
217

Chapter9 The Atom

We know the planets in our solar system exist, but are 
there other planets orbiting other stars? Based on its 
size and the laws of probability, the odds are excellent 
that there are other planets in the universe. But finding 
one is another story. Astronomers estimate that there 
are over 200 billion stars in our galaxy and that there 
are at least 50 billion galaxies in the universe! The 
photo at right, taken by the Hubble Space Telescope, 
shows countless galaxies in a tiny speck of space.
Since 1995, some planets have been found. The first 
planets found around stars other than our sun have 
never been seen. Instead, astronomers discovered 
them indirectly, by observing the effects of the planet 
on its companion star. Even though a planet has a 
much smaller mass than the star it orbits, its 
gravitational force “tugs” on the star, causing it to 
wobble slightly. That wobble can be detected by 
analyzing the light given off by the star. Is it possible 
one of those planets has life? Maybe in your lifetime 
scientists will discover that we are not alone in the 
universe!
Finding out about atoms is much like searching for 
planets in the universe. Both endeavors rely on 
indirect evidence. In fact, atoms are so small that there 
are far more atoms in a drop of water than there are 
stars in our galaxy!

Key Questions
If you built a model of a single 

atom as large as a football 

stadium, what object could 

represent the nucleus in the 

center of the stadium?

What is the strongest force in 

the universe? (Hint: it exists 

inside atoms!)

What color of light has the 

highest energy?
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Figure 9.1: An element is composed of one 
type of atom. A compound contains atoms of 
two or more elements in specific ratios.

Vocabulary

atomic theory, proton, electron, 

neutron, charge, nucleus, 

electromagnetic force, strong 

nuclear force, isotopes, atomic 

number, mass number

Objectives

Name the subatomic particles 

that make up an atom and 

describe their locations.

Describe the forces that hold 

atoms together.

Identify the number of particles 

in an atomic nucleus. 

9.1 Atomic Structure
You have read that atoms, by themselves or combined with other atoms in molecules, are the
building blocks of every type of matter. Even though scientists have only recently been able to see
atoms directly, they have been able to infer a model for atomic structure that is based on an
enormous amount of evidence. Like good detective work, to infer is to draw a conclusion that is
supported by all the available evidence (observations). 

The atomic theory 
What is the

atomic theory?
English scientist John Dalton (1766-1844) started experimenting with gases
in the atmosphere in 1787. He found that water existed as a gas in the air.
Since air and water could not occupy the same space at the same time, he
concluded that they must be made of tiny particles that mixed. His careful
measurements gave him repeatable evidence that matter is made up of atoms.
In 1808, Dalton published a detailed atomic theory that contained the
following statements:
1. Matter is composed of tiny, indivisible, and indestructible particles called

atoms.
2. An element is composed entirely of one type of atom. The properties of

all atoms of one element are identical and are different from those of any
other element.

3. A compound contains atoms of two or more different elements. The
relative number of atoms of each element in a particular compound is
always the same.

4. Atoms do not change their identities in chemical reactions. They are just
rearranged into different substances.

Exceptions to
the atomic

theory

Dalton’s theory has been amended as we learned more about the atom. Today
we know that atoms are not indivisible, but are made of smaller particles.
Atoms are not indestructible, but can be split. Not all of the atoms of a given
element are exactly identical. In this section, you will learn about some
changes to the first two statements of Dalton’s atomic theory. 
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The puzzle of the inside of the atom
The electron

identified
An English physicist named J. J. Thomson (1856-1940) observed that streams
of particles could be made to come from different gases placed in tubes
carrying electricity. Thomson identified a negatively charged particle he called
the electron. These electrons must have come out of atoms. Thompson
proposed that the atom was a positive sphere with negative electrons
embedded in it “like raisins in a bun.” (Figure 9.2).

The proton and
the nucleus
discovered

In 1911, Ernest Rutherford (1871-1937), Hans Geiger (1882-1945), and Ernest
Marsden (1889-1970) did a clever experiment to test Thompson’s theory. They
launched fast, positively-charged helium ions at extremely thin pieces of gold
foil. They expected a few helium ions to be deflected a small amount when
they chanced to hit a gold atom and plowed through Thompson’s “pudding.”
They found something else instead. Most of the helium ions passed straight
through the foil (Figure 9.3). Even more surprising, a few bounced back in the
direction they came! The unexpected result prompted Rutherford to remark,
“It was as if you fired an artillery shell at a piece of tissue paper and it came
back and hit you in the head!”

The nuclear
model of the

atom

The best way to explain the pass-through result was if the gold atoms were
mostly empty space, allowing most of the helium ions to go through
undeflected. The best way to explain the bounce-back result was if nearly all
the mass of a gold atom were concentrated in a tiny, hard core at the center.
Further experiments confirmed Rutherford’s ideas and we know that every
atom has a tiny nucleus, that contains more than 99% of the atom’s mass.
Electrons occupy the area between the nucleus and the atom’s edge.

The neutron The positively charged proton was soon discovered and located in the nucleus.
But there still was a serious problem with the atomic model. Protons could
only account for about half the observed mass. This problem was solved in
1932 by James Chadwick (1891-1974). Chadwick bombarded a thin sheet of
beryllium with positively-charged particles. His experiment showed a third
type of subatomic particle, about the same mass as the proton, called the
neutron. The missing mass was now explained. The nucleus contains about
equal numbers of protons and neutrons. 

