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Nucleon & Proton Number ,

Your notes

Nucleon & Proton Number

= Atomic symbols are writtenin a specific notation as shown below:

| NUCLEON NUMBER %N

A
Z

PROTON NUMBER %ﬁ

$_’{_QCHEMECAL SYMBOL
FOR THE ELEMENT

Atomic symbols show the proton number and nucleon number
= The top numberArepresents the nucleon number or the mass number
= Nucleonnumber (A) = total number of protons and neutrons in the nucleus
= ThelowernumberZrepresents the proton oratomic number
= Protonnumber (Z) = total number of protonsin the nucleus

= Note:In Chemistry, the nucleon numberisreferred to as the mass number and the
proton number as the atomic number. The periodic table is ordered by atomic number

Isotopes

= Although all atoms of the same element always have the same number of protons (and
hence electrons), the number of neutrons canvary

= Anisotopeisanatom (of the same element) that has an equal number of protons but a
different number of neutrons

= Forexample, hydrogen has two isotopes: deuterium and tritium. Bothisotopes
have a proton number of 1

= Deuterium has one neutron, soits nucleon numberis 2

= Tritium has two neutrons, soits nucleon numberis 3

o

Worked Example
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STEP

STEP

STEP

STEP

STEP

o

192, .
The atom ;Ir is a neutral atom.
How many protons, neutrons and electrons are in this atom?

Protons Neutrons Electrons

A 77 192 77

B 115 77 77

C 192 77 192

D 77 115 77
ANSWER: D

THE SYMBOL '32Ir HAS A MASS/NUCLEON NUMBER OF 192 AND
ATOMIC/PROTON NUMBER OF 77 (FROM AZX NOTATION)

NUMBER OF PROTONS
THE NUMBER OF PROTONS IS FOUND FROM THE PROTON NUMBER =77

NUMBER OF NEUTRONS

THE MASS/NUCLEON NUMBER IS THE SUM OF THE PROTONS

AND NEUTRONS

THE NUMBER OF NEUTRONS = MASS NUMBER — PROTON NUMBER
=192 - 77 =115

NUMBER OF ELECTRONS
THE ATOM IS NEUTRAL SO THE NUMBER OF ELECTRONS IS ALSO 77

THESE ARE THE NUMBERS IN ROW D

Examiner Tips and Tricks

Remember which numberin the chemical notationis the nucleon number and proton
number is vital for many topics involving particle decays e.g. radioactivity. The most
common mistake is thinking the nucleon numberis the number of neutrons, the
number of neutronsis calculated by:

number of neutrons = nucleon number - proton number

In all neutral (uncharged) atoms, the number of protons = number of electrons.

s

Your notes
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The Nuclear Model of the Atom ,

Your notes

Alpha Particle Scattering

= Evidence forthe structure of the atom was discovered by Ernest Rutherfordin the
beginning of the 20th century from the study of alpha particle scattering

= This structure iscommonly referred to as the 'nuclear model' of the atom

= The experimental setup consists of alpha particles fired at thin gold foil and a detector
onthe other side to detect how many particles deflected at different angles

Z = « DETECTOR OF &—PARTICLES

_PATH OF DEFLECTED
—PARTICLES

Alpha particle scattering experiment set up

= qg-particles are the nucleus of a helium atom and are positively charged

& —PARTICLES

When a-particles are fired at thin gold foil, most of them go straight through but a small
number bounce straight back
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= Theresults from this experiment are summarised as follows: ,
= The majority of a-particles went straight through the gold foil without deflection (A) Your notes
= This suggested the atomis mainly empty space

= Some a-particles deflected through small angles of < 10° (B)

= Thissuggested thereis a positive nucleus at the centre (since two positive charges
wouldrepel)

= Only a small number of a-particles deflected straight back at angles of > 90° (C)

= This suggested the nucleusis extremely small and this is where the mass and charge
of the atomis concentrated

It was therefore concluded that atoms consist of small dense charged nuclei (this
could be positive or negative)

= Since atoms were known to be neutral, the negative electrons were thoughttobe ona
positive sphere of charge (plum pudding model) before the nucleus was theorised

= Nowitis known that the negative electrons are orbiting the nucleus. Collectively, these
make up the atom

NEGATIVE ELECTRONS

SMALL, POSITIVELY
CHARGED NUCLEUS
DIAMETER = 10" m

<—— DIAMETER OF ATOM = 10 “m ————=>

An atom: a small, dense, positive nucleus, surrounded by negative electrons

= Note: The atomis around 100,000 times larger than the nucleus!
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( ,
o Your notes

Worked Example

In an a-particle scattering experiment, a student set up the apparatus below to
determine the number n of a-particle incident per unit time on a detector held at
various angles 6.

