelerator.

49. Describe the function of the following parts in a con-

temporary particle detector, such as could be used

with a high-energy accelerator: tracking detector,

calorimeters, muon chamber.

50. What is the minimum energy of a photon that spon-

taneously produces a neutron–antineutron pair?

51. Briefly describe b1 decay using a quark model of the

nucleus.

52. What is the quark composition of L0?

53. Gravity is sometimes referred to as “the odd one out.”

In what sense is the description true?

54. Identify the particle associated with each quark com-

bination:

(a) udd (b) sdd

55. Explain how the strong nuclear force is explained in

an atomic model that assumes the nucleons are com-

posed of quarks.

56. The Feynman diagram in Figure 2 shows the result of

an interaction between a neutrino and a neutron. The

process is a weak interaction, mediated by a W1

boson. The process gives an electron and another par-

ticle. Name the other particle produced in the reac-

tion. Explain your reasoning.

57. Determine which of the following are conserved in

each of the reactions specified below: baryon number,

lepton number, spin, charge.

(a) e+ → n 1 g

(b) p 1 p → p 1 nw 1 n

(c) K → m 1 nwm

58. Use your answers to question 58 to determine which,

if any, of the specified reactions can actually occur.

Explain your answers.

59. Use conservation of mass, charge, baryon number,

and lepton number to determine which, if any, of the

following reactions can actually occur:

(a) p 1 e– → n 1 n

(b) n → p+ 1 p–
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60. (a) List several reasons why the standard model is

not considered adequate by some members of the

research community.

(b) What alternatives to the standard model are being

contemplated? Briefly describe one such model.

Applying Inquiry Skills
61. Some television remote controls use an infrared beam

to send signals to a photodetector on the television.

Research the Internet and other sources, and find out

how the remote control can send a variety of signals

using a single wavelength of light. Present your find-

ings to the class.

62. Obtain a watch or clock with a luminous dial. Stop the

clock so that the hands do not move. In a darkened

room, place some undeveloped photographic film

over the clock and cover the apparatus to protect it

from surrounding light. Retrieve the film after several

days have passed and have it developed. Comment on

what you see.

Making Connections
63. What implications does the special theory of rela-

tivity have for space travel?

64. A photovoltaic solar cell generates electricity. The best

cells currently operate at approximately 25% effi-

ciency. How many photons of average wavelength

550 nm would have to be incident on a solar cell each

second to supply adequate power to a 60-W bulb?

65. It has been proposed that the momentum of photons

could be used in a propulsion system for interstellar

spaceships. Calculate the number of photons of

average wavelength 5.0 3 10–7 m required to accel-

erate a spaceship of mass 4.0 3 105 t from rest to a

speed of 1.5 3 108 m/s. (Assume that the momentum

of all the photons is applied at once. Ignore any rela-

tivistic effects.)

Extension
66. Research to find out how the speed of light was first

measured with some accuracy. For fun, present a

dramatization to the class.

67. Research the work of Stephen Hawking and report on

how it builds on the work of Einstein. Record your

findings in a brief summary.

68. Research time-dilation effects for a voyager crossing

the event horizon around a black hole and for distant

observers monitoring the progress of the voyager.

Record your findings in a brief report.

69. A S2 event was recorded on the bubble chamber

photograph in Figure 3.

(a) Identify the event.

(b) Calculate the rest mass of the invisible X0 particle

formed in the interaction.

(c) Identify the X0 particle by comparing its calcu-

lated rest mass with the masses of the known

particles in Table 3 of Section 13.6.

Figure 3
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Significant Digits and Rounding Off
NumbersTwo types of quantities are used in science: exact values andmeasurements. Exact values include defined quantities (e.g.,1 kg 5 1000 g) and counted values (e.g., 23 students in aclassroom). Measurements, however, are not exact becausethey always include some degree of uncertainty.In any measurement, the significant digits are the digits thatare known reliably, or for certain, and include the single lastdigit that is estimated or uncertain. Thus, if the width of apiece of paper is measured as 21.6 cm, there are three signif-icant digits in the measurement and the last digit (6) is esti-mated or uncertain.The following rules are used to determine if a digit is sig-nificant in a measurement:

• All non-zero digits are significant: 345.6 N has foursignificant digits.
• In a measurement with a decimal point, zeroes placedbefore other digits are not significant: 0.0056 m hastwo significant digits.
• Zeroes placed between other digits are always signifi-cant: 7003 s has four significant digits.
• Zeroes placed after other digits behind a decimal aresignificant: 9.100 km and 802.0 kg each has four sig-nificant digits.
• Scientific notation is used to indicate if zeroes at the endof a measurement are significant: 4.50 3 107 km hasthree significant digits and 4.500 3 107 km has four significant digits. The same number written as 45 000 000 km has at least two significant digits, but thetotal number is unknown unless the measurement iswritten in scientific notation. (An exception to this laststatement is found if the number of significant digitscan be assessed by inspection: a reading of 1250 km ona car’s odometer has four significant digits.) 
Measurements made in scientific experiments or given inproblems are often used in calculations. In a calculation, thefinal answer must take into consideration the number of sig-nificant digits of each measurement, and may have to berounded off according to the following rules:
• When adding or subtracting measured quantities, thefinal answer should have no more than one estimateddigit; in other words, the answer should be roundedoff to the least number of decimals in the originalmeasurements.

• When multiplying or dividing measured quantities,the final answer should have the same number of sig-nificant digits as the original measurement with theleast number of significant digits.
Example 

A piece of paper is 48.5 cm long, 8.44 cm wide, and 

0.095 mm thick. 

(a) Determine the perimeter of the piece of paper. 

(b) Determine the volume of the piece of paper. 

Solution 

(a) L 5 48.5 cm (The 5 is estimated.)

w 5 8.44 cm (The last 4 is estimated.) 

P 5 ? 

P 5 2L 1 2w

5 2(48.5 cm) 1 2(8.44 cm) 

P 5 113.88 cm 

Both digits after the decimal are estimated, so the

answer must be rounded off to only one estimated digit.

Thus, the perimeter is 113.9 cm. 

(b) h 5 0.095 mm 5 9.5 3 1023 cm (two significant digits) 

V 5 ? 

V 5 Lwh

5 (48.5 cm)(8.44 cm)(9.5 3 1023 cm)

5 3.88873 cm3

V 5 3.9 cm3

The answer is rounded off to two significant digits,

which is the least number of significant digits of any of

the original measurements. 

Other rules must be taken into consideration in some sit-uations. Suppose that after calculations are complete, theanswer to a problem must be rounded off to three signifi-cant digits. Apply the following rules of rounding:• If the first digit to be dropped is 4 or less, the pre-ceding digit is not changed; for example, 8.674 isrounded to 8.67.
• If the first digit to be dropped is greater than 5, or if itis a 5 followed by at least one non-zero digit, the pre-ceding digit is increased by 1; for example, 8.675 123 isrounded up to 8.68.

A1 Math Skills
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• If the first digit to be dropped is a lone 5 or a 5 fol-lowed by zeroes, the preceding digit is not changed if itis even, but is increased by 1 if it is odd; for example,8.675 is rounded up to 8.68 and 8.665 is rounded to8.66. (This rule exists to avoid the accumulated errorthat would occur if the 5 were always to round up. It isfollowed in this text, but not in all situations, such asin the use of your calculator or some computer soft-ware. This rule is not crucial in your success in solvingproblems.) 
When solving multi-step problems, round-off error occursif you use the rounded off answer from the first part of thequestion in subsequent parts. Thus, when doing calculations,record all the digits or store them in your calculator until thefinal answer is determined, and then round off the answer tothe correct number of significant digits. For example, in amulti-step sample problem that involves parts (a) and (b),the answer for part (a) is written to the correct number ofsignificant digits, but all the digits of the answer are used tosolve part (b).

Scientific Notation Extremely large and extremely small numbers are awkwardto write in common decimal notation, and do not alwaysconvey the number of significant digits of a measured quan-tity. It is possible to accommodate such numbers by changingthe metric prefix so that the number falls between 0.1 and1000; for example, 0.000 000 906 kg can be expressed as 0.906 mg. However, a prefix change is not always possible,either because an appropriate prefix does not exist or becauseit is essential to use a particular unit of measurement. In thesecases, it is best to use scientific notation, also called standardform. Scientific notation expresses a number by writing it inthe form a 3 10n, where 1#a,10 and the digits in thecoefficient a are all significant. For example, the Sun’s mass is1.99 3 1030 kg and the period of vibration of a cesium-133atom (used to define the second) is 1.087 827 757 3 1028 s.Calculations involving very large and small numbers aresimpler using scientific notation. The following rules mustbe applied when performing mathematical operations.• For addition and subtraction of numbers in scientificnotation:
Change all the factors to a common factor, that is thesame power of 10, and add or subtract the numbers. Ingeneral, ax 1 bx 5 (a 1 b)x.

Appendix A

Example 

1.234 3 105 1 4.2 3 104 5 1.234 3 105 1 0.42 3 105

5 (1.234 1 0.42) 3 105

5 1.654 3 105

This answer is rounded off to 1.65 3 105 so the answer has

only one estimated digit, in this case two digits after the

decimal.  

• For multiplication and division of numbers in scien-tific notation:
Multiply or divide the coefficients, add or subtract theexponents, and express the result in scientific notation.

Example 

11.36 3 104 }
m

kg

3
}2(3.76 3 103 m3) 5 5.11 3 107 kg

Example 

5 0.572 3 109 N/m

5 5.72 3 108 N/m

When working with exponents, recall that the following rulesapply:
xa?xb 5 xa1b

}
x

x

b

a

} 5 xa2b

(xa)b 5 xab

(xy)b 5 xbyb

1}
x

y
}2

b

5

a logx 5 logxa

On many calculators, scientific notation is entered using theEXP or the EE key. This key includes the “310” from the sci-entific notation, so you need only enter the exponent. Forexample, to enter 6.51 3 1024, press 6.51 EXP 1/24.
Mathematical Equations Several mathematical equations involving geometry, algebra,and trigonometry can be applied in physics.

xb

}
yb

(4.51 3 105 N)
}}
(7.89 3 1024 m)

A
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GeometryFor a rectangle of length L and width w, the perimeter P andthe area A are
P 5 2L 1 2w

A 5 Lw

For a triangle of base b and altitude h, the area is
A 5 }

1

2
}bh

For a circle of radius r, the circumference C and the area are
C 5 2pr

A 5 pr 2

For a sphere of radius r, the area and volume V are
A 5 4pr 2

V 5 }
4

3
}pr 3

For a right circular cylinder of height h and radius r, the areaand volume are
A 5 2pr 2 + 2prh

V 5 pr 2h

AlgebraQuadratic formula:Given a quadratic equation in the form ax2 1 bx 1 c 5 0,
x 5

In this equation, the discriminant b 2 2 4ac indicates thenumber of real roots of the equation. If b 2 2 4ac , 0,the quadratic function has no real roots. If b2 2 4ac 5 0, thequadratic function has one real root. If b 2 2 4ac . 0,the quadratic function has two real roots.

2b 6 Ïb2 2 4wacw
}}

2a

TrigonometryTrigonometric functions for the angle v shown in Figure 1(a)are
sin v = }

y

r
}

cos v = }
x

r
}

tan v = }
x

y
}

Law of Pythagoras: For the right-angled triangle in Figure 1(b), c2 5 a2 1 b2, where c is the hypotenuse and aand b are the other sides.
For the obtuse triangle in Figure 1(c) with angles A, B, and C,and opposite sides a, b, and c:
Sum of the angles: A 1 B 1 C 5 180° 

Sine law: }
sin

a

A
} 5 }

sin

b

B
} 5 }

sin

c

C
}

To use the sine law, two sides and an opposite angle (SSA) ortwo angles and one side (AAS) must be known.

Cosine law: c2 5 a2 + b2 22ab cos C

To use the cosine law, three sides (SSS), or two sides and thecontained angle (SAS) must be known. Notice in the cosinelaw that if C = 90°, the equation reduces to the law ofPythagoras.

y

yr

x x

u

(a) (b)

a
c

b

b

ca

B

(c)

C A

Figure 1

(a) Defining trigonometric ratios

(b) A right-angled triangle

(c) An obtuse triangle

Sine Law Caution

The sine law can yield an acute angle rather than the correct

obtuse angle when solving for an angle greater than 90°. This

problem occurs because for an angle A between 0° and 90°, 

sin A 5 sin (A 1 90°). To avoid this problem, always check the

validity of the angle opposite the largest side of a triangle.

