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The Earliest Models
Objectives
After viewing the program, students should be able to:

1. Respond to the question, "Can something be broken in half
forever?"

2. I dentify the Greek philosopher credited with first suggesting that
matter consists of atoms.

3. List the key postulates in Democritus's theory of matter and
evaluate them in light of today's scientific knowledge.

4. State one reason why Democritus's theory was not accepted by
the early Greeks.

5. Explain why the early Christian church opposed the theory of
atomism.

6. Explain the contributions made by the alchemists to the
development of the scientific method.

7. State the contribution made by each of the following to our
knowledge of the nature of matter: William Gilbert, Niccolo
Cabeo, Benjamin Franklin, Charles Augustin de Coulomb, Antoine
Laurent Lavoisier. and Joseph Proust.

Program Description
The program begins by going back in history and acquainting viewers
with some of the great names in science, names that will be
encountered in this series, as the model of the atom is developed. It
then raises this question: "Can things be broken in half forever?" and
explains the theory of matter developed by the ancient Greek
philosopher, Democritus. This theory has a number of postulates that
would still be considered valid today, but since it was not supported
by some of the prominent philosophers of Democritus's day, it faded
into oblivion.

The program goes on to show how the alchemists brought us
closer to the scientific method by making experimentation and
observation more acceptable than they had been to the Greeks. In
spite of this advance in technique, the model of matter visualized by
the alchemists was more primitive than that of Democritus.

The last half of the program shows how a number of scientists
contributed to the growth of knowledge about the nature of matter.

The contributions covered include William Gilbert's discovery of
electrostatic attraction; Niccolo Cabeo's discovery of electrostatic
repulsion; Benjamin Franklin's view of electricity as a fluid; Charles
Augustin de Coulomb's law describing the force between charged
objects; Antoine Laurent Lavoisier's law of conservation of matter,
and Joseph Proust's law of constant proportions.

Additional Background
This program concentrates on material not usually covered in class,
but included to help show students how complex and time consuming
the development of a scientific model can actually be. It also shows
that not every new discovery or suggestion can be considered
progressive; some actually reverse the progress of the model.

The span of time covered in the program is more than 2000 years
- from the ancient Greeks (500 BC) to Joseph Proust (1800).
Obviously, not all the scientists who made contributions to the
development of a model for matter during this period can be included
i n such a short program. Some other individuals and their
contributions are:
Evangelista Torricelli (1608-1647). He suggested that we live at
the bottom of a deep sea of air and invented a device known as a
"barometer" to measure atmospheric pressure.
Otto von Guericke (1602-1686). He invented the air pump.
Robert Boyle (1627-1691). Boyle improved the air pump and
showed how the changes in the volume of a gas were related to
pressure.
Jacques Charles (1746-1823) and Joseph Louis Gay-Lussac
(1778-1850). These scientists independently discovered that the
change in volume of a gas under constant pressure is proportional to
the change in temperature.
Isaac Newton (1642-1727). He showed that if one assumed that a
gas consisted of particles, then mathematical analysis would show
that the gas should change its temperature if it were allowed to
expand.
Daniel Bernoulli (1700-1782). Bernoulli developed a model for
gases based on his idea of a gas as a material consisting of minute
"corpuscles."
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Before Viewing
1. Before viewing the program, it is essential for the class to discuss
the role of the model in science. Students will find the criteria listed
below helpful in assessing the various models they will encounter. To
enable them to understand these criteria more easily, you can use a
scientific model with which they are familiar to illustrate each criterion
listed. In the following material, the heliocentric model of the solar
system is used. It is a model with which most students are familiar,
and yet, students will realize that it isn't obvious to an observer who
has not heard of it before.

To approach the subject of modelling, the teacher could supple-
ment a discussion with two additional TVOntario videotapes. "Models
in the Mind" (BPN 112610) in the Dimensions in Science series and
"Modelling" (BPN 200307) in Search for Solutions show how models
are used to test hypotheses, predict effects, and suggest
precautions.

Characteristics of a Useful Scientific Model

for the observed motion.
5. A successful theory is flexible enough to undergo modification

where necessary. The mechanics Newton used to explain the
solar system are today regarded as a special case of Einstein's
all-encompassing relativistic mechanics.

II. Students sometimes view a scientific model as the absolute truth.
The following poem illustrates the models that each of six blind men
formulated for an elephant, based on their own observations. It is
followed by a modern version that can be used as a puzzle.

The Blind Men and
the Elephant

It was six men of Indostan
To learning much inclined,

Who went to see the Elephant
(Though all of them were blind),

That each by observation
Might satisfy his mind.

1. A theory or model helps us interpret or explain the unknown in
terms of the known. We can explain the motion of objects in the
heavens by visualizing spheres moving in a specific manner.

2. A theory or model correlates many separate facts into a more
easily grasped structure of thought. If we consider the earth,
rotating on its tilted axis and moving around the sun along with
the other planets, we can explain a large number of observations.
We can explain day and night, as well as the seasons. We know
why the stars appear to move along an arc in the evening sky,
and we can explain why the motion of the planets appears
different from that of the stars.

3. A theory or model often makes predictions about phenomena that
have not yet been observed. I n the mid-nineteenth century,
astronomers observed irregularities in the orbit of Uranus. If their
model of the solar system was correct, then these irregularities
could be explained by the assumption that another planet beyond
Uranus was also orbiting around the sun. When astronomers
looked carefully at the heavens beyond Uranus, they discovered
Neptune.

4. A successful theory or model usually has a small number of
plausible basic assumptions, or hypotheses. In the solar-system
model, one such assumption is that the force of gravitational
attraction between the various bodies in the-system can account

The First approached the Elephant,
And happening to fall

Against his broad and sturdy side,
At once began to bawl:

"God bless me! but the Elephant
I s very like a wall!"

The Second, feeling of the tusk,
Cried, "Ho! what have we here

So very round and smooth and sharp?
To me 'tis mighty clear

This wonder of an Elephant
I s very like a spear!"

The Third approached the animal,
And happening to take

The squirming trunk with his hands,
Thus boldly up and spake:

"I see," quote he, "the Elephant
Is very like a snake!"

The Fourth reached out an eager hand,
And felt about the knee.

"What most this wondrous beast is like
Is mighty plain," quoth he;

"Tis clear enough the Elephant
Is very like a tree!"
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The Fifth who chanced to touch the ear,
Said: "E'en the blindest man

Can tell what this resembles most;
Deny the fact who can,

This marvel of an Elephant
I s very like a fan!"

While Viewing
Students should read the following questions before viewing the
program so that they can consider them as they watch, and answer
them immediately after.

A more modern version of the six blind men and the elephant is
suggested by the following problem:

A printed capital letter of the English alphabet is scanned
photoelectrically and the resultant signal is converted into digital
form and read into a digital computer. Seven subroutines in the
digital computer inspect it. The first states that the letter is like a
U because it has at least one pocket to hold rain coming from
above; the second shows that it is like a K because it has at
l east one pocket to hold rain from below; the third and fourth
find that it is like an A because it has no pockets on right or left;
the fifth shows that it is like a V because it has two ends; the
sixth shows that it is like an S because it has no junctions; the
seventh shows that it is like a D because it has two corners.
Combining these seven models of the letter, determine what it
i s.

* From Engineering Concepts Curriculum Project: Man Made World, Part l,
E.E. David, Jr., and J.G. Truxal, editors, McGraw-Hill, New York, 1969. Reprinted by
permission.

The Sixth no sooner had begun
About the beast to grope.

Than seizing on the swinging tail
That fell within his scope,

"I see," quoth he, "the Elephant
Is very like a rope!"

And so these men of Indostan
Disputed loud and long,

Each in his own opinion
Exceeding stiff and strong.

Though each was partly in the right
And all were in the wrong!

