2021 Sec 4 Advanced Physics
Nuclear Physics & Radioactivity
Name: ( ) Class: 4/

Structure of an Atom

J.J. Thomson discovered the electron in 1897, showing that
atoms are NOT the smallest division of matter, and that
they have some form of internal structure.

Thomson proposed a raisin-cake model (or plum pudding
model) of the atom, in which small negative electrons are
embedded in a sphere of positive charge.

Rutherford’s Scattering Experiment

Ernest Rutherford, one of Thomson'’s former students, was working with radioactive
decay at that time, and termed a form of decay “alpha rays”. Together with two students,
he set up an experiment in which alpha rays are projected towards a thin gold foil and
the detectors are moved around the set-up to find out where these alpha particles are
deflected towards.

This is the first nuclear physics experiment to be conducted.
The results showed that:

Most of the alpha particles passed through the gold foil undeflected, some of the alpha
particles were deflected through a large angle!
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This led to Rutherford’s Nuclear Model of the atom: A massive nucleus in the middle,
with mainly space between the electrons and the nucleus.
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Nuclear Structure

What exactly holds protons together? Aren’t they all positively charged? Why don’t they
repel each other?

We know that the nucleus is made up of protons and neutrons — we call them
collectively as nucleons. The proton number (Z) determines the type of element. Each
element has its own set of isotopes, where the number of neutrons (N) differs.

The atomic mass unit, u, defined such that the atomic mass of the isotope, Carbon-12,
is exactly 12 u. The conversion to Sl units is:

1 u=1.6605 x 10?" kg

The mass of a proton is 1.007276 u and the mass of a neutron is 1.008665 u. The mass
of one electron is 0.000549 u.

The masses of hydrogen and helium are 1.007825 u and 4.002602 u respectively. Note
that the mass of helium is less than the sum of masses of 2 protons and 2 neutrons and
2 electrons. We call it the mass defect, Am.
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Nuclear Stability

What determines the numbers of protons and neutrons which we see in the elements in
the periodic table?

Most elements which we see abundantly are considered stable.

Unstable nuclei are those which are radioactive.

126

82

50

28

AN

(Number of Neutrons)

.
.

0
H

Type of
Decay

- mpt

mpe

D Lo

. I Fission

. mProton

. ZNeutron

. MStable Nuclide
. CUnknown

6 14 28 50 82

P
Z

(Number of Protons)

Nuclear stability is highly related to radioactivity.
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Forces and Energy in the Nucleus

How can a nucleus ever be stable? Why don'’t all the positively-charged protons repel
each other. Clearly, another force is at work here — it was named the strong nuclear
force.

Each nucleus also has binding energy, which is released when protons and neutrons
come together to form a nucleus.

Binding Energy
Earlier, we talked about the mass defect of the Helium atom. So where does the mass
go to? It actually forms the binding energy of the atom.
The mass-energy equivalence is one of the most famous equations of physics
E = mc?

So the binding energy, B, can be thus, related to the mass defect.

B.E.=Amc?
The curve of binding energy also tells us about how stable each of these stable nuclei
actually are. The higher the binding energy, the more stable the nuclei. Since some

nuclei are more stable than others, some nuclei can react with others or the environment
to attain a more stable state.
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Radiation and Radioactive Decay

Nuclear radiation occurs when an unstable nucleus emits energy in the form of EM
waves or subatomic particles in order to become more stable.

There are three types of radiation — a, 8 and y radiation — all of which have different
properties which are summarised below:
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Alpha (a) Decay:

An alpha particle contains 2 protons and 2 neutrons. It can therefore be thought of as a
very fast moving helium (He) nucleus.

e.g. Radium-226 decays via alpha decay: 22p
86
Write the full nuclear equation for this decay: /’
2Ra
AS
e e
In general we get:
Beta (B-) Decay:
Beta particles are electrons. They are not the orbital electrons in the atom, they are
emitted from the nucleus itself.
e.g. Caesium-137 decays via beta- decay: ; -, ; "3'Ba
Write the full nuclear equation for this oS / N
decay: 17, M ’*
' Cs |~
55 la® e !
T N

In general we get:

This can be thought of as a decay of a single neutron within the nucleus.

We could write an equation for this too:

.+
AP
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Beta (B+) Decay:

Oxygen-15 decays by p+ decay into Nitrogen-15.

150 N 15N + B

By balancing the above equation, determine what particle is emitted in a B+ decay.

In general we get:

OR:

Gamma (y) Decay:

After many decays the nucleus is left in an excited state. It drops to a lower state by
emitting a high energy photon (a y-ray).
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In general we get:
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Radioactive Decay Series

Depending on the type of decay that takes place, the daughter nuclei will move to a new
location on a chart of N v.s Z:
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Uranium-238 has a very long half-life the other isotopes all have relatively short half-
lives ending at lead-206, which is stable.
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Detection

Radiation can be detected using a geiger-
muller (GM) tube and counter.

Q: Given a GM tube, how would you
identify the type of radiation given off by a
particular source?

Background Radiation
There are many sources of background radiation:

« Radon gas — which is released from rocks.

« Artificial sources — caused by nuclear weapons testing and nuclear
accidents.

« Cosmic rays - enter the Earth’s atmosphere from deep space.

e Rocks containing naturally occurring radioactive isotopes.

As background radiation is around us constantly, when taking readings of count rate of a
radioactive source it is important to measure the background radiation first, then subtract
this value to find the corrected count, which the actual count rate caused by the source.

Corrected count = Total count rate — background count

Half-Life

The rate of nuclear decay follows an exponential decay function.

Radioactive decay is a random process
meaning you can’t predict when the next Decay of a Radioactive Substance
decay will occur. A given radioactive nucleus 100
will have a constant decay probability I
denoted by A, and known as the decay
constant, which is the probability of a
nucleus decaying per unit time. This value
can be calculated by finding the change in
the number of nuclei (AN) of a sample over
time (At), over the initial number of nuclei (N)

AN _ 25 ~ :
E —_— AN ‘ N

N — N()e_)\t oo - o~ ™ < [Te) © ~ ©

Age of sample (years)

75

50

% Radioactive remaining

2021 S4 AP3 Nuclear Physics & Radioactivity 9



Medical Applications of Nuclear Physics

Gamma radiation is very weakly ionising so does far less damage to our bodies than
alpha and beta particles, meaning it can be used in medicine. There are many ways
gamma radiation is used in medicine:

As a detector — a radioactive source with a short half-life (to reduce exposure),
which emits gamma radiation, can be injected into a patient and the gamma
radiation can be detected using gamma cameras in order to help diagnose
patients.

To sterilise surgical equipment - as gamma radiation will kill any bacteria
present on the equipment.

In radiation therapy — gamma radiation can be used to kill cancerous cells in a
targeted region of the body such as a tumour, however it will also kill any healthy
cells in that region.There are many benefits but also many risks involved in using
gamma radiation in medicine, therefore many safety measures are put in place to
reduce this risk to medical staff and patients e.g. reduced exposure times, use of
shielding.
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