+90° Detector

D +170°

Particles > --t---— 0°

|:| -170° Thin gold

foil

-90°

Which of the following graphs best represents the variation of n with 8 from O to 90°?

| |-L nk nU nN
0 I T 0 Il U O 1 Il 0 I I
45 90 6 45 90 6 45 90 6 45 90 6
A

B. C. D.

Answer: A

= The Rutherford scattering experiment directed parallel beams of a-particles at
gold foil
= The observations were:

= Most of the a-particles went straight through the foil
= Thelargestvalue of nwill therefore be at small angles
= Some of the a-particles were deflected through small angles
= ndrops quickly withincreasing angle of deflection 8
= These observations fit with graph A

o

Examiner Tips and Tricks
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Make sure you canrecall all the different results from the experiment and what they ,
have told us about the structure of the atom, as this is a common exam question.
Your notes

Changing Models of Atomic Structure

= Qurunderstanding of atomic structure has changed over time in the following ways:
John Dalton’s Model (1803)

= Daltonimagined that all matter was made of tiny solid particles called atoms

= Dalton’s model proposed:

= Atoms are the smallest constituents of matter and cannot be broken down any
further

= Atoms of a given element are identical to each other and atoms of different
elements are different from one another

= When chemicalreactions occur, the atoms rearrange to make different substances

J.J. Thomson’s Model (1897)

= Thomsondiscovered the electron

= Hethenwentonto propose the ‘plum pudding” model of the atom
= Inthismodel:

= The atom consists of positive and negative charges in equal amounts so that itis
neutral overall

= Theywere modelled as spheres of positive charge with uniformly distributed charge
and density. The negatively charged electrons were thought to be stuck to the
sphere like currantsin a plum pudding

Rutherford’s Gold Foil Experiment (1909 - 1911)
= Hans Geigerand Ernest Marsden set out to test the plum pudding model
= Theyaimedbeams of positively charged particles (alpha particles) at very thin gold foil

= According to the plum pudding model, these particles should have passed straight
through, However, many of them were backscattered

= ErnestRutherford explained these resultsin his ‘planetary model of atom’ which states:

= Atoms have a central, positively charged nucleus containing the majority of the
mass

= Electrons orbit the nucleus, like planets around a star
Neils Bohr’s Model (1913)

= Bohrimproved upon Rutherford’s planetary model
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= Using mathematicalideas, he showed that electrons occupy shells or energy levels ,

around the nucleus
Your notes

= These are at particular distances from the nucleus

Quantum Mechanical Model (1926)

= Erwin Schrédinger took Bohr's model further and used equations to calculate the
likelihood of finding an electronin a certain position

= Thismodel canbe portrayed as a nucleus surrounded by an electron cloud. Where the
cloudis most dense, the probability of finding the electronis greatest and vice versa

= The atom was thought to only have a positively charged nucleus surrounded by
negatively charged electrons. James Chadwick then discovered the neutronin1932,
which completes the model of the atom we know today

1800s
DALTON "BILLIARD BALL"
MODEL, 1803
THOMSON “PLUM PUDDING®
MODEL, 1897
' 1900s
RUTHERFORD MODEL @
1909-1911
BOHR MODEL
1913
QUANTUM MECHANICAL
MODEL, 1926
(o)

Timeline of the changing models of the atom

=

Examiner Tips and Tricks

Althoughyouwon't be expected to memorise specific dates ornames of the
scientists, itis good to know the rough order of the types of models and how they
differfrom each other.
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Thermionic Emission ,

Your notes
Thermionic Emission

= When metals are heated, the conduction electrons within them gain energy

If these electrons gain sufficient energy, they are able to leave the surface of the metal

