. A photon of green light has a
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Review Questions

vhich part of the electromagnetic specfrum does
a photon have the least energy? (1) gamfna rays
(2) microwaves (3) visible light (4) ultratiolet

. The eNergy of a photon varies inversely with its

(1) frequency (2) momentum (3) spded
(4) wavelength

. Compare;ﬂ\ to a photon of red light/a photon of blue

light has a\(1) lower frequency and shorter wave-
length (2) lgwer frequency and lbnger wavelength
(3) higher frelguency and shortef wavelength

(4) higher frequency and longef wavelength

. On the axes th}‘ follow, sketct a line to represent the

relationship betyeen photog energy and frequency
for a series of phrxtons.
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quency of approxi-
mately 6.0 X/10' hertz. The endrgy associated with
this photon fs approximately (1)\1.1 x 10 8 J
(2)6.0 < 10/°*) (3)5.0x 107 \4) 40x10 ")

length of 4.00 X 10"/ meter.

\
. Determine/the energy of a photon Kaving a wave-

- A photorj has an energy of 8.0 x 10‘\9joule.

What is this energy expressed in elect onvolts?

(1)50410 BeV (2)16 x 109V "1

(3)8.0 <1077V (4)50eV \

. A ganmima photon collides with an electr\m at rest.

During the interaction, the momenturn of the pho-
ton [1) decreases (2)increases (3) remaink the same

- An K-ray photon collides with an electron i\ an atom,

ejecting the electron and emitting another ghoton,
During the collision there is a conservation o

(1) momentum only (2) energy only (3) both
momentum and energy (4) neither momentum

nor energy

theory of light, light
i called (1) protons
quarks

photons (3) photoelectrons

Early Models of the Atom

An atom is the smallest particle of an element that
retains the characteristics of the element. Models
for the structure of the atom have evol ved over
centuries as scientists have developed more sophis-
ticated methods and equipment for studying parti-
cles that are too small to be detected by the
unaided eye.

Thomson’s Model

Just over 100 years ago, J.-J. Thomson discovered
that electrons are relatively low-mass, negatively
charged particles present in atoms, Because he
knew that atoms are electrically neutral, Thomson
concluded that part of the atom must possess a
positive charge equal to the total charge of the
atom’s electrons. Thomson proposed a model in
which the atom consists of a uniform distribution
of positive charge in which electrons are embedded,
like raisins in plum pudding.

Rutherford’s Model

Less than two decades later, Ernest Rutherford pro-
posed a different model of the atom. He performed
experiments in which he directed a beam of mas-
sive, positively charged particles, traveling at
approximately one-tenth the speed of light, at
extremely thin gold foil. Rutherford postulated that
if an atom was like those described in Thomson’s
model, there would be only small net Coulomb forces
on a positively charged particle as it passed through
or near a gold atom in the foil, and the particle
would pass through the foil relatively unaffected.
However, he found that, although nearly all the posi-
tively charged particles were not deflected from a
straight-line path through the gold foil, a small
number of particles were scattered at large angles.
To explain the large angles of deflection of
those few particles, Rutherford theorized that the
massive, energetic, positively charged particles
must have collided with other even more massive
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positively charged particles. Assuming that atoms
are symmetrical, he concluded that this concentra-
tion of mass and positive charge in the atom, which
he called the nucleus, is located at the atom’s cen-
ter. From the relative number of deflected parti-
cles, he calculated that the nucleus is only about

Based on the results of these scattering experi-
ments, Rutherford described an atom as being sim-
ilar to a miniature solar system. The tiny nucleus
at the center of the atom contains all the positive
charge of the atom and virtually all of its mass.
The nucleus is surrounded by enough electrons to
balance the positive charge of the nucleus and
make the atom electrically neutral. The electrons
move in orbits around the nucleus and are held in
orbit by Coulomb forces of attraction between their
negative charges and the positive charge of the
nucleus.