LEARNING TIP
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The following trigonometric identities may be useful:
cos v 5 sin(90° 2 v)

sin v 5 cos(90° 2 v)

tan v 5 }
c

s

o

in

s

v

v
}

sin2 v 1 cos2 v 5 1

sin 2v 5 2sin v cos v

cos 2v 5 cos2 v 2 sin2 v

Dimensional and Unit Analysis Most physical quantities have dimensions that can beexpressed in terms of five basic dimensions: mass [M], length[L], time [T], electric current [I], and temperature [v]. The SIunits that correspond to these basic dimensions are kilogram[kg], metre [m], second [s], ampere [A], and kelvin [K]. Thesquare brackets are a convention used to denote the dimen-sion or unit of a quantity.The process of using dimensions to analyze a problem oran equation is called dimensional analysis, and the corre-sponding process of using units is called unit analysis.Although this discussion focuses on dimensions only, thesame process can be applied to unit analysis. Both dimen-sional analysis and unit analysis are tools used to determinewhether an equation has been written correctly and to con-vert units.
Example 

Show that the equation for the displacement of an object

undergoing constant acceleration is dimensionally correct. 

Dd#$ 5 v#$iDt 1 }
1

2
}a#$Dt2

[L] 5
? 3}

L

T
}4[T] 1 3}

T

L
2
}4[T2]

[L] 5
?

[L] 1 [L] 

The dimension of each term is the same. 

Notice that in the previous example, we can ignore the 
number }

12} because it has no dimensions. Dimensionless 
quantities include:

• all plain numbers (4, p, etc.) 
• counted quantities (12 people, 5 cars, etc.) 
• angles (although angles have units) 
• cycles 
• trigonometric functions 
• exponential functions 
• logarithms 
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Derived units can be written in terms of base SI units and,thus, base dimensions. For example, the newton has baseunits of kg?m/s2 or dimensions of [M][L][T22]. Can youwrite the dimensions of the joule and the watt? (A list ofderived units is found in Appendix C.) 
Analyzing Experimental Data Controlled physics experiments are conducted to determinethe relationship between variables. The experimental datacan be analyzed in a variety of ways to determine how thedependent variable depends on the independent variable(s).Often the resulting derived relationship can be expressed asan equation.
Proportionality Statements and Graphing The statement of how one quantity varies in relation toanother is called a proportionality statement. (It can also becalled a variation statement.) Typical proportionality state-ments are:

y ∝ x (direct proportion) 
y ∝ }

1

x
} (inverse proportion) 

y ∝ x2 (square proportion) 
y ∝ }

x

1
2
} (inverse square proportion) 

A proportionality statement can be converted into an equa-tion by replacing the proportionality sign with an equal signand including a proportionality constant. Using k to representthis constant, the proportionality statements become the fol-lowing equations:
y 5 kx

y 5

y 5 kx2

y 5 }
x

k

2
}

The constant of proportionality can be determined by usinggraphing software or by applying regular graphing techniquesas outlined in the following steps:
1. Plot a graph of the dependent variable as a functionof the independent variable. If the resulting line ofbest fit is straight, the relationship is a direct varia-tion. Proceed to step 3.

k
}
x

A
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2. If the line of best fit is curved, replot the graph to tryto get a straight line as shown in Figure 2. If the firstreplotting results in a new curved line, draw yetanother graph to obtain a straight line.
3. Determine the slope and y-intercept of the straightline on the graph. Substitute the values into theslope/y-intercept form of the equation that corre-sponds to the variables plotted on the graph with thestraight line.
4. Check the equation by substituting original data points.
5. If required, use the equation (or the straight-linegraph) to give examples of interpolation and extrapolation.
Example 

Use regular graphing techniques to derive the equation

relating the data given in Table 1. 

Solution 

Figure 3 is the graph that corresponds to the data in 

Table 1. The line is straight and has the following slope: 

slope 5 }
D

D

v#

t

$
}

5

slope 5 2.50 m/s2 [E]

The y-intercept is 10.0 m/s [E].

Using y 5 mx 1 b, the equation is

v#$ 5 2.50 m/s2 [E] (t) 1 10.0 m/s [E]

Verify the equation by substituting t = 4.00 s:

v#$ 5 2.50 m/s2 [E] (4.00 s) 1 10.0 m/s [E]

5 10.0 m/s [E] 1 10.0 m/s [E]

v#$ 5 20.0 m/s [E]

The equation is valid. 

25.0 m/s [E] 2 10.0 m/s [E]
}}}

6.00 s 2 0.00 s

x

y
y ∝ x

x

y
y ∝ x 2

Original graph 

and variation

First choice 

to obtain

a straight line

Second choice 

to obtain

a straight line

x

y
y ∝ √x

x

y

y ∝ 1
x

x

y 2

x

y

2

y

1
x

x

y√

x√

y

x

1
y

Figure 2

Replotting graphs to try to obtain a straight line

30

20

10

0 2 4 6

t (s)

v
 (

m
/s

 [
E

])

Figure 3

Velocity-time graph

Table 1 Velocity-Time Data 

t (s) 0.00 2.00 4.00 6.00

v#$ (m/s [E]) 10.0 15.0 20.0 25.0
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Using t 5 3.20 s as an example of interpolation

v#$ 5 2.50 m/s2 [E] (3.20 s) 1 10.0 m/s [E]

5 8.00 m/s [E] 1 10.0 m/s [E]

v#$ 5 18.0 m/s [E]

Example 

Use regular graphing techniques to derive the equation for

the data in the first two rows of Table 2. 

Figure 4(a) is the graph of the data given in the first two

rows of the table. Figure 4(b) shows the replotted graph 

with m replaced with }
m

1
}, which produces a straight line. The 

slope of the straight line is

slope 5

5

slope 5 8.0 kg?m/s2 [E]

The slope is 8.0 kg?m/s2 [E], which can also be written 8.0 N [E].

The y-intercept is 0.0. Using y 5 mx 1 b, the equation is

a#$ 5 8.0 kg?m/s2 [E] 3 }
m

1
}

or a#$ 5

Verify the equation by substituting m 5 6.0 kg:

a#$ 5

a#$ 5 1.333 m/s2 [E]

This value rounds off to 1.3 m/s2 [E], so the equation is valid.

We can use this equation to illustrate extrapolation; for

example, the acceleration when the mass is 9.6 kg the

acceleration is 

a#$ 5

a#$ 5 0.83 m/s2 [E]

The acceleration is 0.83 m/s2 [E]. 

8.0 kg?m/s2 [E]
}}

9.6 kg

8.0 kg?m/s2 [E]
}}

6.0 kg

8.0 N [E]
}

m

3.2 m/s2 [E] 2 1.6 m/s2 [E]
}}}

0.40 kg21 2 0.20 kg21

Da#$
}

D1}
m

1
}2
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LogarithmsMany relationships in physics can be expressed as y 5 kxn.As with other mathematical relationships, this type of equa-tion can be analyzed using graphing software. However,another method that provides good results involves log-loggraphing. If the relationship is plotted on a log-log graph, astraight line results and the equation of the line can be deter-mined. A log-log graph has logarithmic scales on both axes.The axes can have one or more cycles, and the graph chosendepends on the domain and range of the variables to beplotted. For example, a typical log-log graph may have threecycles horizontally and two cycles vertically.The steps in deriving an equation involving two variablesusing log-log graphing techniques are as follows:
1. Label the numbers on the axes of the graph startingwith any power of 10, such as 1023, 1022, 1021, 100,101, 102, 103, or 104. (There is no zero on a log-loggraph.) 

A4

3

2

0 2 4 8

m (kg)

a
 (

m
/s

2
 [

E
])

1

(a)

6

4

3

2

0 0.1 0.2 0.4
a
 (

m
/s

2
 [

E
])

1

(b)

0.3 0.5

∆a

∆(   )1m

1
m

(kg–1)

Figure 4

(a) Acceleration-mass graph

(b) Acceleration- }
ma

1

ss
} graph

Table 2 Acceleration-Mass Data 

m (kg) 2.0 4.0 6.0 8.0

a#$ (m/s2 [E]) 4.0 2.0 1.3 1.0

}
m

1
} (kg21)* 0.50 0.25 0.167 0.125

* The third row is for the redrawn graph of the relationship.
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2. Plot the data on the graph and use an independentscale, such as a millimetre ruler, to determine theslope of the line. This yields the exponent n in theequation y 5 kxn.
3. Substitute data points into the equation y 5 kxn todetermine the k value, include its units, and write thefinal equation.
4. Check the equation by substituting original data points.
Example 

Use log-log graphing techniques to determine the equation

for the data in Table 3. 

Figure 5 shows the log-log graph of the data in Table 3.

The slope of the line is

slope 5 }
D

D

x

y
}

5

slope 5 4

Using the form of the equation y 5 kxn, where n 5 4: 

E 5 kT 4

To determine k, we use the original data: 

k 5 }
T

E

4
}

5 }
4.

(

8

2

0

.0

3

0 K

10

)4

3 J
}

k 5 3.00 3 102 J/K4

The final equation is

E 5 3.00 3 102 J/K4(T)4

40 mm
}
10 mm

Check the equation using T 5 4.00 K:

E 5 3.00 3 102 J/K4(4.00 K)4

E 5 7.68 3 104 J

The equation is valid. 

In the previous example, the values of n and k were calcu-lated once. In student experimentation, the values should becalculated at least three times to improve accuracy.

1 × 103

4 × 103

5 × 103

6 × 103

7 × 103

8 × 103

9 × 103

1 × 104

1 2 3 4 5 6

1 2 3 4 5 6

2 × 104

E (J)

T (K)

3 × 104

4 × 104

5 × 104

6 × 104

7 × 104

8 × 104

9 × 104

1 × 105

40 mm

10 mm

Figure 5

Log-log graph (with a portion removed to save space)

The Exponent n and the Constant k

Always round off the number found when calculating the slope

of a line on a log-log graph. The slope represents the exponent, 

n, and will have values such as 1, 2, 3, 4, }
1

2
}, }

1

3
}, }

1

4
}, etc. 

When two variables are involved in log-log graphing, you 

can find the constant k by determining the y-intercept where 

x 5 1 on the graph. However, the substitution method is 

usually more accurate and has the advantage of providing the

units of k. 

LEARNING TIP

Table 3 Energy-Temperature Data 

T (K) 2.00 3.00 4.00

E (J) 4.80 3 103 2.43 3 104 7.68 3 104
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The log-log graphing technique is particularly useful ifthree or more variables are involved in an experiment, suchas in the centripetal acceleration investigation. The followingsteps can be applied to obtain the equation relating the variables.
1. Plot the data on log-log graph paper.
2. Find the slope n of each line on the graph, and usethe slopes to write the proportionality statements.For example, assume that a depends on b and c suchthat the slopes are 13 and 24 respectively. The proportionality statements are a ∝ b3 and a ∝ c24,

or a ∝ }c14}.
3. Combine the proportionality statements 

1e.g., a ∝ }
bc 4

3
}2.

4. Convert the proportionality statement into an equa-tion by inserting an equal sign and a constant
1e.g., a 5 }

kcb4
3

}2.
5. Solve for the constant k by taking an average of three 

substitutions 1e.g., k 5 }
abc3

4
}2.