Figure 9.2: Thomson’s model of the atom.

Figure 9.3: Rutherford’s famous 
experiment led to the discovery of the nucleus.
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Figure 9.4: The mass of at atom is mostly 
in the nucleus because protons and neutrons 
are much heavier than electrons. 

Figure 9.5: The overall size of an atom is 
the size of its electron cloud. The nucleus is 
much, much smaller.

Three subatomic particles make up an atom
Protons,

neutrons, and
electrons

Today we know that atoms are made of three tiny subatomic particles:
protons, neutrons, and electrons. A proton is a particle with a positive
charge. An electron is a particle with a negative charge. A neutron is a
neutral particle and has a zero charge. The charge on one proton and one
electron are exactly equal and opposite. A charge is an electrical property of
particles that causes them to attract and repel each other. If you put a proton
and an electron together, the total charge is zero. Atoms that have the same
number of protons and electrons have a net charge of zero.

The nucleus The protons and neutrons are grouped together in the nucleus, which is at
the center of the atom. The mass of the nucleus determines the mass of an
atom. This is because protons and neutrons are much larger and more massive
than electrons. In fact, a proton is 1,837 times heavier than an electron.
Electrons are found outside the nucleus (Figure 9.4). All atoms have protons
and neutrons in their nuclei except the simplest type of hydrogen, which only
has one proton and no neutrons. The chart below compares electrons, protons,
and neutrons in terms of charge and mass. 

The volume of an
atom

The size of an atom is determined by how far the electrons spread away from
the nucleus. The electrons define a region called the electron cloud. The
diameter of an atom is really the diameter of the electron cloud (10-10 m). The
diameter of the nucleus is 100,000 times smaller than the diameter of the
atom itself, about 10-15 meter (Figure 9.5). As a comparison, if an atom were
the size of a football stadium, the nucleus would be the size of a pea, and the
electrons would be equivalent to a few gnats flying around the stadium at
high speed.
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Forces inside atoms
Electromagnetic

forces
Electrons are bound to the nucleus by electromagnetic force. This force is
the attraction between the positive charge on protons and the negative charge
on electrons. The electrons don’t fall into the nucleus because they have
momentum. The momentum of an electron causes it to move around the
nucleus instead of falling in (Figure 9.6). A good analogy is Earth orbiting the
sun. Gravity creates a force that pulls Earth toward the sun. Earth’s momentum
causes it to orbit the sun rather than fall straight in. While electrons don’t
move in orbits, the analogy is approximately right.

Strong nuclear
force

Because of electromagnetic force, all the positively charged protons in the
nucleus repel each other. What holds the nucleus together? There is another
force that is even stronger than the electromagnetic force. We call it the
strong nuclear force. This force attracts neutrons and protons to each other
and works only at extremely small distances (10-15 meter). If there are enough
neutrons, the attraction from the strong nuclear force wins out over repulsion
from the electromagnetic force and the nucleus stays together. In every atom
heavier than helium there is at least one neutron for every proton in the
nucleus. Even though it only acts over tiny distances, the strong nuclear force
is the strongest force known to science (Figure 9.7).

Weak force There is another nuclear force called the weak force. The weak force is weaker
than both the electromagnetic force and the strong nuclear force. If you leave a
single neutron outside the nucleus, the weak force eventually causes it to break
down into a proton and an electron. The weak force does not play an important
role in a stable atom, but comes into action in certain special cases when atoms
break apart.

Gravity The force of gravity inside the atom is much weaker even than the weak force.
It takes a relatively large mass to create enough gravity to make a significant
force. We know that particles inside an atom do not have enough mass for
gravity to be an important force on the scale of atoms. But there are many
unanswered questions. Understanding how gravity works inside atoms is an
unsolved mystery in science.

Figure 9.6: The negative electrons are 
attracted to the positive protons in the 
nucleus, but their momentum keeps them from 
falling in. 

Figure 9.7: When enough neutrons are 
present the strong nuclear force wins out over 
the repulsion between positively charged 
protons and pulls the nucleus together tightly. 
The strong nuclear force is the strongest force 
in the universe that we know.
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Figure 9.8: Atoms of the same element 
always have the same number of protons.

Figure 9.9: The isotopes of carbon.

How are atoms of each element different?
Atomic number How is an atom of one element different from an atom of another element?

The atoms of different elements contain different numbers of protons in the
nucleus. Because the number of protons is so important, it is called the
atomic number. The atomic number of an element is the number of protons
in the nucleus of every atom of that element. Each element has a unique
atomic number. An atom with only one proton in its nucleus is the element
hydrogen. An atom with eight protons is the element oxygen.

Atoms of the same element always have the same 

number of protons.

Isotopes All atoms of the same element have the same number of protons in the
nucleus. However, atoms of the same element may have different numbers of
neutrons in the nucleus. Isotopes are atoms of the same element that have
different numbers of neutrons. The number of protons in isotopes of an
element is the same. 

