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Inside the Atom

An atom is the smallest part of an element, such as hydrogen or helium,
that has all of the element’s properties. As shown in Figure 8.2, at the
centre of the atom is a tiny nucleus made up of even tinier particles
called protons and neutrons bound tightly together. Protons are positively
charged and neutrons have no charge. Since both protons and neutrons
exist in the nucleus, they are both referred to as nucleons. The nucleus is
surrounded by even tinier electrons that occupy cloud-like energy levels.
Electrons are negatively charged.

Most of the atom is empty space. The average diameter of an atom
isabout 1 X 10~ m. The nucleus is 10 000 times smaller than the atom,
and nucleons are about one-tenth the size of the nucleus. Electrons are
at least 100 times smaller than a nucleon.

Table 8.1 on the next page shows the sizes of an atom and its parts.
The diagrams in the table are not to scale. If you drew a scale model and
made the atom 1 km in diameter, the protons and neutrons would be
1 cm wide, and the electrons would be the diameter of a hair.

About 99.9 percent of the mass of an atom is found in its extremely
dense nucleus. A proton and a neutron have almost the same mass; a
neutron’s mass is slightly larger. An electron’s mass is almost 2000 times
less than the mass of a proton or neutron.

Charges on Particles

Protons and electrons carry an electric charge. In atomic physics, the
amount of charge carried by a proton (1.602 X 107" coulombs) is used
as the unit of charge, so a proton has a charge of +1. A neutron has no
charge. An electron carries a charge of —1.

An electron’s charge is equal in magnitude but opposite in sign to a
proton’s charge. Particles whose charges have opposite signs attract one
another. Particles whose charges have the same sign repel one another.

When the number of protons in the nucleus of an atom is the same
as the number of electrons outside the nucleus, the atom is electrically
neutral, and it is called a neutral atom.
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Figure 8.2 (a) A Bohr diagram of
ordinary sulphur, which contains
16 protons, 16 neutrons, and

16 electrons (b) A diagram of
the nucleus of a sulphur atom
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Antihydrogen was first made in 1995
at LEAR at CERN. Presently the Large
Hadron Collider at CERN collides beams
of protons and antiprotons to create

3 host of subatomic particles.
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Antiparticles

Every particle has a corresponding antiparticle; for example, the
antiparticles of a proton, neutron, and electron are an antiproton,
antineutron, and positron, respectively. Except for having the opposite
electric charge, a particle and its antiparticle are identical; for example,
an electron and a positron have the same mass, but a positron has a
positive electric charge (+1). When a particle and its antiparticle meet,
they annihilate each other into pure energy.

An antiparticle is denoted by adding a bar over the particle’s symbol;
for example, p for a proton and P for an antiproton.

Antimatter is a form of matter composed only of antiparticles.

Energy Levels and Excited States

A Bohr diagram such as the one shown on the previous page in

Figure 8.2(a) shows the possible energy levels for the electrons in a
given atom. Atomic energy levels exist around the nucleus and contain
electrons. A higher level means a higher energy state. Each energy level
has a maximum number of electrons it can hold.

The Bohr model is useful for visualizing energy levels. However,
electrons do not actually circle the nucleus in spherical orbits. Instead,
an electron has a set of probabilities for its position in a given energy
state. This set of probabilities is called an electron cloud. Different
electrons in the same energy state in an atom have different probability
clouds. Figure 8.3 shows a few of these different cloud shapes.

Figure 8.3 Depictions
of electron clouds within
electron cloud an atom

Electrons can gain or lose energy by absorbing or emitting photons,
which are particles of electromagnetic radiation. When an electron gains
energy, it moves to a higher energy state. It may even break free of the
atom. When an electron loses energy, it drops to a lower energy state.
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[image: image3.jpg]The arrangement of electrons in an atom that gives the lowest total
electron energy is called the atom’s ground state. Atoms are normally
found in their ground state.

An atom that has more energy than its ground state energy is in an
excited state. An atom does not stay in an excited state indefinitely.
Eventually, it emits radiation and makes a transition to either a lower-
energy excited state, or directly to its ground state.

lons

The electrons in an atom’s highest energy level are called valence electrons.

For example, the sulphur atom in Figure 8.2(a) has six valence electrons.
Valence electrons are less tightly bound to the atom than electrons at
lower energy levels and are easily removed.

Each energy level can hold only a certain number of electrons. Atoms
whose highest energy level is full are the least chemically reactive. Atoms
with just one or two valence electrons, or atoms whose highest energy
Jevel needs only one or two electrons to be full, are highly reactive.

When an atom loses one or more electrons, the number of positively
charged protons in the nucleus exceeds the number of negatively charged
electrons surrounding the nucleus. The atom becomes positively charged;
it has become a positive ion of the same element (Figure 8.4).