6. Write the equation and include the units for k.
7. Check the equation by substitution.

Error Analysis in Experimentation In experiments involving measurement, there is always somedegree of uncertainty. This uncertainty can be attributed tothe instrument used, the experimental procedure, the theoryrelated to the experiment, and/or the experimenter.In all experiments involving measurements, the measure-ments and subsequent calculations should be recorded to thecorrect number of significant digits. However, a formal reportof an experiment involving measurements should include ananalysis of uncertainty, percent uncertainty, and percent erroror percent difference.Uncertainty is the amount by which a measurement maydeviate from an average of several readings of the same meas-urement. This uncertainty can be estimated, so it is called theestimated uncertainty. Often it is assumed to be plus or minushalf of the smallest division of the scale on the instrument; forexample, the estimated uncertainty of 15.8 cm is 60.05 cm or
60.5 mm. The same applies to the assumed uncertainty, whichis the uncertainty in a written measurement; for example, theassumed uncertainty of the Sun’s mass of 1.99 3 1030 kg is
60.005 3 1030 kg or 65 3 1027 kg.Whenever calculations involving addition or subtraction areperformed, the uncertainties accumulate. Thus, to find the

Appendix A

total uncertainty, the individual uncertainties must be added.For example,
(34.7 cm 6 0.05 cm) 2 (18.4 cm 6 0.05 cm) 5 16.3 cm 6 0.10 cm

Percent uncertainty is found by dividing the uncertainty bythe measured quantity and multiplying by 100%. Use yourcalculator to prove that 28.0 cm 6 0.05 cm has a percentuncertainty of 60.18%.Whenever calculations involving multiplication or division areperformed, the percent uncertainties must be added. If desired,the total percent uncertainty can be converted back to uncer-tainty. For example, consider the area of a certain rectangle:
A 5 Lw

5 (28.0 cm 60.18%)(21.5 cm 60.23%)

5 602 cm2 60.41%

A 5 602 cm2 62.5 cm2

Percent error can be found only if it is possible to comparean experimental value with that of the most commonlyaccepted value. The equation is
% error 5 3 100%

Percent difference is useful for comparing measurementswhen the true measurement is not known or for comparingan experimental value to a predicted value. The equation is 
% difference 5 3 100%

Accuracy is a comparison of how close a measured valueis to the true or accepted value. An accurate measurementhas a low uncertainty.Precision is an indication of the smallest unit provided byan instrument. A highly precise instrument provides severalsignificant digits.Random error occurs in measurements when the last sig-nificant digit is estimated. Random error results from varia-tion about an average value. Such errors can be reduced bytaking the average of several readings.Parallax is the apparent shift in an object’s position whenthe observer’s position changes. This source of error can bereduced by looking straight at an instrument or dial.

difference in values
}}}

average of values

measured value 2 accepted value
}}}}

accepted value

APossible Error

Uncertainty can also be called possible error. Thus, estimated

uncertainty is estimated possible error, assumed uncertainty is

assumed possible error, and percent uncertainty is percent 

possible error.

LEARNING TIP
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Systematic error results from a consistent problem with ameasuring device or the person using it. Such errors arereduced by adding or subtracting the known error, calibratingthe instrument, or performing a more complex investigation.
Vectors Several quantities in physics are vector quantities—quantities thathave both magnitude and direction. Understanding and workingwith vectors is crucial in solving many physics problems.

Vector SymbolsA vector is represented in a diagram by an arrow or a directedline segment. The length of the arrow is proportional to themagnitude of the vector, and the direction is the same as thedirection of the vector. The tail of the arrow is the initialpoint, and the head of the arrow is the final point. If the vectoris drawn to scale, the scale should be indicated on the dia-gram (Figure 6).

In this text, a vector quantity is indicated by an arrow abovethe letter representing the vector (e.g., A#$, a#$, SF#$, p#$, etc.). Themanitude of a vector is indicated either by the absolute valuesymbol A#$ or simply A. The magnitude is always positive(unless it is zero).
Directions of VectorsThe directions of vectors are indicated in square brackets fol-lowing the magnitude and units of the measurement. Thefour compass directions east, west, north, and south are indi-cated as [E], [W], [N], and [S]. Other examples are [down],

[forward], [11.5° below the horizontal], [toward Earth’scentre], and [24° N of W] (refer to Figure 7).Directions used in computers and calculators are meas-ured counterclockwise from the 1x-axis in an x-y coordinatesystem. Using this convention, the direction [24° N of W] issimply 156°.

Multiplying a Vector by a Scalar
(Scalar Multiplication)The product of a vector and a scalar is a vector with the samedirection as the original vector, but with a different magni-tude (unless the scalar is 1). Thus, 8.5v#$ is a vector 8.5 timesas long as v#$ and in the same direction. Multiplying a vectorby a negative scalar results in a vector in the opposite direction(Figure 8).

Components of Vectors The component of a vector is the projection of a vector alongan axis of a rectangular coordinate system. Any vector can bedescribed by its rectangular components. In this text, we usetwo rectangular components because the situations are two-dimensional; three rectangular components are required forthree-dimensional situations. Rectangular components arealways perpendicular to each other, and can be called orthog-onal components. (Orthogonal stems from the Greek wordorthos which means “right” and gonia which means “angle.”) Consider the force vector F#$ shown in Figure 9 in whichthe 1x direction is to the left and the 1y direction is upward.The projection of F#$ along the x-axis is Fx and the projection

d= 32 m
a= 14 m/s2

(a) (b)

Figure 6

Examples of vector quantities 

(a) Displacement vector (scale: 1 cm 5 10 m)

(b) Acceleration vector (scale: 1 cm 5 5 m/s2)

24°

E

W

NN

Figure 7

Locating the direction 24° N of W

15º

E

N

p  = 12 kg.m/s [15ºN of E]

scale: 1 cm = 5 kg.m/s 

–p  = 12 kg.m/s [15ºS of W]

15º

Figure 8

Multiplying the momentum vector p#$ by 21 results in the

momentum vector 2p#$.

Geometric and Cartesian Vectors 

The vectors in this text are geometric vectors in one and two

dimensions, which are represented as directed line segments 

or arrows. Cartesian vectors are represented as sets of ordered 

pairs in one and two dimensions. The properties of both 

geometric and Cartesian vectors can be extended to three

dimensions.

LEARNING TIP
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along the y-axis is Fy . Notice that although F#$ is a vector, itscomponents, Fx and Fy , are not vectors; rather they are pos-itive or negative numbers with the same units as F#$. In dia-grams, components are often shown as broken or dashed linesegments.Notice that in Figure 9 there are two angles that indicateeach component in terms of the magnitude and direction ofthe vector. These angles always form a right angle (i.e., in thiscase f 1 b 5 90°).It is often convenient to choose a coordinate system otherthan a horizontal/vertical system or an east-west/north-southsystem. For example, consider the situation in which a skieris accelerating down a hillside inclined at an angle v to thehorizontal (Figure 10(a)). Solving problems related to accel-eration and forces is most convenient if the 1x direction is thedirection of the acceleration, in this case downhill; this meansthat the 1y direction must be perpendicular to the hillside.The corresponding FBD of the skier is shown in Figure 10(b).

Appendix A

Vector AdditionIn arithmetic, 3 1 3 always equals 6. But if these quantities arevectors, 3#$ 1 3#$ can have any value between 0 and 6#$, dependingon their orientation. Thus, vector addition must take intoconsideration the directions of the vectors.To add vector quantities, the arrows representing the vec-tors are joined head-to-tail, with the vector representing theresultant vector joined from the tail of the first vector to thehead of the last vector added (Figure 11). In drawing vectordiagrams, the vectors can be moved around so that they arehead-to-tail. When shifting a vector on a diagram, it is impor-tant that the redrawn vector have the same magnitude anddirection as the original vector.

The result of adding vectors can be called the vector addi-tion, resultant vector, resultant, net vector, or vector sum. Thistext uses these terms interchangeably; in diagrams, the resultantvector is a different colour or a different type of line (such asa broken line) to distinguish it from the original vectors.Vector addition has the following properties:• Vector addition is commutative; the order of additiondoes not matter: A#$ 1 B#$ 5 B#$ 1 A#$.• Vector addition is associative. If more than two vectorsare added, it does not matter how they are grouped:(A#$ 1 B#$) 1 C#$ 5 A#$ 1 (B#$ 1 C#$).
Example 

Use a vector scale diagram to add the following displace-

ments and show that the addition is commutative:

A#$ 5 24 km [32°N of E]

B#$ 5 18 km [E]

C#$ 5 38 km [25°E of S]

A

+y

+x

Fg

FK

F N

Fg sin θ

Fg cos θ

+y

+x

θ
direction of

acceleration

u

Figure 10

(a) A skier accelerating downhill

(b) The FBD of the skier

A

B

C

R 5 A 1 B 1 C

Figure 11

Adding three vectors

b

Fy 5 F sin    or F cos

Fx 5 F cos    or F sin

y

x

1x

1y

F

b

b

φ

φ

φ

Figure 9

The force vector F#$ and its components

(a) (b)
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Solution 

Figure 12 shows the solution using the scale 1 cm 5 10 km.

The resultant displacement R#$ is the same whether we use

R#$ = A#$ 1 B#$ 1 C#$ or R#$ = A#$ 1 C#$ 1 B#$, thus showing that

vector addition is commutative. How would you use this

example to show that vector addition is associative? 

The accuracy of vector addition can be improved byapplying trigonometry. If two perpendicular vectors are added,the law of Pythagoras can be used to determine the magnitudeof the resultant vector. A trigonometric ratio (sine, cosine,or tangent) can be used to determine the direction of theresultant vector. If the vectors are at some angle differentfrom 90° to each other, the cosine law and the sine law can beused to determine the magnitude and direction of the resultantvector.
Example 

Two forces act on a single object. Determine the net force if

the individual forces are

(a) F#$1 5 10.5 N [S] and F#$2 5 14.0 N [W] 

(b) F#$3 = 10.5 N [S] and F#$4 5 14.0 N [25.5° W of S] 

Solution 

(a) Refer to Figure 13(a). Applying the law of Pythagoras: 

oF#$ 5 F#$1 1 F#$2

oF#$ 5 ÏF#$12w1 F#$2
w2w

5 Ï(10.5 Nw)2 1 (1w4.0 N)w2w
oF#$ 5 17.5 N

The angle v is found using trigonometry: 

tan v 5

v 5 tan21

5 tan21

v 5 53.1°

The net force is 17.5 N [53.1° W of S].

(b) Refer to Figure 13(b). Applying the cosine law: 

a2 5 b2 1 c2 2 2bc cos A

a2 5 (14.0 N)2 1 (10.5 N)2 2 2(14.0 N)(10.5 N)(cos 154.5°)

a 5 23.9 N

14.0 N
}
10.5 N

F#$2
}

F#$1

F#$2
}

F#$1

E

N

u

F2 5 14.0 N [W]

(a)

F1 5 10.5 N [S]
oF

(b)

E

N

25.5°

c

b

a
A

C

B

oF

F3 5 10.5 N [S]

F4 5 14.0 N [25.5° W of S]

u

Figure 13

(a) Forces acting on the object 

(b) Determining the net force

A

B

B

CC

R 5 A 1 B 1 C

R 5 59 km [21° S of E]

5 A 1 C 1 B

E

Nscale: 1 cm = 10 km

25°25°
32°

21°

Figure 12

Vector addition using a vector scale diagram
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Applying the sine law: 

}
sin

b

B
} 5 }

sin

a

A
}

sin B 5 }
b s

a

in A
}

sin B 5}
(14.0 N

2

)

3

(

.

s

9

in

N

154.5°)
}

B 5 14.6°

The net force is 23.9 N [14.6° W of S]. 

