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Photons

¢ Inclassicalwave theory, electromagnetic (EM) radiationis assumed to behave as a wave
o Thisis demonstrated by the fact EM radiation exhibits phenomena such as diffraction
andinterference

¢ However, experiments from the last century, such as discovering the photoelectric effect
and atomicline spectra, can only be explained if the EM radiation is thought of as behaving
as particles

e These experiments have formed the basis of quantum theory, which will be exploredin
detailin this section

Photons

¢ Photons are fundamental particles which make up all forms of electromagnetic radiation
¢ Aphotonis definedas

Amassless ''packet'' ora''quantum'' of electromagnetic energy

E=hf

Awavepacket (photon)
¢ |tisalsodefinedas:
A massless particle that possesses an energy equal to E = hf

¢ This meansis thatthe energy of a photonis not transferred continuously, but as discrete
packets of energy

¢ Inotherwords, each photon carries a specific amount of energy, and transfers this energy
allinone go, ratherthan supplying a consistent amount of energy

e Theenergy of a photon can be calculated using the formula:
E=hf

e Substitutingin fromthe wave equation, energy can also be equal to:

E=T
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o Where: YOURNOTES
o E=energy of the photon (J) 1

h =Planck's constant(Js)

o c=thespeedoflight(ms™)

o f=frequencyinHertz(Hz)

o A=wavelength(m)

(e}

¢ Thisequationtells us:
o Thehigherthe frequency of EM radiation, the higher the energy of the photon
o Theenergy of a photonisinversely proportional to the wavelength
o Along-wavelength photon of light has alower energy than a shorter-wavelength
photon

> Worked Example

Light of wavelength 490 nmis incident normally on a surface, as shownin the
diagram.

LIGHT WAVELENGTH
490 nm

AW

The power of the lightis 3.6 mW. The lightis completely absorbed by the surface.

Calculate the number of photons incident on the surfacein 2.0 s.

Step 1: Write down the known quantities

o Wavelength,A=490nm =490 x107m
o Power,P=3.6mW=3.6x10"3W
o Time, t=2.0s

Step 2: Write the equations for wave speed and photon energy

B

wave speed: ¢ = fl - f =

hc
photon energy: E = hf > E = a

Step 3: Calculate the energy of one photon

(6.63 x 10734) x (3.00 x 108)

5 =4.06x 10"197
490 x 10~

o ke
e

Page 3 of 69

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

Step 4: Calculate the number of photons hitting the surface every second YOURNOTES

power of light source 3.6 X 1073 {

= 8.9 x 1015 5~1

energy of one photon 4 06 x 10~ 19
Step 5: Calculate the number of photons that hit the surfacein2s
(8.9 x 1015 x 2) = 1.8 x 1016

Photon Momentum

e Einstein showedthataphoton travellingin a vacuumhas momentum, despiteithavingno
mass
¢ Themomentum (p) of a photonis related toits energy (E) by the equation:

p = °
¢ Where
o c=thespeedoflight
o p=themomentum of the photon (kgm s
o E=theenergy of the photon(J)

7 Worked Example

o C
A5.0 mW laserbeamisincident normally on a fixed metal plate. The cross-

sectional area of the beamis 8.0 x 10°m?. The light from the laser has frequency
5.6 x10"Hz.

Assuming that allthe photons are absorbed by the plate, calculate the momentum
of the photon, and the pressure exerted by the laserbeam on the metal plate.

Step 1: Write down the known quantities

o Power,P=5.0mW=5.0x10"3W
o Frequency,f=5.6x10"Hz
o Cross-sectionalarea, A=8.0 x 104 m?2

Step 2: Write the equations for photon energy and momentum

photon energy: E = hf

| =
=

photon momentum: p = o=

Step 3: Calculate the photon momentum

nr (6.63 x 10734 x (5.6 x 1014)
— = =1.24x 10727 Ns
c 3.00 x 108

p:

Step 4: Calculate the number of photons incident on the plate every second
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power of light source 5.0 x 1073 YOURNOTES

energy of one photon hf 1

5.0 x 1073
= =1.35x 10651

(6.63 x 1073%) x (5.6 x 104

Step 5: Calculate the force exerted onthe plateina1.0 s timeinterval

force = rate of change of momentum

— force = number of photons per second X momentum of each photon
F = (1.35x 10" x (1.24 x 107%7) = 1.67 x 10" N
Step 6: Calculate the pressure

force 1.67 x 10~11 -6
pressure = = = 2.1 xX10 Pa
area 8.0 x 10~6

(') ExamTip

¥  Makesure you learn the definition for a photon: discrete quantity /packet /
quantum of electromagnetic energy are allacceptable definitions

Thevalues of Planck’s constant and the speed of light will always be given toyouin
an exam, however, it helps to memorise them to speed up calculation questions!
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The Photoelectric Effect

¢ The photoelectric effectis the phenomenain which electrons are emitted from the surface
of ametalupon the absorption of electromagnetic radiation
¢ Electrons removed from a metalin this mannerare known as photoelectrons
¢ Thephotoelectric effect provides important evidence thatlightis quantised, or carriedin
discrete packets
o Thisis shown by the fact each electron can absorb only a single photon

o This means only the frequencies of light above a threshold frequency willemit a
photoelectron

ELECTRON

e ©e6©® ®@ ® @ o
oo ® o 0 4
® © ©®09,9© ®

Photoelectrons are emitted from the surface of metal when light shines onto it

Threshold Frequency & Wavelength

+ Thethreshold frequency is defined as:

The minimum frequency of incident electromagnetic radiation required toremovea
photoelectron fromthe surface of a metal

e Thethreshold wavelength, related to threshold frequency by the wave equation, is defined
as:

Thelongest wavelength of incident electromagnetic radiation that would remove a
photoelectron fromthe surface of a metal

» Thefrequency andwavelength arerelated by the equation

(/E FREQUENCY (Hz OR s™)

v=°Tx
SPEED OF A WAVE (ms”)a} \EWAVELENGTH =

¢ Since photons are particles of light, v = c (speed of light)
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¢ Threshold frequency andwavelength are properties of a materialand vary from metalto
metal

Threshold frequencies and wavelengths for different metals

Threshold Frequency  Threshold Wavelength

(f,)/Hz (Ao) / nm
Sodium 4.40 x 10™ 682
Potassium 5.56 x 10" 540
Zinc 1.02 x10® 294
Iron 1.04 % 10® 289
Copper 1.3 % 10° 266
Gold 1,23 x10° 244
Silver 9.71 x 10® 30.9

The Work Function
¢ Theworkfunction @, orthreshold energy, of a material, is defined as:

The minimum energy required torelease a photoelectron from the surface of a metal

¢ Considertheelectronsin a metal as trappedinside an ‘energy well’ where the energy
between the surface and the top of the wellis equal to the work function ®©

¢ Asingle electron absorbs one photon

e Therefore, an electron can only escape from the surface of the metalif it absorbs a photon
which has an energy equal to ® orhigher

LOW ENERGY RED LIGHT

WORK FUNCTION

ENERGY WELL

ENERGY

Q L
B

\EELECTRON ON METAL SURFACE
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MEDIUM ENERGY GREEN LIGHT YOURNOTES

@
WORK FUNCTIONl
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@) d 4
ELECTRON
LEAVES METAL
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P
()
& ENERGY WELL
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Inthe photoelectric effect, a single photon may cause a surface electron to bereleasedif it
has sufficient energy

Different metals have different threshold frequencies and hence different work functions
¢ Usingthewellanalogy:

o Amoretightly bound electron requires more energy toreach the top of the well

o Alesstightly bound electron requires less energy to reach the top of the well

Alkalimetals, such as sodium and potassium, have threshold frequencies in the visible
lightregion
o Thisis because the attractive forces between the surface electrons and positive metal
ions arerelatively weak

e Transition metals, such as zinc andiron, have threshold frequencies in the ultraviolet region
o Thisis because the attractive forces between the surface electrons and positive metal
ions are much stronger
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¢) ExamTip .

