I SECTION

““As You Read

“Wat You'll Learn

m Explain how scientists discovered
subatomic particles.

m Explain how today’s model of the
atom developed.

M Describe the structure of the
nuclear atom.

Vocabulary
element
electron
proton
neutron
electron cloud

W@ It's Important

Atoms make up everything in
your world.

Figure 1

You can divide this string of
beads in half, and in half again
until you have one, indivisible
bead. Like this string of beads,
all matter can be divided until
you reach one basic particle,
the atom.

0 Models of the Atom

First Thoughts

Do you like mysteries? Are you curious? Humans are curi-
ous. Someone always wants to know something that is not easy
to detect or to see what can’t be seen. For example, people
began wondering about matter more than 2,500 years ago.
Some of the Greek philosophers thought that matter was com-
posed of tiny particles. They reasoned that you could take a
piece of matter, cut it in half, cut the half piece in half again,
and continue to cut again and again. Eventually, you wouldn’t
be able to cut any more. You would have only one particle left.
They named these particles atoms, a term that means “cannot
be divided.” Another way to imagine this is to picture a string of
beads like the one shown in Figure 1. If you keep dividing the
string into pieces, you eventually come to one single bead.

Describing the Unseen The Greek philosophers didn’t try
to prove their theories by doing experiments as scientists now
do. Their theories were the result of reasoning, debating, and
discussion—not of evidence or proof. Today, scientists will not
accept a theory that is not supported by experimental evidence.
But even if the Greek philosophers had experimented, they
could not have proven the existence of atoms. People had not
yet discovered much about what is now called chemistry, the
study of matter. The kind of equipment needed to study matter
was a long way from being invented. Even as recently as 500
years ago, atoms were still a mystery.
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A Model of the Atom

A long period passed before the theories about the atom
were developed further. Finally during the eighteenth century,
scientists in laboratories, like the one on the left in Figure 2,
began debating the existence of atoms once more. Chemists
were learning about matter and how it changes. They were put-
ting substances together to form new substances and taking
substances apart to find out what they were made of. They
found that certain substances couldn’t be broken down into
simpler substances. Scientists came to realize that all matter is
made up of elements. An element is matter made of atoms of
only one kind. For example, iron is an element made of iron
atoms. Silver, another element, is made’of silver atoms. Carbon,
gold, and oxygen are other examples of elements.

Dalton’s Concept John Dalton, an English schoolteacher in
the early nineteenth century, combined the idea of elements
with the Greek theory of the atom. He proposed the following
ideas about matter: (1) Matter is made up of atoms, (2) atoms
cannot be divided into smaller pieces, (3) all the atoms of an

Figure 2

Even though the laboratories of
the time were simple compared
to those of today, incredible
discoveries were made during
the eighteenth century.

Figure 3

Dalton pictured the atom as a
hard sphere that was the same
throughout.

element are exactly alike, and (4) different elements are made of

different kinds of atoms. Dalton pictured an atom as a hard
sphere that was the same throughout, something like a tiny mar-
ble. A model like this is shown in Figure 3.

Scientific Evidence Dalton’s theory of the atom was tested
in the second half of the nineteenth century. In 1870; the Eng-
lish scientist William Crookes did experiments with a glass tube
that had almost all the air removed from it. The glass tube had
two pieces of metal called electrodes sealed inside. The elec-
trodes were connected to a battery by wires.
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Figure 4

Crookes used a glass tube containing
only a small amount of gas. When the
glass tube was connected to a battery,
something flowed from the negative
electrode (cathode) to the positive
electrode (anode). Was this unknown
thing light or a stream of particles?

Shadow

Cathode
Cathode rays

Objectin the
path of the
+ particles

A Strange Shadow An electrode is a piece of metal that can
conduct electricity. One electrode, called the anode, has a posi-
tive charge. The other, called the cathode, has a negative charge.
In the tube that Crookes used, the metal cathode was a disk at
one end of the tube. In the center of the tube was an object
shaped like a cross, as you can see in Figure 4. When the battery \
was connected, the glass tube suddenly lit up with a greenish-
colored glow. A shadow of the object appeared at the opposite
end of the tube—the anode. The shadow showed Crookes that
something was traveling in a straight line from the cathode to
the anode, similar to the beam of a flashlight. The cross-shaped
Paint passing by a stencil is an object was getting in the way of the beam and blocking it, just
example of what happened with like when a road crew uses a stencil to block paint from certain
Crookes' tube, the cathoderay, ~ : places on the road when they are marking lanes and arrows. You
and the cross. : can see this in Figure 5. )
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Figure 5

Cathode Rays Crookes
hypothesized that the green
glow in the tube was caused
by rays, or streams of parti-
cles. These rays were called
cathode rays because they
were produced at the cathode.
Crookes’ tube is known as a
cathode-ray tube, or CRT.
Figure 6 shows a CRT. They
have been used for TV and
computer display screens for
many years now.