Another accurate method of vector addition is to use thecomponents of the vectors. This method is recommendedwhen adding three or more vectors. To add any number ofvectors by components, use the following steps:
1. Define an x-y coordinate system, and indicate the 1xand 1y directions.
2. Determine the x- and y-components of all the vectorsto be added.
3. Determine the net x-component by adding all theindividual x-components.
4. Determine the net y-component by adding all theindividual y-components.
5. Determine the magnitude and direction of the netvector by applying the law of Pythagoras and/ortrigonometric ratios.
Example 

Determine the resultant displacement of a dog that runs

with the following displacements:

A#$ 5 10.5 m [E]

B#$ 5 14.0 m [21.5° E of S]

C#$ 5 25.6 m [18.9° S of W]

Solution 

The sketch of the motion in Figure 14(a) indicates that the

resultant displacement is west and south of the initial posi-

tion. For convenience, we choose 1x as west and 1y as

south. The x-components of the vectors are

Ax 5 210.5 m 

Bx 5 214.0 m (sin 21.5°) 5 25.13 m 

Cx 5 25.6 m (cos 18.9°) 5 24.2 m 

The y-components of the vectors are

Ay 5 0 m 

By 5 14.0 m (cos 21.5°) 5 13.0 m 

Cy 5 25.6 m (sin 18.9°) 5 8.29 m 

Appendix A

The net x-component is

Rx 5 Ax 1 Bx 1 Cx

5 210.5 m 2 5.13 m 1 24.2 m 

Rx 5 8.6 m 

The net y-component is

Ry 5 Ay 1 By 1 Cy

5 0 m 1 13.0 m 1 8.29 m 

Ry 5 21.3 m 

As shown in Figure 14(b), the magnitude of the resultant

displacement is

R 5 ÏRx
2 1wRy

2w

5 Ï(8.6 mw)2 1 (2w1.3 m)w2w
R 5 23 m

A

1x

1y
S

W

21.5°

18.9°

A 5 10.5 m [E]

B 5 14.0 m [21.5° E of S]

C 5 25.6 m [18.9° S of W]

R

u

(a)

Figure 14

(a) Motion of the dog

(b) Determining the components of the displacements

1x

1y

R

Rx

Ry

u

(b)
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To find the direction of the resultant displacement: 

tan v 5 }
R

R

x

y

}

v 5 tan21 }
R

R

x

y

}

5 tan21 }
2

8

1

.6

.3

m

m
}

v 5 22°

The resultant displacement is 23 m [22° W of S]. 

Vector SubtractionThe vector subtraction A#$ 2 B#$ is defined as the vector addi-tion of A#$ and 2B#$, where 2B#$ has the same magnitude as B#$,but is opposite in direction. Thus,
A#$ 2 B#$ 5 A#$ 1 (2B#$).

You should be able to show that A#$ 2 B#$ does not equal B#$ 2 A#$;in fact, the two vector subtractions are equal in magnitude, butopposite in direction.Components can be used for vector subtraction. Forexample, if C#$ 5 A#$ 2 B#$ then
Cx 5 Ax 2 Bxand
Cy 5 Ay 2 By

Just as in vector addition, the subtraction of two vectorscan be found using a vector scale diagram, trigonometry, orcomponents.
Example 

Given that A#$ 5 35 m/s [27° N of E] and B#$ 5 47 m/s [E], 

determine the change in velocity C#$ 5 A#$ 2 B#$ using a vector

scale diagram and components of the vectors. 

Solution 

The vector scale diagram in Figure 15(a) shows that

C#$ 5 A#$ 1 (2B#$) where the vector 2B#$ is added with the tail 

touching the head of A#$. In this case, C#$ = 23 m/s [45° W of N].

The x-components of the vectors are

Ax 5 235 m/s (cos 27°) 5 231 m/s 

Bx 5 247 m/s 

The y-components of the vectors are

Ay 5 35 m/s (sin 27°) 5 16 m/s 

By 5 0 m/s 

The net x-component is

Cx 5 Ax 2 Bx

= 231 m/s 2 (247 m/s) 

Cx 5 16 m/s 

The net y-component is

Cy 5 Ay 2 By

5 16 m/s 2 0 m/s 

Cy 5 16 m/s 

As shown in Figure 15(b), the magnitude of the net change

in velocity is

C 5 ÏCx
2 1wCy

2w

5 Ï(16 m/ws)2 1 1w6 m/s)w2w

C 5 23 m/s 

Find the direction of the net change in velocity: 

tan v 5 }
C

C

x

y

}

v 5 tan21 }
C

C

x

y

}

5 tan21

v 5 45°

The net change in velocity is 23 m/s [45° W of N]. 

16 m
}
16 m

1x

1y

45°

27°

(a)

AC

2B

C 5 A 2 B 

C 5 23 m [45° W of N]

Figure 15

(a) Vector subtraction

(b) Determining the net change in velocity

1x

1yu

(b)

Cy

Cx

C



Skills Handbook 761NEL

The Scalar or Dot Product of Two VectorsThe scalar product of two vectors is equal to the product oftheir magnitudes and the cosine of the angle between thevectors. The scalar product is also called the dot productbecause a dot can be used to represent the product symbol.An example of a scalar product is the equation for the workW done by a net force SF#$ that causes an object to move by adisplacement Dd#$ (Section 4.1).
W 5 oF#$?Dd#$

5 oFDd cos v

or W 5 1oF cos v2Dd

Thus, the defining equation of the scalar (or dot) product ofvectors A#$ and B#$ is
A#$?B#$ = AB cos v

where v is the angle between A#$ and B#$, A is the magnitude ofA#$, and B is the magnitude of B#$. Notice that A#$ and B#$ do notrepresent the same quantities.A scalar product can be represented in a diagram as shownin Figure 16 in which an applied force F#$A is at an angle v tothe displacement of the object being pulled (with negligiblefriction).

The Vector or Cross Product of Two Vectors The vector product of two vectors has a magnitude equal to theproduct of the magnitudes of the two vectors and the sine ofthe angle between the vectors. The vector product is alsocalled the cross product because a “3” is used to representthe product symbol. Thus, for vectors A#$ and B#$, the vectorproduct C#$ is defined by the following equation:
C#$ 5 A#$ 3 B#$

Appendix A

where the magnitude is given by C 5 C#$ 5 AB sin v, andthe direction is perpendicular to the plane formed by A#$ andB#$. However, there are two distinct directions that are per-pendicular to the plane formed by A#$ and B#$; to determine thecorrect direction you can use the following rule, illustrated inFigure 17:• Right-hand rule for the vector product: When the fin-gers of the right hand move from A#$ toward B#$, the out-stretched thumb points in the direction of C#$.

The vector (or cross) product has the following properties:• The order in which the vectors are multiplied mattersbecause A#$ 3 B#$ 5 2B#$ 3 A#$. (Use the right-hand rule toverify this.)• If A#$ and B#$ are parallel, v 5 0° or 180° and A#$ 3 B#$ 5 0because sin 0° 5 sin 180° 5 0. Thus, A#$ 3A#$ 5 0.• If A#$ |— B#$ (v 5 90°) then A#$ 3 B#$ 5 AB becausesin 90° 5 1.• The vector product obeys the distributive law; i.e.,A#$ 3 (B#$ 1 C#$) 5 A#$ 3 B#$ 1 A#$ 3 C#$ .

A

Figure 16

Assuming that there is negligible friction, the work done by F#$A on

the cart in moving it a displacement Dd#$ is the scalar product,

FA cos vDd.

θ FA cos θ

FA

∆d

+x

+y

Figure 17

The right-hand rule to determine the direction of the vector

resulting from the vector product C#$ 5 A#$ 3 B#$

B

C = A × B

Alternative Notation

In advanced physics textbooks, vectors are often written using

boldface rather than with an arrow above the quantity. Thus, 

you may find the dot product and the cross product written 

as follows:

A ? B 5 AB cos v

A 3 B 5 AB sin v

LEARNING TIP
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Using Graphing Calculators or
Computer Programs You can use a graphing calculator or a computer-graphingprogram for several purposes, including finding the roots ofan equation or analyzing linear functions, quadratic func-tions, trigonometric functions, and conic functions. You canalso create a graph of given or measured data, and determinethe equation relating the variables plotted or solve two simul-taneous equations with two unknowns.
Graphing Calculators

Example 

A ball is tossed vertically upward with an initial speed of

9.0 m/s. At what times after its release will the ball pass a

position 3.0 m above the position where it is released?

(Neglect air resistance.) 

Solution 

Note: The solution given here is for the TI-83 Plus calculator.

If you have a different computing calculator, refer to its

instruction manual for detailed information about solving

equations. 

Defining upward as the positive direction and using 

magnitudes only, the given quantities are Dd 5 3.0 m, 

vi 5 9.0 m/s, and a 5 29.8 m/s2. The constant acceleration

equation for displacement is

Dd 5 viDt 1 }
1

2
}aDt2

3.0 5 9.0Dt 2 4.9Dt 2

4.9Dt2 2 9.0Dt 1 3.0 5 0

To solve for Dt, we can use the quadratic formula and

enter the data into the calculator. The equation is in the form 

Ax2 1 Bx 1 C 5 0, where A 5 4.9, B 5 29.0, and C 5 3.0. 

1. Store the coefficients A and B, and the constant C in

the calculator: • 4.9øZ5• Z[:] • 29øZ5• Z[:] • 3øZ5• u

2. Enter the expression for the quadratic formula: 

:

• £πZ51ya£Z5°π

4Z5Z5§§•£2Z5§

3. Press u to find one solution to the time. To find

the other solution, the negative must be used in

front of the disciminant. The answers are 1.4 s and

0.44 s. 

C BB
2b 6 Ïb2 2 4wacw
}}

2a

C
B

Example 

Graph the function y 5 cos x for 0° # x # 360°. 

Solution 

1. Put the calculator in degree mode: • z → “Degree” → u. 

2. Enter y 5 cos x into the equation editor: • Y 5 b4§. 

3. Adjust the window so that it corresponds to the given

domain: • e → Xmin 5 0, Xmax 5 360, Xsel 5 90 (for an

interval of 90° on the x-axis), Ymin 5 21, and Ymax 5 1. 

4. Graph the function using the ZoomFit: • qA.

Consider an ellipse, which is important in physics becauseit is the shape of the orbits of planets and satellites. The stan-dard form of the equation of an ellipse where the centre isthe origin and the major axis is along the x-axis is 
}
a

x2

2
} 1 }

b

y2

2
} 5 1, where a . b.

The vertexes of the ellipse are at (a, 0) and (2a, 0), as shownin Figure 18.

Example 

Use the “Zap-a-Graph” feature to plot an ellipse centred on

the origin of an x-y graph and determine the effect of

changing the parameters of the ellipse. 

Solution 

1. Choose ellipse from the Zap-a-Graph menu: • [DEFINE] → Ellipse.

2. Enter the parameters of the ellipse (e.g., a 5 6 and 

b 5 4), then plot the graph. 

3. Alter the ellipse by choosing Scale from the Grid menu

and entering different values. 

Figure 18

An ellipse

ellipse

such that PF1 1 PF2 5 constant

(2a, 0) (a, 0)

(0, 2b)

(0, b)

0

y

x

F1 F2

P

Ïw
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Graphing on a Spreadsheet A spreadsheet is a computer program that can be used to createa table of data and a graph of the data. It is composed of cellsindicated by a column letter (A, B, C, etc.) and a row number(1, 2, 3, etc.); thus, B1 and C3 are examples of cells (Figure 19).Each cell can hold a number, a label, or an equation.

To create a data table and plot the corresponding graph,you can follow the steps outlined in the next example.
Example 

For an initial velocity of 5.0 m/s [E] and a constant accelera-

tion of 4.0 m/s2 [E], set up a spreadsheet for the relationship 

Dd#$ 5 v#$iDt 1 }
1

2
}a#$Dt 2. Plot a graph of the data from t 5 0 s to 

t = 8.0 s at intervals of 1.0 s. 

Solution 

1. Access the spreadsheet and label cell A1 the

independent variable, in this case t, and cell B1 the

dependent variable, in this case Dd. 

2. Enter the values of t from 0 to 8.0 in cells A2 to A10. In

cell B2 enter the right side of the equation in the 

following form: vi*t 1 }
1

2
}*a*t *t where “ * ” represents

multiplication. 

3. Use the cursor to select B2 down to B10 and choose the

Fill Down command or right drag cell B1 down to B10 to

copy the equation to each cell.

4. Command the program to graph the values in the data

table (e.g., choose Make Chart, depending on the

program). 

Appendix A

A spreadsheet can be used to solve a system of two simul-taneous equations, which can occur, for example, when ana-lyzing elastic collisions (discussed in Section 5.3). In aone-dimensional elastic collision, the two equations involvedsimultaneously are 
m1v

#$
1 1 m2v

#$
2 5 m1v

#$
19 1 m2v

#$
29 from the law ofconservation ofmomentum

and }
1

2
} mv1

2 1 }
1

2
} mv2

2 5 }
1

2
} mv19

2 1 }
1

2
} mv29

2 from the law ofconservation ofenergy 
If the known quantities are m1, m2, v1, and v2, then theunknown quantities are v19 and v29. To find the solution tothese unknowns, rewrite the equations so that one unknownis isolated and written in terms of all the other variables. Inthis example, enter v29 in cell A1, enter the first v19 based on theequation for the law of conservation of momentum in cellB1, and enter the second v19 (call it v10) based on the equationfor the law of conservation of energy in cell C1. Then pro-ceed to enter the data according to the previous example,using reasonable values for the variables. Plot the data on agraph and determine the intersection of the two resultinglines. That intersection is the solution to the two simulta-neous equations.