John Godfrey Saxe
American poet, 1816-1887

1. What is the significance of the question "Can something be
broken in half forever?"

2. Which Greek philosopher is credited with proposing that matter
consists of tiny particles called atoms?

3. What is the root of the word atom?
4. List the main concepts in Democritus's theory of matter.
5. Explain why the early Christian church opposed the theory of

atomism.
6. After Democritus's theory was rejected by more prominent

philosophers such as Plato and Aristotle, no progress was made
towards the theory of the atom for a long period of time. About
how long was this period?

7. How did the alchemists view matter?
8. Although the alchemists did not make a positive contribution to

the theory of matter, they did bring about an important change in
attitude. What was this change?

9. How did the formal system of knowledge that Bacon tried to
establish differ from that of the ancient Greeks?

10. Describe the major contributions made by each of the following:
(a) William Gilbert
( b) Niccolo Cabeo
(c) Benjamin Franklin
( d) Charles Augustin de Coulomb
( e) Antoine Laurent Lavoisier
(f) Joseph Proust

After Viewing
1. Have the students assess Democritus's model for matter in terms

of the "Characteristics of a Useful Scientific Model" listed on
page 2.

2. Assign students one or more of the names listed under
"Additional Background," and ask them to do some library
research to determine the contribution made by each of these
i ndividuals to the modern concept of the atom, namely that matter
consists of tiny particles called "atoms."
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Smaller than the Smallest

1. Describe the question that Dalton was trying to answer when he
developed his atomic theory.

2. List the key postulates in Dalton's theory of the atom.
3. Show how Dalton's atomic theory can account for Proust's law

of definite proportions.
4. Show how Dalton's atomic theory could account for the law of

multiple proportions.
5. Describe how Faraday decomposed water.
6. Draw a diagram to show the apparatus, devised by Faraday,

which showed that air under low pressure is a better conductor
of electricity than air under normal pressure.

7. Describe the changes that occur in a tube like that designed by
Faraday if the air is pumped out while a high potential difference
is placed across the electrodes.

Objectives
After viewing the program, students should be able to:

8. List the properties of cathode rays that were discovered by
William Crookes, and draw diagrams to show the apparatus used
to illustrate each of these properties.

9. Describe the evidence, collected by J.J. Thomson, that
indicated that cathode rays consisted of negatively charged
particles.

10. Explain how Thomson was able to determine the charge-to-mass
ratio for a cathode ray particle.

11. Suggest an alternative name for cathode ray particles.
12. Describe the apparatus used by Millikan in his famous

experiment.
13. State the significance of Mlllikan's experiment.
14. Describe the model of the atom envisaged by J.J. Thomson.

Program Description
The program begins by showing how Dalton developed his theory of
atomic structure. It implies that the time was ripe for an atomic theory
and shows how John Dalton's work with the differing solubility of
various gases in water led him to his atomic theory. The key
postulates in the theory are then shown. The narration and images

illustrate the way in which the theory can explain Proust's law of
definite proportions and how it led to the law of multiple proportions.

Developments that followed Dalton's theory are then discussed,
beginning with Faraday's use of electricity to decompose water into
its constituent elements and his discovery of cathode rays. The
program explains how refinements in apparatus and the insights of
various scientists led to an ever clearer view of the cathode rays.
These include the illustration by William Crookes that the cathode
rays travelled in straight lines and possessed energy, and the work by
J.J. Thomson, who established that cathode rays actually consisted of
negatively charged particles that have a definite charge-to-mass ratio.

Next, the program illustrates how Millikan was able to establish that
all electrons are identical and carry the same charge, the smallest
possible negative charge that can exist. The program ends with the
model of the atom devised by William Thomson and J.J. Thomson,
based on the evidence that electrons are a constituent of all atoms
and that all electrons are identical.

Although often attributed to J.J. (Joseph John) Thomson, the "raisin-bun" or "plum-
pudding" model of the atom was actually first proposed in 1902 by William Thomson,
a British mathematician and physicist perhaps better known as Lord Kelvin. J.J., very
soon after this, refined the model, attempting to determine exactly how the "raisins"
( electrons) were arranged in the "bun" (atom).

Additional Background
As is implied in the program, Dalton's theory of atomic structure was
not a sudden insight out of the blue, but came as a result of his work
with the solubility of various gases in water. It should be noted here
that work done by Dalton's predecessors and contemporaries also
pointed strongly toward an atomic theory. For example, Robert Boyle
had expressed the ideas that an element could not be broken down
i nto simpler sustances and that identifying all the existing elements
should become a priority for chemists. In his writings near the end of
the eighteenth century, Lavoisier actually referred to small and
indivisible particles of which matter was composed.

Dalton's atomic theory was expounded in his treatise, A New
System of Chemical Philosophy, which was published in two parts -
the first part in 1808, and the second in 1810. To illustrate chemical
processes, Dalton invented symbols that he used to depict the
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various atoms. (The alchemists had used different symbols to depict
various substances, but had never considered the symbols to depict
actual atoms.) The symbols used by Dalton did not last a long time;
they were replaced in 1819 by a system of chemical symbols (similar
to those used today) devised by the Swedish chemist Jons Jakob
Berzelius.

Daltons theory enabled him to explain existing observations and to
predict new relationships. As noted above in the program description,
Dalton's atomic theory explained Proust's law of definite proportions
and enabled Dalton to predict the law of multiple proportions. Another
achievement of the theory was the formulation of the concept of
atomic mass. Dalton wrote, "Now it is one great object of this work,
to shew the importance and advantage of ascertaining the relative
weights of the ultimate particles...." He actually proceeded to
assemble a table of atomic weights, in which he assigned the value of
1 to the lightest element, hydrogen.

I n 1808 French chemist Joseph Louis Gay-Lussac published his
famous law of combining volumes, which states that when gases
react under conditions of equal pressure and temperature, they
combine in simple volumetric proportions. Dalton vigorously resisted
this point of view because he visualized atoms as having different
diameters with their "caloric shells" in contact. Acceptance of Gay-
Lussac's point of view seemed to imply that atoms of different mass
do not differ in diameter.

I n 1811 the Italian physicist Amedeo Avogadro solved this dilemma
by developing a model for gases that included the following features:
a. The particles or atoms making up a gas are not in contact.
b. Under conditions of equal temperature and pressure, equal

volumes of all gases contain equal numbers of particles
( Avagadro's law).

c. 'Some elements, when in the gaseous form, consist not of single
atoms but of particles that are groups of atoms.

Unlike Dalton's work, Avagadro's work (though considered correct
today) lay neglected for nearly half a century.

The program refers to two of Michael Faraday's contributions: his
use of electricity to decompose water and his work with cathode
rays. Faraday (1791-1867) had a brilliant career and made numerous
contributions to the field of science. One not included in the program
is his development of the concept of a "field," such as a "magnetic
field" about a wire, or an "electric field" about a charged object. Not
only was Faraday able to decompose compounds into their
constituent elements by electrolysis, but he also developed some of

the quantitive relationships governing the amount of material
deposited at each electrode and the current through the electrolytic
solution.

The discovery by Hans Christian Oersted in 1820 that there is a
magnetic field about a wire carrying an electric current stimulated
Faraday to do considerable research in this area. As a result, he
discovered what is now called the motor principle in 1821, and
electromagnetic induction in 1831.

It was Faraday's work with cathode rays that is probably most
significant in this series of programs. It is generally accepted that the
very earliest investigations in this area Were made by a German
mechanic named Heinrich Geissler (1814-1879), who had invented a
new pump that was able to produce very low pressures. Since
Geissler was also a glassblower, he was able to shape tubes into a
variety of patterns, and, using a variety of gases, to produce a variety
of colors when these gases were excited. Faraday was one of
several scientists fascinated by this phenomenon, and whose
questions and subsequent experiments revealed more and more
about the nature of matter and the atom itself. This program traces
the development of these ideas.