Similarly, a negative ion is an atom that has gained electrons and
become negatively charged. The process of removing electrons from an
atom or adding electrons to an atom is called ionization.

Concept Check

1. What is a neutral atom?
2. Explain the difference between an atom in its ground state and in an excited state.

3. What is the difference between an atom and an ion?

Interactions Between Particles

Four fundamental interactions can occur between the particles in an
atom: gravitation, electromagnetism, the strong interaction, and the
weak interaction (also known as the strong and weak nuclear forces).

Gravitation is by far the weakest of the four interactions. Its effects
are significant only when it acts between massive objects, and it plays
almost no role at the atomic level.

Electromagnetism acts between electrically charged particles,
either attracting or repelling the particles on which it acts. The magnetic
and electrostatic forces produce the electromagnetic interaction. It is
electromagnetism that binds negatively charged electrons to the
positively charged protons in the nucleus to form atoms.

Protons are all positively charged, so when they are close together,
they repel one another. The strong interaction is a powerful attractive
force that is much stronger than the electrostatic force. The strong
interaction is strong enough to overwhelm the repulsive electromagnetic
force and bind nucleons together to form the nucleus.

3e

Figure 8.4 When an iron atom

loses three electrons, it becomes i

an ion with a charge of +3.
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Practice Problems

1. How many neutrons are in a_

_ nucleusof ZMg?

146 neutrons.
. Write the n
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The strong interaction acts between pairs of neutrons, pairs of protons,
or a neutron and a proton. It has a very short range, about a femtometre
(1 fm = 1.0 X 107" m). This is less than the diameter of the nucleus. At
greater distances, the strong force is practically unobservable. Electrons
do not feel the strong force.

The weak interaction is responsible for processes in which one
particle changes into another type of particle.

Atomic Number and Atomic Mass

A hydrogen nucleus is a single proton. The nuclei of the atoms of all the
other elements contain both protons and neutrons.

Although neutrons have no charge, they help to hold the nucleus
together. Neutrons add to the strong interaction without adding to the
repulsive electrostatic force of the positively charged protons. Most atoms
have at least as many neutrons as protons. In general, the more protons
there are in the nucleus, the higher the proportion of neutrons that are
needed to hold the nucleus together.

The number of protons in a nucleus tells you which element the atom
is. For example, if an atom has six protons, it is a carbon atom, no matter
how many neutrons it has. Atoms of a given element always have the
same number of protons, and atoms with the same number of protons are
always the same element.

Three numbers describe the composition of a nucleus:

Atomic number, Z: the number of protons in a nucleus
Neutron number, N: the number of neutrons in the nucleus
Atomic mass number, A: the number of nucleons in the nucleus, Z + N

A specific atom is often indicated using the notation 7X, where X
is the symbol for the element. This notation shows the composition of
the atom’s nucleus. For example, for a carbon atom with 6 protons and
6 neutrons, Z = 6, N =6,and A = 6 + 6 = 12. The notation for this

carbon atom is % C.

How many neutrons are contained in the nucleus of this gold
atom: 27 Au?

Given

Z=179

A =197

Required
neutron number (V)

Analysis and Solution
SinceA =Z+ N

N=A-2Z
=197 =79
=118

Paraphrase

There are 118 neutrons in a nucleus of 95 Au.
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[image: image5.jpg]Atomic Mass Units

The atomic mass unit (u) is often used for calculations involving nuclei
and subatomic particles (1 u = 1.660 539 X 10~% kg, exactly one-twelfth
of the mass of the carbon-12 atom). Table 8.2 lists the masses of the
electron and nucleons in atomic mass units.

Isotopes

Isotopes are forms of an element that have the same number of protons (Z) but
different numbers of neutrons (V). Many elements have two or more isotopes.
For example, isotopes of the element hydrogen include hydrogen (1 H),
deuterium (}H), and tritium ($H) (Figure 8.5).

Q

1 2 3
1 H . H : H
hydrogen, deuterium, tritium,
or hydrogen-1 or hydrogen-2 or hydrogen-3
(light hydrogen) (heavy hydrogen)

Specific isotopes are usually indicated by the element name and the
atomic mass number. For example, carbon-12 is another way of writing
'¢ C. For a particular element, one or two of the isotopes are usually more
abundant; for example, hydrogen-1, carbon-12, and oxygen-16 are the
most abundant isotopes of hydrogen, carbon, and oxygen.