In Rutherford’s model, the electrons orbiting
the nucleus accelerate due to a change in direction
of motion. Rutherford knew that these accelerated
charges should radiate electromagnetic energy, lose
kinetic energy and momentum in the process, and
spiral rapidly to the nucleus. The radiated electro-
magnetic energy would increase in frequency and
produce a continuous spectrum. This expected
behavior 1s contradicted by the observed bright-
line spectrum that is characteristic of each ele-
ment. (Bright-line spectra will be discussed later in
this topic.)

The Bohr Model of the
Hydrogen Atom

About two years later, Niels Bohr attempted to
explain why electrons in atoms can maintain their
positions outside the nucleus rather than spiral
into the nucleus and cause the atom to collapse.
Bohr developed a model of the hydrogen atom
based on these assumptions:

* All forms of energy are quantized, that is, an
electron can gain or lose kinetic energy only in
fixed amounts, or quanta.

* The electron in the hydrogen atom can occupy
only certain specific orbits of fixed radius and
no others.

* The electron can jump from one orbit toa
higher one by absorbing a quantum of energy
in the form of a photon.
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* Each allowed orbit in the atom corresponds to a
specific amount of energy. The orbit nearest the
nucleus represents the smallest amount of
energy that the electron can have. The electron
can remain in this orbit without losing energy
even though it is being constantly accelerated
toward the nucleus by the Coulomb foree of
attraction.

When the electron is in any particular orbit, it
is said to be in a stationary state. Each stationary
state represents a specific amount of energy and is
called an energy level. The successive energy levels
of an atom are assigned integral numbers, denoted
by n = 1,n = 2, ete. When the electron is in the
lowest energy level (n = 1), it is said to be in the
ground state. For a hydrogen atom, an electron in
any level above the ground state is said to be in an
excited state.

ENERGY LEVELS Any process that raises the
energy level of electrons in an atom is called
excitation. Excitation can be the result of absorbing
the energy of colliding particles of matter, such as
electrons, or of photons of electromagnetic radia-
tion. A photon’s energy is absorbed by an electron
in an atom only if the photon’s energy corresponds
exactly to an energy-level difference possible for
the electron. Excitation energies are different for
different elements.

Atoms rapidly lose the energy of their various
excited states as their electrons return to the
ground state. This lost energy is in the form of pho-
tons (radiation) of specific frequencies, which -
appear as spectral lines in the characteristic spec-
trum of each element. A spectral line is a particular
frequency of absorbed or emitted energy character-
istic of an atom.

IONIZATION POTENTIAL An atom can absorb
sufficient energy to raise an electron to an energy
level such that the electron is essentially removed
from the atom and an ion is formed. The energy
required to remove an electron from an atom to
form an ion is called the atom’s ionization potential.
An atom in an excited state requires a smaller
amount of energy to become an ion than does an
atom in the ground state.

Figure 6-2 shows the energy-level diagram for
the hydrogen atom. An energy-level diagram is one
in which the energy levels of a quantized system
are indicated by distances of horizontal lines from
a zero energy level. The energy level of an electron
that has been completely removed from the atom
(n = =) is defined to be 0.00 eV. Thus, all other
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energy levels have negative values. As an electron
moves closer to the nucleus, the energy associated
with the electron becomes smaller. Because an
clectron in the ground state has the lowest energy,
its energy has the largest negative value. The
Physics Reference Tables for Physical Setting/
Physics contain energy level diagrams for hydro-
gen and mercury,
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Figure 5-2. Energy levels for the hydrogen atom

LIMITATIONS OF BOHR’S MODEL Although
Bohr’s model explained the spectral lines of hydro-
gen, it could not predict the spectra or explain the
electron orbits of elements having many electrons.
Nevertheless, Bohr’s model with its quantized
energy levels set the stage for future atomic
models,

he Cloud Model

Bohr’s model of the atom has been replaced by the
cloud model. In this model, electrons are not con-
fined to specific orbits, Instead, they are spread out
in space in a form called an electron cloud. The
electron cloud is densest in regions where the prob-
ability of finding the electron is highest.