The isotopes of
carbon

Figure 9.9 shows three ways to make atoms of carbon. Most carbon atoms
have six protons and six neutrons in the nucleus. However, some carbon
atoms have seven or eight neutrons. They are all carbon atoms because they
all contain six protons but they are different isotopes of carbon. The isotopes
of carbon are called carbon-12, carbon-13, and carbon-14. The number after
the name is called the mass number. The mass number of an isotope tells
you the number of protons plus the number of neutrons.

Mass number = number of protons + number of neutrons

What if there are
too many

neutrons?

Almost all elements have one or more isotopes that are stable. “Stable”
means the nucleus stays together. For complex reasons the nucleus of an atom
becomes unstable if it contains too many or too few neutrons compared to
protons. If the nucleus is unstable it breaks apart. Carbon has two stable
isotopes, carbon-12 and carbon-13. Carbon-14 is radioactive because it has
an unstable nucleus. An atom of carbon-14 eventually changes itself into an
atom of nitrogen-14. This process, called radioactive decay, is discussed
further in chapter 11.
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Atomic mass
Units of

atomic mass
The atomic mass of an atom is usually given in atomic mass units (amu). One
amu is 1.66 × 10-27 kg, which is one-twelfth (1/12) the mass of a carbon-12
atom. To determine the mass of a single atom, you multiply the atomic mass in
amu by 1.66 × 10-27 kg/amu. For example, an “average” lithium atom has a
mass of 1.15 × 10-26 kg (6.94 × 1.66 × 10-27 kg/amu). This is a very small
mass compared to the mass of every day objects!

Atomic mass Elements in nature usually have a mixture of isotopes. For example, a standard
table of elements lists an atomic mass of 6.94 for the element lithium. That
does NOT mean there are 3 protons and 3.94 neutrons in a lithium atom! On
average, 94 percent of lithium atoms are lithium-7 and 6 percent are lithium-6
(Figure 9.10). The average atomic mass of lithium is 6.94 because of the
weighted average of the mixture of isotopes.

Identifying the 
number of 

particles in a 
nucleus

How many neutrons are present in an aluminum atom that has an atomic number of 13 and a mass number of 27?

1. Looking for: You are asked to find the number of neutrons.
2. Given: You are given the atomic number and the mass.
3. Relationships: Use the formula: protons + neutrons = mass number. 
4. Solution: Solve the equation for neutrons: neutrons = mass number - protons

Plug in and solve: neutrons = 27 - 13 = 14
The aluminum atom has 14 neutrons.

Your turn...
a. How many neutrons are present in a magnesium atom (atomic number 12) with a mass number of 25? Answer: 13
b. Find the number of neutrons in a calcium atom (atomic number 20) that has a mass number of 42. Answer: 22

9.1 Section Review

1. Name the three subatomic particles. Describe the location and charge of each particle.

2. What force holds an electron in an atom? What force holds the nucleus together?

3. One atom has 12 protons and 12 neutrons. Another has 13 protons and 12 neutrons. Are they the same or different elements?

4. Argon-36 has 18 protons. How many neutrons does it have?

Figure 9.10: Naturally occurring elements 
have a mixture of isotopes.
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Figure 9.11: The metals lithium, sodium, 
and potassium all form molecules with two 
atoms of oxygen. All the elements in group 
one of the periodic table form molecules with 
two oxygen atoms.

Vocabulary

periodic table, period, group, metal, 

nonmetals, metalloids, energy level, 

valence electrons, chemical bond, 

noble gases

Objectives

Use the periodic table to obtain 

information about the elements.

Explain the relationship between 

an element’s placement on the 

periodic table and its chemical 

properties.

Understand a simple model of 

electron arrangement.

9.2 Electrons and the Periodic Table
Before scientists understood how atoms were put together, they were able to identify elements by
their chemical properties. In this section, you learn how the elements are organized in the periodic
table and how an element’s chemical properties are related to the arrangement of electrons.

The periodic table
How many

elements are
there?

In the 18th through 20th centuries, scientists tried to find and catalog all the
elements that make up our universe. To do so, they had to carefully observe
substances in order to identify them, and then try to break them apart by any
possible means. If a substance could be broken apart it could not be an
element. Only a substance that could not be broken apart could truly be an
element. As of this writing, scientists have identified 118 elements. Only 88
of these occur naturally. The others are made in laboratories.

The modern
periodic table

As chemists worked on determining which substances were elements, they
noticed that some elements acted like other elements. The soft metals lithium,
sodium, and potassium always combine with oxygen in a ratio of two atoms
of metal per atom of oxygen (Figure 9.11). By keeping track of how each
element combined with other elements, scientists began to recognize
repeating patterns. From this data, they developed the first periodic table of
the elements. The periodic table organizes the elements according to how
they combine with other elements (chemical properties).

Organization of
the periodic

table

The periodic table is organized in order of increasing atomic number. The
lightest element (hydrogen) is at the upper left. The heaviest (#118) is on the
lower right. 
The periodic table is further divided into periods and groups. Each horizontal
row is called a period. Across any period, the properties of the elements
gradually change. Each vertical column is called a group. Groups of
elements have similar properties. The main group elements are Groups 1-2
and 13-18 (the tall columns of the periodic table) Elements in Groups 3
through 12 are called the transition elements. The inner transition elements,
called lanthanides and actinides, are usually put below to fit on a page.