= Thisis known as thermionic emission

= Thisis similar to the photoelectric effect, but the energy absorbed by electronsin

this case is due to thermal energy, rather than the energy absorbed by incident
photons
= Onceelectrons arereleased from a metal surface they may be accelerated by
electric or magnetic fields

CURRENT
< ELECTRONS
ATTRACTED
BY POSITIVE
POTENTIAL

ON ANODE

FREE L
| ELECTRONS

HEATED CATHODE
GIVES OFF
ELECTRONS

FILAMENT
SUPPLY

Electrons are emitted from the (negative) cathode and accelerated to the (positive)

anode

Worked Example
Electron guns use electric fields to accelerate electrons to very high speeds.

Show that an electron accelerated fromrest across a potential difference of 5.0 kV
attainsaspeedof 4.2 x 107 ms™!

Use the following data:
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= Massofanelectronme=9.11x10"3Tkg ,

= Electronchargee=1.6x10"17C
Answer: Your notes

Step 1: List the known quantities

= Potential difference =5kV=5000V

= Massofanelectron, me=9.11x10-3'kg

= Electronchargee=1.6x10"17C
Step 2: Equate the kinetic energy gained by the electron to the energy transferred
across the potential difference

= Potential difference Vis the energy transferred W per unit of charge Q, or

=0

= Since the chargeinthiscaseisanelectron,Q=eandsoW=eV
= Therefore, the kinetic energy gainedis equal to eV so we can write:

Emv2 =eV

Step 3: Make speed v the subject of the equation

= Rearranging this equationforv gives:

mv:=2eV
2eV

V2= ——
m

2eV

V=G ——
m

Step 4: Substitute quantities and calculate the speed v

= Substituting known quantities gives:
2% (1.6 x 10719) x 5000
(9.11x 10731)

V= =41908313...=4.2x10’ms"!

o

Examiner Tips and Tricks

Examiners commonly test if candidates can equate the energy gained across a
potential difference with the kinetic energy of a particle, as we did here. Make sure
you can combine the equations for kinetic energy and potential energy in order to
calculate speed like we did here!
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Particle Accelerators & Detectors /
Your notes

Particle Accelerators & Detectors

Linear Accelerators

= Alinearaccelerator (LINAC)is a type of particle accelerator that acceleratesions
(charged particles) to very high speeds in straight lines

= LINACs use electric fields within and between metallic tubes which act as oppositely
charged electrodes

= The high-energyions produced are usedin collider experiments

= These experiments enable the internal structure of atoms and subatomic particles
to beinvestigated

= LINACs are comprised of a series of hollow cylindrical tubes

AC POWER SUPPLY '

[
S / 498 )@ ¢ o ~

m

TO TARGET

INJECTED
IONS

CYLINDRICAL ‘DRIFT’ TUBES
GET PROGRESSIVELY LONGER

Linacs accelerate ions through progressively longer tubes, connected to an alternating
power supply. This ensures they are always accelerating from one tube to the next

= An AC power supply is connected across each tube to ensure ions are always
accelerated from one to the next

= Theionswillbe attracted to the midpoint of a tube

= At this point, the AC supply will switch such that the ions are repelled to the exit, and
attracted to the next tube

= This process continuesin a straight line all the way to the end of the accelerator
= The frequency of the AC supply is fixed

= This means the polarity (positive or negative charge) of each tube switches ata
constantrate

= Therefore, each tube must be built successively longer

= Thisisbecause theions are speedingup
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= Hence, this ensuresions spend the same amount of time under accelerationin each ,
tube

Your notes
Cyclotrons

= Acyclotronis atype of particle accelerator that acceleratesions from a central entry
point around a spiral path

= They are used for medical research such as:
= Producing medicalisotopes (tracers)
= Creating high-energy beams of radiation for radiotherapy
= Cyclotrons are comprised of:
= Two hollow semicircular electrodes called 'dees’
= Auniform magnetic field applied perpendicular to the electrodes

= AnAC power supply applied across each dee, which creates an electric field in the
gap between them

