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Chapter 6 Topics

• Chemical versus nuclear reactions, nuclear
fusion.

• Elemental transmutations, formation of the
elements, alpha particles.

• Beta particles, gamma radiation, radioactive
decay, the belt of stability.

• Half-life of radioactive isotopes.

• Nuclear fission, chain reactions and critical
mass.

• Ionizing radiation, radiation units.
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Perpetual Motion and the

Search for the Free Lunch

• Perpetual motion
machines create
energy out of nothing.

• First law of
thermodynamics says
that energy can
neither be created nor
destroyed.

• Perpetual motion
machines don’t work.
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Changes

• Energy cannot be created, but it can be

changed from one form into another.

• Chemical reactions unlock the energy

stored in chemical bonds.

• Power stations convert chemical energy

into electrical energy.
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Solar Power

• Ultimately most forms of energy on Earth

derive from the sun.

• The sun’s output will continue for a billion

years.

• The sun’s power is not a chemical event,

but a nuclear one – the fusion of protons.

©2007 Pearson Prentice Hall 6

Set the Controls for the Heart

of the Sun
• The temperature of the

center of the sun is
15,600,000 K (approx.).

• The sun is 75 %
hydrogen and 25 %
helium.

• Chemical bonds between
atoms do not exist.

• Electrons are stripped
away leaving positive
ions.
– Fe26+ indicates all 26

electrons removed from
atom.
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Nuclear vs. Chemical

Processes

• A chemical reaction is characterized by

movement of electrons between atoms –

the nuclei remain unaltered.

• In a nuclear process changes occur within

the nucleus to the numbers of protons

and/or neutrons.

• Nuclei can get bigger (fusion) or smaller

(fission).
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Solar Fusion Reactions

• The Sun’s energy comes from the fusion

of hydrogen nuclei to produce He.

– Only the nuclei are considered.

– Mass numbers are shown to distinguish

between isotopes.

123
112HHHeenergy+ +

3341
2221 2HeHeHeHenergy+ + +

Mass

number

Atomic

number



5

©2007 Pearson Prentice Hall 9

Isotopes

• Isotopes have the same atomic number

but different mass number.

                      hydrogen: 1 proton + 0 neutrons

                      deuterium: 1 protons + 1 neutron

                      helium-3: 2 protons + 1 neutron

                      helium-4: 2 protons + 2 neutrons
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Checks and Balances

• All equations – chemical and nuclear – must
balance.

• In nuclear equations two things must balance:
– Sum of mass numbers on left = sum of mass

numbers on right.

– Sum of atomic numbers on left = sum of atomic
numbers on right.

– Sum of mass numbers = 3 + 3 = 6 = 4 + 2x1

– Sum of atomic numbers = 2 + 2 = 4 = 2 + 2x1

3341
2221 2HeHeHeHenergy+ + +
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Chemical vs. Nuclear

• Chemical equations:

– Mass numbers and atomic
numbers are not shown (all
isotopes behave the same).

– Same atoms appear on both
sides.

– States usually shown.

• Nuclear equations:

– Mass numbers and atomic
numbers are shown.

– Atoms are not the same on
both sides – nuclear
transformation.

– States not shown – nuclear
reactions don’t depend on
state or chemical condition.
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Nuclear Equations Involve

Subatomic Particles

• Nuclear reactions involve loss or gain of

electrons, protons or neutrons by the

nucleus.

– In this fusion reaction a neutron is liberated.

– Has unit mass (superscript 1) but no charge

(subscript 0).
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Gamma Rays and Fusion

• Much of the energy
released in nuclear fusion
is in form of gamma rays
– high energy, short
wavelength radiation
without mass.

• Gamma rays are
absorbed by the
atmosphere.

• Radiation reaching earth
is much longer
wavelength, lower
energy.
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Big Banana: Nuclear Reactions

Are Much More Energetic than

Chemical Reactions
• Chemical reaction:

CH4 + 2O2 = CO2 + 2H2O + energy
– 1 mole CH4 produces 550 kJ energy (about one

banana)

• Nuclear reaction:
– Fusion production of 1 mole of He produces 6.6 x 108

kJ energy (about 1,200,000 bananas)

• Nuclear reactions are more energetic because
the energy inside the nucleus is being released.
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Nuclear Fusion: Energy for the

Future?
• The energy released from

nuclear fusion should
signal the end of the
energy crisis?

• Process requires
temperature of 1,000,000
K.

• No materials can exist at
this temperature.

