A Level Physics Edexcel

CONTENTS
Exploring the Structure of Matter

8.1Nucleon & Proton Number
8.2 The NuclearModel of the Atom
8.3 Thermionic Emission
8.4 Particle Accelerators & Detectors
8.5 Radius of a Charged Particle in a Magnetic Field
8.6 Interpreting Particle Tracks
8.7 High Energy Particle Collisions
8.8 Annihilation of Matter & Antimatter
8.9 Unit Conversions for Energy & Mass
8.10 Relativistic Situations
Particle Interactions & Conservation
8.11The Standard Model
8.12 Antimatter
8.13 Conservation Laws in Particle Physics

8.14 Particle Interaction Equations




Nucleon & Proton Number

¢ Atomic symbols are written in a specific notation as shown below:

NUCLEON NUMBER %N

A
Z

PROTON NUMBER %}

‘ CHEMICAL SYMBOL
FOR THE ELEMENT

Atomic symbols show the proton number and nucleon number

¢ ThetopnumberArepresents the nucleon number orthe mass number
o Nucleon number (A) = total number of protons and neutrons in the nucleus

¢ ThelowernumberZrepresents the proton oratomic number
o Protonnumber (Z) = total number of protons in the nucleus

¢ Note:In Chemistry, the nucleon numberis referred to as the mass numberand the proton
number as the atomic number. The periodic table is ordered by atomic number

Isotopes

¢ Although allatoms of the same element always have the same number of protons (and
hence electrons), the number of neutrons can vary
¢ Anisotopeis anatom (of the same element) that has an equal number of protons but a
different number of neutrons
o Forexample, hydrogen has twoisotopes: deuterium and tritium. Both isotopes have
aproton numberof 1
o Deuterium has oneneutron, soits nucleon numberis 2
o Tritiumhas two neutrons, soits nucleon numberis 3



Baryons & Mesons

¢ Allparticles of matter are made up of either quarks and/orleptons
o The standard model of particle physics categorises quarks andleptons by charge and
mass

Generation = Quarks Leptons
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Quarks andleptons form the standard model of particle physics. The first generation of
particles make up all ordinary matter

Hadrons are made up of quarks and interact with the strong nuclear force
Baryons and mesons are types of hadron

o Baryons consist of 3quarks

o Mesons consist of a quark-antiquark pair

¢ Themostcommon baryons are protons and neutrons
¢ Themostcommon mesons are pions and kaons

e.g. PROTONS (p); PIONS (JT™)
NEUTRONS (n) KAONS (K"



Hadrons may be either a baryon orameson. Both baryons and mesons interact with the
strong nuclearforce

ANTI-BARYONS ANTI-MESONS

e.g. ANTI-PROTONS (p); ANTI-PIONS (JT")
ANTI-NEUTRONS (n) ANTI-KAONS (K™)

Anti-hadrons may be either an anti-baryon or an anti-meson

¢ Quarks have neverbeen discovered on theirown, always in pairs or groups of three
¢ Notethatallbaryons ormesons haveinteger (whole number) charges eg. +le, -2e etc.
e This means quarks in a baryon are eitherall quarks or all anti-quarks. Combination of quarks
andanti-quarks don’texistin a baryon
°o eg.

Tud WOULD NOT BE A QUARK COMBINATION THAT EXISTS

¢ Theanti-particle of amesonis stilla quark and anti-quark pair. The difference being the
quark becomes the anti-quarkandviceversa



Leptons & Photons
Leptons

e Leptons are a group of fundamental (elementary) particles
o This means they are not made up of any other particles (no quarks)

e Leptonsinteract with otherparticles via the
weak, electromagnetic or gravitational interactions

o Unlike hadrons (baryons & mesons), leptons do not interactvia the strongnuclear
force

¢ Themostcommon leptons are:
o Theelectron, e”

The electron neutrino, v

Themuon, u~

The muon neutrino, v,

(e}

(e}

(e}

ELECTRON MUON |
ELECTRON MUON
NEUTRINO NEUTRINO

The most common leptons are the electron and muon, along with their associated neutrinos

e Themuonis similarto the electron butis slightly heavier

e Electrons andmuons bothhave a charge of -le andamass of 0.0005u

¢ Neutrinos arethe mostabundantleptons in the universe and have no charge and
negligible mass (almost O)

¢ Although quarks are fundamental particles too, they are not classed as leptons



Photons

e Photons are a group of particles which mediate the electromagneticinteraction
o Theyareuncharged
o Theyhavezero mass