Complicated equations describe the shape, loca-
tion, and density of each electron cloud in an atom,
Each cloud corresponds to a particular location for
an electron. By incorporating the cloud model into
the Rutherford-Bohr model, scientists have been
able to construct accurate models of the electron
arrangements for all the elements,

Atomic Spectra

When the electrons in excited atoms of an element
in the gaseous state return to lower energy states,
they produce a specific series of frequencies of elec-
tromagnetic radiation called the atomic spectrum of
the element. Each element has a characteristic
spectrum that differs from that of every other ele-
ment. Thus, the spectrum can be used to identify
the element, even when the element is mixed with
other elements,

The element helium was found on the sun
before it was isolated on Earth. Spectral lines of
the sun’s corona were studied during a solar
eclipse. The lines were not previously reported for
any known element, so the new element was
named helium from the Greek word for sun, heljos.

Emission (Bright-Line) Spectra

Energy levels in an atom, introduced by Bohr, pro-
vided an explanation for atomic spectra. When an
electron in an atom in an excited state falls to a
lower energy level, the energy of the emitted pho-
ton is equal to the difference between the energies
of the initial and final states.

=E — E,

Ephoton

E. is the initial energy of the electron in its excited
state and £, is the final energy of the electron in
the lower energy level. Each energy difference
between two energy levels corresponds to a photon
having a specific frequency. A specific series of
frequencies, characteristic of the element, is pro-
duced when the electrons of its atoms in excited
states fall back to lower states or to the ground
state. When these emitted frequencies are viewed
in a spectroscope, the frequencies appear as a
series of bright lines against a dark background
and, therefore, are called a bright-line spectrum or
an emission spectrum. In Figure 6-3 on the next
page the energy emissions producing various series
of lines in the ultraviolet, visible light, and infrared
regions are indicated in the energy-level diagram
for hydrogen.
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Figure 6-3. The relationship between possible energy level transitions and the
observed series of frequencies in the hydrogen spectrum

Absorption Spectra

As explained earlier, an atom can absorb only pho-
tons having energies equal to specific differences in
its energy levels. The frequencies and wavelengths
of these absorbed photons are exactly the same as
those of the photons emitted when electrons lose
energy and fall between the same energy levels. If
the atoms of an element are subjected to white
light, which consists of all the visible frequencies,
the atoms will selectively absorb the same frequen-
cies that they emit when excited. The absorbed
frequencies appear as dark lines in the otherwise
continuous white-light spectrum. This series of
dark lines, resulting from the selective absorption
of particular frequencies in the white-light spec-
trum of an atom, is called an absorption spectrum.
An atom will absorb a photon only if the photon
possesses the exact amount of energy required to
raise the atom to one of its possible excited states.

Review Questions

Note to student: The answers to some of the following
questions are based on information from the energy-
level diagrams for hydrogen and mercury found in the
Reference Tables for Physical Setting/Physics.
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12. The lowest energy state of an atom is called its
(1) ground state (2) ionized state (3) initial energy
state (4) final energy state

13. Which electron transition in the hydrogen atom
resultsin the emission of a photon with the greatest
energy? (I)n=2ton=1 2Qn=3ton=2
Bn=4ton=2 @n=5ton=3

14. What is the minimum energy required to ionize a _
hydrogen atom in the n = 3 state? (1) 13.60 eV
(2)12.09eV (3)5.52eV (4)1.51 eV

15. Which photon energy could be absorbed by a
hydrogen atom that is in the n = 2 state?
(1)0.66eV (2)1.51eV (3)1.89eV (4)2.40eV

16. Hydrogen atoms undergo a transition from the n = 3
energy level to the ground state.What is the total
number of different photon energies that may be
emitted by these atoms?

