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When an electron moves to a lower atomic energy level, a photon of light
is emitted. A similar phenomenon occurs in the nucleus. Nucleons usually
exist at their lowest possible energy level. Sometimes, often following
alpha or beta decay, the nucleons are in a disturbed arrangement, or
an excited state. They rearrange into a lower energy state by emitting
electromagnetic radiation. The difference between energy levels in the
nucleus is much greater than between energy levels of electrons in the atom,
50 the nucleus emits a high-energy gamma photon instead of a photon of
light. This nuclear process, in which the nucleons settle into a lower
energy state and a photon is emitted, is called gamma decay (y decay).
Gamma decay does not change the atomic number or the atomic mass
number of the parent nucleus, so the nucleus does not change into another
element or isotope as in alpha and beta decay. Gamma decay can be
written as:

where * indicates an excited state of the nucleus and gy represents a
gamma ray.

Often, alpha or beta decay leaves the daughter nucleus in a highly
excited state. The excited nucleus then makes a transition to its ground
state, emitting a gamma ray as it does so. For example, when the beta
decay of boron-12 produces carbon-12, the carbon nucleus is highly
excited and quickly emits a gamma ray:

2P s LErl Y
2C* = %G+ §y

A gamma ray is a high-energy photon. Photons have no mass and no
charge. A gamma ray is also a high-frequency electromagnetic wave.
Like all electromagnetic radiation, gamma rays travel at the speed of light.
Since matter is mostly empty space, gamma rays pass through atoms
with little chance of being deflected or absorbed. When a photon does
encounter an atomic particle, it transfers energy to the particle.

Gamma rays do not ionize atoms directly, but they can cause atoms to
emit other particles that will cause ionization. Their high energies, ranging
from 10~'¢ ] to 107** J, give them high penetrating power. Gamma rays can
travel about 2 km in air, and can penetrate all the way through the human
body. A large amount of dense mass, such as lead or other metal, concrete,
or soil, is required to reduce their intensity significantly. Figure 8.14 Figure 8.14 Penetrating power of
compares the penetrating power of alpha, beta, and gamma radiation. alpha, beta, and gamma radiation
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Half-Life

It is impossible to predict when an individual atom of a radioactive isotope, i >

or radioisotope, will decay. Depending on the isotope, the atom could M

decay in a fraction of a second or not for billions of years. However, we can N Explore More

accurately predict the way a large amount of a given isotope will decay. " What sort of visual organization can
Half-life is the time required for one-half of the radioactive nuclei in . display all of the elements and

a sample to decay. The half-life for a given isotope is always the same; it | their isotopes and give you a

doesn’t depend on the size of the sample or on how long the sample has | sense of their stability?

been in existence.
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Thinking about half-life can help you appreciate just how many atoms
there are in a visible chunk of material. Uranium-238 decays extremely
slowly: it has a half-life of about 4.5 billion years. About 1 kg of uranium
will emit about 3 million alpha particles per second. Yet only half of that
1 kg of uranium will be gone in 4.5 billion years.

Iodine-131 has a half-life of about 8 days. The graph below shows
how much of a 2.0-pg sample of iodine-131 remains after various times
(Figure 8.15). During the first 8 days, 1.0 pg of the iodine will decay so
after 8 days 1.0 pg will remain. During the next 8 days, half of the
remaining 1.0 pg will decay so there will be 0.5 ng left after 16 days.
However much iodine there is at any moment, half of it will decay in the
next 8 days. Notice that the graph gradually levels off — there is always a
bit of iodine remaining, though there may be too little to measure accurately.

Radioactive Decay of lodine-131
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m INSIGHT
only one part in 3 thousand of 3

radioactive sample remains after

10 half-lives, and one part in a million
remains after 20 half-lives. A sample
with 102" atoms would need about

70 half-lives to decay to a single atom.
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Figure 8.15 A graph showing the radioactive decay of a 2.0-ug sample of iodine-131

~ Concept Check ‘ 7
Use Figure 8.15 to answer the following questions about a 2.0-pg sample of iodine.

1. Estimate the times at which 1.6 pg and 0.8 pg of the sample of iodine remain.
Explain why these times differ by 8 days.
5 How much of the iodine-131 sample will decay between 16 days and 24 days?

3. Estimate when there will be less than 0.1 pg of iodine-131 left.

The main characteristic of radioactive decay is the large number of
decays (per unit time) initially when there is plenty of radioactive material;
at first the sample is quite radioactive. After a few half-lives, there are
fewer decays (per unit time) because there is less material to decay; now
the sample is much less radioactive. For example, molybdenum-99 is an
unstable isotope with medical uses. It has a half-life of 66 hours. A freshly
created sample of moly-99 is highly radioactive and useful for about a
week. After that, its radioactivity falls too low to be effective.
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Nearly 6000 years ago, First Nations people of southwestern Alberta devised
an ingenious method for hunting bison. By setting up barriers along a
carefully chosen route, they funnelled herds of bison toward a hidden cliff
and then drove them over the edge. There were about 150 buffalo jumps
in Alberta. The most famous, Head-Smashed-In Buffalo Jump, is now a
United Nations World Heritage Site. By carefully measuring the ratio of
carbon-12 to carbon-14 in bones found at this site, archaeologists have
shown that the site was used continuously for over 5500 years.
High-energy neutrons in cosmic rays produce the radioisotope
carbon-14 by colliding with nitrogen atoms high in Earth’s atmosphere:

in+ ¥N—-%C+ iH

This carbon-14 diffuses throughout the atmosphere. Some of it is absorbed

by plants and enters the food chain. Carbon molecules are the basis of life
on Earth, and a small proportion of the carbon content of all plants and
animals is carbon-14.