A

Figure 19

Spreadsheet cells

A

1

B C D E

A1 B1 C1

A2 B2

A3

2

3
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In our attempts to further our understanding of the naturalworld, we encounter questions, mysteries, or events that arenot readily explainable. To develop explanations, we investi-gate using scientific inquiry. The methods used in scientificinquiry depend, to a large degree, on the purpose of theinquiry.
Controlled ExperimentsA controlled experiment is an example of scientific inquiry inwhich an independent variable is purposefully and steadilychanged to determine its effect on a second dependent vari-able. All other variables are controlled or kept constant.Controlled experiments are performed when the purpose ofthe inquiry is to create, test, or use a scientific concept.The common components of controlled experiments areoutlined below. Even though the presentation is linear, thereare normally many cycles through the steps during an actualexperiment.
Stating the PurposeEvery investigation in science has a purpose; for example,• to develop a scientific concept (a theory, law, general-ization, or definition);• to test a scientific concept;• to determine a scientific constant; or• to test an experimental design, a procedure, or a skill.
Determine which of these is the purpose of your investigation.Indicate your decision in a statement of the purpose.
Asking the QuestionYour question forms the basis for your investigation: the inves-tigation is designed to answer the question. Controlled exper-iments are about relationships, so the question could be aboutthe effects on variable A when variable B is changed.
Predicting/HypothesizingA prediction is a tentative answer to the question you areinvestigating. In the prediction you state what outcome youexpect from your experiment.A hypothesis is a tentative explanation. To be scientific, ahypothesis must be testable. Hypotheses can range in cer-tainty from an educated guess to a concept that is widelyaccepted in the scientific community.

Designing the InvestigationThe design of a controlled experiment identifies how youplan to manipulate the independent variable, measure theresponse of the dependent variable, and control all the othervariables in pursuit of an answer to your question. It is a sum-mary of your plan for the experiment.
Gathering, Recording, and Organizing
ObservationsThere are many ways to gather and record observations duringyour investigation. It is helpful to plan ahead and think aboutwhat data you will need to answer the question and how bestto record them. This helps to clarify your thinking about thequestion posed at the beginning, the variables, the number oftrials, the procedure, the materials, and your skills. It will alsohelp you organize your evidence for easier analysis.
Analyzing the ObservationsAfter thoroughly analyzing your observations, you may havesufficient and appropriate evidence to enable you to answerthe question posed at the beginning of the investigation.
Evaluating the Evidence and the
Prediction/HypothesisAt this stage of the investigation, you evaluate the processesthat you followed to plan and perform the investigation.You will also evaluate the outcome of the investigation,which involves evaluating any prediction you made, and thehypothesis or more established concept (“authority”) the pre-diction was based on. You must identify and take into accountany sources of error and uncertainty in your measurements.Finally, compare the answer you predicted with the answergenerated by analyzing the evidence. Is your hypothesis, orthe authority, acceptable or not?
Reporting on the InvestigationIn preparing your report, your objectives should be to describeyour planning process and procedure clearly and in sufficientdetail that the reader could repeat the experiment exactly asyou performed it, and to report your observations, youranalysis, and your evaluation of your experiment accuratelyand honestly.

A2 Planning an Investigation
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Modern life is filled with environmental and social issues thathave scientific and technological dimensions. An issue isdefined as a problem that has at least two possible solutionsrather than a single answer. There can be many positions,generally determined by the values that an individual or asociety holds, on a single issue. Which solution is “best” is amatter of opinion; ideally, the solution that is implementedis the one that is most appropriate for society as a whole.The common processes involved in the decision-makingprocess are outlined below. Even though the sequence is pre-sented as linear, you may go through several cycles before decidingyou are ready to defend a decision.
Defining the IssueThe first step in understanding an issue is to explain why it isan issue, describe the problems associated with the issue, andidentify the individuals or groups, called stakeholders, involvedin the issue. You could brainstorm the following questionsto research the issue: Who? What? Where? When? Why? How?Develop background information on the issue by clarifyingfacts and concepts, and identifying relevant attributes, fea-tures, or characteristics of the problem.
Identifying Alternatives/PositionsExamine the issue and think of as many alternative solutionsas you can. At this point it does not matter if the solutionsseem unrealistic. To analyze the alternatives, you shouldexamine the issue from a variety of perspectives. Stakeholdersmay bring different viewpoints to an issue and these may

Appendix A

influence their position on the issue. Brainstorm or hypoth-esize how different stakeholders would feel about your alter-natives. Perspectives that stakeholders may adopt whileapproaching an issue are listed in Table 1.
Researching the IssueFormulate a research question that helps to limit, narrow, ordefine the issue. Then develop a plan to identify and find reli-able and relevant sources of information. Outline the stagesof your information search: gathering, sorting, evaluating,selecting, and integrating relevant information. You may con-sider using a flow chart, concept map, or other graphic organ-izer to outline the stages of your information search. Gatherinformation from many sources, including newspapers, mag-azines, scientific journals, the Internet, and the library.
Analyzing the IssueIn this stage, you will analyze the issue in an attempt to clarifywhere you stand. First, you should establish criteria for eval-uating your information to determine its relevance and sig-nificance. You can then evaluate your sources, determine whatassumptions may have been made, and assess whether youhave enough information to make your decision.There are five steps that must be completed to effectivelyanalyze the issue:

1. Establish criteria for determining the relevance andsignificance of the data you have gathered.
2. Evaluate the sources of information.

A
A3 Decision Making

Table 1 Some Possible Perspectives on an Issue

Cultural focused on customs and practices of a particular group

Environmental focused on effects on natural processes and other living things

Economic focused on the production, distribution, and consumption of wealth

Educational focused on the effects on learning

Emotional focused on feelings and emotions

Aesthetic focused on what is artistic, tasteful, beautiful

Moral/Ethical focused on what is good/bad, right/wrong

Legal focused on rights and responsibilities

Spiritual focused on the effects on personal beliefs

Political focused on the aims of an identifiable group or party

Scientific focused on logic or the results of relevant inquiry

Social focused on effects on human relationships, the community

Technological focused on the use of machines and processes
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3. Identify and determine what assumptions have beenmade. Challenge unsupported evidence.
4. Determine any causal, sequential, or structural rela-tionships associated with the issue.
5. Evaluate the alternative solutions, possibly by con-ducting a risk-benefit analysis.

Defending the DecisionAfter analyzing your information, you can answer your researchquestion and take an informed position on the issue. Youshould be able to defend your preferred solution in an appro-priate format—debate, class discussion, speech, position paper,multimedia presentation (e.g., computer slide show), brochure,poster, video …Your position on the issue must be justified using the sup-porting information that you have discovered in your researchand tested in your analysis. You should be able to defend yourposition to people with different perspectives. In preparing foryour defence, ask yourself the following questions:• Do I have supporting evidence from a variety ofsources?• Can I state my position clearly?• Do I have solid arguments (with solid evidence) sup-porting my position?• Have I considered arguments against my position, andidentified their faults?• Have I analyzed the strong and weak points of eachperspective?
Evaluating the ProcessThe final phase of decision making includes evaluating thedecision the group reached, the process used to reach thedecision, and the part you played in decision making. After adecision has been reached, carefully examine the thinkingthat led to the decision. Some questions to guide your eval-uation follow:• What was my initial perspective on the issue? How hasmy perspective changed since I first began to explorethe issue?• How did we make our decision? What process did weuse? What steps did we follow?

• In what ways does our decision resolve the issue?• What are the likely short- and long-term effects of ourdecision?• To what extent am I satisfied with our decision?• What reasons would I give to explain our decision?• If we had to make this decision again, what would I dodifferently?
A Risk–Benefit Analysis ModelRisk–benefit analysis is a tool used to organize and analyzeinformation gathered in research. A thorough analysis of therisks and benefits associated with each alternative solutioncan help you decide on the best alternative.• Research as many aspects of the proposal as possible.Look at it from different perspectives.• Collect as much evidence as you can, including rea-sonable projections of likely outcomes if the proposalis adopted.• Classify every individual potential result as beingeither a benefit or a risk.• Quantify the size of the potential benefit or risk (per-haps as a dollar figure, or a number of lives affected, orin severity on a scale of 1 to 5).• Estimate the probability (percentage) of that eventoccurring.• By multiplying the size of a benefit (or risk) by theprobability of its happening, you can assign a signifi-cance value for each potential result.• Total the significance values of all the potential risks,and all the potential benefits and compare the sums tohelp you decide whether to accept the proposedaction.
Note that although you should try to be objective in yourassessment, your beliefs will have an effect on the outcome—two people, even if using the same information and the sametools, could come to a different conclusion about the balanceof risk and benefit for any proposed solution to an issue.
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There is a difference between scientific and technologicalprocesses. The goal of science is to understand the naturalworld. The goal of technological problem solving is to developor revise a product or a process in response to a human need.The product or process must fulfill its function but, in con-trast with scientific problem solving, it is not essential tounderstand why or how it works. Technological solutions areevaluated based on such criteria as simplicity, reliability, effi-ciency, cost, and ecological and political ramifications.Although the sequence below is linear, there are normallymany cycles through the steps in any problem-solving attempt.
Defining the ProblemThis process involves recognizing and identifying the needfor a technological solution. You need to clearly state boththe question(s) that you want to investigate and the criteriayou will use as guidelines to solve the problem and to evaluateyour solution. In any design, some criteria may be moreimportant than others. For example, if the product solutionmeasures accurately and is economical, but is not safe, thenit is clearly unacceptable.
Identifying Possible SolutionsUse your knowledge and experience to propose possible solu-tions. Creativity is also important in suggesting novel solutions.You should generate as many ideas as possible about the func-tioning of your solution and about potential designs. Duringbrainstorming, the goal is to generate many ideas without judgingthem. They can be evaluated and accepted or rejected later.To visualize the possible solutions it is helpful to drawsketches. Sketches are often better than verbal descriptionsto communicate an idea.
PlanningPlanning is the heart of the entire process. Your plan will out-line your processes, identify potential sources of informationand materials, define your resource parameters, and estab-lish evaluation criteria.Seven types of resources are generally used in developingtechnological solutions to problems—people, information,materials, tools, energy, capital, and time.
Constructing/Testing SolutionsIn this phase, you will construct and test your prototype usingsystematic trial and error. Try to manipulate only one variableat a time. Use failures to inform the decisions you make beforeyour next trial. You may also complete a cost-benefit analysison the prototype.

Appendix A

To help you decide on the best solution, you can rate eachpotential solution on each of the design criteria using a five-point rating scale, with 1 being poor, 2 fair, 3 good, 4 verygood, and 5 excellent. You can then compare your proposedsolutions by totalling the scores.Once you have made the choice among the possible solu-tions, you need to produce and test a prototype. While makingthe prototype you may need to experiment with the character-istics of different components. A model, on a smaller scale,might help you decide whether the product will be functional.The test of your prototype should answer three basic questions:• Does the prototype solve the problem?• Does it satisfy the design criteria?• Are there any unanticipated problems with the design?
If these questions cannot be answered satisfactorily, youmay have to modify the design or select another solution.

Presenting the Preferred SolutionIn presenting your solution, you will communicate your solu-tion, identify potential applications, and put your solutionto use.Once the prototype has been produced and tested, the bestpresentation of the solution is a demonstration of its use—a test under actual conditions. This demonstration can alsoserve as a further test of the design. Any feedback should beconsidered for future redesign. Remember that no solutionshould be considered the absolute final solution.
Evaluating the Solution and ProcessThe technological problem-solving process is cyclical. At thisstage, evaluating your solution and the process you used toarrive at your solution may lead to a revision of the solution.Evaluation is not restricted to the final step, however, it isimportant to evaluate the final product using the criteriaestablished earlier, and to evaluate the processes used whilearriving at the solution. Consider the following questions:• To what degree does the final product meet the designcriteria?• Did you have to make any compromises in the design?If so, are there ways to minimize the effects of thecompromises?• Are there other possible solutions that deserve futureconsideration?• Did you exceed any of the resource parameters?• How did your group work as a team?