Before Viewing
The classical cathode-ray tube demonstrations performed to show
students the phenomenon of cathode rays as the early investigators
must have seen them have fallen from use in most highschool
laboratories because of the danger of x-rays that may be produced.
Some of the equipment required for these demonstrations is no
l onger available to schools from scientific suppliers, and teachers in
schools whose laboratories have old equipment should be alerted to
the dangers of using it. Fortunately, video animation can simulate the
dramatic displays for students. You may wish to replay the parts of
this program that deal. with cathode-ray tube experiments.

While Viewing
Students should read the following questions before viewing the
program so that they can consider them as they watch, and answer
them immediately after. It may be necessary to show the program a
second time to enable students to answer more questions, before
discussing the answers in class.
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1. Explain the significance of this statement in the program: "Dalton
fell backwards through the door which led to his chemical atomic
theory."

2. Describe briefly the problem that Dalton was trying to solve
when the concept of the atom occurred to him.

3. List the key points in Dalton's atomic theory.
4. A useful model not only explains a wide range of observations,

but also predicts new relationships that have not been seen
before. Give one example of a law discovered before the
development of Dalton's atomic theory that could readily be
explained by this new theory. Also, describe a law that Dalton
developed as a result of the insight provided by his atomic
theory.

5. Faraday did not believe that Dalton's atomic theory was correct,
but his work did suggest that matter was held together by
specific forces. What, according to Faraday, were these forces?

6. Faraday and many other scientists worked with cathode rays.
Draw a diagram to show how cathode rays are produced.

7. Work with cathode rays eventually showed that atoms were not
the hard, impenetrable spheres visualized by Dalton. William
Crookes determined several important characteristics of cathode
rays. What were these characteristics? Upon what experimental
evidence did Crookes draw his conclusions?

8. How did J.J. Thomson show that cathode rays consist of a
stream of negatively charged particles?

9. How was J.J. Thomson able to determine the ratio of mass to
charge for the cathode ray particles?

1 0. What is the significance of the fact that J.J. Thomson found the
ratio of mass to charge for the cathode ray particles was the
same, no matter what metal he used for the cathode or what
gas he placed in the tube?

11. What is the significance of Millikan's experiment, in which oil
droplets were placed between oppositely charged plates and
observed?

12. With the aid of a diagram, show the main features of Thomson's
model of the atom.

13. What are the key differences between J.J. Thomson's model
and Dalton's model of the atom?

11. Why was J.J. Thomson limited to finding the ratio elm? That is,
why did he not measure e or m separately?
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The Rutherford Model

1. Name the scientist who discovered radioactivity.
2. Draw a diagram showing that at least two different types of rays

are given off by radioactive sources.
3. Name the particles that make up the rays discovered by Ernest

Rutherford.
4. Explain why the alpha particle was a suitable probe with which tc

try to penetrate the atomic surface.
5. Draw a diagram showing the arrangement of the key parts of the

experiment in which Rutherford attempted to probe the atom.
6. List the observations made by Rutherford.
7. Explain Rutherford's surprise that some of the alpha particles

were deflected straight back.
8. Explain why Rutherford deduced that most of the atom was

empty space.
9. Explain why Rutherford was convinced that the collision

between the alpha particle and the nucleus was not like a billiard
ball's collision with another billiard ball.

10. State how the distance between two charged particles affects
the force of interaction between them.

11. Explain Rutherford's conclusion that the alpha particle was inter-
acting with a concentration of mass that was positively charged.

12. Sketch trajectories for those alpha particles that are in a head-
on-collision course with the atom, and for those that experience
a glancing blow.

13. Recognize that Rutherford first used the word "nucleus" for the
concentration of mass at the centre of the atom.

14. Draw a model of the atom as it was visualized by Rutherford.
15. Explain what, according to Rutherford, kept the electrons from

leaving the atom.
16. Explain why classical physics predicted that the Rutherford atom

could not possibly exist.

Program Description

Objectives
After viewing the program, students should be able to:

The program begins with a brief description of Antoine Henri

Becquerel's discovery of radioactivity. It then shows how Rutherford
was able to identify two types of emanations from the radioactive
source polonium: beta and alpha radiation.

Rutherford's famous experiment, in which he fired alpha particles at
gold foil and observed the resulting trajectories of alpha particles, is
recounted, with care taken to develop the point that the scattering
pattern produced was unlike that produced by hard-sphere collisions

-such as those between colliding billiard balls. It was only by careful
and painstaking work and observation that Rutherford showed that
the distribution of trajectories obtained in his experiment was the

same pattern one would get by assuming an inverse square force law
were involved. The program narrative analyzes several trajectories in
detail, showing how the coulomb force of repulsion can explain both
the path taken and the change in velocity of the alpha particle in
various parts of the trajectory. The model of the atom depicted by
Rutherford is then shown.

The last segment of the program shows why the Rutherford model,
a great breakthrough, was in trouble. Classical physics predicted that
this atom was unstable and that the electrons should spiral into the
nucleus in a very short period of time. Observations, of course,
showed that this was not the case.

Additional Background
Ernest Rutherford enjoyed many firsts as a scientist. He discovered
that radioactive decay contained at least two kinds of particles, which
he named alpha and beta particles. By means of an ingenious
experiment, he showed that alpha particles were equivalent to
helium nuclei. He is credited with the discovery of the fact that most
of the mass of the atom is concentrated in a very small fraction of the
volume occupied by the atom. In addition, he discovered the proton
and suspected the existence of the neutron. Rutherford, born in
1 871 in New Zealand, spent a decade of his professional life (1898
to 1907) at McGill University in Montreal. Some of this great
scientist's discoveries were made on Canadian soil.

Throughout his career, Rutherford surrounded himself with other
capable scientists, some of whom went on to make their own marks
i n science. The work on his famous scattering experiment provides
an example - much of the data collection was actually done by a
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student, Ernest Marsden, who was being trained in Manchester,
England, by one of Rutherford's associates, Hans Geiger (inventor of
the Geiger counter).

Apparently Rutherford and Geiger felt that Marsden was ready to
start a small research project of his own and asked him to determine
whether or not any alpha particles were scattered through a large
angle when they encountered a thin metal sheet. When Geiger
reported back to Rutherford a few days later that "We have been
able to get some of the alpha particles coming backward,"
Rutherford was very much surprised.

Reflecting on the experience at a later date, Rutherford called the
incident "quite the most incredible event that has ever happened to
me in my life. It was almost as incredible as if you fired a 15-inch
shell at a piece of tissue paper and it came back and hit you."
Geiger and Marsden repeated Rutherford's experiments, using foils of
different metals and various thicknesses.

The way in which Rutherford's experiment is usually taught and
described in textbooks gives the impression that very soon after
Geiger and Marsden collected the data, Rutherford devised his model
of the atom. The program notes that Rutherford considered several
alternative possibilities. For example, it became obvious to him that it
was not a case of hard-sphere collisions. Rutherford also considered
the possibility that those alpha particles that were deflected through
large angles ended up going that way because they suffered a
number of collisions, each of which caused them to be deflected
through a small angle. Statistical analysis, however, showed that the
probability of such a sequence of events was too small to account for
the number of alpha particles that were deflected through such large
angles.

The work of Geiger and Marsden was completed in 1909.
Rutherford did not formulate his model of the atom till 1911. As Hans
Geiger related it, "One day Rutherford, obviously in the best of
spirits, came into my room and told me that he now knew what the
atom looked like and how to explain the large deflections of alpha
particles. On the very same day I began an experiment to test the
relations expected by Rutherford between the number of scattered
particles and the angle of scattering." It was only after this confirming
evidence was collected that Rutherford published his theory in the
Philosophical Magazine in May 1911.

It is interesting to note that Rutherford was aware of the
incompatibility of classical physics and his model of the atom. He
knew that accepted theory would have the electron of his model fall

into the nucleus, but seemed confident that future developments
would solve this apparent contradiction. In this he was correct.