225UNIT 3 MATTER AND ENERGY

CHAPTER 9: THE ATOM

Reading the periodic table
Metals,

nonmetals, and
metalloids

Most of the elements are metals. A metal is typically shiny, opaque, and a
good conductor of heat and electricity as a pure element. Metals are also
malleable, which means they can be hammered into different shapes or bent
without breaking. With the exception of hydrogen, the nonmetals are on the
right side of the periodic table. Nonmetals are poor conductors of heat and
electricity. Solid nonmetals are brittle and appear dull. Metalloids have
properties of both metals and nonmetals. They are weak conductors of
electricity and are often used as semiconductors in computer circuits.

Figure 9.12: Reading the periodic table.
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Figure 9.13: Electrons occupy energy 
levels around the nucleus. The farther away 
an electron is from the nucleus, the higher the 
energy it possesses.

Figure 9.14: A helium atom has two 
protons in its nucleus and two electrons.

Electrons in atoms
Electrons

determine most
properties

Why is pure gold a shiny yellow color? Why is iron hard? Why is oxygen
important to life? What about atoms gives the elements their unique physical
and chemical properties? The answer is the electrons. Electrons determine
almost all the physical and chemical properties of matter, except for mass.

The electron
cloud

Recall that electrons form the electron cloud outside the nucleus. Complete
atoms have the same number of protons and electrons. A helium atom has 2
protons and 2 electrons. A silver atom has 47 protons and 47 electrons. 

Quantum rules The electrons in an atom obey an unusual set of rules that only allow them to
have special values of energy and momentum. These rules are given by
quantum mechanics, the branch of physics that deals with the world at the
atomic scale. The two most important rules are:
1. The energy of any electron in an atom must match one of the energy

levels in the atom.
2. Each energy level can hold only a certain number of electrons, and no

more. 
Energy levels An energy level is a region in the electron cloud with a specific electron

energy. The first (lowest) energy level holds up to 2 electrons and is closest to
the nucleus. The second and third energy levels hold up to eight electrons
each. The first four energy levels are shown in (Figure 9.13).

How electrons
fill in the energy

levels

Each energy level can hold only a fixed number of electrons. Electrons fill up
the energy levels element-by-element, starting from the first. For example, a
helium atom has two electrons. The two electrons completely fill up the first
energy level (Figure 9.14). The next element is lithium with three electrons.
Since the first energy level only holds two electrons, the third electron must
go into the second energy level. Lithium starts the second row (period) of the
periodic table because it is the first element with an electron in the second
energy level.
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Valence electrons and the periodic table
Period 2

elements
The picture below shows how the electrons in the elements in the second
period (lithium to neon) fill the energy levels. Carbon has six electrons so the
first energy level is full and four electrons go into the second level
(Figure 9.15). Each element in the second period adds one more electron until
all 8 spots in the second energy level are full at atomic number 10, which is
neon. 

Valence
electrons

Electrons in the highest energy level are called valence electrons. Think of
the valence electrons as forming the outer edge of the atom. The inner core
electrons and the nucleus do not interact with other atoms. Therefore, the
valence electrons determine almost all the properties of an element.

Atoms combine
by sharing or

trading electrons

Atoms combine with other atoms by sharing or trading valence electrons.
Shared electrons are how molecules are held together. That is why valence
electrons are so important. The valence electrons determine how atoms of one
element combine with atoms of other elements.

Atoms seek full
or empty energy

levels

Atoms share or trade electrons so they can have energy levels that are either
completely filled or completely empty. Hydrogen has one valence electron and
needs one more to fill its outer energy level. Oxygen has six valence electrons
and needs two more to fill its outer energy level. So one oxygen atom shares
electrons with two hydrogen atoms to make a water molecule (Figure 9.16). 

Chemistry Many mysteries in chemistry were explained when we finally understood how
electrons in atoms behaved. Atoms combine with each other into molecules
and compounds by sharing or trading valence electrons. Atoms combine in
molecules so that each atom in the molecule has completely filled or
completely empty energy levels.

Figure 9.15: A carbon atom has four 
valence electrons. The second energy level is 
its outermost level.

Figure 9.16: The valence electrons in a 
water molecule.
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Dot diagrams
Valence electrons are often shown 
using dot diagrams. This system 
was developed in 1916 by G.N. 
Lewis, an American chemist. The 
symbol of the element in the 
diagram represents the nucleus of 
an atom and all of its electrons 
except for the valence electrons. 
The number of dots placed around 
the symbol of the element is equal 
to the number of valence 
electrons. Dots are shown in pairs 
around the four sides of the 
symbol as a reminder that valence 
electrons occur in pairs. Electrons 
begin to pair up only when no 
more single spaces are left. This is 
why the first four electrons are 
shown as single dots around the 
symbol, as in the diagram for 
carbon.

Energy and chemical bonds
Electrons form

chemical bonds
A chemical bond forms when atoms trade or share electrons. Two atoms
that are sharing one or more electrons are chemically bonded and move
together. In a water molecule, each hydrogen atom shares its single electron
with the oxygen atom at the center. Almost all elements form chemical bonds
easily. Most matter on Earth is in the form of compounds not pure elements.