¢ Theyare sometimes called "exchange bosons" because they mediate one of the
fundamental forces (electromagnetism)
o Forexample, the electrostatic repulsion between two electrons is understoodin terms
of exchanging photons

(’) Exam Tip

In some topics, you may need to use the energy of a photon. This is given by the

equationE=hf=



Symmetry of the Standard Model

e Thefirstfourquarks discoveredwere:
o Theupquark
o Thedown quark
o Thestrange quark
o Thecharmquark

¢ The symmetry of the standard model predicted a third generation of particles, namely
the top andbottom quark
o Experiments were carried out to discoverthese, and eventually they were found as
predicted
e Therefore, the three generations of quarks are and theirrespectively charges are:
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¢ Theyeach have theirown anti-quark, which has the opposite charge
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Three generations of anti-quarks. These have the same properties as the quarks except
opposite charges.

(') Exam Tip

You willnot be expected to describe the strong nuclear force in your exam, but
you should understandthat photonis the exchange particle for the electromagnetic

force andthatit has zero charge and mass.



Properties of Antimatter

¢ Theuniverseis made up of matter particles (protons, neutrons, electrons etc.)
¢ Allmatterparticles have antimatter counterparts
o Antimatter particles areidentical to theirmatter counterpart but with the opposite
charge

e This meansif a particleis positive, its antimatter particle is negative andvice versa
e« Common matter-antimatter pairs are shown in the diagram below:

Matter Charge Antimatter

Electron ® -1 Positron o +1
Proton . +1 Anti-Proton . -1

MNeutron @ ] Anti-Neutron ' 0

Meutrino @ 0 Anti-Neutrino @ 0

This table summarises the electric charge for typical particle-antiparticle pairs

e Apart from electrons, the corresponding antiparticle pair has the same name with the prefix
‘anti-’ and aline above the corresponding matter particle symbol
e Aneutralparticle, such as a neutron orneutrino or photon, is its own antiparticle

Mass of Matter & Antimatter

¢ Although antimatter particles have the opposite charges to theirmatter counterparts, they
stillhaveidentical mass and rest mass-energy
o Therestmass-energy of a particle is the energy equivalent to the mass of the particle
atrest



Particle/Antiparticle

Mass (kg)

Rest Mass Energy (Me V)

Proton/Antiproton 1.67(3) x 1077 938.257

Neutron/Antineutron 1.67(5) x 1077 939,551

Electron/Positron 9.11 x 107" 0.510999
Neutrino/antineutrino O 0

This table summarises typical particle-antiparticle pairmasses andrest mass energies

¢) ExamTip

Though you willnot need to memorise individual masses orrest-mass energies, you

are expected torememberthe mass of a particle-antiparticle pairis identical but
they have the opposite electric charge.




Applying Conservation Laws

¢ When particles interact, they must obey a set of laws associated to the type of particles
involved
o Theselaws are governed by numbers called quantum numbers

¢ Quantumnumbers thatare always conserved (i.e., they are the same before and afteran
interaction) are:
o Charge, @
o Baryonnumber, B
o Leptonnumber, L

e Usingthese quantum numbers, physicists are able to determine whether certain
interactions are possible ornot
o Inotherwords, aninteraction that does not conserve charge, baryon orlepton number
is not allowed by the laws of physics

Conservation of Charge

¢ Thecharge of a particle Q, is the charge carried by that particle
o Protonshaveacharge Q = +1
Electrons have acharge Q = -1
Up quarks haveacharge @ = +2/3
Neutral particles, like photons and neutrinos, haveacharge @ =0

(e}

o

]

Conservation of Baryon Number

¢ Thebaryonnumber, B, is the number of baryons in aninteraction

¢ Bdepends onwhetherthe particleis a baryon, anti-baryon orneither
o BaryonshaveabaryonnumberB = +1
o Anti-baryons have a baryon numberB = -1
o Particles that are notbaryons have abaryon numberB=0

BARYON NUMBER, B

/1N

B=1 B =1 B=0
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The baryon number of a particle depends if it is a baryon, anti-baryon or neither

e Theup(u), down (d) andstrange(s) quark have a baryon number of 1/3 each



¢ This means thatthe anti-up, anti-down and anti-strange quarks have a baryon number of
-1/3each
¢ Note: The baryon numberof each quarkis provided on the datasheet

¢ Theimplication of this is that baryons are made up of all quarks and anti-baryons are made
up of allanti-quarks

e Therearenobaryons (yet) thathave a combination of quarks and anti-quarks e.g. up, anti-
down, down

e Thereason being that this would equate to a baryon number thatis nota whole number
(integer)

Conservation of Lepton Number

¢ Similarto baryon number, the lepton number, Lis the number of leptons in aninteraction
¢ L depends onwhetherthe particleis alepton, anti-lepton or neither

o Leptons havealeptonnumberL = +1

o Anti-leptons have alepton numberL = -1

o Particles thatare notleptons have alepton numberL =0

e Leptonnumberis a quantumnumberandis conservedin allinteractions
e Thisis helpful forknowing whetheraninteractionis able to happen

LEPTON NUMBER, L
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The lepton number depends onif the particleis alepton, anti-lepton, or neither

*> Worked Example
°

Show that baryon numberis conservedin f~ decay.