HIGH FREQUENCY
ACCELERATING
VOLTAGE

NN NN NN TS

PROTONS FOLLOW |
CIRCULAR PATH . :
WITH INCREASING o p |
RADIUS IN THE
ELECTRODES

UNIFORM
=B FIELD
IN DEES

e SOURCE OF

‘DEES’ (SEMI-CIRCULAR |
ELECTRODES)

PROTON BEAM

HIGH-SPEED }

A cyclotron uses magnetic fields and electric fields to accelerate charged particles, like
protons. The magnetic fields keep protons in a circular path, and the electric field
increases their speed

= The process of acceleratinganioninacyclotronis:

= Asource of charged particlesis placed at the centre of the cyclotron and they are
firedinto one of the dees

= The magnetic field in the electrode makes them follow a circular path, since itis
perpendicular to theirmotion until they eventually leave the electrode
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= The potential difference applied between the electrode accelerates the ions ,

across the gap to the next dee (since there is an electric field in the gap)
Your notes
= |nthe nextdee, theions continue movingin a circular path within the magnetic field

= The potential differenceis thenreversed so the ions again accelerate across the
gap

= Thisprocessisrepeated as the particles spiral outwards and eventually have a
speed large enough to exit the cyclotron

= Thealternating potential difference is needed to accelerate the particles across the gap
between opposite electrodes

= Otherwise, theions would only speed up in one direction

Particle Detectors

= When charged particles move through any medium, such as a gas, they transfer energy
toit

= Thisis usually through the process of ionisation

= High-energyions transfer some of their energy to surrounding atoms, removing
electrons

= Theions and electrons produced are then accelerated by applied electric fields
= Once these are discharged they form pulses of electric current

= Eachpulse of electricity is counted by electronic counters connected by electrodes
= 'Counts'are theninterpreted as detection of individual particles

= |onisationis the principle by which many particle detectors operate, such asin:
= Geiger-Mullertubes
= Spark chambers
= Gasand cloud chambers

= The particles are sometimes deflected meaning they are also scattered

= This can cause multiple scattering of the particle in the material

=

Examiner Tips and Tricks

Make sure you can distinguish between the two types of particle accelerator:
remember, LINACs only use electric fields (to accelerate ions in straight lines)
whereas cyclotrons use both electric fields and magnetic fields.

In particle detectors, you only need to describe the two key principles which allow
scientists to detect particles: ionisation and deflection (by applied electric fields).
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Radius of a Charged Particle in a Magnetic Field /

Your notes

Radius of a Charged Particleina
Magnetic Field

= Acharged particle in uniform magnetic field which is perpendicular to its direction of
motion travelsin a circular path

= Thisis because the magnetic force Fis always perpendicular toits velocity v

= Fwillalways be directed towards the centre of orbit

THE MAGNETIC FORCE IS
ALWAYS PERPENDICULAR TO
THE VELOCITY OF THE CHARGE

THEREFORE THE
CHARGE TRAVELS
IN CIRCULAR MOTION

ALL PERPENDICULAR
\Y TO EACH OTHER

A charged particle travels in a circular path in a magnetic field
= The magnetic force F provides the centripetal force on the particle

= The equationforcentripetal forceis:

= Where:
= F=centripetal force (N)

= m=mass of the particle (kg)
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= v=linearvelocity of the particle (ms™)

= r=radius of orbit (m)

Equating this to the magnetic force on a moving charged particle gives the equation:

my?2
s Bgv

Rearranging for the radius r obtains the equation for the radius of the orbit of a charged
particle in a perpendicular magnetic field:

mv

The product of mass m and velocity vis momentum p

= Therefore, theradius of the charged particle in a magnetic field can also be written
as:

Where:
= r=radius of orbit (m)
= p=momentum of charged particle (kgm s
= B =magnetic field strength (T)
= g=charge of particle (C)
This equation shows that:

= Particles with alargermomentum (eitherlarger mass m or speed v) move inlarger
circles, sincer «p

= Particles with greatercharge g move insmallercircles:r-1/q

= Particles movingin a strong magnetic field Bmovein smallercircles:r«1/B

o

Worked Example

An electron with charge-to-mass ratio of 1.8 x 10" C kg 'is travelling at right angles to

auniform magnetic field of flux density 6.2 mT. The speed of the electronis 3.0 x 10°

m S_].