Why bonds form Why do atoms form bonds with other atoms? Like many other physics
questions, the answer involves energy. When an energy level is completely
full (or empty) the total energy of the atom is lower than when the level is
only partly filled. By combining with other atoms into molecules, each atom
in a molecule is able to lower its energy. 

Noble gases Some atoms already have completely filled energy levels. The noble gases
(helium, neon, argon,...) all have completely filled energy levels. These
elements usually do not form chemical bonds with other elements and are
found as pure elements in nature.

Energy is
released as

molecules form

When a molecule forms, energy is released. When pure hydrogen is mixed
with pure oxygen, a tiny spark causes a huge explosion. The explosion comes
from the energy released as hydrogen atoms combine with oxygen atoms to
make water molecules. The space shuttle engines use pure hydrogen and
oxygen for fuel because of the amount of energy released.

Chemical energy Chemical energy is energy stored in chemical bonds between atoms. The
energy is released when a molecule forms. You must supply energy to
separate the atoms in a molecule.

9.2 Section Review

1. What is the atomic mass of manganese?

2. To which group of the periodic table does oxygen belong? List the other elements in the

group.

3. Does argon combine with other elements to make compounds? Explain your answer.

4. Lithium and carbon have their valence electrons in the second energy level. In what level does

each of the elements calcium, rubidium, iodine, and krypton have their valence electrons?
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9.3 Quantum Theory and the Atom
Have you ever seen a neon light? Inside the glass tube there is an element in the gas phase, such as
neon, argon or krypton. When the right amount of energy is added to the atoms, they emit light that
we can see. Neon emits red light when energized. Other elements emit other colors. Each element
emits a characteristic color of light. Why? In this section, you will learn how the colors of light
given off by atoms tell scientists a lot about the inside of the atom.

The spectrum
The spectrum Light is given off when electricity passes through a gas. This is how

fluorescent bulbs and neon signs work. If you look through a prism at the light
given off by a pure element you see that the light does not include all colors.
Instead you see a few very specific colors, and the colors are different for
different elements (Figure 9.17). The characteristic pattern of colors is called a
spectrum. The colors of clothes, paint, and everything else around you come
from this property of elements to emit or absorb light of only certain colors. 

Spectrometers
and spectral

lines

Each individual color is called a spectral line because each color appears as a
line in a spectrometer. A spectrometer is a device that spreads light into its
different colors. The diagram below shows a spectrometer made with a prism.
The spectral lines appear on the screen on the right.

Energy and color Light is a form of pure energy. The amount of energy depends on the color of
the light. Red light has low energy and blue light has higher energy. Green and
yellow light have energy between red and blue. The fact that atoms only emit
certain colors of light tells us that something inside an atom can only have
certain values of energy. Light is given off by electrons and this is how
scientists first discovered the energy levels in an atom. 

Figure 9.17: When light from energized 
atoms is directed through a prism, spectral 
lines are observed. Each element has its own 
distinct pattern of spectral lines.

Vocabulary

spectrum, spectral line, 

spectrometer, quantum theory, 

quantum state, Planck’s constant, 

uncertainty principle, photons, 

probability

Objectives

Explain the meaning of quantum 

theory. 

Compare and contrast the Bohr 

and quantum atomic models.

Explain why probability is 

important when working with 

atom-sized systems.
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Figure 9.18: When the right amount of 
energy is absorbed, an electron in a hydrogen 
atom jumps to a higher energy level—an 
excited state. When the electron falls back to 
lower energy—the ground state—it releases 
the same amount of energy it absorbed. The 
energy comes out of the atom as light of a 
specific color.

Quantum theory and the Bohr atom
Neils Bohr Light is emitted by electrons as they are accelerated, or as they change their

energy. Danish physicist Neils Bohr (1885-1962) proposed the concept of
energy levels to explain the spectrum. When an electron moves from one
energy level to another the atom gives up the energy difference between the
two levels. The energy comes out as different colors of light. The specific
colors of the spectral lines correspond to the differences in energy between
the energy levels. The energy in atoms changes in little jumps which Bohr
called quanta. For electrons, it’s an-all-or-nothing jump between energy
levels that releases quantities of energy as colors of light.

Explaining
spectral lines

When a hydrogen atom absorbs energy from electricity, an electron moves to
a higher energy level (Figure 9.18). That is how the atom absorbs the energy,
by promoting electrons to higher energy levels. The atom emits the energy
when the electron falls back to a lower energy. The emitted energy comes out
as light with a color proportional to the energy difference between the level
where the electron started and where it ended up. The diagram below shows
how the spectral lines of hydrogen come from electrons falling from the 3rd,
4th, 5th, and 6th energy levels down to the 2nd energy level.

Light can be
thought of

as a particle

The Bohr atom led to a new way of thinking about energy in atomic systems.
A quanta is a quantity of something that cannot be divided any smaller. One
electron is a quanta of matter because you can’t split an electron. Quantum
theory says that when a particle (such as an electron) is confined to a small
space (inside an atom) the energy, momentum, and other variables of the
particle become quantized and can only have specific values. 
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The quantum model of the atom
Quantum theory

and probability
Quantum theory says that when things get very small, on the size of atoms,
matter and energy do not obey Newton’s laws or other laws of classical
physics. At least the classical laws are not obeyed in the same way as with
larger objects, like a baseball. 