Niels Bohr came to England in 1911, shortly after receiving his
doctorate in his native Denmark. After working a few months with
J.J. Thomson in Cambridge, he joined Rutherford's group in
Manchester. (Program 4 deals with Bohr's modification of
Rutherford's model, another giant step forward in our understanding
of the atom.)

- This is recounted in Background to Modern Science, edited by Joseph Needham
( New York: Macmillan, 1938).

Before Viewing
Teachers may wish to have students practise drawing inferences
based on indirect evidence before they have them view the
videotape. The following exercise provides an opportunity for such
practice.

A border guard is suspicious of a peasant trying to cross the border
with what appears to be a load of straw on a wagon. He orders the
peasant to stand back, and fires a number of rounds from his
machine gun through the pile of straw. The diagrams below indicate
some of the possible results. For each situation, describe what, if
anything, could be concealed under the straw.
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While Viewing
Students should read the following questions before viewing the
program so that they can consider them as they watch, and answer
them immediately after.

1. Who is the scientist credited with the discovery of radioactivity?
2. With the aid of a diagram, explain how a magnetic field can be

used to prove that a radioactive substance may be giving off two
kinds of particles.

3. Name the two kinds of particles given off by radioactive
substances.

4. What characteristics of the alpha particle seemed to make it
suitable for probing the atom?

5. Draw a diagram showing how Rutherford arranged his apparatus
so that alpha particles could be fired at atoms and their
subsequent paths could be detected.

6. List the observations made by Rutherford and his associates
when alpha particles were directed at a sheet of gold foil.
I nclude as part of your answer a sketch showing the trajectories
of a number of alpha particles as they pass through the foil.

7. Which observation did Rutherford find particularly surprising?
8. Explain why Rutherford concluded that most of the atom was

empty space.
9. How did Rutherford come to the realization that the collisions

between the alpha particles and the atoms differed from
collisions between hard spheres, such as billiard balls?

1 0. Explain why Rutherford concluded that the alpha particle was
interacting with a concentration of mass with a positive charge.

11. What name did Rutherford give to the concentration of mass in
the atom?

12. What causes the trajectory resulting from the collision of a

After Viewing
To assist in the discussion of the Rutherford experiment and model
some additional visual aids could be used as described below.

positively charged particle that is moving with another that is at
rest to differ from the trajectory that results if both spheres have
no charge and behave like billiard balls?

13. How did Rutherford come to realize that the radius of the
nucleus must be no more than 3 x 10 -"m?

1 4. Draw a picture of the model of the atom as Rutherford visualized
it.

1_ 5. How did Rutherford explain the fact that the electrons in the
space about the nucleus did not leave the nucleus, but stayed
near it?

1 6. Why, according to classical physics, should the electron spiral
i nto the nucleus if Rutherford's concept of the atom was actually
correct?

A small styrofoarn ball coated with a colloidal dispersion of graphite
in alcohol and suspended by a nylon thread from the ceiling above
the Van de Graaff generator can be made to interact with the Van de
Graff generator as follows. °

With the aid of a metre stick or other insulator, hold the styrofoam
sphere so that it touches the charged Van de Graaff generator. The

9
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fact that the sphere is coated with a dark conductor allows it to
acquire a fairly substantial electrostatic charge. If the metre stick is
now used to pull the styrofoam sphere aside, the sphere can now be
released so that it will swing toward the Van de Graaff generator. The
i nteraction will be very similar to that between the alpha particle and a
nucleus, since both the sphere and the generator have the same
charge, although - as is the case with the alpha particle and the
nucleus - the magnitude of the charges will differ. Through repeated
trials it is possible to illustrate the variety of trajectories that can result
for an alpha particle.

The main drawback with this demonstration is that it can be
effective only when the humidity is fairly low. If the humidity is too
high, it is impossible to provide the Van de Graaff generator and the
sphere with a charge large enough to get the strong repulsive
electrostatic forces required to keep the styrofoam sphere from
making physical contact with the generator during an interaction.

Demonstration 2

detail of
plexiglass

l arge b

plastic wrap

30 cm

A scattering model can be devised as illustrated. Put a large ball
bearing at the centre of a 30 cm X 30 cm square of plexiglass,
and wrap it tightly in place with a sheet of clear plastic wrap. Place

the plexiglass square on an overhead projector, and turn it on.
Launch a small ball bearing repeatedly at the large one in the centre,
The class can watch the trajectories of the ball bearing on the screen
overhead. They will be deflected through large or small angles,
depending on the paths they take.

You could do a variant of this demonstration by using, instead of
the plastic wrap, clear plexiglass, and ball bearing, a small square of
cardboard, on which a series of objects will be placed. Choose
objects with distinctive shapes, such as square, equilateral triangle,
isosceles triangle, concave curve or convex curve, and with sufficient
mass to withstand successive volleys of the small ball bearing
without being knocked out of place. Keeping it concealed from the
students, place an object on the cardboard on the overhead
projector, and roll a ball bearing at it, always in the same direction, in
parallel lines at intervals of about 0.5 cm. Have the students sketch
each trajectory as they see it on the overhead screen, and try to
guess the shape of the concealed object by analyzing the trajectory
patterns. Repeat the procedure with other objects.

overhead screen



Demonstration 3

ball bearing

potential energy hill

Many school laboratories have a potential energy hill, which can be
used effectively for scattering-angle demonstrations. This device is
designed so that the trajectories that result when ball bearings are
launched at it are the same as those observed when an inverse
square force law is acting. Students must come close enough to the
apparatus so that they can clearly see the path taken by the ball
bearing after it is launched. To record these trajectories for
subsequent analysis, put the hill on a surface covered by a large
sheet of paper covered by carbon paper, which will transfer the
trajectories onto the white paper below.

1 1
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The Bohr Model
Objectives
After viewing the program students should be able to:

Program Description
The program begins by showing a Model A (for "Atomic Ruther-")
Ford travelling down the Classical Physics Expressway, implying that
a dramatic change is necessary in how physicists look at the world
about them. The difficulty that the Rutherford model has in explaining
the stability of the atom is reviewed.

Bohr's notion that the laws applying to large bodies (planets and
stars, for example) may not be adequate to explain the structure of
electrons and atoms is then developed. The program continues by
showing that Bohr took the revolutionary idea, proposed by Max
Planck, that electromagnetic energy is radiated and absorbed in
quanta (bundles of energy) and applied this idea to the atom. Bohr felt
that these quanta (singular: quantum) must be involved in the changes
of electron energy within the atom. The program shows how Bohr
was led to suggest that - - instead of being able to occupy orbits of
any radius - electrons about the nucleus are constrained to occupy
orbits of fixed radii. Orbits between these specific values are not
allowed. The actual relationship showing the allowable orbits in the

program shows how electrons can be excited from the ground state
by interaction with a free electron or with a photon. The program
ends by showing that the electron can return from an excited energy
state to a lower energy level by emitting a photon of the appropriate
energy_

Additional Background
As was noted in the previous chapter, Bohr joined Rutherford at
Manchester in England in 1911, the year that Rutherford published
his theory of the structure of the atom. Bohr came to the realization
that Rutherford's amazing breakthrough needed to be coupled with
Planck's revolutionary concept: namely, that electromagnetic radiation

1. Identify the main problem with Rutherford's model of the atom.
2. Recognize that Niels Bohr realized that not all the laws of

classical physics necessarily applied to tiny particles such as
electrons and atoms. `

3. Describe the difference between the classical view of how
matter radiated and absorbed energy and Max Planck's view of
how this process took place.

4. Describe how Bohr's model of the atom differed from Ruther-
ford's model with respect to the arrangement of electrons about
the nucleus.

5. Recognize that Bohr initially made his predictions for the element
hydrogen.

6. Recognize that the number of allowable orbits for electrons in
the hydrogen atom is infinite.

7. Calculate the radius of the orbit for an electron in a specific
energy level of the hydrogen atom, given

8. Calculate the speed of an electron in a specific energy level
about the nucleus of the hydrogen atom, given the expression

9. Recognize that the speed of the electron rapidly decreases as it
moves from an inner energy level to an outer energy level.