Step 1: Write down the equation for beta-minus decay
n—op+e +vg
Step 2: Determine the baryon number on both sides of the equation
1=1+0+0
Step 3: Write a conclusion

Since the total baryon number is equal on both sides of the equation, baryon

number is conserved in beta minus decay

*> Worked Example

If the lepton numberis conservedin the following decay, identify whether particle X
should be a neutrino or anti-neutrino
n+ut->p+X

Step 1: Determine the lepton number of all the particles on both sides of the equation
o O04+(-1)=0+X
Step 2: Identify the lepton number of X
o Ifthelepton numbermust be conserved, Xmustalso have alepton number of -1
Step 3: State theidentity of particle X

o Particle Xis an anti-neutrino

(") Exam Tip

“ Identifying the charge, baryon number orlepton number of an unknown particle can
be some of the easiest questions if the correct values for each particle are
memorised! The most common mistake is thinking that the electron has alepton
number of -1becauseit's chargeis negative, ithas a lepton number of +1andit's the
positronthat has alepton number of -1.



Particle Interaction Equations

e Allparticleinteractions must obey a set of conservationlaws. These are conservation of:
Charge, Q

o Baryonnumber, B

Lepton Number, L

Energy (ormass-energy)

o Momentum

o

o

o]

¢ Quantumnumbers suchas Q,Band L canonly take discretevalues (ie. O, +1,-1,1/2)
* Toknow whether a particleinteraction can occur, check whether each quantum numberis
equal on both sides of the equation
o Ifevenone of them, apart from strangeness in weak interactions, is not conserved
then theinteraction cannotoccur

%) Worked Example
Areaction thatis proposedto create antiprotons in a laboratory is shown below:
lp+ip= p i+t + 17

Determine whether this reaction is permitted.

Step 1: Determine conservation of charge Q@

o There are two protons on the lefthand side

o Therearetwo protons on theright hand side, with a positively charged pion (@ = +1) and
an antiproton (@ =-1)

o Therefore chargeis conserved, because:

T+1=1+1+1+(-1)
Step 2: Determine conservation of baryon number, B

o Therearetwo baryons on theleft hand side, each with a baryon number B = +1(protons
are baryons)
o Ontherighthandside
= Two protons each with baryon number +1
= One pion, with abaryon number O (itis a meson)
= Oneanti-proton with abaryon number -1
o Therefore baryon numberis not conserved, because:

T+1=1+1+0+(-1)
Step 3: Conclude whether this reactionis permitted

o Thisreactionis not permitted
o Becausebaryonnumberis notconserved
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Alpha Particle Scattering

e Evidence forthe structure of the atom was discovered by Ernest Rutherfordin the
beginning of the 20th century from the study of alpha particle scattering
o This structureis commonly referred to as the 'nuclearmodel' of the atom
¢ The experimental setup consists of alpha particles fired at thin gold foiland a detectoron
the otherside to detect how many particles deflected at different angles

MOST PARTICLES

ARE UNDEFLECTED
\ %
SOURCE OF ‘/»
o< PARTICLES
L SMALL NUMBER
BEAM OF o DEFLECTED THROUGH
PRRTICLES LRRGE ANGLES

Alpha particle scattering experiment set up

e o-particles are the nucleus of a helium atom and are positively charged

ATOMS



https://www.savemyexams.co.uk/?utm_source=pdf

When a-particles are fired at thin gold foil, most of them go straight through but a small

numberbounce straight back

Theresults from this experiment are summarised as follows:
The majority of a-particles went straight through the gold foil without deflection (A)
o This suggested the atomis mainly empty space

Some a-particles deflected through small angles of <10°(B)
o This suggestedthereis 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)
o This suggested the nucleus is extremely smalland this is where the mass and charge of
theatomis concentrated
o Itwas therefore concludedthat atoms consist of small dense positively charged
nuclei