[% Reading Check

What are cathode rays?

10 ¢ K CHAPTER1 Inside the Atom }




Discovering Charged Particles

The news of Crookes’ experiments excited the scien-
tific community of the time. But many scientists were
not convinced that the cathode rays were streams of
particles. Was the greenish glow light, or was it a stream
of charged particles? In 1897, J.J. Thomson, an English
physicist, tried to clear up the confusion. He placed a
magnet beside the tube from Crookes’ experiments. In
Figure 7, you can see that the beam is bent in the direc-
tion of the magnet. Light cannot be bent by a magnet,
so the beam couldn’t be light. Therefore, Thomson con-
cluded that the beam must be made up of charged par-
ticles of matter that came from the cathode.

The Electron Thomson then repeated the CRT experiment
using different metals for the cathode and different gases in the
tube. He found that the same charged particles were produced
no matter what elements were used for the cathode or the gas in
the tube. Thomson concluded that cathode rays are negatively
charged particles of matter. How did Thomson know the parti-
cles were negatively charged? He knew that opposite charges
attract each other. He observed that these particles were attracted
to the positively charged anode, so he reasoned that the particles
must be negatively charged.

These negatively charged particles are now called electrons.
Thomson also inferred that electrons are a part of every kind of
atom because they are produced by every kind of cathode mate-
rial. Perhaps the higgest surprise that came from Thomson’s
experiments was the evidence that particles smaller than the atom
do exist.

Figure 6

The cathode-ray tube got its
name because the particles

start at the cathode and travel

to the anode. There used to be a
cathode-ray tube, or CRT, in every
TV and computer monitor.

Figure 7

When a magnet was placed

near a CRT, the cathode rays
were bent. Since light is not bent
by a magnet, Thomson deter-
mined that cathode rays were
made up of charged particles.
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Figure 8

Modeling clay with ball bearings
mixed through is another way to
picture the J.J. Thomson atom.
The clay contains all the positive
charge of the atom. The ball
bearings, which represent the
negatively charged electrons, are
mixed evenly in the clay.
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Thomson’s Atomic Model Some of the ques-
tions posed by scientists were answered in light of
Thomson’s experiments. However, the answers
inspired new questions. If atoms contain one or
more negatively charged particles, then all matter,
which is made of atoms, should be negatively
charged as well. But all matter isn’t negatively
charged. How can this be explained? Could it be that
atoms also contain some positive charge? The
negatively charged electrons and the unknown posi-
tive charge would then neutralize each other in the
atom. Thomson came to this conclusion and
included positive charge in his model of the atom.

Using his new findings, Thomson revised
Dalton’s model of the atom. Instead of a solid ball that was the
same throughout, Thomson pictured a sphere of positive
charge. The negatively charged electrons were spread evenly
among the positive charge. This is modeled by the ball of clay
shown in Figure 8. The positive charge of the clay is equal to the
negative charge of the electrons. Therefore, the atom is neutral.
It was later discovered that not all atoms are neutral. The num-
ber of electrons within an element can vary. If there is more
positive charge than negative electrons, the atom has an overall
positive charge. If there are more negative electrons than posi-
tive charge, the atom has an overall negative charge.

VILEELITNGTIS What particle did Thomson’s model have

scattered through it?

Rutherford’s Experiments

A model is not accepted in the scientific community until it
has been tested and the tests support previous observations. In
1906, Ernest Rutherford and his coworkers began an experi-
ment to find out if Thomson’s model of the atom was correct.
They wanted to see what would happen when they fired fast-
moving, positively charged bits of matter, called alpha particles,
at a thin film of a metal such as gold. Alpha particles come
from unstable atoms. Alpha particles are positively charged,
and so they are repelled by particles of matter which also have a
positive charge.

Figure 9 shows how the experiment was set up. A source of
alpha particles was aimed at a thin sheet of gold foil that was
only 400nm thick. The foil was surrounded by a fluorescent
(fluh RES unt) screen that gave a flash of light each time it was
hit by a charged particle.




Expected Results Rutherford was certain he knew what
the results of this experiment would be. His prediction was that
most of the speeding alpha particles would pass right through
the-foil and hit the screen on the other side, just like a bullet
fired through a pane of glass. Rutherford reasoned that the thin,
gold film did not contain enough matter to stop the speeding
alpha particle or change its path. Also, there wasn’t enough
charge in any one place in Thomson’s model to repel the alpha
particle strongly. He thought that the positive charge in the gold
atoms might cause a few minor changes in the path of the alpha
particles. However, he assumed that this would only occur a
few times.