1 0. Recognize that the energy of an electron in a specific energy
level is a function of its kinetic energy and potential energy.

11. Calculate the energy of an electron in a specific energy level,
given the expression

1 2. State two ways in which an electron in the ground state can
obtain enough energy to move into a higher energy level.

13. State the condition under which a free electron can excite an
electron in the ground state to a higher energy level.

14. Explain how an electron loses energy when it goes from a
higher energy level to a lower energy level.

hydrogen atom, i s illustrated.
The fact that the "quantization" of orbit radii leads to the quantiza-

tion of electron speeds, i s also illustrated

through animation. Most importantly, the quantized energy values
specified by are shown. The final portion of the



was absorbed and radiated in quanta, rather than continuously, as
predicted in the electromagnetic theory of the brilliant Scottish
physicist, James Clerk Maxwell. In 1911 Planck's theory was not
widely known in England, let alone widely believed.

Bohr had an interesting way of dealing with the prediction that an
orbiting electron should radiate electromagnetic radiation. He simply
postulated that an orbiting electron normally did not radiate energy.
To account for the sharp line spectrum produced when hydrogen gas
i s excited, Bohr realized that it was also necessary to assume that
only certain orbits are allowed. He showed that the only orbits
permissible are those for which the angular momentum of the
electron is an integral number of the smallest permissible value, which
i s h127r. It is possible to derive the equations shown in the program
using an approach slightly different from that taken by Bohr. This
derivation is shown below.

Consider an electron in the hydrogen atom moving in a circular orbit
about its nucleus. The electron experiences an electrostatic attraction

I n order for an electron to move in a circle, a centripetal force is

Q is the charge on the nucleus, which is 1 elementary charge;
q is the charge on the electron, which is also 1 elementary

charge;
R is the separation between the nucleus and the electron;
m is the mass of the electron; and
v is the speed of the electron.

I nstead of specifying the allowable orbits in terms of the angular
momentum of the electron, the same results are obtained if orbits are
specified in terms of the de Broglie wavelength associated with the
electron. It turns out that only those orbits are allowed for which the

circumference of the orbit is an integral number of de Broglie wave-
lengths. (This is illustrated in "The Wave Mechanical Model," the final
program of this series.

when n = 1, 2, 3 ...

Substituting the appropriate values, it yields

By substituting the values for the variables, the result is

By again substituting the values for the variables, the relationship
shown below is obtained:

nh

and if we substitute that into equation (1) we get

This equation, when rearranged, yields

Rearranging equation (2) yields

(4)

( 3)

The total energy of an electron in a specific energy level is given by
the sum of its kinetic and potential energies:

If the value for v from equation (3) is used, and if the value for R from
equation (4) is used, then the result is

where k is the Coulomb's law constant

required; this is given by the equation Since the electro-

static force supplies the centripetal force, we can say that
and equating that to equation (3) results in

( 1 ) Solving this for R results in

( 2)

The de Brogue wavelength is given by the relationship
If the circumference is an integral number of wavelengths, then we
can say that

by the nucleus given by the equation

1 3
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This relationship assumes that an electron that has just escaped from
the nucleus has a total energy of 0 eV.

An electron, then, that is moving about the nucleus, would have a
negative total energy. If the first allowable energy level is taken as the
reference level so that an electron in this energy level has a total
energy of 0 eV, then the relationship becomes

This relationship was selected for this program because it allowed all
energies to be displayed as positive numbers instead of as negative
numbers. Some teachers may prefer to work with energies in joules.
To convert electron volts (eV) to joules, simply multiply by
1.6 x 10 - ' s.

Bohr's model of the atom was replaced a little over a decade after
he developed it. Bohr's main contribution to the current model of the
atom was the application of the idea of the quantum to atomic
structure. His theory had many successes that are not developed in
this program. Some of these are described briefly below:

a. Bohr's model of the hydrogen atom gave an excellent explanation
of the spectrum of excited hydrogen gas. (This idea is developed in
some detail in "Spectra," program 5 of this series.)

b. Although Bohr could not mathematically account for the spectral
lines present in the spectra of many different electron atoms, he was
able to account for a number of the atoms' chemical properties by
assuming that the electrons were arranged in shells, and that atoms
entering into a chemical reaction tended to acquire the electron
configuration of the inert gases.

c. Applying the idea of electron transfer and/or electron sharing, the
concept of valence could be explained in terms of electrons instead
of the "hooks" used in earlier discussions of the topic.

d. Using Bohr's model of the atom, in which electrons are arranged
in shells, H. G.-J. Moseley (1887-1915) was able to account for the
prominent lines obtained in the x-ray spectrum when different
elements were used as the target electrode in an x-ray tube.

Before Viewing
it is recommended that the teacher review Rutherford's model of the

atom before having students view this program. The prediction based
on classical physics, that an electron circling the nucleus should emit
electromagnetic radiation and therefore end up spiralling into the
nucleus, should also be reviewed. Physicists refer to this as the
"ultraviolet catastrophe."

While Viewing
Students should read the following questions before viewing the
program so that they can consider them as they watch, and answer
them immediately after.

1 . State the difference between the way classical physicists
visualized the radiation of energy and the way Max Planck
visualized it.

2. What name did Planck give to a "bundle" of energy?
3. Which electrons about the nucleus of an atom possess the most

energy?
4. How did Bohr's concept of the arrangement of electrons about

the atom differ from Rutherford's concept?
5. Calculate the radius of the first three orbits about the hydrogen

nucleus.
6. How many electron orbits are possible for the hydrogen atom?
7. Calculate the speed of the electron for the first three orbits of

the hydrogen atom.

8. What happens to the speed of the electron as it goes to a
higher energy level?

9. Calculate the energy of the first three allowable enerav l evels of
the hydrogen atom.

1 0. How can an electron in the first energy level of the hydrogen
atom obtain enough energy to get to a higher energy level?

11. What happens when a free electron with less than 10.2 eV of
energy interacts with an electron in the first energy level of the
hydrogen atom?

12. What would your answer for question 11 be if the free electron
has more than 10.2 eV of energy?

1 3. How much energy is required to enable an electron in the first
energy level to escape completely from the atom?

14. When an electron drops from a higher energy level to a lower
energy level how does it lose the energy it absorbed before,
when it moved to the higher energy level?



After Viewing
Have students draw a diagram of Bohr's model of the hydrogen atom
in two different ways:

The two diagrams described will look quite different. Teachers
might wish to point out to students that while Bohr viewed both of
these relationships as correct, it is only the energy relationship that is
still viewed as valid today.

Other Aids
Teachers may wish to have students view the 10-minute program
entitled "The Quantum Idea" (one of the six programs in TVOntario's
Wave-Particle Duality series. This program shows the development of
the quantum idea by Planck and the theory's use by Einstein to
explain the photoelectric effect.

1 5

a. Use the expression for the radius of the allowable orbits,
and draw a diagram of the hydrogen atom,

with the first six allowable orbits drawn correctly to scale.

b. Use the expression for the energy of the allowable orbits,
and draw a diagram of the hydrogen atom,



Spectra
Objectives
After viewing the program students should be able to:

1. Identify the individual who first developed an expression that
correctly predicted the visible lines in the spectrum of excited
hydrogen gas.

2. Name the physicist who first detected emission lines in the
infrared region of the spectrum for excited hydrogen gas.

3. Name the scientist who identified lines in the ultraviolet region of
the spectrum for excited hydrogen gas.

4. Explain why no radiation is produced when hydrogen is
bombarded with electrons having less than 10.2 eV of energy.

5. Describe the spectrum that would result if hydrogen were
bombarded with electrons having an energy of 10.2 eV.

6. Explain why that spectrum (specified in objective 5) results.
7. Calculate the wavelength of a photon, given its energy in

electron volts and the value of Planck's constant in electron volt
seconds.