The quantum
model of the

atom

In 1925, Erwin Schrödinger (1887-1961) proposed the quantum model of the
atom we still use today. The quantum atom still has all the protons and
neutrons in a tiny nucleus. However, instead of thinking about an electron as a
particle moving around the nucleus, the electron dissolves into a fuzzy cloud
of negative charge called a quantum state. The quantum state spreads the
electron out into a three-dimensional cloud with a shape that depends on the
electron’s energy level and location within its energy level. The second energy
level has 8 quantum states, one for each of the 8 electrons the level can hold.
Figure 9.19 shows the shapes of these 8 quantum states. These shapes are
important because they determine the shape of molecules the atom forms.

The Pauli
exclusion
principle

According to the quantum model, two electrons can never be in the same
quantum state at the same time. This rule is known as the Pauli exclusion
principle after Wolfgang Pauli (1900-1958). The exclusion principle is why an
electron cannot fall to a lower energy level if it is already filled by other
electrons. Once all the quantum states in the first energy level are occupied,
the next electron has to go into a higher energy level.

Two electrons can never be in the same quantum state in 

the same atom at the same time.

Planck’s
constant

The “smearing out” of particles into fuzzy quantum states becomes important
when size, momentum, energy or time become comparable in size to Planck’s
constant. Planck’s constant (h) has the value 6.6 × 10-34 joule-seconds. The
units are energy × time but are the same as distance × momentum. If you
measure the momentum of an electron in a hydrogen atom, and multiply it by
the size of the atom, the result is about 1 × 10-34 joule-seconds. This is
comparable to Planck’s constant and is why quantum theory must be used to
describe this electron.

Figure 9.19: The 3-D shapes of the 8 
quantum states in the second energy level.
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Figure 9.20: The act of observing anything 
in the quantum world means disturbing in 
unpredictable ways the very system you are 
trying to measure. 

The uncertainty principle
The uncertainty

principle
If an electron is spread out into a quantum state, how can you locate its exact
position in an atom? You can’t! The work of German physicist Werner
Heisenberg (1901-1976) led to Heisenberg’s uncertainty principle.
According to the uncertainty principle, a particle’s position, momentum,
energy, and time can never be precisely known in a quantum system.

Understanding
the

uncertainty
principle

The uncertainty principle arises because the quantum world is so small. In the
quantum world light energy comes in little bundles called photons. When
you see a car, your eye collects trillions of photons that bounce off the car.
Photons are so small compared with a car that the car is not affected by your
looking at it. To “see” an electron you also have to bounce a photon of light
off it, or interact with the electron in some way (Figure 9.20). Because the
electron is so small, even a single photon moves it and changes its motion.
That means the moment you use a photon to locate an electron, you push it so
you no longer know precisely how fast it is going. In fact, any process of
observing in the quantum world changes the very system you are trying to
observe. The uncertainty principle works because measuring any variable
disturbs the others in an unpredictable way.

The meaning of
the uncertainty

principle

The uncertainty principle has some very strange implications. In the quantum
world, anything that can happen, does happen. Put more strongly, unless
something is specifically forbidden from happening, it must happen. For
example, suppose you could create a particle out of nothing, then make it
disappear again. Suppose you could do this so fast that it was within the
energy and time limit of the uncertainty principle. You could break the law of
conservation of energy if you did it quickly enough and in a very small space.
We believe this actually happens. Physicists believe the so-called “vacuum”
of space is not truly empty when we consider details so small the uncertainty
principle prevents us from seeing them. There is considerable experimental
evidence that supports the belief that particles of matter and antimatter are
continually popping into existence and disappearing again, out of pure
nothing. This implies that empty space (vacuum) may have energy of its own,
even when there is absolutely no ordinary matter or energy present.
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Probability and quantum theory
Predicting the

behavior of
particles in a

system

According to Newton’s laws, if you throw a ball, you can calculate exactly
where the ball will be at every moment of its motion. Because electrons are so
tiny, this type of calculation is not possible. Instead, quantum theory uses
probability to predict the behavior of large numbers of particles in a system.

The meaning of
probability

Probability describes the chance for getting each possible outcome of a
system. If you toss a penny, there are two ways it can land, either heads up or
tails up. With a single penny, there is a 50 percent probability of getting heads,
and a 50 percent probability of getting tails. Suppose you flip 100 pennies and
record the number of heads. You repeat this experiment 100 times and graph
your results (Figure 9.21). The graph tells you that there is a 5.5% chance that
you will get exactly 50 heads out of 100 coin tosses. If you repeated the
experiment 1,000 times you would expect 55 experiments to come up with
exactly 50 heads and 50 tails. While you can never accurately predict the
outcome of one toss of the penny, you can make accurate predictions about a
collection of many tosses.

The wave
function

In quantum theory, each quantum of matter or energy is described by its wave
function. The wave function mathematically describes how the probability for
finding a particle is spread out in space (Figure 9.22). If you observe a trillion
identical electrons, you can say with great precision how many will be found
at that place. But quantum theory still cannot tell you where any single
electron is. Because of its basis in probability, quantum theory can only make
accurate predictions of the behavior of large systems with many particles.