Since atoms were known to be neutral, the negative electrons were thoughttobeon a
positive sphere of charge (plum pudding model) before the nucleus was theorised
Now itis known thatthe negative electrons are orbiting the nucleus. Collectively, these
make up theatom

ATOM

Electron
e/ Negatively charged particles

IN
Particles with no charge

Proton
Positively charged particles

-
Nucleus

Anatom: asmall, dense, positive nucleus, surrounded by negative electrons
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Changing Models of Atomic Structure

¢ Ourunderstanding of atomic structure has changed overtimein the followingways:
JohnDalton’s Model (1803)

e Daltonimaginedthat allmatterwas made of tiny solid particles called atoms
¢ Dalton’s model proposed:
o Atoms are the smallest constituents of matterand cannot be broken down any further
o Atoms of a given element areidentical to each otherand atoms of different elements
are different from one another
o When chemicalreactions occur, the atoms rearrange to make different substances

J.J.Thomson’s Model (1897)

¢ Thomson discovered the electron
e Hethenwentonto propose the ‘plum pudding’ model of the atom
¢ |Inthis model:
o Theatom consists of positive and negative charges in equalamounts so thatitis
neutral overall
o They were modelled as spheres of positive charge with uniformly distributed charge
anddensity. The negatively charged electrons were thought to be stuck to the sphere
like currantsin a plum pudding

Rutherford’s Gold Foil Experiment (1909 - 1911)

e Hans GeigerandErnestMarsden set out to test the plum pudding model
e Theyaimedbeams of positively charged particles (alpha particles) at very thin gold foil
¢ Accordingto the plum pudding model, these particles should have passed straight
through, However, many of them were backscattered
e ErnestRutherford explainedtheseresultsin his ‘planetary model of atom’ which states:
o Atoms have a central, positively charged nucleus containing the majority of the mass
o Electrons orbit the nucleus, like planets around a star

Neils Bohr’s Model (1913)

¢ Bohrimprovedupon Rutherford’s planetary model
¢ Usingmathematicalideas, he showed that electrons occupy shells orenergy levels
aroundthenucleus
o Theseareat particulardistances from the nucleus

Quantum Mechanical Model (1926)

e Erwin Schrédingertook Bohr's model furtherand used equations to calculate the likelihood
of finding an electronin a certain position

e Thismodelcan be portrayed as a nucleus surrounded by an electron cloud. Where the
cloudis most dense, the probability of finding the electronis greatest andvice versa

e Theatomwas thoughtto only have a positively charged nucleus surrounded by negatively
chargedelectrons. James Chadwick then discovered the neutron in 1932, which completes



the model of the atom we know today

Solid sphere model Plum pudding model m Planetary model Quantum model
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Dalton drew upaon the Ancient
Greek idea of atoms (the word
‘atom’ comes from the Greek
‘atomes’ meaning indivisible).
His theory stated that atoms
are indivisible, those of a given
element are identical, and
compounds are combinations of
different types of atoms.

(’7 Exam Tip

Thomson discovered electrons.
{which he called ‘corpuscles’) in
atoms in 1897, for which he won
a Nobel Prize. He subsequently
produced the ‘plum pudding’
model of the atom. It shows the
atom as composed of electrons
scattered throughout a spherical
cloud of positive charge.

Timeline of the changing models of theatom

Rutherford fired positively
charged alpha particles at a thin
sheet of gold feil. Most passed
through with little deflection, but
some deflected at large angles.
This was only possible if the atom
was mostly empty space, with the
positive charge concentrated in
the centre: the nucleus.

Bohr modified Rutherford's
model of the atom by stating
that electrons moved around the
nucleus in orbits of fixed sizes
and energies. Electron energy
in this model was quantised;
electrons could not occupy
values of energy between the
fixed energy levels.

Although you won't be expected to memorise specific dates ornames of the

scientists, itis goodto know the rough order of the types of models and how they
differfrom each other.

Schriédinger stated that
electrons do not move in set
paths around the nucleus, but
inwaves. It is impossible to
know the exact location of the
electrons; instead, we have
‘clouds of probability’ called
orbitals, in which we are more
likely to find an electron.



Thermionic Emission

¢ Whenmetals are heated, the conduction electrons within them gain energy
» Iftheseelectrons gain sufficient energy, they are able to leave the surface of the metal
o Thisis known as thermionic emission
o Thisis similar to the photoelectric effect, but the energy absorbed by electrons in this
caseis due to thermal energy, rather than the energy absorbed by incident photons

e Onceelectrons arereleased from a metal surface they may be accelerated by electric or
magnetic fields

High Voltage supply

_I“I+

Emitting
electrons

e™ V \Electron beam
Filament .J_+ e— e” € e~ /
ey V- Z3 ¢ -/

Anode

i

Heated filament

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

*> Worked Example

o . .
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
attains aspeedof4.2x10"ms™.