Since the isotopes of an element all have the same number of protons
and electrons, they have almost identical chemical properties. However,
the physical properties of isotopes of an element can differ dramatically.
Because the isotopes of an element each have a different number of
neutrons, their masses are different. Varying the mass of an atom changes
the mass of the compounds it forms and changes properties such as
density, specific heat capacity, and the temperatures of phase transitions.

Figure 8.6 shows the information given for an element on the periodic
table. Note that the atomic mass is not the atomic mass number. It is the
average atomic mass (in u) of the common isotopes of the element.

You can see on a periodic table that as the atomic mass of the elements
increases, the ratio of neutrons to protons increases. Uranium has the largest
naturally occurring nucleus, with 92 protons and over 140 neutrons.

Also note that when an ion forms, one or more electrons are gained
(or lost), but neither Z nor N changes. So all the ions of an element have
the same atomic number Z and the same atomic mass number N. In
contrast, isotopes of an element all have the same Z, but their N differs.

The various isotopes of an element have very different stability.
Certain combinations of neutrons and protons seem to work best to
balance the interactions in a nucleus. The nuclei of some isotopes are
very stable, remaining in the same form (with the same Z and N) forever.

A nucleus is unstable if it has too few or too many neutrons; the atom
can exist for a while, but sooner or later it will begin to break up. If a
nucleus has more than 83 protons, no number of neutrons can hold it
together forever.
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Table 8.2 Masses of
Subatomic Particles

Electron 5.485 799 x 104
Proton 1.007 276
Neutron 1.008 665

Figure 8.5 There are three naturally
occurring isotopes for Z = 1. They
are commonly known as hydrogen,
deuterium, and tritium.

ion
charges

cO*ppé”r‘
63.55

atomic
mass

Figure 8.6 Information on the
periodic table shows that an atom
of the element copper (Cu) has
29 protons and an atomic mass
of 63.55 u, and forms ions with
charges of +1 and +2.
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[image: image6.jpg]the process is called radioactive decay, or nuclear decay. A substance is
radioactive if it emits nuclear radiation. Radioactivity can change some
isotopes into other isotopes, some elements into different elements, and
even a single particle into two particles.

The common isotopes of lighter elements (elements with relatively
low atomic mass) are not radioactive. The nuclei of these atoms have
been the same since before Earth formed. In contrast, many of the heavier
elements (for example, uranium, thorium, radium, and polonium) have
isotopes that are radioactive. For example, if radium atoms decay, they
become atoms of the lighter element radon.

There are three common forms of nuclear radiation. Alpha radiation
is a stream of fast-moving helium nuclei. Beta radiation is a stream of
fast-moving electrons. Gamma radiation is electromagnetic radiation of
extremely high frequency — its energy is so high that it is better described
as a photon, or particle of radiant energy. Gamma radiation is often
emitted together with alpha and beta radiation.

Background Radiation

Everyone on Earth is exposed to ionizing radiation from natural sources
at all times. This is called natural background radiation.

All animals have small amounts of radioactive isotopes such as
potassium-40 and carbon-14 inside their bodies from interacting with the
environment. Some rocks and minerals, such as uranium, emit radiation,
which is absorbed by the soil and then by the plants we eat. Buildings
made of brick and stone emit some radiation. Radon gas can diffuse out
of the ground to mix with the air we breathe.

Some radiation also comes from cosmic rays. Cosmic rays are charged
particles and gamma rays that reach Earth’s surface from nuclear processes
in stars and galaxies.

Human activity has added to background radiation. Tobacco smoke
emits radiation (Figure 8.9). Medical and dental X-rays and gamma rays
used in diagnostic imaging are a source. Some television and computer
screens emit ionizing radiation. The strontium-90 from nuclear bombs and
reactors has been absorbed into teeth, bones, and bone marrow. Tritium, a
by-product in nuclear power plants, finds its way into water and milk.

Our bodies are equipped to repair damage from radiation, but all
radiation, no matter how small the dose, increases the risk of damage
and mutations to DNA in living things. The risks rise with cumulative
exposure. Doctors, nurses, and technicians who work with radioactive
materials are at greater risk because of their more frequent exposure,
as are flight crews, who are exposed to higher levels of solar and
cosmic radiation.

Concept Check ‘ .

1. Is all radiation dangerous? Explain.
2. Why is ionizing radiation dangerous?

3. Which type-or types of electromagnetic radiation are ionizing? Which type or types
of nuclear radiation are electromagnetic?
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Figure 8.9 The tobacco leaves
used in making cigarettes contain
radioactive material, particularly
lead-210 and polonium-210. These
radioactive isotopes can accumulate
into very high concentrations in
the lungs of smokers. Burning
tobacco releases hundreds

of chemicals, many of which

may play a role in lung cancer,
but radiation is believed to be
responsible for up to 90 percent
of tobacco-related cancer.
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