9.3 Section Review

1. Describe how the colors in a spectrum from an atom are different from those in a rainbow. 

2. Why does light from atoms show spectral lines?

3. How many electrons can fit in the same quantum state in the same atom?

4. Give an example of probability.

Figure 9.21: The probability for the 
outcome of 100 tosses of a penny.

Figure 9.22: The wave function describes 
how the probability of an electron is spread 
out in the space around the nucleus.
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Indirect Evidence and Archaeology
Ernest Rutherford located the atom’s nucleus through 
experiments—without ever seeing 
it directly. Using indirect evidence 
is also transforming the field of 
archaeology. Using remote sensing 
techniques, archaeologists can 
locate and describe features of 
ancient civilizations before a shovel 
ever touches the soil.
Searching for a lost city

American archaeologist Dr. Juris 
Zarins had long been fascinated by 
tales of a bustling ancient Arabian 
city called Ubar. The city is 
mentioned in Bedouin tales, in 
Greek and Roman histories, the 
Arabian Knights, and the Koran. Clues in these manuscripts led Dr. 
Zarins to believe that Ubar thrived for centuries as a crossroad for 
trade until its decline around 300 A.D.
Since then, all traces of the city had vanished, buried in 600-foot 
tall sand dunes that spread across an area the size of Texas in the 
southern Arabian peninsula. The area is known as “the empty 
quarter” and “the sandy sea.” How could anyone possibly find a 
city buried in such a vast, featureless terrain? 
Still, Zarins wanted to try. In 1987, he teamed up with American 
filmmaker and amateur archaeologist Nicholas Clapp to organize 
an expedition. Knowing it would take several lifetimes to excavate 
an area that large, they turned to NASA geologist Ron Blom for 
help. Could space shuttle or satellite imaging reveal anything that 
would narrow the search?

Hidden pathways revealed

Blom collected images of the region from a space shuttle mission 
and two satellites. The satellites, known 
as Landsat, make images from 
electromagnetic radiation reflected from 
Earth’s surface. The sun also shines at 
light wavelengths slightly longer than 
the human eye can see, called “near 
infrared” wavelengths. Many landscape 
features are more distinct at these 
wavelengths, normally unseen by your 
eyes.
Centuries of foot travel and camel 
caravans packed down the desert floor so 
that 1,700 years later, they still reflected 
infrared radiation differently than the 
surrounding terrain. The roads, invisible 
to the naked eye, showed up clearly in 

the infrared images. The Landsat images covered a vast area: 
30,000 square kilometers. Blom also used close-up images from a 
French satellite called 
SPOT to zoom in on 
the area where the 
caravan roads 
converged. The 
expedition team, 
equipped with the 
infrared “maps,” 
began their search for 
Ubar at that 
convergence point—
at the eastern edge of the “empty quarter,” in the 
country of Oman.
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Ubar rediscovered

The excavation uncovered an octagon-shaped 
fortress with ten-foot walls and a tall tower at 
each corner. Pottery fragments from faraway 
places such as Greece, Rome, and Syria 
suggested that this had indeed been a major 
trading center. The city of Ubar, lost for 
seventeen centuries, was found with the help of 
some remarkable technology.
The Landsat and SPOT satellites Blom used are 
remote sensing devices. They collect 
information about Earth from a distant location, 
without coming into direct contact with the 
planet or disturbing it in any way. 
The infrared images produced using the satellite 
data are a kind of indirect evidence. Just as 
nobody has actually seen the inside of an atom, 
nobody had actually seen the caravan roads to 
Ubar before the expedition began. Small 
differences in the way the desert surface 
reflected the infrared radiation provided clues to the roads’ 
locations.

Transforming archaeology

Other types of remote sensing continue to transform the field of 
archaeology. Ground-penetrating radar helped the Ubar team find 
structural features buried up to 20 feet below the surface.
Around the world, archaeologists are experimenting with new 
methods such as surveying the magnetic properties of the soil, 
which can help locate iron-containing items buried underneath. 
They also measure the electrical resistance of the soil. This 
technique can detect buried brick and stone walls, pavements, shaft 

tombs, as well as ancient roads, farms and 
earthworks, because they are more resistant 
to current than the surrounding dirt. 
Microwave radar, used by both space 
shuttles and satellites, can detect stone 
walls and other features buried beneath the 
Earth’s surface.
These new methods of gathering indirect 
evidence are providing archaeologists with 
something akin to X-ray vision: the ability 
to collect a wealth of information about a 
site without ever disturbing the soil. 
These new methods save time and 
resources by narrowing in on the best sites 
to excavate, and in some places they can 
even take the place of excavation. 
Archaeologists can learn a great deal about 
a site using remote sensing devices. This 
allows sacred sites to remain untouched 
while respecting the cultures of other 
people.

Questions: 
1. What is indirect evidence?
2. How did a map showing infrared radiation reflected from the 

desert surface help Dr. Zarins and his team find the lost city of 
Ubar?