Usethe following data:

» Massofanelectronm,=9.11x10"3"kg
e Electronchargee=1.6x10""C

Step 1: List the known quantities

o Potential difference=5kV=5000V
o Mass of anelectron,mg =9.11x103Tkg
o Electronchargee=1.6x10"17C

Step 2: Equate the kinetic energy gained by the electron to the energy transferred
across the potential difference



w
o Potential difference Vis the energy transferred W per unit of charge @, or V= 6

o Sincethechargeinthis caseis anelectron, Q=eandsoW=eV
o Therefore, the kinetic energy gainedis equalto eV so we can write:

1
Emv2 =eV

Step 3: Make speed v the subject of the equation

o Rearranging this equation forv gives:

m?2=2eV
2eV
V2=
m
2eV
v=.] =
m

Step 4: Substitute quantities and calculate the speed v

o Substitutingknown quantities gives:

2x(1.6x10719) X 5000
v= =41908313..=4.2x10"ms"!

(9.11x10731)

(’) ExamTip

- . . . '
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 orderto
calculate speedlike we did here!



Particle Accelerators & Detectors
Linear Accelerators

e Alinearaccelerator (LINAC) s a type of particle accelerator that accelerates ions (charged
particles) to very high speeds in straightlines
¢ LINACs use electric fields within and between metallic tubes which act as oppositely
chargedelectrodes
¢ Thehigh-energyions produced are usedin collider experiments
o Theseexperiments enable theinternal structure of atoms and subatomic particles to
beinvestigated

¢ LINACs are comprised of a series of hollow cylindrical tubes

Electrodes @

I r‘ ' P' i P’ 3 l
3 L3
@i TR e I+ e
Particle source l Target
Particle beam

path

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

* An ACpower supplyis connected across each tube to ensureions are always accelerated
fromonetothenext
o Theions willbe attracted to the midpoint of a tube
o Atthis point, the AC supply will switch such that theions arerepelled to the exit, and
attracted to the next tube
o This process continues in a straight line all the way to the end of the accelerator

¢ Thefrequency of the AC supply is fixed
o This means the polarity (positive ornegative charge) of each tube switches ata
constantrate

e Therefore, each tube must be built successively longer
o Thisis becausetheions are speeding up
o Hence, this ensures ions spend the same amount of time underaccelerationin each
tube

Cyclotrons

e Acyclotronis atype of particle acceleratorthat accelerates ions from a central entry point
around a spiral path
e Theyareusedformedicalresearchsuchas:
o Producing medicalisotopes (tracers)
o Creating high-energy beams of radiation forradiotherapy



¢ Cyclotrons are comprised of:
o Twohollow semicircularelectrodes called 'dees’
o Auniform magnetic field applied perpendicular to the electrodes
o An ACpower supply applied across each dee, which creates an electric field in the
gap between them

Top View Side View
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Acyclotronuses magnetic fields and electric fields to accelerate charged particles, like
protons. The magnetic fields keep protons in a circular path, and the electric fieldincreases
their speed

e Theprocess of acceleratinganioninacyclotronis:

o Asource of charged particles is placed at the centre of the cyclotron and they are fired
into one of the dees

o Themagnetic fieldin the electrode makes them follow a circular path, sinceitis
perpendicularto theirmotion until they eventually leave the electrode

o Thepotential difference applied between the electrode accelerates theions across
the gap tothe next dee(since thereis an electric field in the gap)

o Inthenextdee, theions continue movingin a circular path within the magnetic field

o The potential differenceis thenreversed so theions again accelerate across the gap

o This processis repeated as the particles spiral outwards and eventually have a speed
large enough to exit the cyclotron

e Thealternating potential difference is needed to accelerate the particles across the gap
between opposite electrodes
o Otherwise, theions would only speed upin one direction

Particle Detectors



¢ When charged particles move through any medium, such as a gas, they transfer energy to
it
¢ Thisis usually through the process of ionisation
o High-energyions transfer some of theirenergy to surrounding atoms, removing
electrons
o Theions andelectrons produced are then accelerated by applied electric fields
o Oncethese aredischarged they form pulses of electric current

e Each pulse of electricity is counted by electronic counters connected by electrodes
o 'Counts'aretheninterpreted as detection of individual particles

¢ |onisationis the principle by which many particle detectors operate, such as in:
o Geiger-Mullertubes
o Sparkchambers
o Gasandcloudchambers

The particles are sometimes deflected meaning they are also scattered
o This can cause multiple scattering of the particle in the material

(’) ExamTip

- e .
Make sure you can distinguish between the two types of particle accelerator:
remember, LINACs only use electric fields (to accelerate ions in straightlines)
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).