8. I dentify electron transitions that will produce lines in the Balmer
series, given an energy-level diagram for the hydrogen atom.

9. Identify electron transitions that will produce lines in the Lyman
series, given an energy-level diagram for the hydrogen atom.

10. Name the scientist who first noticed black lines in the spectrum
of sunlight.

11. Name the scientist who showed that there were actually
hundreds of black lines in the spectrum of sunlight.

12. Name the scientist who showed that black lines in a continuous
spectrum could also be produced in the laboratory.

13. Draw a sketch to show how an absorption spectrum can be
demonstrated in the laboratory.

14. Explain why light consisting of all spectral colors will have
specific colors absorbed if it is shone through a vapor.

1 5. Explain why the specific wavelengths that a substance absorbs
when a continuous spectrum is shone through it are also among
the wavelengths emitted when it is excited.

Program Description
The program begins with a review of the main concepts of Bohr's
model of the atom, highlighting the fact that Bohr's proposals had
taken the atom into the land of quantum physics and the idea that the
electron orbiting the nucleus of the hydrogen atom is constrained to
specific energy levels. The program then shows how the spectrum of
hydrogen had already been carefully analyzed by scientists prior to
Bohr, and that the expression developed by one of them, Johann
Balmer (1825-1898), could be used to predict the wavelength of the
lines in the various regions of the spectrum. Bohr's theory was
remarkable because it suggested a mechanism at the atomic level
that could account for the various spectral lines, and because it was
not an empirical expression like the one developed by Balmer, which
simply worked - without anyone's understanding why.

The program shows in detail how a free electron interacts with an
electron in the ground state of the hydrogen atom to excite it to the
second energy level. It then shows that the electron, while in the
excited state, does not emit radiation until it falls back to the ground
state. (The equation used to calculate the wavelength of the photon
produced is shown.) The transitions within the hydrogen atom that will
give rise to the Balmer series and to the Lyman series are
demonstrated and discussed.

The second half of the program tackles the topic of absorption
spectra. It deals briefly with the discovery of seven black lines in the
spectrum of sunlight by William Wollaston (1766-1828) and the
subsequent discovery by Joseph von Fraunhofer (1787-1826) that
these seven black lines could be resolved into hundreds of lines. It
shows an arangement of apparatus, similar to that used by Gustav
Kirchhoff, which can be used to produce an absorption spectrum in
the laboratory.

The last portion of the program shows the mechanism that will
produce the absorption spectrum (i.e., that causes atoms of a
particular substance to absorb a specific wavelength and then
reradiate it in all directions instead of the one direction in which the
light was originally going).

' 1 6



Additional Background
Bohr's atomic model, developed early in the twentieth century, made
it possible for scientists to formulate hypotheses about what was
happening at the atomic level when a material either emitted radiation
or absorbed it. The science of spectroscopy was about 150 years
old when Bohr developed his model.

The first work on spectroscopy seems to have been performed by
the Scottish physicist Thomas Melvill in 1752. He placed a variety of
substances in a flame and allowed the light to pass first through a
small circular hole and then through a prism. Melvill observed that the
spectrum produced by a gas or vapor was quite different from that
produced by a glowing solid or liquid. He found that instead of a
continuum of color there were individual circular spots of color with
dark gaps between the colors. Melvill also noticed that the colored
spots produced were different for different materials. In 1823 the
British astronomer John Herschel suggested that each gas had a
unique spectrum and could therefore be identified by the spectral
lines it produced. From this point on, the field of spectroscopy grew
rapidly.

Absorption spectroscopy also had its beginning more than a
century before Bohr. As recounted in the program narration, it was
the English scientist William Wollaston who first noticed the
appearance of seven black lines in the spectrum of sunlight. That was
in 1802. Within a dozen years, Fraunhofer, the inventor of the grating
spectrometer, noticed hundreds of black lines in the spectrum of
sunlight.

The relationship between the dark lines in an emission spectrum
and the bright lines in an absorption spectrum was shown by Gustav
Kirchhoff in 1859. He passed light from a glowing solid through a
sodium vapor at a lower temperature than the solid and showed that
the dark lines in the spectrum corresponded exactly to the radiation
normally emitted by sodium vapor when it is excited. Kirchhoff was
able to show that this type of behavior occurred with other gases,
and therefore, to establish the principle that a gas can only absorb
those wavelengths which, when it is excited, it can also emit.

Kirchhoff extended his work to explain the presence of dark lines in
the solar spectrum. He explained that the sun and other stars are
surrounded by an atmosphere of relatively cool gases, which absorb
some of the radiation passing through it, and was actually successful
in identifying the lines of sodium and potassium in the solar spectrum.
The work of Kirchhoff stimulated others' interest in the field of

Before Viewing
Before viewing the program, review the key ideas of the Bohr model
of the atom. You may also elect at this point to do some of the
activities suggested in the "After Viewing" section.

While Viewing
Students should read the following questions before viewing the
program so that they can consider them as they watch, and answer
them immediately after.

1. Who is credited with first developing an expression that correctly
predicts the visible spectral lines seen when hydrogen gas is
excited?

` 17

spectroscopy, specifically in the quest to find an answer to the
question "What is the physical mechanism that accounts for the
production of spectral lines?"

I n 1885 a Swiss school teacher, Johann Jakob Balmer, published a
paper in which he included an empirical formula

Using this formula Balmer was able to successfully predict the wave-
lengths of the visible lines in the hydrogen spectrum. To get these
lines, the values for n were 3, 4, 5, and 6, respectively. In his paper,
Balmer speculated that by replacing the number 2 in the denominator
with other integers, such as 1, 3, or 4, it might be possible to predict
other series of lines in the hydrogen spectrum that are not visible.
Balmer's equation was rewritten in the following form

(in this equation, the constant i s named

after the Swedish spectroscopist J.R. Rydberg, who made great
progress in the search for spectral series.)

I n 1908 F. Paschen, a German spectroscopist, found in the infra-
red region two lines whose wavelengths had been correctly predicted
by the Balmer equation. As technology provided spectroscopists with
better and better equipment, new series of lines - as predicted by
the Balmer relationship - were detected. These included the Lyman
series, terminating on n a = 1 (1906-1914); the Brackett series,
terminating on n, = 4 (1922); and the Pfund series terminating on
n, = 5 (1924). By the time the last two series were identified, the
work of Bohr had already been published.
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2. Who first detected spectral lines in the infrared region of the
spectrum when hydrogen gas is excited?

3. Who first detected spectral lines in the ultraviolet region of the
spectrum when hydrogen gas is excited?

4. Why was Bohr's method of accounting for the spectral lines in
excited hydrogen gas more profound than Balmer's equation?

5. What happens when hydrogen gas is bombarded with free
electrons having an energy of less than 10.2 eV?

6. What happens when hydrogen gas is bombarded with free
electrons having an energy of 10.2 eV?

7. Describe what an electron in an excited state in the hydrogen
atom must do to enable itself to return to a lower energy level.

8. What relationship may be used to calculate the wavelength of a
photon given off by an atom when it de-excites, if the energy of
the photon is known?

9. Give the energy-level transitions that will produce the first three
lines in the Balmer series.

10. Give the energy-level transitions that will produce the first three
lines in the Lyman series.

11. Who is credited with first observing black lines in the spectrum
of sunlight?

12. Who showed that there were actually hundreds of black lines in
the spectrum of sunlight?

13. Who was able to simulate the production of black lines in the
spectrum by the appropriate arrangement of apparatus in the
laboratory?

14. What is the relationship between the wavelengths absorbed by
a substance and the wavelengths it will produce when excited?

15. Explain why the placing of a vapor or gas in front of a light
source that is producing a continuous spectrum will result in a
continuous spectrum with dark lines in it.

After Viewing
Several activities can be performed after the program has been
viewed. Students will find doing them interesting, and will receive
reinforcement of the concepts developed in the program. Some of
these activities involve the use of simple spectroscopes. Although
both diffraction gratings and prisms will disperse light into its spectral
colors, relatively inexpensive replica diffraction gratings are probably
the easiest way for students to see spectra. Three methods of using
diffraction gratings are outlined below.