A
A4 Technological Problem Solving
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When carrying out investigations, it is important that scien-tists keep records of their plans and results, and share theirfindings. In order to have their investigations repeated (repli-cated) and accepted by the scientific community, scientistsgenerally share their work by publishing papers in whichdetails of their design, materials, procedure, evidence, analysis,and evaluation are given.Lab reports are prepared after an investigation is com-pleted. To ensure that you can accurately describe the inves-tigation, it is important to keep thorough and accurate recordsof your activities as you carry out the investigation.Investigators use a similar format in their final reports orlab books, although the headings and order may vary. Your labbook or report should reflect the type of scientific inquirythat you used in the investigation and should be based onthe following headings, as appropriate.
TitleAt the beginning of your report, write the number and titleof your investigation. In this course the title is usually given,but if you are designing your own investigation, create a titlethat suggests what the investigation is about. Include the datethe investigation was conducted and the names of all lab part-ners (if you worked as a team).
PurposeState the purpose of the investigation. Why are you doingthis investigation?
QuestionThis is the question that you attempted to answer in the inves-tigation. If it is appropriate to do so, state the question interms of independent and dependent variables.
Prediction/HypothesisA prediction is a tentative answer to the question you areinvestigating. In the prediction you state what outcome youexpect from your experiment.A hypothesis is a tentative explanation. To be scientific, ahypothesis must be testable. Hypotheses can range in cer-tainty from an educated guess to a concept that is widelyaccepted in the scientific community. Depending on the natureof your investigation, you may or may not have a hypothesisor a prediction.

Experimental DesignIf you designed your own investigation, this is a brief gen-eral overview (one to three sentences) of what was done. Ifyour investigation involved independent, dependent, andcontrolled variables, list them. Identify any control or con-trol group that was used in the investigation.
MaterialsThis is a detailed list of all materials used, including sizes andquantities where appropriate. Be sure to include safety equip-ment and any special precautions when using the equipmentor performing the investigation. Draw a diagram to show anycomplicated setup of apparatus.
ProcedureDescribe, in detailed, numbered steps, the procedure you fol-lowed in carrying out your investigation. Include steps toclean up and dispose of waste materials.
ObservationsThis includes all qualitative and quantitative observationsthat you made. Be as precise as appropriate when describingquantitative observations, include any unexpected observa-tions, and present your information in a form that is easilyunderstood. If you have only a few observations, this could bea list; for controlled experiments and for many observations,a table will be more appropriate.
AnalysisInterpret your observations and present the evidence in theform of tables, graphs, or illustrations, each with a title. Includeany calculations, the results of which can be shown in a table.Make statements about any patterns or trends you observed.Conclude the analysis with a statement based only on the evi-dence you have gathered, answering the question that initiatedthe investigation.
EvaluationThe evaluation is your judgment about the quality of evi-dence obtained and about the validity of the prediction andhypothesis (if present). This section can be divided into twoparts:

A5 Lab Reports
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• Did your observations provide reliable and valid evidence to enable you to answer the question? Areyou confident enough in the evidence to use it to eval-uate any prediction and/or hypothesis you made?• Was the prediction you made before the investigationsupported or falsified by the evidence? Based on yourevaluation of the evidence and prediction, is yourhypothesis or the authority you used to make yourprediction supported, or should it be rejected?
The leading questions that follow should help you throughthe process of evaluation.

Evaluation of the Experiment

1. Were you able to answer the question using thechosen experimental design? Are there any obviousflaws in the design? What alternative designs (betteror worse) are available? As far as you know, is thisdesign the best available in terms of controls, effi-ciency, and cost? How great is your confidence in thechosen design?You may sum up your conclusions about thedesign in a statement like: “The experimental design[name or describe in a few words] is judged to beadequate/inadequate because … ”
2. Were the steps that you used in the laboratory correctlysequenced, and adequate to gather sufficient evidence?What improvements could be made to the procedure?What steps, if not done correctly, would have signifi-cantly affected the results?Sum up your conclusions about the procedure in astatement like: “The procedure is judged to be ade-quate/inadequate because … ”
3. Which specialized skills, if any, might have thegreatest effect on the experimental results? Was theevidence from repeated trials reasonably similar? Canthe measurements be made more precise?Sum up your conclusions: “The technological skillsare judged to be adequate/inadequate because … ”
4. You should now be ready to sum up your evaluationof the experiment. Do you have enough confidence inyour experimental results to proceed with your evalu-ation of the authority being tested? Based on uncer-tainties and errors you have identified in the course ofyour evaluation, what would be an acceptable percentdifference for this experiment (1%, 5%, or 10%)?

State your confidence level in a summary state-ment: “Based upon my evaluation of the experiment,I am not certain/I am moderately certain/I am verycertain of my experimental results. The major sourcesof uncertainty or error are … ”
Evaluation of the Prediction and Authority

1. Calculate the percent difference for your experiment.
% difference 5 3 100%

How does the percent difference compare withyour estimated total uncertainty (i.e., is the percentdifference greater or smaller than the differenceyou’ve judged acceptable for this experiment)? Doesthe predicted answer clearly agree with the experi-mental answer in your analysis? Can the percent dif-ference be accounted for by the sources of uncertaintylisted earlier in the evaluation?Sum up your evalution of the prediction: “Theprediction is judged to be verified/inconclusive/falsified because … ”
2. If the prediction was verified, the hypothesis or theauthority behind it is supported by the experiment. Ifthe results of the experiment were inconclusive or theprediction was falsified, then doubt is cast upon thehypothesis or authority. How confident do you feelabout any judgment you can make based on theexperiment? Is there a need for a new or revisedhypothesis, or to restrict, reverse, or replace theauthority being tested?Sum up your evaluation of the authority: “[Thehypothesis or authority] being tested is judged to beacceptable/unacceptable because … ”

SynthesisYou can synthesize your knowledge and understanding in thefollowing ways:• Relate what you discovered in the experiment to theories and concepts studied previously.• Apply your observations and conclusions to practicalsituations.

difference in values
}}}

average of values
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Although every effort is undertaken to make the science expe-rience a safe one, there are inherent risks associated with somescientific investigations. These risks are generally associatedwith the materials and equipment used, and the disregard ofsafety instructions that accompany investigations and activ-ities. However, there may also be risks associated with thelocation of the investigation, whether in the science labora-tory, at home, or outdoors. Most of these risks pose no moredanger than one would normally experience in everyday life.With an awareness of the possible hazards, knowledge of therules, appropriate behaviour, and a little common sense, theserisks can be practically eliminated.Remember, you share the responsibility not only for yourown safety, but also for the safety of those around you. Alwaysalert the teacher in case of an accident.In this text, chemicals, equipment, and procedures that arehazardous are highlighted in red and are preceded by theappropriate Workplace Hazardous Materials InformationSystem (WHMIS) symbol or by .

WHMIS Symbols and HHPSThe Workplace Hazardous Materials Information System(WHMIS) provides workers and students with complete andaccurate information regarding hazardous products. All chem-ical products supplied to schools, businesses, and industriesmust contain standardized labels and be accompanied byMaterial Safety Data Sheets (MSDS) providing detailed infor-mation about the product. Clear and standardized labellingis an important component of WHMIS (Table 1). These labelsmust be present on the product’s original container or beadded to other containers if the product is transferred.The Canadian Hazardous Products Act requires manufac-turers of consumer products containing chemicals to includea symbol specifying both the nature of the primary hazardand the degree of this hazard. In addition, any secondary haz-ards, first aid treatment, storage, and disposal must be noted.Household Hazardous Product Symbols (HHPS) are used toshow the hazard and the degree of the hazard by the type ofborder surrounding the illustration (Figure 1).

B1 Safety Conventions and Symbols

Corrosive

This material can burn your skin and eyes. 

If you swallow it, it will damage your throat

and stomach.

Flammable

This product or the gas (or vapour) from

it can catch fire quickly. Keep this product

away from heat, flames, and sparks.

Explosive

Container will explode if it is heated or if a

hole is punched in it. Metal or plastic can 

fly out and hurt your eyes and other parts 

of your body.

Poisonous

If you swallow or lick this product, you 

could become very sick or die. Some

products with this symbol on the label can 

hurt you even if you breathe (or inhale) 

them.

Danger

Warning

Caution

Figure 1

Household Hazardous Product Symbols (HHPS)
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Table 1 The Workplace Hazardous Materials Information System (WHMIS)

Class and Type of Compounds WHMIS Symbol Risks Precautions

Class A Compressed Gas

Material that is normally
gaseous and kept in a
pressurized container

• could explode due to pressure

• could explode if heated or dropped

• possible hazard from both the

force of explosion and the release

of contents

• ensure container is always secured

• store in designated areas

• do not drop or allow to fall

Class B Flammable and 
Combustible Materials

Materials that will continue to 
burn after being exposed to a 
flame or other ignition source

• may ignite spontaneously

• may release flammable products

if allowed to degrade or when

exposed to water

• store in properly designated areas

• work in well-ventilated areas

• avoid heating

• avoid sparks and flames

• ensure that electrical sources are safe

Class C Oxidizing Materials 

Materials that can cause other
materials to burn or support 
combustion

• can cause skin or eye burns

• increase fire and explosion hazards

• may cause combustibles to

explode or react violently

• store away from combustibles

• wear body, hand, face, and eye protection

• store in proper container that will not rust

or oxidize

Class D Toxic Materials
Immediate and Severe

Poisons and potentially fatal
materials that cause immediate
and severe harm

• may be fatal if ingested or inhaled

• may be absorbed through the skin

• small volumes have a toxic effect

• avoid breathing dust or vapours

• avoid contact with skin or eyes

• wear protective clothing, and face and

eye protection

• work in well-ventilated areas and wear

breathing protection

• may cause death or permanent

injury

• may cause birth defects or sterility

• may cause cancer

• may be sensitizers causing allergies

• wear appropriate personal protection

• work in a well-ventilated area

• store in appropriate designated areas

• avoid direct contact

• use hand, body, face, and eye protection

• ensure respiratory and body protection is

appropriate for the specific hazard

Class D Toxic Materials
Long Term Concealed 

Materials that have a harmful
effect after repeated exposures
or over a long period

• may cause anaphylactic shock

• includes viruses, yeasts, moulds,

bacteria, and parasites that affect

humans

• includes fluids containing toxic

products

• includes cellular components

• special training is required to handle

materials

• work in designated biological areas with

appropriate engineering controls

• avoid forming aerosols

• avoid breathing vapours

• avoid contamination of people and/or area

• store in special designated areas

Class D Biohazardous
Infectious Materials 

Infectious agents or a biological
toxin causing a serious disease
or death

• eye and skin irritation on exposure

• severe burns/tissue damage on

longer exposure

• lung damage if inhaled

• may cause blindness if contacts

eyes

• environmental damage from fumes

• wear body, hand, face, and eye protection

• use breathing apparatus

• ensure protective equipment is appropriate

• work in a well-ventilated area

• avoid all direct body contact

• use appropriate storage containers and

ensure proper non-venting closures

• may react with water

• may be chemically unstable

• may explode if exposed to shock

or heat

• may release toxic or flammable

vapours

• may vigorously polymerize

• may burn unexpectedly

• handle with care avoiding vibration,

shocks, and sudden temperature changes

• store in appropriate containers

• ensure storage containers are sealed

• store and work in designated areas

Class E Corrosive Materials

Materials that react with metals
and living tissue

Class F Dangerously Reactive
Materials 

Materials that may have
unexpected reactions
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General Safety RulesSafety in the laboratory is an attitude and a habit more thanit is a set of rules. It is easier to prevent accidents than to dealwith the consequences of an accident. Most of the followingrules are common sense.• Do not enter a laboratory or prep room unless ateacher or other supervisor is present, or you have per-mission to do so.• Familiarize yourself with your school’s safety regulations.• Make your teacher aware of any allergies or otherhealth problems you may have.• Listen carefully to any instructions given by yourteacher, and follow them closely.• Wear eye protection, lab aprons or coats, and protec-tive gloves when appropriate.• Wear closed shoes (not sandals) when working in thelaboratory.• Place your books and bags away from the work area.Keep your work area clear of all materials except thosethat you will use in the investigation.• Do not chew gum, eat, or drink in the laboratory. Foodshould not be stored in refrigerators in laboratories.• Know the location of MSDS information, exits, and allsafety equipment, such as the fire blanket, fire extin-guisher, and eyewash station.• Use stands, clamps, and holders to secure any poten-tially dangerous or fragile equipment that could betipped over.• Avoid sudden or rapid motion in the laboratory thatmay interfere with someone carrying or working withchemicals or using sharp instruments.• Never engage in horseplay or practical jokes in the laboratory.• Ask for assistance when you are not sure how to do aprocedural step.• Never attempt unauthorized experiments.• Never work in a crowded area or alone in the laboratory.• Report all accidents.• Clean up all spills, even spills of water, immediately.• Always wash your hands with soap and water before orimmediately after you leave the laboratory. Wash yourhands before you touch any food.