4

Your notes
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Answer:

Step 1: Write down the known quantities

Magnetic flux density, B = 6.2 mT

Electron speed, v = 3.0 x 10® m s

magnetic field

Step 3: Substitute in values

1
1.8 x 1011

m
q

(3.0 x 109

(1.8 x 1011) = (62 x 107

o

Examiner Tips and Tricks

applied.

1, SaveMyExams © 2026 Save My Exams, Ltd.

Calculate the radius of the circular path travelled by the electron.

Charge-to-mass ratio = % =18 x 10" Ckg!

4

Your notes

Step 2: Write down the equation for the radius of a charged particle in a perpendicular

r= 3) =2688 x 10°m =27mm (2s.f)

Make sure you're comfortable with deriving the equation for the radius of the path of a
charged particle travelling in a magnetic field, as thisisa common exam question.

Crucially, the magnetic force is always perpendicular to the velocity of a charged
particle. Hence, itis a centripetal force and the equations for circular motion can be

Get more and ace your exams at savemyexams.com
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Interpreting Particle Tracks

Interpreting Particle Tracks

Particle detectors that count particles, like Geiger-Muller tubes, are useful but they
cannot distinguish different types of particle

Modern detectors can show the paths of charged particles, from which physicists are
able tointerpret the characteristics of the particle

The curvature of the particle tracks gives an indication of its momentum
= Asmallerradius means the particle has a smaller momentum
= Alargerradius means the particle has alarger momentum

This is due to the equation for the radius of a charged particle in a magnetic field:

_mv _p
" B0 BO
Where:
= r=orbitalradius of charged particle (m)
= p=momentum of charged particle (kgm s‘])
= B =magnetic field strength (T)
= Q@ =charge of particle (C)
= m=mass of the particle (kg)
» v=velocity of the particle (ms™)
If the radius of a trackis decreasing (i.e., itis spiralling closerinwards)
= This means the particle's momentum is decreasing
= Thisisbecauser«p

= Therefore, the velocity of the particle is decreasing

= Hence, the kinetic energy of the particleis also decreasing, due to ionising other
particlesinits path

4

Your notes
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4

TRACKS ‘APPEAR’ OUT Your notes

OF ‘NOWHERE’ INDICATE
PARTICLE oL ANTIPARTICLE
CREATION

RADIUS |S DECREASING
=SO PARTICLE MOMENTUM
IS DECREASING

The radius and direction of particle tracks is used to determine momentum and charge.
Creation and annihilation is also observable

= Thedirection of a track's curvature gives anindication of the particle's charge

= Fleming's Left Hand Rule can be used to determine the sign of the particle's charge
= Sometimes, particle tracks appear to start out of 'nowhere’

= Thisindicates particle-antiparticle creation

= These paths are in opposite directions because the particle-antiparticle pairis
oppositely charged

= Therefore, the magnetic force onthemis oppositely directed

= Howeverthey have the same radius because they each have the same mass (and
hence, momentum)

= Therefore charge, energy and momentum are always conserved ininteractions between
particles

o

Worked Example

1’ SaveMyExams © 2026 Save My Exams, Ltd.  Get more and ace your exams at savemyexams.com
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The image shows red and yellow tracks in a cloud chamber. The magnetic field goes ,
into the page.
Your notes

X X X
X X X
X X X
X X X
X X X

a) Explain how you can tell from the image that a particle-antiparticle pairis being
created.

b) Identify which track represents a negatively charged particle.
Answer:

Part (a)

Step 1: Comment on the source of the tracks

= Theredandyellow tracks begin together out of 'nothing'
= Thisindicates anuncharged particle is creating charged particles
Step 2: Comment on the radius of the tracks

= Boththeredandyellow tracks have the same radius
= Thisindicates both particles have the same momentum, and mass, whichis true
for creation of a particle-antiparticle pair
Step 3: Comment on the direction of the tracks

= Both tracks spiralin opposite directions
= Thisindicates each particle is oppositely charged, because the (centripetal)
magnetic force acts on themin the opposite directions
Part (b)

Step 1: Determine the direction of particle velocity and centripetal force

= The centripetal force on each particle must be toward the centre of orbit
= The tracks begin from a point and spiral away from each other, so the particle
velocity must be asindicated intheimage below:

1’ SaveMyExams © 2026 Save My Exams, Ltd.  Get more and ace your exams at savemyexams.com
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X X X X X X X ,

» x Your notes
X X

X X

X

[ RADIUS DECREASES
= SO PARTICLE SPIRALS
CLOCKWISE

DIRECTION OF
FORCE IS TOWARDS | *
CENTRE OF ORBIT

RADIUS DECREASES
> SO PARTICLE SPIRALS
ANTICLOCKWISE

Step 2: Apply Fleming's Left Hand Rule for the red track

= Fleming's Left Hand Rule gives the direction of the magnetic force on a positively
charged particle in a magnetic field

= The first finger should pointinto the page, along the direction of the magnetic
field

= Ontheredtrack, the thumb should point toward the centre of orbit (the
direction of the force)
= The second finger points downward, but the actual particle velocity is
upward
= Therefore, the red track must indicate a negatively charged particle
Step 3: Check Fleming's Left Hand Rule for the yellow track

= The first finger should again pointinto the page

= Ontheyellow track, the thumb should also point toward the centre of orbit
(the direction of the force)

= The second finger points downward, which is in agreement with the actual
particle velocity

= Therefore, the yellow track must indicate a positively charged particle

Examiner Tips and Tricks

Sometimes, examiners will ask you to explain whether particles are simply moving
upward or downward across animage. The first thing to consider should be the radius
of the particle track: you expect the radius to be decreasing, because charged
particles will tend to continue ionising other particles around them - hence losing
kinetic energy.

1’ SaveMyExams © 2026 Save My Exams, Ltd.  Get more and ace your exams at savemyexams.com
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As theirkinetic energy decreases, so does theirmomentum - and hence, track radius ,
will also decrease. This should be enough to determine which direction the particle is
coming from and heading towards! Your notes
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High Energy Particle Collisions

High Energy Particle Collisions

The Diameter of aNucleon

High energy electron beams can be used to analyse nucleons, e.g.
= Protons
= Neutrons

When electrons are accelerated to very high energies, they can collide with nucleon
targets

The scattering patternis used to analyse the size and structure of nucleons

Toresolve detail, like the nucleon diameter, the de Broglie wavelength of the electron
must be comparable to the size of the nucleon

= The de Broglie wavelength, and hence an approximation to nucleon diameter, is
givenby:

A=

= nucleon diameter
mv

Where:
= ) =deBroglie wavelength (m)
= h=Planck's constant(Js)
= m=mass(kg)
= v=velocity(m s‘1)
Note that electrons do not experience the strong nuclear force
= Therefore, they are able to get extremely close to the nucleons without interacting

= Thisallows them to build up a betteridea about the size of the nucleus than alpha
particles, which are comprised of protons and neutrons

Inside the Nucleon

If electrons are accelerated to even higher energies, their de Broglie wavelength
becomes even smaller

1

= Thisisbecause A & — therefore the faster the electrons, the smaller their de
Vv
Broglie wavelength

Hence, the electron wavelength becomes small enough to be used to resolve internal
structure of the nucleon

4

Your notes
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= Suchanelectronbeam would be able to resolve individual quarks inside the nucleon ,

p
Your notes
Worked Example
The diameter of a protonis of the order of 1071 m.,
Explain why electrons must be accelerated to very high energies if they are to be used
to probe the internal structure of a proton.
Answer:
Step 1: Refer to the de Broglie wavelength
= The proton diameter ~ 101> m so the de Broglie wavelength of the electrons
must be at most this size in order to resolve the internal structure of the proton
Step 2: Refer to the proportionality between wavelength and momentum
= Since the de Broglie wavelength is inversely proportional to the momentum of
the electrons, then they must be accelerated to very high velocity (and hence,
energy) in order to obtain very short wavelengths
\
;
Examiner Tips and Tricks
Rememberto use words like 'proportional’ and 'inversely proportional’ when
explaining how two quantities relate to each other, using an equation.
In the case of particle physics, itis likely that you will be asked to explain effects
based on the de Broglie wavelength A, which you should rememberis given by:
h h
p mv
Therefore, the de Broglie wavelength Ais inversely proportional to particle
momentum p and velocity v.
L
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Annihilation of Matter & Antimatter ,