Method 1, Acquire for each class member a spectroscope with a slit
in one end and a plastic diffraction grating in the other. Before using
these in class, check each one to make sure that the slit is parallel to
the grooves in the grating before looking at the light source to be
examined. Adjust any misaligned spectroscope by aiming it at a light
source and rotating the moving end until the slit and grooves are
parallel. The slit end is pointed to the light source, and the observer
looks into the other end of the spectroscope at the light source. A
spectrum should be seen on either side of the slit. The main
advantages of this type of spectroscope are that it is inexpensive and
that the slit allows enough light to pass into the spectroscope so that
lines of light will be seen in the spectrum. This spectroscope is well
suited for Activity 3 below.

slit end grating end



Method 2. Acquire for each class member a replica diffraction
grating mounted in a slide holder. The observer holds the grating up
to his or her eye so that the grooves are parallel to the light source.
When he or she looks to either side of the source, spectral lines or
colors should be visible. For a broad light source, such as a colored
Bunsen burner flame, a slit must be introduced between the grating
and the flame. This device is especially effective for viewing gas
discharge tubes that are very narrow and are being excited by a high
potential difference. Students can stand some distance from the light
source and see the spectrum with little difficulty.

Method 3. A special spectrum viewer can be constructed as shown
here. The main advantages of this device are that students need not
hold anything and that the spectrum is visible, no matter which
direction it is viewed from. The device is probably limited to effective
display of the spectra produced by gas discharge tubes or showcase
bulbs.

board, painted dull black on front surface

sheet of replica diffraction grating
tape securely

Activities
Activity 1. Viewing a continuous
spectrum

Students can view a continuous spectrum by
l ooking at a single-filament showcase bulb
through a simple spectroscope described in
Method 1.

replica diffraction grating

Activity 2. Sharp-line emission
spectra of gases

Students can view the sharp-line emission
spectrum of a gas by using the arrangement
shown here. Neon is an excellent gas to start
with, since it has so many lines in the visible
region of the spectrum. Hydrogen should
definitely be viewed, since it is discussed in the
program. Another interesting gas is mercury

vapor. If students take note of the visible lines in
i ts spectrum, then use their spectroscopes to
examine light from the fluorescent bulbs in the
classroom, they will find that the latter spectrum
i s a continuous one with the sharp lines in the
visible region of mercury vapor superimposed
over it. This could provide them with an
i nteresting challenge to explain their
observations.

showcase bulb
to high
voltage
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Activity 3. Sharp-line spectra
of vapors
To demonstrate the sharp-line spectra produced
by various ions in the vapor state, set up the
apparatus as shown at right. Ions producing
colorful flames are lithium, strontium, calcium,
copper, barium, and potassium. Although
students may not find sodium particularly
i nteresting, it does produce a strong pair (which
appears as a single line in cheap spectroscopes
such as those recommended here) of lines in
the yellow-orange region.

Dissolve a water-soluble salt of the ion to be
examined in water. Place the solution in a plastic
bottle that will produce a fine spray when
squeezed. (These are available from scientific
suppliers.) Squeeze the bottle so that some of
the spray goes into the flame, and the color
associated with the particular ion should appear.
Examination with a spectroscope will reveal that
most of the ions produce several distinct lines
rather than one specific color. If a higher-quality
spectroscope is available, the wavelength of the
lines can be determined.

Activity 4. Absorption spectra
of some vapors
Set up the apparatus as shown at right. The
single-filament bulb produces a continuous
spectrum, which is seen when the light is
examined with a spectroscope. The Bunsen
bumer, of course, is adjusted so that it produces
a hot flame that is not visible through the
spectroscope. When one of the solutions
described in Activity 3 is sprayed into the flame,
dark lines will appear momentarily in the
continuous spectrum, whereas bright lines
appear before.

squeeze bottle

single-filament bulb pale flame

n

squeeze bottle



The Wave Mechanical Model
Objectives
After viewing this program the students should be able to:

1. State the prediction made by Louis de Broglie.
2. Give one example in which particles appear to exhibit wave-like

properties.
3. State the mathematical relationship which, according to

de Broglie, determined allowable orbits in the hydrogen atom.
4. Describe the atom as it was visualized by Erwin Schrodinger.
5. Describe the main difference between the Bohr model of the

atom and the wave mechanical model of Schrodinger.
6. Explain why photons of light striking a relatively large object do

not affect its position or its rate of motion.
7. Explain why photons of light striking a tiny object such as an

electron, affect its position and velocity.
8. State Heisenberg's "uncertainty principle" as it relates to the

electron.
9. State what happens to the uncertainty in the measurement of

the position of an electron as the uncertainty in its momentum
decreases.

10. Describe the characteristic of an atom determined by each of
the following quantum numbers: n, l, rn, and s.

11. State the values that I can have when n = 1, and state the
significance of each of these values of l.

12. State the values that m can have when I = 1, and state the
significance of each of these values of rn.

Program Description
The program begins with a brief summary of the successes of Bohr's
model of the atom, and points out that the model could not be used
to predict the lines present in the spectra of many electron atoms.
Then the "wave-particle duality" of electromagnetic radiation and
Louis de Broglie's prediction that in some cases particles themselves
may exhibit a wave nature are developed. The two-point interference
pattern produced by electrons is shown to illustrate this. The expres-
sion for the de Broglie wavelength of a particle of mass rn and speed
v is given. The program recounts how de Broglie was able to predict

the allowable orbits in the hydrogen atom by assuming that the
circumference of an allowable orbit must be an integral number of
de Broglie wavelengths.

Narration and animation show how de Broglie's concept was
extended by Erwin Schrodinger, as well as by Werner Heisenberg
and Max Born, to develop the wave mechanical model of the atom, in
which the electron is no longer visualized as following a specific path.
I nstead, this model posits an orbital cloud surrounding the nucleus.
This cloud can be viewed either as giving the probability of locating
the electron at various points, or as the way in which the electron's
charge is distributed about the nucleus.

The Heisenberg uncertainty principle is developed by showing that
photons of light colliding with a large object (an elephant, for example)
have no appreciable effect on the elephant's position or velocity. On
the other hand, when a single photon collides with an electron, the
electron's position and velocity are altered. The program shows how
decreasing the uncertainty in measuring an object's position
increases the uncertainty in measuring its momentum or its velocity.

The program ends with a recap of the development of the quantum
concept as it progressed throughout history. The "quantum" idea
was first developed by Planck to explain the emission of electro-
magnetic radiation by atoms. It was extended by Bohr to energy
l evels of electrons within atoms. Work by Schrodinger and
Heisenberg showed that the probability distributions (or electric
charge density within energy levels) were quantized,"as was the
orientation of these distributions in space. Even the spin of the
electron was quantized! The program then illustrates the application
of the quantum numbers for the first two energy levels of the
hydrogen atom.

The program - and the series - conclude with the implication that
even though the wave mechanical model has been the accepted
model since the mid-twenties, the book on atomic structure has not
been closed, and the next chapter is waiting to be written.

Additional Background
Louis de Broglie's prediction that matter might have a wave nature
was part of his Ph.D. thesis in 1924. It is interesting to note that he
had no experimental basis for this prediction. Apparently, de Broglie
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was led to propose this hypothesis because of the symmetry he felt
was present in nature.

Electromagnetic radiation had been shown to possess character-
istics of both waves and particles. Planck's revolutionary proposal
that electromagnetic radiation was absorbed and radiated in quanta,
rather than continuously (as proposed by the classical physicist
James Clerk Maxwell), had gained wide acceptance in the scientific
community in the early part of this century. Thus, the quantum (which
is a "particle" idea) was skillfully interwoven with "wave" concepts
(such as wavelength and frequency) to give a complete description of
electromagnetic radiation. Thus, reasoned de Broglie, perhaps
particles might have a wave dimension to complement their obvious
particle characteristics.