• Do not forget safety procedures when you leave thelaboratory. Accidents can also occur outdoors, athome, or at work.
Eye and Face Safety• Wear approved eye protection in a laboratory, nomatter how simple or safe the task appears to be. Keepthe eye protection over your eyes, not on top of yourhead. For certain experiments, full face protection(safety goggles or a face shield) may be necessary.• Never look directly into the opening of flasks or testtubes.• If, in spite of all precautions, you get a chemical inyour eye, quickly use the eyewash or nearest cold run-ning water. Continue to rinse the eye with water for atleast 15 min. This is a very long time—have someonetime you. Have another student inform your teacher ofthe accident. The injured eye should be examined by adoctor.• If you must wear contact lenses in the laboratory, beextra careful; whether or not you wear contact lenses,do not touch your eyes without first washing yourhands. If you do wear contact lenses, make sure thatyour teacher is aware of it. Carry your lens case and apair of glasses with you.• If a piece of glass or other foreign object enters youreye, seek immediate medical attention.• Do not stare directly at any bright source of light (e.g.,a piece of burning magnesium ribbon, lasers, or theSun). You will not feel any pain if your retina is beingdamaged by intense radiation. You cannot rely on thesensation of pain to protect you.• When working with lasers, be aware that a reflectedlaser beam can act like a direct beam on the eye.
Handling Glassware Safely• Never use glassware that is cracked or chipped. Givesuch glassware to your teacher or dispose of it asdirected. Do not put the item back into circulation.• Never pick up broken glassware with your fingers. Usea broom and dustpan.• Do not put broken glassware into garbage containers.Dispose of glass fragments in special containersmarked “Broken Glass.”

B2 Safety in the Laboratory
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• Heat glassware only if it is approved for heating. Checkwith your teacher before heating any glassware.• If you cut yourself, inform your teacher immediately.Embedded glass or continued bleeding requires med-ical attention.• If you need to insert glass tubing or a thermometerinto a rubber stopper, get a cork borer of a suitable size.Insert the borer in the hole of the rubber stopper,starting from the small end of the stopper. Once theborer is pushed all the way through the hole, insert thetubing or thermometer through the borer. Ease theborer out of the hole, leaving the tubing or ther-mometer inside. To remove the tubing or thermometerfrom the stopper, push the borer from the small endthrough the stopper until it shows from the other end.Ease the tubing or thermometer out of the borer.• Protect your hands with heavy gloves or several layersof cloth before inserting glass into rubber stoppers.• Be very careful while cleaning glassware. There is anincreased risk of breakage from dropping when theglassware is wet and slippery.
Using Sharp Instruments Safely• Make sure your instruments are sharp. Surprisingly,one of the main causes of accidents with cutting instru-ments is the use of a dull instrument. Dull cuttinginstruments require more pressure than sharp instru-ments and are therefore much more likely to slip.• Select the appropriate instrument for the task. Neveruse a knife when scissors would work better.• Always cut away from yourself and others.• If you cut yourself, inform your teacher immediatelyand get appropriate first aid.• Be careful when working with wire cutters or woodsaws. Use a cutting board where needed.
Electrical Safety• Water or wet hands should never be used near elec-trical equipment.• Do not operate electrical equipment near runningwater or any large containers of water.• Check the condition of electrical equipment. Do notuse if wires or plugs are damaged, or if the ground pinhas been removed.• Make sure that electrical cords are not placed wheresomeone could trip over them.

Appendix B

• When unplugging equipment, remove the plug gentlyfrom the socket. Do not pull on the cord.• When using variable power supplies, start at lowvoltage and increase slowly.
Waste DisposalWaste disposal at school, at home, or at work is a social andenvironmental issue. To protect the environment, federal andprovincial governments have regulations to control wastes,especially chemical wastes. For example, the WHMIS pro-gram applies to controlled products that are being handled.(When being transported, they are regulated under theTransport of Dangerous Goods Act, and for disposal they aresubject to federal, provincial, and municipal regulations.) Mostlaboratory waste can be washed down the drain, or, if it is insolid form, placed in ordinary garbage containers. However,some waste must be treated more carefully. It is your respon-sibility to follow procedures and dispose of waste in the safestpossible manner according to the teacher’s instructions.
First AidThe following guidelines apply if an injury, such as a burn, cut,chemical spill, ingestion, inhalation, or splash in eyes, hap-pens to yourself or to one of your classmates.• If an injury occurs, inform your teacher immediately.• Know the location of the first-aid kit, fire blanket, eye-wash station, and shower, and be familiar with thecontents/operation.• If you have ingested or inhaled a hazardous substance,inform your teacher immediately. A Material SafetyData Sheet (MSDS) will give information about thefirst-aid requirements for the substance in question.Contact the Poison Control Centre in your area.• If the injury is from a burn, immediately immerse theaffected area in cold water. This will reduce the tem-perature and prevent further tissue damage.• In the event of electrical shock, do not touch theaffected person or the equipment the person wasusing. Break contact by switching off the source ofelectricity or by removing the plug.• If a classmate’s injury has rendered him/her uncon-scious, notify the teacher immediately. The teacher willperform CPR if necessary. Do not administer CPRunless under specific instructions from the teacher.You can assist by keeping the person warm and reassured.

B
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Table 1 Système International (SI) Base Units of Measurement

Quantity Quantity Symbol SI Base Unit Unit Symbol

length L, l, h, d, w, r, λ, Dd#$ metre m

mass m kilogram kg

time t second s

electric current I ampere A

thermodynamic temperature T kelvin K

amount of substance n mole mol

luminous intensity lv candela cd

Table 2 Metric Prefixes and Their Origins

Prefix Abbreviation Meaning Origin

exa E 1018 Greek exa — out of

peta P 1015 Greek peta — spread out 

tera T 1012 Greek teratos — monster

giga G 109 Greek gigas — giant

mega M 106 Greek mega — great

kilo k 103 Greek khilioi — thousand

hecto h 102 Greek hekaton — hundred

deca da 101 Greek deka — ten

standard unit 100

deci d 1021 Latin decimus — tenth

centi c 1022 Latin centum — hundred

milli m 1023 Latin mille — thousand

micro m 1026 Greek mikros — very small

nano n 1029 Greek nanos — dwarf

pico p 10212 Italian piccolo — small

femto f 10215 Greek femten — fifteen

atto a 10218 Danish atten — eighteen

Table 3 The Greek Alphabet

Upper Case Lower Case Name Upper Case Lower Case Name

A a alpha N n nu

B b beta J j xi

G g gamma O o omicron

D d delta P p pi

E e epsilon R r rho

Z z zeta S s sigma

H h eta T t tau

Q u theta Y y upsilon

I i iota F f phi

K k kappa X x chi

L l lambda C c psi

M m mu V v omega
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Table 4 Some SI Derived Units

Quantity Symbol Unit Unit Symbol SI Base Unit

acceleration a#$ metre per second per second m/s2 m/s2

area A square metre m2 m2

Celsius temperature t degrees Celsius °C °C

density r, D kilogram per cubic metre kg/m3 kg/m3

electric charge Q, q coulomb C A?s

electric field E#$ volt per metre V/m kg?m/A?s3

electric field intensity «#$ newton per coulomb N/C kg?m/A?s3

electric potential V volt V kg?m2/A?s3

electric resistance R ohm V kg?m2/A2?s3

energy E joule J kg?m2/s2

force F#$ newton N kg?m/s2

frequency f hertz Hz s21

heat Q joule J kg?m2/s2

magnetic field B#$ weber per square metre (Tesla) T kg/A?s2

gravitational field g#$ newton per kilogram N/kg m/s2

momentum p#$ kilogram metre per second kg?m/s kg?m/s

period T second s s

power P watt W kg?m2/s3

pressure P newton per square metre N/m2 kg/m?s2

radiation activity A becquerel Bq s21

speed v metre per second m/s m/s

velocity v#$ metre per second m/s m/s

volume V cubic metre m3 m3

weight F#$w newton N kg?m/s2

work W joule J kg?m2/s2

Table 5 Physical Constants

Quantity Symbol Approximate Value

speed of light in a vacuum c 3.00 3 108 m/s

universal gravitation constant G 6.67 3 10211 N?m2/kg2

Coulomb’s constant k 9.00 3 109 N?m2/C2

charge on electron 2e 21.60 3 10219 C

charge on proton e 1.60 3 10219 C

electron rest mass me 9.11 3 10231 kg

proton rest mass mp 1.673 3 10227 kg

neutron rest mass mn 1.675 3 10227 kg

atomic mass unit u 1.660 3 10227 kg

electron volt eV 1.60 3 10219 J

Planck’s constant h 6.63 3 10234 J?s
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Table 6 The Solar System

Object Mass (kg) Radius of Period of Mean Radius Period of Orbital 

Object (m) Rotation on of Orbit (m) Revolution of Eccentricity

Axis (s) Orbit (s)

Sun 1.99 3 1030 6.96 3 108 2.14 3 106 — — —

Mercury 3.28 3 1023 2.44 3 106 5.05 3 106 5.79 3 1010 7.60 3 106 0.206

Venus 4.83 3 1024 6.05 3 106 2.1 3 107 1.08 3 1011 1.94 3 107 0.007

Earth 5.98 3 1024 6.38 3 106 8.64 3 104 1.49 3 1011 3.16 3 107 0.017

Mars 6.37 3 1023 3.40 3 106 8.86 3 104 2.28 3 1011 5.94 3 107 0.093

Jupiter 1.90 3 1027 7.15 3 107 3.58 3 104 7.78 3 1011 3.75 3 108 0.048

Saturn 5.67 3 1026 6.03 3 107 3.84 3 104 1.43 3 1012 9.30 3 108 0.056

Uranus 8.80 3 1025 2.56 3 107 6.20 3 104 2.87 3 1012 2.65 3 109 0.046

Neptune 1.03 3 1026 2.48 3 107 5.80 3 106 4.50 3 1012 5.20 3 109 0.010

Pluto 1.3 3 1023 1.15 3 106 5.51 3 105 5.91 3 1012 7.82 3 109 0.248

Moon 7.35 3 1022 1.74 3 106 2.36 3 106 3.84 3 108 2.36 3 106 0.055

Table 7 Atomic Masses of Selected Particles

Name Symbol Atomic Mass (u)

neutron n 1.008 665

proton p 1.007 276

deuteron d 2.013 553

alpha particle a 4.002 602

Table 8 Data for Some Radioisotopes

Atomic 

Number (Z ) Name Symbol Atomic Mass (u) Decay Type Half-Life

1 tritium hydrogen-3 3
1
H 3.016 049 b2 12.33 a

4 beryllium-7 7
4
Be 7.016 928 g 53.29 d

6 carbon-11 11
6

C 11.011 433 b1 20.385 min

6 carbon-14 14
6

C 14.003 242 b2 5730 a

8 oxygen-15 15
8 O 15.003 065 b1 122.24 s

11 sodium-22 22
11

Na 21.994 434 b1, g 2.6088 a

14 silicon-31 31
14 Si 30.975 362 b2, g 157.3 min

15 phosphorus-32 32
15 P 31.973 908 b2 14.262 d

16 sulfur-35 35
16 S 34.969 033 b2 87.51 d

19 potassium-40 40
19 K 39.96 400 b2, b1 1.28 3 109 a

27 cobalt-60 60
27 Co 59.933 820 b2, g 5.2714 a

38 strontium-90 90
38 Sr 89.907 737 b2 29.1 a

43 technetium-98 98
43Tc 97.907 215 b2, g 4.2 3 106 a

49 indium-115 115
49 In 114.903 876 b2, g 4.41 3 1014 a

53 iodine-131 131
53 I 130.906 111 b2, g 8.04 d

61 promethium-145 145
61 Pm 144.912 745 g, a 17.7 a
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Table 8 continued