.That was a reasonable hypothesis because in Thomson’s
model, the positive charge is essentially neutralized by nearby
electrons. Rutherford was so sure of what the results would be
that he turned the work over to a graduate student.

The Model Fails Rutherford was shocked when his student

rushed in to tell him that some alpha particles were veering off

at large angles. You can see this in Figure 9. Rutherford
expressed his amazement by saying, “It was about as believable
as if you had fired a 15-inch shell at a piece of tissue paper, and
it came back and hit you.” How could such an event be
explained? The positively charged alpha particles were moving
with such high speed that it would take a large positive charge to
cause them to bounce back. The uniform mix of mass and
charges in Thomson’s model of the atom did not allow for this
kind of result.

A few of the particles
ricochet back toward
the source.

Source of positively
charged particles

Positively charged
particle beam

Detector screen

‘

Figure 9

In Rutherford’s experiment,
alpha particles bombarded the
gold foil. Most particles passed
right through the foil or veered
slightly from a straight path, but
some particles bounced right
back. The path of a particle is
shown by a flash of light when

it hits the fluorescent screen.

Most of the particles pass
through the foil with little
or no deflection.
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ik . A Model with a Nucleus
e 0® o " Now Rutherford and his team had to come up with an expla-
P - — nation for these unexpected results. They might have drawn dia-
p::z:;s N e grams like those in Figure 10, which uses Thomson’s model and
= e shows what Rutherford expected. Now and then, an alpha parti-
— e, cle might be affected slightly by a positive charge in the atom
LA ©“<° . : and turn a bit off course. However, large changes in direction

O R AT B S

o -SI.ightIy deflected
© “ e particles

were not expected.

The Proton The actual results did not fit this model, so

g — i Rutherford proposed a new one, shown in Figure 11A. He

_°:_a;°___\__°o__°._'_’:___ hypothesized that almost all the mass of the atom and all of its

° - positive charge are crammed into an incredibly small region of

" space at the center of the atom called the nucleus. Eventually, his
Figure 10

Rutherford thought that if

the atom could be described by
Thomson’s model, then only
minor bends in the paths of the
particles would have occurred.

Figure 11

The nuclear model was new
and helped explain experi-
mental results.

prediction was proved true. In 1920 scientists identified the posi-
tive charges in the nucleus as protons. A proton is a positively
charged particle present in the nucleus of all atoms. The rest of
each atom is empty space occupied by the atom’s almost-
massless electrons.

VILEECITPCTIC®  How did Rutherford describe his new model?

Figure 11B shows how Rutherford’s new model of the atom
fits the experimental data. Most alpha particles could move
through the foil with little or no interference because of the
empty space that makes up most of the atom. However, if an
alpha particle made a direct hit on the nucleus of a gold atom,
which has 79 protons, the alpha particle would be strongly
repelled and bounce back.

Nucleus

ﬂ Rutherford’s model

B This nucleus that
contained most of the
mass of the atom

Slightly deflected

Aipha — - particles caused the deﬂectio'ns
particles o that were observed in
his experiment.
®
particles  _

included the dense center
of positive charge known as — ®
the nucleus.
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The Neutron Rutherford’s nuclear model was applauded as
other scientists reviewed the results of the experiments. How-
ever, some data didn’t fit. Once again, more questions arose and
the scientific process continued. For instance, an atom’s elec-
trons have almost no mass. According to Rutherford’s model,
the only other particle in the atom was the proton. That meant
that the mass of an atom should have been approximately equal
to the mass of its protons. However, it wasn’t. The mass of most
atoms is at least twice as great as the mass of its protons. That
left scientists with a dilemma and raised a new question. Where
does the extra mass come from?

It was proposed that another particle must be in the nucleus
to account for the extra mass. The particle, which was later
called the neutron (NEW trahn), would have the same mass as a
proton and be electrically neutral. Proving the existence of neu-
trons was difficult though, because a neutron has no charge.
Therefore, the neutron doesn’t respond to magnets or cause
fluorescent screens to light up. It took another 20 years before
scientists were able to show by more modern experiments that
atoms contain neutrons.

L& Reading Check JTY particles are in the nucleus of the

nuclear atom?

The model of the atom was revised again to include the
newly discovered neutrons in the nucleus. The nuclear atom,
shown in Figure 12, has a tiny nucleus tightly packed with posi-
tively charged protons and neutral neutrons. Negatively charged
electrons occupy the space surrounding the nucleus. The num-
ber of electrons in a neutral atom equals the number of protons
in the atom.