3. Name three benefits of using remote sensing in the field of 
archaeology.
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Understanding Vocabulary

Select the correct term to complete the sentences

1. Protons and neutrons are found in the ____, at in the center of the
atom.

2. A(n) ____ is a particle with a negative charge.
3. ____ are atoms of the same element with different numbers of

neutrons.
4. The strongest force in the universe is known as the ____.
5. The number of protons in the nucleus in an atom is the element’s

____.
Section 9.1

6. The ____ is a way of organizing the elements based on their chemical
properties.

7. The first ____ of an electron cloud has the lowest energy and is
closest to the nucleus.

8. The vertical columns of the periodic table are called ____.
9. A(n) ____ is a shiny, opaque element that is a good conductor.
Section 9.2

10. According to quantum theory, light energy comes in little bundles
called ____.

11. Each element emits a characteristic pattern of ____.
12. Heisenberg’s ____ states that you cannot precisely measure the

location of an electron because it is so tiny.
13. If you toss a single penny, the ____ of getting heads is 50%.

Reviewing Concepts

Section 9.1

1. What did Ernest Rutherford discover about the atom with his gold foil
experiment?

2. What particles make up the nucleus of the atom?
3. What takes up the most space in an atom, the nucleus or the electron

cloud?
4. Which is the strongest of the four forces inside atoms? 
5. Which is the weakest of the four forces inside atoms?
6. If the protons in the nucleus of an atom repel each other due to

electromagnetic forces, why doesn’t the nucleus just fly apart?
7. Compare electrons, protons, and neutrons in terms of size, mass, and

charge.
8. What does the atomic number of an element tell you about its atom?

What does it mass number tell you?
9. What is an isotope? Are the mass numbers of isotopes different? The

atomic numbers?
10. Draw a model of an atom that has 5 protons, 5 neutrons, and 5

electrons. Label the charge of each particle. What element is this?
Section 9.2

11. Why don’t atoms in group 18 usually form chemical bonds with other
atoms?

12. What is a valence electron?
13. Why is most matter on Earth found in the form of molecules and not

atoms?
Section 9.3

14. What is the evidence that electrons in atoms cannot have any amount
of energy but instead are restricted to have only certain amounts of
energy?

15. What is a photon?
16. How did Niels Bohr explain spectral lines?

periodic table
atomic number
strong nuclear force
probability
photons

energy level
electron
groups
nucleus

spectral lines
isotopes
uncertainty principle
metal
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17. Why does quantum theory use probability to predict the behavior of
particles instead of exact calculations?

Solving Problems

Section 9.1

1. An atom has 7 protons and 8 neutrons. What is this atom’s atomic
number? What is its mass number? What element is this atom?

2. How many neutrons are in a silicon atom with an atomic number of
14 and a mass number of 30?

3. Carbon-12 and carbon-14 have an atomic number of 6. How many
protons and neutrons do carbon-12 and carbon-14 have?

4. Find the number of protons in an oxygen atom.
5. An atom has 20 protons and 24 neutrons.

a. What is this atom’s mass number? 
b. What is this atom’s atomic number?
c. What element is this atom?

6. A common isotope of carbon has a mass number of 13. What is the
total number of particles in its nucleus?

Section 9.2

7. Use the periodic table to give the following information for an atom
of potassium with a mass number of 39.
a. Symbol
b. Atomic number
c. Number of protons
d. Number of neutrons
e. Number of electrons

8. Which element would you have if you added 4 protons and 4 neutrons
to the nucleus of titanium (Ti)?

9. Which element is more likely to combine with other elements,
calcium or xenon? How do you know?

10. Draw dot diagrams for the elements chlorine (7 valence electrons),
sodium (1 valence electron), and neon (8 valence electrons).

Section 9.3

11. Atom A gains enough energy to promote an electron from the first
energy level to the fourth energy level. Atom B gains enough energy
to promote an electron from the third energy level to the fourth energy
level. When both electrons fall back to their original energy levels,
one atom emits a red photon and the other a green photon. Which
atom emits the green photon? Explain your answer.

12. If you roll a dice once, what is the probability that you will roll a six?
If you roll the dice 100 times, how many times would you expect to
roll a six?

Applying Your Knowledge

Section 9.1

1. Make a poster illustrating models of the atom scientists have
proposed since the 1800s. Explain how each model reflects the new
knowledge that scientists gained through their experiments. When
possible, comment on what they learned about charge, mass, and
location of subatomic particles.

2. Research the Bohr model of the atom. Then, choose an atom and
make a three-dimensional model of its structure. Choose different
materials to represent protons, neutrons, and electrons. Attach a key
to your model to explain what each material represents.

Section 9.2

3. Research alternative shapes for the periodic table. Make a poster of
one of these alternatives and present the rationale for its shape to the
class.

Section 9.3

4. The element helium is a light gas that is very rare on Earth. In fact,
helium was not discovered on this planet. It was discovered in the
sun, hence the name. In Greek, helios means “sun.” Astronomers saw
a series of spectral lines in the sun that did not match any known
element on Earth. Helium was first identified from its spectrum of
light from the sun. Researchers were then able to find it on Earth
because they knew what to look for. Research and draw the visible
spectrum for helium, labeling the wavelength of each spectral line.
Rank the spectral lines from highest energy to lowest energy.
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