Carbon-14 undergoes beta decay to form nitrogen-14, whereas carbon-12
is completely stable. When living matter dies, it stops absorbing carbon, and
the proportion of carbon-14 gradually decreases as it decays (Figure 8.16).
The half-life of carbon-14 is 5730 years.
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For archaeologists, bone fragments and other artefacts found at buffalo
jumps are like clocks that show when the living matter stopped absorbing
carbon. Suppose, for example, that the portion of carbon-14 in a bone
fragment is about 40 percent of that in living tissue. Assuming that the
ratio of carbon-14 to carbon-12 in the atmosphere is the same now as when
the bison was alive, you can see from the graph that the age of the bone
fragment is roughly 1.3 half-lives, or 1.3 X 5730 =~ 7500 years. Accurate
estimates require more detailed calculations that take into account factors
such as variations in the proportion of carbon-14 in the atmosphere
through the ages.

Geologists estimate the age of rocks and geological formations using
calculations based on isotopes with much longer half-lives. Useful decays
include uranium-235 into lead-207, uranium-238 into lead-206, rubidium-87
into strontium-87, and calcium-40 into argon-40. Radioactive dating is one
method that scientists use to estimate the age of Earth and the Solar System.
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Take It Further

Archaeometry is the application of
physical science and engineering

techniques to archaeological materials.

The development of carbon dating
in the 1950s was the start of

. modern archaeometry. Today, mass
- spectroscopy, fission-track dating,

luminescence dating, potassium-argon
dating, and dendrochronology are
just a few of the tools in an
archaeometrist’s bag. Investigate
how one of these techniques has
been used to solve a dating,
provenance, or authenticity puzzle.
Organize your findings into 3

short presentation.

the age of an artefact
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Key Concept Review

1. Describe how electrons, protons, and neutrons
are arranged in an atom.

. (a) How does the size of a nucleus compare to
that of its atom?
(b) How does the mass of a nucleus compare to
that of its atom?

. Explain the meaning of the following
quantities: Z, N, and A.

. What does it mean for two atoms to be different
isotopes of the same element?

. State Z, N, and A for the following nuclei:
faNi, K, and %Pb
. Write the names of the following isotopes in

nuclear notation:
(a) carbon-14 (b) iron-56  (c) uranium-238

. Write the names of the following isotopes in
nuclear notation:
(a) Z=80,N= 121 (b) Z=14, N = 16
lel) Z2=2 N-—3

. (a) What is ionizing radiation?
(b) Why is ionizing radiation dangerous?

. Name three types of nuclear radiation.

. Compare the masses and charges of the three
types of nuclear radiation.

. (a) Which type of nuclear radiation has the
greatest penetration ability?
(b) Which type of nuclear radiation has the
greatest ionization ability?

. What happens to the parent nucleus during
each of the three types of radioactive decay?

. What is nuclear transmutation? Illustrate your
answer with an example.

. A radioactive isotope has a half-life of 2.5 d.
You start with 100 pg of the material. How
much will be left after 2.5 d, 5.0 d, and 10 d?

Connect Your Understanding

15. Compare the structure of an atom to the structure
of a nucleus. Include a description of the particles
involved, the energy levels, and the type of
radiation emitted during a change of energy level.

16. Explain why the value of Z gives the charge on
the nucleus. What are the units of measurement?

. Explain why the value of A is very close to

the mass of the nucleus. What are the units
of measurement?

. Give two reasons why the atomic mass is

usually not exactly the whole number A.
Which element is the exception?

. Identify the types of the following decays:
(a) 2% Th — %2Ra* + ja

) #Ra* — *8Ra + 8y

) %3Ra — %3Ac+ B +V

)

(b
(e
(d) 22 Am — 28 Np + %«
el At — K+ 16 ty

. Write the equation for the alpha decay of

(a) %Cu (b) *3iPu (c) iBe

. Write the equation for the beta decay of

(@) 50 (b) 8 (c) &I

. Explain how naturally occurring radioactive

decays deep inside Earth produce geothermal
energy.

. Uranium-235 has a much shorter half-life than

uranium-238. These two isotopes occurred
in equal abundance when Earth was formed.
Compare their relative abundance today.

. A radioactive tracer used in a medical test has

a half-life of 2.4 h. What fraction of this tracer
will remain after 12 h?

. An archaeologist finds a wooden arrow shaft

with a proportion of carbon-14 that is about
25 percent of that in a living tree. Estimate
the age of the arrow. Hint: Refer to Figure 8.16
on page 251.

. Describe some sources of ionizing radiation in

your daily life. Which exposures do you think
are likely to affect your health in time? Justify
your response.

Reflection

27. There are strong similarities between alpha

and beta decay. Describe how you would help
a fellow student understand the differences
between these decays. For example, would you
draw a sketch of the nucleus? Would you work
with reaction equations?

- .
For more questions, goto | PHY%/Q\SOSUURCE §
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