Radius of a Charged Particle in a Magnetic Field

e Acharged particlein uniform magnetic field which is perpendicular toits direction of
motion travels in a circular path
¢ Thisis because the magnetic force Fis always perpendiculartoits velocity v
o Fwillalways be directed towards the centre of orbit

2 Radius of path v
mv mv —
r= = B produced by @ - - -
tu qg magnetic field

If the velocity v is produced by an

accelerating voltage V: r W
1 20V A%
_mvfzqvi v:/\/i -
2 m - . ® -' ® *

-

. -* Magnetic field
1 [2mv @ outtowara
r= 54/ — abserver
BV q -

Substitution gives:

A chargedparticle travels in a circular pathin a magnetic field

¢ Themagnetic force F provides the centripetal force on the particle
¢ Theequation forcentripetal forceis:

e Where;
o F=centripetal force (N)
o m=mass of the particle (kg)
o v=linearvelocity of the particle (m s
o r=radius of orbit (m)

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



mv?2 5
— — Bagv
. g
¢ Rearranging fortheradius robtains the equation for the radius of the orbit of a charged
particlein a perpendicularmagnetic field:

3

v
q

ﬂ
Il

vs]

e Theproduct of mass mandyvelocity vis momentump
o Therefore, theradius of the charged particle in a magnetic field can also be written as:

P

r=B—q

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

This equation shows that:
o Particles with alargermomentum (eitherlargermass m or speed v) movein larger
circles, sincer «p
o Particles with greatercharge g movein smallercircles:r«1/q
o Particles movingin a strong magnetic field Bmovein smallercircles:r«1/B

7 Worked Example

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

to a uniform magnetic field of flux density 6.2 mT. The speed of the electronis 3.0 x
10°ms™.

Calculate theradius of the circular path travelled by the electron.



Step 1: Write down the known quantities

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

Magnetic flux density, B =6.2 mT

Electron speed, v = 3.0 x 10° m s

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

magnetic field

3
<

ﬁ
Il

]
o]

Step 3: Substitute in values

1
1.8 x 101!

0|3

(3.0 x 10

(1.8 1011) 6.2 10_3)=2.688><10’3m=2.7mm(25.f.)
RIS x (6.2 x

(’) Exam Tip

¥  Makesure you're comfortable with deriving the equation for the radius of the path of
acharged particle travelling in a magnetic field, as this is a common exam question.

Crucially, the magnetic forceis always perpendicular to the velocity of a charged
particle. Hence, itis a centripetal force and the equations for circularmotion can be
applied.



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
o Asmallerradius means the particle has a smaller momentum
o 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:

o r=orbitalradius of charged particle (m)

o p=momentum of charged particle (kgm s~

o B=magnetic field strength (T)

o Q=charge of particle (C)

o m=mass of the particle (kg)
v =velocity of the particle (m s™)

o

If theradius of a trackis decreasing(i.e., itis spiralling closerinwards)
o This means the particle's momentumis decreasing
Thisis becauser«p
Therefore, the velocity of the particle is decreasing
Hence, the kinetic energy of the particleis also decreasing, due toionising other
particles inits path

o

(e}

o



TRACKS ‘APPEAR’ OUT

OF ‘NOWHERE’ INDICATE
"PARTICLE oL ANTIPARTICLE
CREATION

A .

RADIUS IS DECREASING g
»SO PARTICLE MOMENTUM S
IS DECREASING % )

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

¢ Thedirection of atrack's curvature gives anindication of the particle's charge
o Fleming's Left Hand Rule can be used to determine the sign of the particle's charge

e Sometimes, particle tracks appear to start out of 'nowhere’
o Thisindicates particle-antiparticle creation
o Thesepaths arein opposite directions because the particle-antiparticle pairis
oppositely charged
o Therefore, the magnetic force on themis oppositely directed
o Howeverthey have the sameradius because they each have the samemass (and
hence, momentum)

e Therefore charge, energy and momentum are always conservedininteractions between
particles



High Energy Particle Collisions
The Diameter of aNucleon

e Highenergy electron beams can beusedto analyse nucleons, e.g.
o Protons
o Neutrons