• Confine the reacting
gases away from the
chamber walls.
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Alchemy

• The alchemists’ search

for making gold by

transmutation may strike

us as quaint.

• The search for gold was

motivated by

philosophical ideas about

matter.

• Alchemists contributed

much to growth of

chemistry.
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Fusion and the Creation of

Elements

• The Big Bang theory is now accepted as a

description of how the universe began.

• An explosion of a very hot, very small

volume to produce subatomic particles.

• The particles fused to hydrogen and

helium atoms.

• Heavier elements like carbon and oxygen

were formed by fusion of He nuclei.
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Origins of the Elements

• Elements He – Fe (atomic number 26) formed in stars.

• Heavier elements were formed by the explosion of those
dying stars.

• Elements heavier than Fe are in decreasing abundance
on earth:
– The order of formation is sequential.
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Beyond 92

• Uranium-92 is the
heaviest naturally
occurring element.

• Heavier elements are
made artificially by high-
energy bombardment.

• Atomic numbers up to
116 have been in particle
accelerators.

• These synthetic elements
last for a fraction of a
second.
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How Can We Be Sure?

• Experiments are very
complex and can only
be performed by a
few groups.

• Temptation to make
false claims is great.

• Discoveries can only
be accepted after
independent
verification by several
groups.
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Radioactivity and the Decay of

Atoms

• Large atoms can decay to smaller atoms

emitting radiation – radioactive decay:

– Atomic number decreases by 2.

– Mass number decreases by 4.

– Alpha particle is emitted – later shown to be a

helium nucleus.

2732694
1081062HsSgenergy+ +
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Beta Particle Decay

• Another common type of radioactive decay
is beta particle emission:

– Atomic number increases.

– Mass number unchanged.

– Beta particle (electron) emitted.

• -1 subscript on e represents charge –
required to balance charges in nuclear
reactions.

2392390
93941NpPueenergy+ +
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Where Do the Electrons

Come From?
• Electrons emitted as beta particles in radioactive

decay do not come from the electrons that
surround the nucleus.

• Beta particles result from disintegration of a
neutron:

• Electrons do not exist in the nucleus but are
created by neutron decay.

• Mass number is unchanged because neutron
and proton have same mass number.

110
011npe +
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Particle-less Radiation

• Radioactive decay also

produces gamma rays –

high energy forms of

electromagnetic radiation

(light):

• Gamma rays have no

mass and don’t alter the

particle balance in the

nuclear equation.

2392390
93941NpPue + +
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To Decay or Not to Decay

• Most elements below atomic number 83

have at least one radioactive isotope:

– Carbon-14, potassium-40

• Above atomic number 82 all isotopes are

radioactive – none are stable.

• Radioactivity (stability) of the nucleus is

related to atomic number and

neutron:proton ratio.
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Opposing Forces

• The ratio of neutrons:protons in small

elements is about 1:1.

• As atomic number increases,

neutron:proton ratio increases.

• Repulsive force between positive charges

push protons apart.

• Strong nuclear force between neutrons

and protons holds the nucleus together.
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Window of Stability

• As size increases,

more neutrons are

required to hold

nucleus the together.

• Nuclei are stable

within a window of

neutron:proton ratios.

• Nuclei outside the

window will decay

spontaneously to

another nucleus.
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Alpha or Beta?

• Alpha decay occurs to

lower the atomic

number:

• Beta decay occurs to

lower the neutron-

proton ratio:

2732694
1081062HsSg +

2392390
93941NpPue +
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Stepping Stones to Stability

• Radioactive decay of heavy
elements does not lead directly
to a stable nucleus – the
product is itself radioactive.

• Sequential decay occurs until
a stable nucleus is reached.

• The radioactive nucleus lives
outside the band of stability.

• The stable nucleus lies inside
it.

• The stability threshold is
atomic number 82.
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Three Women and Nuclear

Fission
• Three women were

instrumental in discovering

nuclear fission of U with

neutrons.

• The discovery led to the

nuclear bomb and harnessing

nuclear power.
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Radon

• Radon is an inert radioactive gas that

inhabits basements:

• Radon is a decay product from decay of

U-238 and the product Po-84 is also

radioactive.

2222184

86842
RnPo + +
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Geographical Distribution of

Radon

• Radon levels correlate with the amount of

uranium present
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Half Lives Measure Rates of

Decay

• The half life is the
time taken for the
radioactivity to decay
to half its original
value.

• Half life does not vary
with the amount of
material.