17. An electron in a mercury atom jumps from level a to
level g by absorbing a single photon.What is the
energy of the photon in electronvolts?

18. Which phenomenon provides evidence that the
hydrogen atom has discrete energy levels?

19. As an atom absorbs a photon of energy,one of its
electrons will (1) exchange energy levels with
another of its electrons (2) undergo a transition to a
higher energy level (3) undergo a transition to a
lower energy level (4) increase its charge

20.
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20. Which transition between the energy levels of
mercury causes the emission of a photon of highest
frequency? (1)etod (2)etoc 3)ctob (@) btoa

21. As an atom goes from the ground state to an excited
state, the energy of the atom (1) decreases
(2)increases (3) remains the same

22. Itis possible for an excited hydrogen atom to return
to the ground state by the emission of a single pho-
ton. Regardless of the initial excited state, this elec-
tron transition produces a spectral line in which
region of the electromagnetic spectrum?

(1) ultraviolet (2) infrared (3) visible light
{4) radio waves

23. Determine the frequency of the photon emitted
when an excited hydrogen atom changes from
energy level n = 3ton = 2.

24. An electron in a mercury atom changes from energy
level b to level e. This energy-level change occurs as
the atom (1) absorbsa 2.03-eV photon (2) absorbs a
5.74-eV photon (3) emitsa 2.03-eV photon (4) emits
a 5.74-eV photon

Base your answers to questions 25 through 27 on the
information that follows.

A hydrogen atom emits a 2.55-electronvolt photon as
its electron changes from one energy level to another.

25. Determine the energy level change for the electron.
26. Express the energy of the emitted photon in joules,
27. Determine the frequency of the emitted photon.

Base your answers to questions 28 through 30 on the
following diagram, which represents three visible
lines in the hydrogen spectrum. Either the energy or
the frequency for each of these lines is given below
the diagram.

A B C

1.89eV — 2.86eV Energy
—6.15x 10" Hz—  Frequency

28. Which energy level transition produced line A?
(Wn=2ton=1 (2)n=3ton=2
B)n=4ton=3 Mn=5ton=2

29. Determine the energy of the photons that produced
line B.

30. Express the energy of line C in joules.

Base your answers to questions 31 through 34 on the
following information.

A photon with 14.60 electronvolts of energy collides
with a mercury atom in its ground state.

31. Express the energy of the incident photon in joules.
32. Determine the frequency of the incident photon.

33. In what region of the electromagnetic spectrum is
the frequency of the incident photon? (1) gamma
rays (2)infrared (3)visible (4) ultraviolet

34. If the photon collision ionizes the atom, what is the
maximum energy that the electron removed from
the atom can have? (1) 0.00 eV (2)4.22 eV
(3)10.38 eV (4) 1460 eV

T\he Nucleus ,

/

rford’s experiments showed that all of the
atom’s,positive charge and nearly/all of its mass is
containgd in the nucleus. The nuycleus is the core of
an atom pade up of one or mope protons and
(except forone of the isotopes {’;f hydrogen) one
or more neutrons. The protons and neutrons that
make up the\nucleus of an ??fm are called

Z

Nuclear Force j

The positively chatged protons in any nucleus con-
taining more than oRe/proton are separated by a
distance of 10" metgy. Consequently, a large
repulsive Coulomb fgrek exists between them. The
gravitational force gf atttaction between protons is
far too weak to counterbalance this electrostatic
force of repulsion /Thus, thdre must exist a very
strong attractive/nuclear forke to keep the protons
concentrated in/the nucleus oRan atom. It is this
nuclear force, w

nucleons.

e

/ es stronger
#lectrostatic force of repulsiol.

howeve r, the nuclear force diminishes raypidly and
beco fés much less than the gravitational\or elec-
trostatic forces. Although nuclear forces are
strongest forces known to exist, they are effective

only over a short distance.
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