Nuclear physics
IGCSE Physics

The atom

An atom Jfi 1 is made of a tiny central nucleus Jfi 1% with electrons i moving
around it (in orbit #ji#, like planets around the Sun).

o The nucleus has a positive charge Hifj.
o The electrons have a negative charge.
o The atom as a whole is neutral, because the positive and negative charges are equal.

Almost all the mass i is in the nucleus, but the nucleus is very small compared
with the whole atom. So an atom is mostly empty space.
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The nuclear atom: a tiny dense nucleus of protons and neutrons, with electrons in
orbits around it

Ions
An atom is neutral, but it can gain or lose electrons to become an ion &1-.

« Lose one or more electrons — a positive ion (now there are more protons than
electrons).
« Gain one or more electrons — a negative ion.
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The alpha-scattering experiment

This experiment gave the evidence for the nuclear model. Alpha particles o ¥
(small, fast, positive) were fired at a very thin gold foil 4:§fi, and the scattering H{
%F (the way they bounced off) was watched.

The results and what they tell us:

o Almost all the alpha particles went straight through. — The atom is mostly empty
space.

o A few were deflected ffi%% (bent) through small angles. — The nucleus has a
positive charge, which pushes the positive alpha particles away.

o A very few bounced almost straight back. — The nucleus is very small and very
heavy, and holds most of the mass of the atom.
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Most alpha particles pass straight through; a few are deflected and a very few bounce
back off the tiny dense nucleus

Inside the nucleus

The nucleus is made of two kinds of particle, together called nucleons %

o protons Jiif-, which have a relative %} charge of +1;
« neutrons J'-f-, which have a relative charge of 0 (they are neutral).

An electron has a relative charge of —1. A proton and a neutron each have a relative
mass of about 1; an electron is almost massless in comparison.

Two numbers describe a nucleus:
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+ the proton number i 4§ Z (also called the atomic number) — the number of
protons;

+ the nucleon number 7% A (also called the mass number) — the number of
protons plus neutrons.

So the number of neutrons is A — 7.

We write a nucleus in nuclide #%Z notation:

X

where X is the chemical symbol. For example, 2 Au has 79 protons and 197—79 = 118

neutrons. The relative charge of the whole nucleus is just +Z (here +79), and its
relative mass is about A.

Isotopes

Isotopes [f]{if & are atoms of the same element (the same Z) but with different
numbers of neutrons (different A). They behave the same in chemistry but differently
in the nucleus. For example, '2C and '§C are both carbon.

. proton

neutron

carbon-12 carbon-14
6 protons, 6 neutrons 6 protons, 8 neutrons

Isotopes of carbon have the same six protons but different numbers of neutrons, so
they are the same element with a different mass

Nuclear fission and fusion

In nuclear fission %%i7%, a heavy nucleus absorbs a neutron and then splits into
two smaller nuclei, giving out two or three neutrons and a lot of energy FEH::

U 4in — YBa4+2Kr+3/n
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A neutron splits a U-235 nucleus into two smaller nuclei, releasing more neutrons
and energy

The top numbers (nucleon numbers) balance on both sides, and so do the bottom
numbers (proton numbers). You can use this to find a missing number — for example,
how many neutrons are released.

In nuclear fusion #%ZE74F, two light nuclei join to make a heavier one, also giving
out energy. This is how the Sun makes its energy, joining hydrogen & nuclei to
make helium Z{. The reaction below — two heavy forms of hydrogen (deuterium and
tritium) joining into helium — is the one used in fusion reactors on Earth:

‘H+3H — jHe +in

4
5He

helium nucleus

two light nuclei

In fusion two light nuclei join into a heavier one, releasing a neutron and energqy —
the deuterium—tritium reaction used in fusion reactors

In both fission and fusion, a small amount of mass is lost and turned into energy.
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A nuclear power station uses the energy from fission to make electricity; the towers
release waste heat as steam

Radioactivity

A nucleus that is unstable %% will sooner or later break down and give out
radiation 5 {}. This is radioactive Ji{1E decay 3£7F. A nucleus may be unstable
because it has too many neutrons, or because it is too heavy.

Decay is spontaneous H 4 (it happens on its own, and you cannot speed it up or
slow it down) and random [f# (you cannot say which nucleus will decay next, or
exactly when).

Background radiation

Some radiation is around us all the time. This is background radiation ¥ 5% 5}
Its main sources are:

« radon % gas in the air (usually the biggest source);
o rocks and buildings;
o food and drink;

e cosmic rays FH 4k from space.
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Measuring radiation

Radiation can be measured with a detector Z£jll#% joined to a counter 14{#s. The
count rate T14>% is the number of counts each second (or each minute).

To find the true count rate from a source, first measure the background count rate on
its own, then subtract it. The answer is the corrected f41F count rate:

corrected count rate = measured count rate — background count rate

Worked example. A detector placed next to a source reads 250 counts/min. With
the source taken away, the background count rate is 30 counts/min. Find the corrected

count rate.

250 — 30 = 220 counts/min
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A portable Geiger counter detects ionising radiation and shows the count rate on its
screen
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The three types of radiation

The radiation can be one of three types. Each type is ionising Hi 5, which means it
can knock electrons off atoms in its path.