At first, de Broglie's examiners found this thesis unacceptable, but
when Albert Einstein was shown the prediction, he felt that it might
well be true. Experimental evidence of de Broglie's prediction was
provided by Americans C.J. Davisson and L.H. Germer in 1927 when
they demonstrated the diffraction of electrons by a single crystal of
nickel. Shortly thereafter, G.P. Thomson (son of J.J. Thomson)
observed diffraction rings produced by electrons that were
transmitted through a thin metallic foil. As is noted in the program,
de Broglie was able to account for the allowable orbits for electrons
about the hydrogen atom by using the wave nature of matter
concept; apparently he did not develop his concept further.

Within a year of de Broglie's thesis, and before the experimental
verification by Davisson and Germer, Werner Heisenberg developed
the theory of quantum mechanics or wave mechanics. A year later, in
1 926, Erwin Schrodinger (working independently and approaching
the problem in a different mathematical way) arrived at basically the
same theory. The interpretation of the wave nature of material
particles in terms of probabilities is credited to Max Born, who first
suggested this interpretation in 1926.

The wave equation developed by Schrodinger involves mathematics
well beyond the scope of secondary-school students. This equation
has been very successful wherever it has been applied to solve
problems involving atomic structure. It turns out that the probability of
finding a particle in a specific location is proportional to the value of
the wave function ( ~ ) squared at this point.

In addition to his work as a pioneer in the field of quantum
mechanics, Werner Heisenberg is well known for his "uncertainty
principle," a special feature of this theory, first formally introduced in
1 927. According to Heisenberg (and as illustrated in the program),

large objects that we see on a day-to-day basis are not affected
significantly by the photons that strike them and enable us to see
them. Therefore, it is possible to measure both the position and
momentum of an object (such as a baseball in flight) and it is possible
to do this with a fair degree of precision for a number of positions.
However, if we attempt to determine the position of an electron, we
can do so only by allowing a photon of some type to reflect from it,
so that we can determine where that electron is. This photon will
i nteract with the electron, causing it to move away from this position.
Thus, we may know where the electron was when it interacted with
the photon, but we no longer know where it is after the interaction. In
this instance, we cannot know both the electron's position and
momentum.

The shapes of the orbitals (or electron probability distributions)
shown in the program are a result of the solution of the Schrodinger
wave equation. This equation has physically meaningful solutions for
only certain values of energy and momentum for the atom. These
particular values are determined by the quantum numbers n, l, and m.
Once integral values have been assigned to these numbers,
Schrodinger's equation can be solved, and the size and shape of the
probability distribution can be specified.

The quantum number n is referred to as the "principal quantum
number"; it can have any integral value.

The quantum number I is referred to as the "orbital quantum number,"
and is related to the angular momentum of the electron. Its value can
be 0, 1, 2, 3, .... to (n-1). In terms of probability distributions, the
orbital quantum number determines the shape of the distribution.

The quantum number m is referred to as the "magnetic quantum
number" and is related to the orientation of the angular momentum
vector. In terms of the orbital, the magnetic quantum number
determines the orientation of the orbital (or probability distribution) in
space. The value of m can vary from +/ to -1. For example, if l has a
value of 2, then m can have values of -2, -1, 0, 1, and 2.

The quantum number s refers to the spin of the electron and can
have a value of either + ,t2 or - 1/2. This quantum number was added
in 1928 by the English physicist P.A.M. Dirac, who modified the
Schrodinger equation to make it consistent with the theory of
relativity. As the program points out, hydrogen has only one electron.



This means that a specific atom of hydrogen will have an electron
with a spin of either + 1/2 or - 1/ 2; this quantum number will not
change when the electron is excited to a higher energy level.

Before Viewing
You may wish to show "Matter Waves," the sixth program in
TVOntario's Wave-Particle Duality series before showing "The Wave
Mechanical Model." The advantage in doing this is that the concept
of a matter wave will be explained in some detail before the student
sees it applied to the structure of the atom. A teacher's guide for
Wave-Particle Duality is also available, and can be used as a resource
for more theoretical detail as well as for questions for students to
answer.

While Viewing
Students should read the following questions before viewing the
program so that they can consider them as they watch, and answer
them immediately after. It may be necessary to show the program a
second time to enable students to answer more questions, before
discussing the answers in class.

1 . Describe the prediction made by Louis de Broglie.
2. Describe how a baseball and a bat would interact if they were

like waves.
3. What type of particles demonstrate wave-like behavior?
4. What equation gives the wavelength of a particle of mass m and

velocity v?
5. According to de Broglie, what condition does an electron in the

first allowable orbit of the hydrogen atom satisfy?
6. According to de Broglie, what condition does an electron in the

second allowable orbit of the hydrogen atom satisfy?
7. Which individuals extended de Broglie's wave mechanical

concept to develop a more comprehensive model of the atom?
8. How does the wave mechanical model of the atom differ from

the Bohr model?
9. What is the significance of the orbital or "electron cloud" that is

drawn about the nucleus as part of the wave mechanical model?
10. Explain why photons of light do not have a significant effect on a

large mass (e.g., an elephant) but have a significant effect on a
small object (e.g., an electron).

11. State Heisenberg's uncertainty principle as it applies to the
electron.

12. Suppose a physicist makes a measurement of an electron's
velocity and, by multiplying this value by the electron's mass,
determines its momentum. How is the physicist's knowledge of
the electron's position affected as she makes a more and more
precise determination of its velocity? Explain your answer.

13. What is the significance of the quantum number n as it is used to
describe the structure of the atom?

14. What is the significance of the quantum numbers l, m, and s,
used to describe the structure of the atom?

15. Consider a hydrogen atom with one electron in the ground state.
What are the values of the quantum numbers n, l, m, and s for
this electron?

16. Consider a hydrogen atom with one electron in the second
energy level (the first excited state). Show the possible values
for each of the quantum numbers, n, l, m, and s in this situation.

After Viewing
Ask students to determine the values that l, m, and s can have if n
has a value of 3.

23



For Further Reading
The following books provide supplementary
material on the nature of the atom. Although
several of them are out of print, they can likely
be found in school and school-board libraries.

Boorse, H.A., and L. Motz. The World of the
Atom. 2 vols. New York: Basic Books, 1966.

Boulind, H.F. Waves or Particles. London:
Longman Group Ltd., 1972.

Brown, Thomas B. Foundations of Modern
Physics. New York: John Wiley and Sons,
1 960.

Gamow, G. Thirty Years That Shook Physics.
Garden City, N.J.: Doubleday, 1966.

Giancoli, Douglas C. Physics. Englewood Cliffs,
N.J.: Prentice-Hall, 1980.

Holton, Gerald, and Duane H.D. Roller.
Foundations of Modem Physical Science.
Reading, Mass.: Addison-Wesley, 1965.

Lapp, Ralph E. Matter. Life Science Library.
Alexandria, Va.: Time-Life Books, 1969.

Paul, D., D. Pierce, and K. Stief. The New
Physics. Toronto: Holt, Rinehart and Winston,
1 977.

Rutherford, F.J., et al. Models of the Atom.
Project Physics Reader No. 5. Toronto: Halt,
Rinehart and Winston, 1971.

Toon, E.R., and George L. Ellis. Foundations of
Chemistry. Metric Edition. Toronto: Holt,
Rinehart and Winston, 1978.

Webber, H.D., G.R. Billings, and R.A. Hill.
Chemistry: A Search for Understanding.
Toronto: Holt, Rinehart and Winston, 1970.
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Box 200, Station Q
Toronto, Ontario M4T 2T1

((416) 484-2613

United States
TVOntario
U.S. Sales Office
901 Kildaire Farm Road
Building A
Cary, North Carolina
27511
Phone: 800-331-9566
Fax: 919-380-0961
E-mail: ussales@tvo.or g
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