¢ When electrons are accelerated to very high energies, they can collide with nucleon
targets
e Thescattering patternis usedto analyse the size and structure of nucleons
* Toresolve detall, like the nucleon diameter, the de Broglie wavelength of the electron must
be comparable to the size of the nucleon
o The deBrogliewavelength, and hence an approximation to nucleon diameter, is given
by:
h
A =——=nucleondiameter
mv

e Where:
o A=deBrogliewavelength (m)

h=Planck's constant(Js)

m=mass (kg)

v =velocity (ms™)

¢ Notethatelectrons donot experience the strong nuclear force
o Therefore, they are able to get extremely close to the nucleons without interacting
o This allows them to build up a betteridea about the size of the nucleus than alpha

particles, which are comprised of protons and neutrons

o

o]

o

Inside the Nucleon

e |felectrons are accelerated to even higher energies, their de Broglie wavelength becomes
even smaller

1
o Thisis because A «« — therefore the faster the electrons, the smaller their de Broglie
v
wavelength

¢ Hence, the electron wavelength becomes smallenough to be used toresolve internal
structure of thenucleon
o Such an electron beam would be able toresolve individual quarks inside the nucleon

*> Worked Example

°
The diameter of a protonis of the orderof 107 m.

Explain why electrons must be accelerated to very high energies if they are to be
usedto probe theinternal structure of a proton.

Step 1: Refer to the de Broglie wavelength



o Theproton diameter ~ 101> m so the de Broglie wavelength of the electrons must
be at most this sizein ordertoresolve theinternal structure of the proton

Step 2: Refer to the proportionality between wavelength and momentum

o Sincethe deBroglie wavelengthisinversely proportional to the momentum of the
electrons, then they mustbe accelerated to very high velocity (and hence, energy) in
orderto obtain very short wavelengths

(’) Exam Tip

Remember to use words like 'proportional’ and 'inversely proportional’ when
explaining how two quantities relate to each other, using an equation.

Inthe 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:

Therefore, the de Broglie wavelength 1is inversely proportional to particle
momentum p and velocity v.



Annihilation of Matter & Antimatter

Annihilation
¢ When a particle meets its 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 gamma ray photons

i. Proton - Antiproton Annihilation  ii. Electron - Positron Annihilation
b
[ ]

{protorlj Ef electron)
N Ny
&
/

Y /
H,Hﬂi Ew
¥ (positron or antislectron)

In each case the particle and its antiparticle annihilate each other,
releasing a pair of high-enargy gamma photons

(anhprutun} !

When an electron and positron collide, their mass is convertedinto energy in the form of two
photons emittedin opposite directions

Pair Production

e Pairproductionis the opposite of annihilation
e Pairproductionis:

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

* Thepresence of anearby neutron is essentialin pair production so that the process
conserves both energy and momentum

¢ Asinglephoton alone cannot produce a particle-anti-particle pair or the conservation laws
would be broken

e Paircreationis a case of energy being convertedinto matter

é\:\b_}/\f\/\,
(a) /,P\/\/\/\»

/\/\/\/\L‘I’:—""M
(b) /\/\J\/\'/l\\



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

e 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

e Einstein's famous mass-energy relation showed that energy can be convertedinto mass,
andviceversa

e |tisgivenby:

AE=c2Am

¢ Where;
o Am =rest mass of the particle (kg)
o c=speedoflight(ms)
o AE =restmass energy of the particle (J)

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

2AE = 2(c2Am)

e This alsomeansif a particle meets its anti-particle and annihilates, the energy carried away
by each of the two photons Eppeton is given by:

Cc
Ephoton =hf= 7 = (1!2 Am

> Worked Example

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



Step 1: Write down the known quantities
Rest mass energy of a proton (and antiproton) = 938.257 MeV
1MeV = 1.60 x 1073

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

Step 3: Write energy in terms of wavelength

C

fnin =
AI’T1C])<

hc
min = =
)\mOX

Step 4: Rearrange for wavelength

m|F

}\mox
Step 5: Substitute in values

(6.63 x 107) x (3.0 x 10%)

=132x10"%m
938.257 x (1.60 x 107*%)

ax =

(’) Exam Tip

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

Remember that the equation E = hfis only relevant for photons, not for all particles!