Type What it is Ionising Stopped by
effect
alpha a helium nucleus: 2 strongest a sheet of paper, or a few
() protons + 2 neutrons, cm of air
charge 42
beta (8) a fast-moving electron,  medium a few mm of aluminium 43
charge —1
gamma  a high-energy weakest thick lead 4% or concrete
() electromagnetic (only reduced, never fully
wave HLRE), no charge stopped)

So an alpha particle is the most ionising but the least penetrating 77 (it is easily
absorbed W f). A beta particle 8 fi-f is in the middle. Gamma radiation ~
B2k is the least ionising but the most penetrating.

paper aluminium lead

stopped

“ by paper

stopped
by aluminium

--- only reduced

Paper stops alpha, a few millimetres of aluminium stops beta, and thick lead only
reduces gamma

We can explain the ionising effects from charge and kinetic energy Zfjfi£: an alpha
particle has a large charge (42) and is slow and heavy, so it pulls strongly on the
electrons it passes and ionises a lot. A beta particle has a smaller charge and moves
faster, so it ionises less.
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Deflection in fields

Because alpha and beta particles are charged, they are deflected by an electric field
3% and by a magnetic field #435. They bend in opposite directions, because their
charges have opposite signs, and the lighter beta particle bends more. Gamma rays
have no charge, so they are not deflected at all.

+ plate
B (—, light)
source e » v (no charge)
—> « (+, heavy)
— plate

Alpha and beta bend in opposite directions; the lighter beta bends more, and
uncharged gamma is not deflected

Decay equations

When a nucleus decays, the nucleon and proton numbers must balance on both sides.

Alpha decay — the nucleus loses 2 protons and 2 neutrons, so A falls by 4 and Z
falls by 2. It becomes a different element:
X = 2T 5 a

Worked example. A radium nucleus *2¢Ra emits an alpha particle. Find the nucleon

number and proton number of the new nucleus.

Alpha decay lowers A by 4 and Z by 2:
226 222

ssRa — “gRn —Pé a

So the new nucleus (radon) has nucleon number 222 and proton number 86.

Beta decay — inside the nucleus a neutron changes into a proton plus an electron:

neutron — proton + electron
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The fast electron leaves as the beta particle. So A stays the same but Z rises by 1,
giving a different element:

1iNa — Mg+ |8

Gamma emission — the nucleus loses only energy, so A and Z do not change. Alpha
and beta decay leave the nucleus more stable & %g; gamma is often given out at the
same time to carry away spare energy.

Half-life

Because decay is random, we cannot follow one nucleus. Instead we describe a large
sample ¥ using its half-life.

The half-life 23 of an isotope is the time taken for half the unstable nuclei in a
sample to decay. After each half-life, the count rate (or the number of unstable nuclei
left) falls to half.

For example, if a source has a count rate of 800 counts/min and a half-life of 3 hours:

Time / hours 0O 3 6 9
Count rate / (counts/min) 800 400 200 100

After 6 hours (two half-lives) the count rate has halved twice: 800 — 400 — 200. You
can read a half-life off a decay graph by finding the time for the count rate to drop
from any value to half of it. If the readings include background radiation, subtract
the background count rate from every reading first, then find the half-life from the
corrected values.

Worked example. The activity of a source falls from 800 counts/min to 100
counts/min. Its half-life is 5 days. How long did this take?

Count the halvings: 800 — 400 — 200 — 100 is three half-lives, so the time is
3 x 5 =15 days.
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A

one half-life

No A

N = No(3)"™= - activity halves every half-life

count rate

No/4 1

No/8 1

FEach half-life T the count rate halves: Ng — No/2 — Ny/4 — No/8
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Uses of radioactivity

The isotope chosen for a job depends on its type of radiation and its half-life:

smoke alarms {55 ;%544 use an alpha source (alpha is easily blocked, so it is
safe outside the alarm, and a long half-life means it lasts for years);

using radiation on food, or on equipment, kills bacteria 4% and germs — this
needs penetrating gamma rays to sterilise J}& the sealed item;

measuring and controlling the thickness of paper or metal sheets uses a beta source
(the amount that passes through changes with the thickness);

a medical tracer [E ffl/8 £ is a small amount of a gamma-emitting isotope
with a short half-life, injected into the body: a detector outside the body follows
where it goes, gamma rays escape from the body easily, and the activity soon falls
to a safe level;

gamma rays are used to find and to treat cancer J#JE inside the body, because
they can pass out of (or into) the body.

Radiotherapy: a mesh mask holds the patient still while alignment lasers aim gamma

rays precisely at a tumour to treat cancer

Safety

rSYALN

Ionising radiation harms living cells ZiJffi. It can cause cell death, mutations 4%
(changes to the genes) and cancer.

When working with radioactive sources, keep the dose 3| & (the amount of radiation
received) low by:
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 reducing the exposure HE 5} time — spend as little time near the source as possible;
» increasing the distance between you and the source;
o using shielding B, such as lead, between the source and your body.

Radioactive sources should be handled with tongs (not bare hands), kept pointing
away from people, and stored in a lead-lined box.

Exam tips

» The nucleon number (top) is protons + neutrons; the proton number (bottom)
is protons only. Number of neutrons = nucleon number — proton number.

» Isotopes have the same proton number but different nucleon numbers — the same
element with a different number of neutrons.

o Rank the radiations two ways: alpha is the most ionising but least penetrating
(stopped by paper); gamma is the least ionising but most penetrating (needs thick
lead). Beta is in between (stopped by a few mm of aluminium).

e In every decay equation the top numbers must balance and the bottom numbers
must balance. Alpha decay: A — 4, Z — 2. Beta decay: A unchanged, Z + 1.

o Always subtract the background count rate before using a source’s readings.
After n half-lives the count rate has halved n times — count the halvings rather
than guessing from the total time.
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