Your notes

Annihilation of Matter & Antimatter

Annihilation

= \When a particle meetsits antiparticle partner, the two will annihilate

= Annihilationis:

When a particle meets its equivalent anti-particle they both are destroyed and their
mass is converted into energy in the form of two gammaray photons

When an electron and positron collide, their mass is converted into energy in the form of

two photons emitted in opposite directions

Pair Production

Pair productionis the opposite of annihilation
Pair productionis:

When a photoninteracts with a nucleus or atom and the energy of the photonis used
to create a particle-antiparticle pair

The presence of a nearby neutronis essential in pair production so that the process
conserves both energy and momentum

Asingle photon alone cannot produce a particle-anti-particle pair or the conservation
laws would be broken

Pair creationis a case of energy being converted into matter
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4

Your notes

When a photon with enough energy interacts with a nucleus it can produce an electron-

positron pair

= This means the energy of the photon must be above a certain value to provide the total
rest mass energy of the particle-antiparticle pair

= FEinstein's famous mass-energy relation showed that energy can be convertedinto

mass, and vice versa

= |tisgivenby:

= Where:

AE=cZAm

= Am =rest mass of the particle (kg)

= c=speedoflight(ms™)

= AE =restmass energy of the particle (J)

= Therefore, in orderto create a particle & anti-particle pair, the energy carried by a single
photon must be at least twice the rest-mass energy required, i.e.

2AE = 2(c2 Am)

= Thisalso meansif a particle meetsits anti-particle and annihilates, the energy carried
away by each of the two photons Epnoton is given by:

o

Worked Example

Answer:

1, SaveMyExams

hc

Ephoton = hf = 7 =cZAm

© 2026 Save My Exams, Ltd.

Calculate the maximum wavelength of one of the photons produced when a proton
and antiproton annihilate each other.

Get more and ace your exams at savemyexams.com
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Step 1: Write down the known quantities ,
Rest mass energy of a proton (and antiproton) = 938.257 MeV Your notes
1MeV = 1.60 x 1072

Step 2: Write the equation for the minimum photon energy
Emin = hfmin =E

Step 3: Write energy in terms of wavelength

Step 4: Rearrange for wavelength

m|F

}\max
Step 5: Substitute in values

(6.63 x 10°) x 3.0 x 10%)
938.257 x (1.60 x 107*°)

=132x10"%m

max =

=

Examiner Tips and Tricks

Since the Planck constantisin Joules (J s) remember to always convert the rest mass-
energy fromMeV to J.

Remember that the equation E = hfis only relevant for photons, not for all particles!
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Unit Conversions for Energy & Mass /

Your notes

Unit Conversions for Energy & Mass
Units of Energy

= Theelectronvoltis a unit of energy

= |tisequivalent to the amount of energy transferred to an electron accelerated across a
potential difference of 1V:

leV=1.6x10"")
= |norderto convert between electronvolts andjoules:
= Multiply electronvolts by 1.6 x 107 to get the equivalent energy in joules

= Dividejoules by 1.6 x 107" to get the equivalent energy in electronvolts

+(1.6x107")

7N

1e V =1.6x10""J

x(1.6x10™)

Converting between electronvolts and joules
= Sometimes, units of MeV or GeV are used
= Theseare givenby:
TMeV=1x10%eV=1.6x10"")

1GeV=1x10%eV=1.6x10"19}

Units of Mass

= Energy and mass are related by Einstein's energy-mass relation

AE=c?Am
AE

Am= -5
C
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= Therefore, units of mass can be related to units of energy by division of c2 ,
= This provides particle physicists convenient units of calculation to work with Your notes

= Thisis especially usefulin experimentsinvolving particle collisions, where
annihilation and creationis common

= Possible units of mass are therefore:

MeV GeV

, O,

c? c?