Unit Conversions for Energy & Mass
Units of Energy

e Theelectronvoltis a unit of energy
e |tis equivalenttothe amount of energy transferred to an electron accelerated across a
potential difference of 1V:

1eV=1.6x10"17)

¢ Inorderto convert between electronvolts andjoules:
o Multiply electronvolts by 1.6 x 10717 to get the equivalent energy in joules
o Dividejoules by 1.6 x 10717 to get the equivalent energy in electronvolts

Convert joules to electronvolts

eV = joule x 6.242E+18

Converting between electronvolts andjoules

¢ Sometimes, units of MeV or GeV are used
o Thesearegivenby:

1MeV=1x10%eV=1.6x10"13)
1GeV=1x10%eV=1.6x10"10)

Units of Mass

e Energy andmass arerelated by Einstein's energy-mass relation

AE=c2Am
AE

Am= —
c

« Therefore, units of mass can be related to units of energy by division of c2
o This provides particle physicists convenient units of calculation to work with
o Thisis especially usefulin experiments involving particle collisions, where annihilation
andcreationis common

e Possible units of mass are therefore:



MeV GeV
, O,
o2

o2

¢ Thefollowing conversions are usedto convertinto S.I. units:

| MeV

2 =1.67x107%g

GeV
1

2 =1.67x10"% kg

) Worked Example

Show that the rest mass of a proton, 1.67 x 102’ kg, is roughly equivalent to 1
GeV/c2.

Step 1: Write the known quantities

o Restmass of a proton, m, =1.67 x107%" kg
o Speedoflightc=3x108ms™!

Step 2: Substitute quantities into Einstein's energy-mass relation
E=mpc?
E=(1.67x10"%)x(3x108)?2=1.50 x 10710}
Step 3: Convertjoules to electronvolts
o Toconvert a quantity of energy in joules to electronvolts, divide by 1.6 x 1017

1.50x 10710

6% 10-19 =9.4x108eV=0.94 GeV

Step 4: Convert electronvolts to GeV/c?

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

") ExamTip

In this worked example, we could have used the direct conversion between GeV/c?
andkg, because1GeV/c?=1.8 x 10-2” kg, but you should be super comfortable with
using Einstein's energy-mass relation to find quantities of mass/energyin standard
units, and converting to eV and eV/c2the 'long way round'. Exam questions may
require you to do this when the conversions are not so straightforward.
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Relativistic Situations

¢ Accelerated particles oftenreach speeds that are very close to the speed of light

¢ Atsuchhighvelocities and energies, relativistic effects begin to becomeimportant
e Theseareeffectssuchas:

o Timedilation
o Length contraction

Time Dilation

e Clocks run slower formoving particles
o This means thatunstable particles, with a short lifetime, actually survive formuch
longerin alaboratory if they are moving very quickly

o Thisisusefulbecause they willleavelonger tracks in particle detectors (making
detection easier)

e Forexample, muons created high upin the atmosphere, have a lifetime of about 2 us
o Thetimerequiredto travelto sea-levelis too great to survive the journey
o However, they are detected at sea-levelinlarge numbers
o Thisis becausethey aretravelling atrelativistic speeds (e.g. 0.98c¢) so time dilation
means theirlifetime is dilated to times much longerthan 2 us

Length Contraction

¢ Movingrulers are shorterthan stationary rulers

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

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

e Forexample, if exotic particles producedin particle accelerators decayed within the
particle chamberbefore escapingit, none would be detectable
o Infact, many types of exotic particles are detected
o Thisis evidence of length contraction
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*) Worked Example
[ ]

Muons, which normally have a lifetime of 2.2 x 10~¢s, are created in the upper
atmosphere at a height of about 10 km above sea level.

a) Calculate the distance a muon would travel towards the groundif it was
movingat 0.99 c.

b) Comment on therelativistic effects necessary if muons are to be detected
atsealevel.

Part (a)
Step 1: Write the known quantities

o Muon lifetime, t=2.2x107%s
o Speedoflight,c=3x108ms™!
o Speedofmuons,v=0.99¢c=0.99x(3x108)=2.97x108ms"!

Step 2: Calculatedistance travelled

o Speedv=distanced-+timet
o Therefore, the distance travelled by muons travellingat 0.99 cis given by:

d=vt=(2.97x108) x (2.2x107%) =653.4m
Part (b)
Step 1: Compare the distance calculated to the distance required

o Thedistance a muon travels with a lifetime 0f 2.2 x 10"®s is only 653.4m
= Thisis muchless thanthe10 kmrequiredto sealevel

Step 2: Conclude that relativistic effects must be at play

o Therefore, time dilation must be allowing the muons tolast much longerthan 2.2 x 1076
s
= Thisis becausethey are detectedinlarge numbers at sea level

(’) Exam Tip

et Foryourexam, you are only required to understand the situations in which a
relativisticincrease particle lifetime would be significant. As seen in the worked
example, this is a combination of time dilation and length contraction. This is when,
as we have seen, particles are moving very close to the speed of light. This is
normally at velocities greaterthan 90% the speed of light.
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