Modeling the
Nuclear Atom

Procedure

1. On a sheet of paper, draw a
circle with a diameter equal
to the width of the paper.

2. Small dots of paper in two
colors will represent protons
and neutrons. Using a dab
of glue on each paper dot,
make a model of the nucleus
of the oxygen atom in the
center of your circle. Oxygen
has eight protons and eight
neutrons.

Analysis

1. What particle is missing
from your model of the
oxygen atom?

2. How many of that missing
particle should there be,
and where should they
be placed?

I

Figure 12

This atom of carbon,
atomic number 6, has
six protons and six
neutrons in its
nucleus. How many
electrons are in the
‘empty” space sur-
rounding the nucleus?
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Figure 13

If this ferris wheel in London,

| with a diameter of 132 m, were
the outer edge of the atom, the
nucleus would be about the size
of a single letter 0 on this page.

: Size and Scale Drawings of the nuclear atom such as ‘the
i . one in Figure 12 don’t give an accurate representation of the
: extreme smallness of the nucleus compared to the rest of the
atom. For example, if the nucleus were the size of a table-tennis
ball, the atom would have a diameter of more than 2.4 km.
Another way to compare the size of a nucleus with the size of
the atom is shown in Figure 13. Perhaps now you can see better
why in Rutherford’s experiment, most of the alpha particles
went directly tﬁrough the gold foil without any interference
from the gold atoms. Plenty of empty space allows the alpha 3

particles an open pathway.
|

"%, Physics Further -Dévelopments

{ .- INTEGRATION : Even into the twentieth century, physicists were working on
Physicists in the 1920s a theory to explain how electrons are arranged in an atom. It
began to think that elec- i was natural to think that the negatively charged electrons are
trons—like light—have a : attracted to the positive nucleus in the same way the Moon is
wave/particle nature. This  attracted to Earth. Then, electrons would travel in orbits around
is called quantum theory. : the nucleus. A physicist named Niels Bohr even calculated

Research which two scien- - .
ateattu cadlthis thaory: exactly what energy levels those orbits would represent for the

In your Science Journal, : hydrogen atom. His -calculations explained experimental data
infer how thoughts about : found by other cientists. However, scientists soon learned that
atoms changed. : electrons are in constant, unpredictable motion and can’t be
© described easily by an orbit. They determined that it was impos-
sible to know the precise location of an electron at any particu-
lar moment. Their work inspired even more research and

brainstorming among scientists around the world.
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Electrons as Waves Physicists began to
wrestle with explaining the unpredictable nature
of electrons. Surely the experimental results they
were seeing and the behavior of electrons could
somehow be explained with new theories and
models. The unconventional solution was to
understand electrons not as particles, but as
waves. This led to further mathematical models
and equations that brought much of the experi-
mental data together.

The Electron Cloud Model The new
model of the atom allows for the somewhat
unpredictable wave nature of electrons by defin-
ing a region where the electron is most likely to
be found. Electrons travel in a region surround-
ing the nucleus, which is called the electron

cloud. The current model for the electron cloud is shown in
Figure 14. The electrons are more likely to be close to the
nucleus rather than farther away because they are attracted to :
the positive charges of the protons. Notice the fuzzy outline of
the cloud. Because the electrons could be anywhere, the cloud

Nucleus

Figure 14

The electrons are more likely to
be close to the nucleus rather
than farther away, but they
could be anywhere.

has no firm boundary. Interestingly, within the electron cloud,
the electron in a hydrogen atom probably is found in the region

Bohr calculated.

Section

1. Name three scientists who contributed to
current knowledge of the atom and explain
their contributions.

2. How does the nuclear atom differ from the
uniform sphere model of the atom?

3. If a neutral atom has 49 protons, how
many electrons does it have?

4. Describe the three kinds of particles found
in atoms. Where are they located in the
atom and what are their charges?

5. Think Critically In Rutherford’s experi-
ment, why wouldn’t the electrons in the
atoms of the gold foil affect the paths of
the alpha particles?

Skill Builder Activities

6. Concept Mapping Design and complete a
concept map using all the words in the vocabu-
lary list for this section. Add any other terms or
words that will help create a complete diagram
of the section and the concepts it contains. For
more help, refer to the Science Skill Handbook.

7. Solving One-Step Equations The mass of
an electronis 9.11 X 10" 2 g. The mass of a
proton is 1,836 times more than that of the
electron. Calculate the mass of the proton in
grams and convert that mass into kilograms.
For more help, refer to the Math Skill
Handbook.
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