Atomic 

Number (Z ) Name Symbol Atomic Mass (u) Decay Type Half-Life

75 rhenium-187 187
75 Re 186.955 746 b2 4.35 3 1010 a

76 osmium-191 191
76 Os 190.960 922 b2, g 15.4 d

82 lead-210 82
210 Pb 209.984 163 b2, g, a 22.3 a

82 lead-211 211
82 Pb 210.988 734 b2, g 36.1 min

82 lead-212 212
82 Pb 211.991 872 b2, g 10.64 h

82 lead-214 214
82 Pb 213.999 798 b2, g 26.8 min

83 bismuth-211 211
83 Bi 210.987 254 a, b, b2 2.14 min

84 polonium-210 210
84 Po 209.982 848 a, g 138.376 d

84 polonium-214 214
84 Po 213.995 177 a, g 0.1643 s

85 astatine-218 218
85 At 218.008 68 a, b2 1.6 s

86 radon-222 222
86 Rn 222.017 571 a, g 3.8235 s

87 francium-223 223
87 Fr 223.019 733 b2, g, a 21.8 min

88 radium-226 226
88 Ra 226.025 402 a, g 1600 a

89 actinium-227 227
89 Ac 227.027 749 a, b2, g 21.773 a

90 thorium-228 228
90 Th 228.028 716 a, g 1.9131 a

90 thorium-232 232
90 Th 232.038 051 a, g 1.405 3 1010 a

91 protactinium-231 231
91 Pa 231.035 880 a, g 3.276 3 104 a

92 uranium-232 232
92 U 232.037 131 a, g 68.9 a

92 uranium-233 233
92 U 233.039 630 a, g 1.592 3 105 a

92 uranium-235 235
92 U 235.043 924 a, g 7.038 3 108 a

92 uranium-236 236
92 U 236.045 562 a, g 2.3415 3 107 a

92 uranium-238 238
92 U 238.050 784 a, g 4.468 3 109 a

92 uranium-239 239
92 U 239.054 289 b2, g 23.50 min

93 neptunium-239 239
93 Np 239.052 932 b2, g 2.355 d

94 plutonium-239 239
94 Pu 239.052 157 a, g 24 119 a

95 americium-243 243
95 Am 243.061 373 a, g 7380 a

96 curium-245 245
96 Cm 245.065 484 a, g 8500 a

97 berkelium-247 247
97 Bk 247.070 30 a, g 1380 a

98 californium-249 249
98 Cf 249.074 844 a, g 351 a

99 einsteinium-254 254
99 Es 254.088 02 a, b2, g 275.7 d

100 fermium-253 253
100 Fm 253.085 174 a, g 3.00 d

101 mendelevium-255 255
101 Md 255.091 07 a, g 27 min

102 nobelium-255 255
102 No 255.093 24 a, g 3.1 min

103 lawrencium-257 257
103 Lr 257.099 5 a 0.646 s

104 rutherfordium-261 261
104 Rf 261.108 69 a 65 s

105 dubnium-262 262
105 Db 262.113 76 a 34 s

106 seaborgium-263 263
106 Sg 263.116 2 a 0.9 s

107 bohrium-262 262
107 Bh 262.123 1 a 0.10 s

108 hassium-264 264
108 Hs 264.128 5 a 0.00008 s

109 meitnerium-266 266
109 Mt 266.137 8 a 0.0034 s
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[He] 2s1 [He] 2s2
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[Ar] 4s1 [Ar] 4s2 [Ar] 4s2 3d1 [Ar] 4s2 3d2 [Ar] 4s2 3d3 [Ar] 4s1 3d5 [Ar] 4s2 3d5 [Ar] 4s2 3d6 [Ar] 4s2 3d 7
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Physics Nobel Prize WinnersFor more information on the physics Nobel Prize winnersand their work, check out the official Nobel Foundation Website at http://www.nobel.se/physics/laureates. Canadian citi-zens or those scientists doing their work primarily in Canadaare indicated by a maple leaf.
2001 Eric A. Cornell (1961–), Wolfgang Ketterle (1957–), Carl E. Wieman (1951–)2000 Zhores I. Alferov (1930–), Herbert Kroemer (1928–), Jack S. Kilby (1923–)1999 Gerardus ’t Hooft (1946–), Martinus J.G. Veltman (1931–)1998 Robert B. Laughlin (1950–), Horst L. Störmer (1949–), Daniel C. Tsui(1939–)1997 Steven Chu (1948–), Claude Cohen-Tannoudji (1933–), William D. Phillips(1948–)1996 David M. Lee (1931–), Douglas D. Osheroff (1945–), Robert C. Richardson(1937–)1995 Martin L. Perl (1927–), Frederick Reines (1918–1998)1994 Bertram N. Brockhouse (1918–) , Clifford G. Shull (1915–2001)1993 Russell A. Hulse (1950–), Joseph H. Taylor Jr. (1941–)1992 Georges Charpak (1924–)1991 Pierre-Gilles de Gennes (1932–)1990 Jerome I. Friedman (1930–), Henry W. Kendall (1926–), Richard E. Taylor(1929–)1989 Norman F. Ramsey (1915–), Hans G. Dehmelt (1922–), Wolfgang Paul(1913–1993)1988 Leon M. Lederman (1922–), Melvin Schwartz (1932–), Jack Steinberger (1921–)1987 J. Georg Bednorz (1950–), K. Alexander Müller (1927–)1986 Ernst Ruska (1906–1988), Gerd Binnig (1947–), Heinrich Rohrer (1933–)1985 Klaus von Klitzing (1943–)1984 Carlo Rubbia (1934–), Simon van der Meer (1925–)1983 Subramanyan Chandrasekhar (1910–1995), William Alfred Fowler(1911–1995)1982 Kenneth G. Wilson (1936–)1981 Nicolaas Bloembergen (1920–), Arthur Leonard Schawlow (1921–1999),Kai M. Siegbahn (1918–)1980 James Watson Cronin (1931–), Val Logsdon Fitch (1923–)1979 Sheldon Lee Glashow (1932–), Abdus Salam (1926–1996), Steven Weinberg(1933–)1978 Pyotr Leonidovich Kapitsa (1894–1984), Arno Allan Penzias (1933–),Robert Woodrow Wilson (1936–)1977 Philip Warren Anderson (1923–), Sir Nevill Francis Mott (1905–1996),John Hasbrouck van Vleck (1899–1980)1976 Burton Richter (1931–), Samuel Chao Chung Ting (1936–)1975 Aage Niels Bohr (1922–), Ben Roy Mottelson (1926–), Leo James Rainwater(1917–1986)1974 Sir Martin Ryle (1918–1984), Antony Hewish (1924–)1973 Leo Esaki (1925–), Ivar Giaever (1929–), Brian David Josephson (1940–)1972 John Bardeen (1908–1991), Leon Neil Cooper (1930–), John RobertSchrieffer (1931–)1971 Dennis Gabor (1900–1979)1970 Hannes Olof Gösta Alfvén (1908–1995), Louis Eugène Félix Néel(1904–2000)1969 Murray Gell-Mann (1929–)1968 Luis Walter Alvarez (1911–1988)1967 Hans Albrecht Bethe (1906–)1966 Alfred Kastler (1902–1984)1965 Sin-Itiro Tomonaga (1906–1979), Julian Schwinger (1918–1994), RichardP. Feynman (1918–1988)1964 Charles Hard Townes (1915–), Nicolay Gennadiyevich Basov (1922–),Aleksandr Mikhailovich Prokhorov (1916–2002)1963 Eugene Paul Wigner (1902–1995), Maria Goeppert-Mayer (1906–1972),J. Hans D. Jensen (1907–1973)

1962 Lev Davidovich Landau (1908–1968)1961 Robert Hofstadter (1915–1990), Rudolf Ludwig Mössbauer (1929–)1960 Donald Arthur Glaser (1926–)1959 Emilio Gino Segrè (1905–1989), Owen Chamberlain (1920–)1958 Pavel Alekseyevich Cherenkov (1904–1990), Il´ja Mikhailovich Frank(1908–1990), Igor Yevgenyevich Tamm (1895–1971)1957 Chen Ning Yang (1922–), Tsung-Dao Lee (1926–)1956 William Bradford Shockley (1910–1989), John Bardeen (1908–1991),Walter Houser Brattain (1902–1987)1955 Willis Eugene Lamb (1913–), Polykarp Kusch (1911–1993)1954 Max Born (1882–1970), Walther Bothe (1891–1957)1953 Frits (Frederik) Zernike (1888–1966)1952 Felix Bloch (1905–1983), Edward Mills Purcell (1912–1997)1951 Sir John Douglas Cockcroft (1897–1967), Ernest Thomas Sinton Walton(1903–1995)1950 Cecil Frank Powell (1903–1969)1949 Hideki Yukawa (1907–1981)1948 Patrick Maynard Stuart Blackett (1897–1974)1947 Sir Edward Victor Appleton (1892–1965)1946 Percy Williams Bridgman (1882–1961)1945 Wolfgang Pauli (1900–1958)1944 Isidor Isaac Rabi (1898–1988)1943 Otto Stern (1888–1969)1939 Ernest Orlando Lawrence (1901–1958)1938 Enrico Fermi (1901–1954)1937 Clinton Joseph Davisson (1881–1958), George Paget Thomson (1892–1975)1936 Victor Franz Hess (1883–1964), Carl David Anderson (1905–1991)1935 James Chadwick (1891–1974)1933 Erwin Schrödinger (1887–1961), Paul Adrien Maurice Dirac (1902–1984)1932 Werner Karl Heisenberg (1901–1976)1930 Sir Chandrasekhara Venkata Raman (1888–1970)1929 Prince Louis-Victor Pierre Raymond de Broglie (1892–1987)1928 Owen Willans Richardson (1879–1959)1927 Arthur Holly Compton (1892–1962), Charles Thomson Rees Wilson(1869–1959)1926 Jean Baptiste Perrin (1870–1942)1925 James Franck (1882–1964), Gustav Ludwig Hertz (1887–1975) 1924 Karl Manne Georg Siegbahn (1886–1978)1923 Robert Andrews Millikan (1868–1953)1922 Niels Henrik David Bohr (1885–1962)1921 Albert Einstein (1879–1955)1920 Charles-Edouard Guillaume (1861–1938)1919 Johannes Stark (1874–1957)1918 Max Karl Ernst Ludwig Planck (1858–1947)1917 Charles Glover Barkla (1877–1944)1915 Sir William Henry Bragg (1862–1942), William Lawrence Bragg(1890–1971)1914 Max von Laue (1879–1960)1913 Heike Kamerlingh Onnes (1853–1926)1912 Nils Gustaf Dalén (1869–1937)1911 Wilhelm Wien (1864–1928)1910 Johannes Diderik van der Waals (1837–1923)1909 Guglielmo Marconi (1874–1937), Carl Ferdinand Braun (1850–1918)1908 Gabriel Lippmann (1845–1921)1907 Albert Abraham Michelson (1852–1931)1906 Sir Joseph John Thomson (1856–1940)1905 Philipp Eduard Anton von Lenard (1862–1947)1904 Lord (John William Strutt) Rayleigh (1842–1919)1903 Antoine Henri Becquerel (1852–1908), Pierre Curie (1859–1906),Marie Curie (1867–1934)1902 Hendrik Antoon Lorentz (1853–1928), Pieter Zeeman (1865–1943)1901 Wilhelm Conrad Röntgen (1845–1923)
*No prizes were awarded in 1916, 1931, 1934, and from 1940–1942.