= The following conversions are used to convertinto S.I. units:

MeV
c2

=1.78 x10-3%kg

GeV

102

=178 x10-%7 kg

o

Worked Example

Show that the rest mass of a proton, 1.67 x 10-27 kg, is roughly equivalent to 1GeV/c2.
Answer:
Step 1: Write the known quantities

= Restmass of aproton, mg=1.67 x10-2" kg
= Speedoflightc=3x108ms"!
Step 2: Substitute quantities into Einstein's energy-mass relation

E=mpc?
E=(1.67x10"2)x (3x108)2=1.50 x 10710}
Step 3: Convertjoules to electronvolts

= To convert a quantity of energy injoules to electronvolts, divide by 1.6 x 1017

1.50%x 10710

_— 8 —
1.6 X 10-19 =9.4x10°eV=0.94GeV

Step 4: Convert electronvolts to GeV/c2

= 0.94 GeVis equivalent to amass of 0.94 GeV/c2, whichis roughly 1GeV/c?

o

Examiner Tips and Tricks
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In this worked example, we could have used the direct conversion between GeV/c? ,
and kg, because 1GeV/c?=1.78 x 10-27 kg, but you should be super comfortable with

using Einstein's energy-mass relation to find quantities of mass/energy in standard Your notes
units, and converting to eV and eV/c? the 'long way round'. Exam questions may

require you to do this when the conversions are not so straightforward.
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Relativistic Situations

Relativistic Situations

= Accelerated particles oftenreach speeds that are very close to the speed of light
= Atsuchhighvelocities and energies, relativistic effects begin to become important
= These are effectssuchas:

= Timedilation

= |engthcontraction

Time Dilation
= Clocks run slower formoving particles

= This means that unstable particles, with a short lifetime, actually survive formuch
longerin alaboratory if they are moving very quickly

= Thisis usefulbecause they will leave longer tracks in particle detectors (making
detection easier)

= Forexample, muons created high up in the atmosphere, have alifetime of about 2 ps
= Thetimerequired to travel to sea-levelis too great to survive the journey

= However, they are detected at sea-levelinlarge numbers

= Thisisbecause they are travelling at relativistic speeds (e.g. 0.98c) so time dilation

means their lifetime is dilated to times much longerthan 2 ps

4

Your notes
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s

Your notes

PRIMARY COSMIC RAY

MUCN LIFETIME AS SEEN
FROM EARTH’S SURFACE
IS MUCH GREATER THAN
EXPECTED

Because muons travel so quickly, time dilation stretches muon lifetime to much longer
than when they are at rest

Length Contraction

= Movingrulers are shorter than stationary rulers

= This means that particles moving at very high velocities travel much further through
detectors than expected

= Unstable particles with very short lifetimes would not travel for appreciable
distances without relativistic effects like length contraction

= Forexample, if exotic particles produced in particle accelerators decayed within the
particle chamber before escapingit, none would be detectable

= |nfact, many types of exotic particles are detected

= Thisis evidence of length contraction

o

Worked Example
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Muons, which normally have a lifetime of 2.2 x 1076 s, are created in the upper ,

atmosphere at a height of about 10 km above sealevel.

Your notes
a) Calculate the distance a muon would travel towards the ground if it was moving at

0.99c.

b) Comment on the relativistic effects necessary if muons are to be detected at sea
level.

Answer:
Part (a)
Step 1: Write the known quantities

= Muonlifetime, t=2.2x107%s

= Speedoflight,c=3x108ms™

= Speedofmuons,v=0.99¢c=0.99 x(3x108)=2.97x108ms"!
Step 2: Calculate distance travelled

= Speedv=distanced+timet
= Therefore, the distance travelled by muons travelling at 0.99 cis given by:
d=vt=(2.97x108) x (2.2 x107%) = 653.4m

Part (b)
Step 1: Compare the distance calculated to the distance required
= The distance a muon travels with a lifetime of 2.2 x 10~ sisonly 653.4m

= Thisis muchlessthanthe 10 kmrequired to sealevel
Step 2: Conclude that relativistic effects must be at play

= Therefore, time dilation must be allowing the muons to last much longer than 2.2 x
10-%s

= Thisis because they are detectedinlarge numbers at sealevel

\

;
Examiner Tips and Tricks
Foryourexam, you are only required to understand the situationsin which a
relativistic increase particle lifetime would be significant. As seenin the worked
example, this is a combination of time dilation and length contraction. Thisis when, as
we have seen, particles are moving very close to the speed of light. Thisis normally at
velocities greater than 90% the speed of light.

\
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