• Half life varies
dramatically with the
element.
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The Long and the Short of It

• The longer the half-life, the slower the

decay.

• U-238 decays very slowly:

–  half-life is 4.5 x 109 years.

• Rn-222 decays very quickly:

– Half-life is 3.8 days.
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The Problem of Radon

• Radon is the only
radioactive element
that is a gas.

• More than 55 % of
annual exposure to
radiation is from
radon.

• 10 % of lung cancer
deaths are attributed
to radon exposure.
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Detecting Radiation

• Geiger counters have

been the traditional

instruments to measure

radiation.

• They are now small

enough to fit in a watch.

• Zinc sulfide layers emit

light when exposed to

radiation, which can be

detected by special

goggles.
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Smoke Detectors are

Radioactive!?

• Smoke detectors

contain the radioactive

element americium-

241.

• The alpha particles

create an electric

current which complete

a circuit.

• Smoke particles

interrupt the current

and the alarm sounds.
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Power From Nuclear Fission

• Above Fe-56 the

nuclei become less

stable.

• Nuclear fission is the

conversion of a

heavier nucleus into

two lighter nuclei.

• Fission releases

enormous energy.
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Fission vs. Fusion

• Fusion produces more

energy, but is not yet a

practical technology.

• Fission is well developed.

• Fission provides an

alternative to dependence

on fossil fuels.

• France produces almost

80% of its power by

nuclear reactors.
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Power from Fission

• Fuel is contained in fuel rods in the reactor core.

• Control rods dampen the fission reaction to prevent

overheating.

• Heat converts water to steam.

• Steam drives a turbine that drives an electric generator.
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Recipe for a Chain Reaction

• Fission does not

happen

spontaneously.

• Neutrons set the

chain in motion:

• One neutron liberates

three more and so on.

2351911421

92036560
3UnKrBanheat+ + + +
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Running Away

• The number of fission
reactions increases as
number of neutrons increases.

• Control rods prevent the
reaction getting out of control
by absorbing neutrons.

• Initiating fission in a large
mass of U-235 may result in
an explosion.

• Critical mass is the minimum
amount of material required to
sustain a chain reaction.
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Bombs and Supercritical

Mass
• An atomic bomb

requires a
supercritical mass.

• Problem: prevent
premature detonation.

• Solution: produce a
supercritical mass
when the bomb is
dropped by firing two
subcritical masses
together.
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Nuclear Power and Enduring

Waste

• Safety and security for

storage of nuclear waste:

– Radioactive waste has long

half-life.

– Plutonium-239 is potential

weapons material in the

wrong hands.

• Yucca mountain is

chosen as the repository

for all waste after 2010.
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All Roads Lead to Yucca
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Radiation and Organisms

• Penetration depth

depends on the type of

radiation:

– Alpha – heavy positively

charged particles –

SHORT.

– Beta – light negatively

charged particles –

MEDIUM.

– Gamma – massless,

chargeless,

electromagnetic radiation –

LONG.
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Radiation and Cancer

• Gamma rays

penetrate flesh and

can kill cancerous

growths.

• Alpha particles

represent extreme

hazard if they are

inhaled because of

their short penetration

depth.
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A Radical Concept

• High energy radiation (wavelength < 100 nm)
ionizes water:

• The reactive ion produces dangerous reactive
hydroxyl radical:

22 1HOenergyHOe +

•
+ +

223
HOHOHOOH

+ + •

•
+ +
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Radioactive Tracers

• Radioactive tracers are

used in diagnosis rather

than in treatment.

• Tc-99 is preferred

because it emits only 

rays and no  particles.

• Computer tomography
(CT) produces images of

the body in slices.
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Iodine and the Thyroid

• Iodine has a strong

chemical affinity for

the thyroid gland

(iodized salt to reduce

goiter).

• I-131 is used to image

thyroid glands

suspected of disease.
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Radiation Units

• The sievert (Sv) is the SI unit for measuring exposure.  It
considers the penetrating power of radiation:
– Alpha is more damaging than beta at the same energy.

• More common unit is rem (Roentgen equivalent for
man):
– 1 Sv = 100 rem
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Exposure Revisited

• Total annual radiation

exposure is 359

mrem.

• First indication of

radiation sickness at

25  rem.

• Normal exposure is

70 times below the

threshold.
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Fallout from Chernobyl

• The radiation leaked from

Chernobyl covered wide

areas.

• Significant numbers died

at the time (2,500).

• More have suffered

illness and/or death

since.

• Accurate statistics vary

widely according to the

source.