Auseful analogy for threshold frequency is a fairground coconut shy:

e Onepersonis throwing table tennis balls at the coconuts, and another person
has a pistol

 Nomatterhow many of the table tennis balls are thrown at the coconut it will still
stay firmly in place - this represents the low frequency quanta

¢ However, a single shot from the pistol willknock off the coconutimmediately -
this represents the high frequency quanta

BULLET

°HIGH ENERGY & MOMENTUM

o INSTANTLY KNOCKS THE COCONUT OFF
o EQUIVALENT TO HIGH ENERGY LIGHT

o=

COCONUTS

TABLE TENNIS BALL

°LOW ENERGY & MOMENTUM

°NO AMOUNT OF BALLS WILL
KNOCK THE COCONUT OFF

° EQUIVALENT TO LOW ENERGY LIGHT
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Observing the Photoelectric Effect

The photoelectric effect can be observed on a gold leaf electroscope
Aplate of metal, usually zinc, is attached to a goldleaf, which initially has a negative charge,
causingitto berepelled by a central negatively charged rod

o This causes negative charge, orelectrons, to build up on the zinc plate

UVlightis shone onto the metal plate, leading to the emission of photoelectrons
This causes the extra electrons on the centralrod and gold leaf to be removed, so, the gold
leaf begins to fall back towards the centralrod

o Thisis because they becomeless negatively charged, and hencerepelless

Some notable observations:
o Placingthe UV light source closerto the metal plate causes the gold leaf to fallmore
quickly
o Usinga higherfrequency light source does not change the how quickly the gold leaf
falls
o Usinga filamentlight source causes nochangeinthe goldleaf’s position
o Usinga positively charged plate also causes no changein the goldleaf’s position

NEGATIVELY
CHARGED N\
ELECTROSCOPE \\ N

GOLD-LEAF |
ELECTROSCOPE
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PHOTOELECTRONS

GOLD LEAF FALLS
AS PHOTOELECTRONS-|
ARE EMITTED

Typical set-up of the goldleaf electroscope experiment

Laws of Photoelectric Emission

The photoelectric effectis evidence that light does not purely behave as awave
¢ Thisis demonstrated by the following observations

e ObservationT:

Placing the UV light source closer to the metal plate causes the gold leaf to fall more
quickly

Explanation1:
o Placingthe UV source closerto the plateincreases theintensity incident on the surface
of the metal
o Increasingtheintensity, orbrightness, of theincident radiation increases the number
of photoelectrons emitted persecond
o Therefore, the gold leaf loses negative charge more rapidly

¢ Observation2:

Using a higher frequency light source does not change how quickly the gold leaf
falls

¢ Explanation 2:
o The maximum kinetic energy of the emitted electrons increases with the frequency of
theincidentradiation
o Inthecase of the photoelectric effect, energy and frequency areindependent of the
intensity of theradiation
o So,theintensity of theincident radiation affects how quickly the goldleaf falls, not the
frequency
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Observation 3:

Using a filament light source causes no change in the gold leaf’s position

Explanation 3:
o Iftheincidentfrequencyis below a certain threshold frequency, no electrons are
emitted, no matter the intensity of theradiation
o Afilamentlight source has a frequency below the threshold frequency of the metal, so,
no photoelectrons arereleased

e Observation4:

Using a positively charged plate causes no changeinthe gold leaf’s position

Explanation 4:
o Iftheplateis positively charged, that means thereis an excess of positive charge on
the surface of the metal plate
o Electrons are negatively charged, so they willnot be emitted unless they are on the
surface of the metal
o Any electrons emitted will be attracted back by positive charges on the surface of the
metal

e Observation5:

Emission of photoelectrons happens as soon as theradiationis incident on the
surface of the metal

e Explanation5:
o Asingle photoninteracts with a single electron
o Iftheenergy of the photonis equalto the work function of the metal, photoelectrons
willbereleasedinstantaneously

ULTRAVIOLET PHOTON
RADIATION ENERGY = hf ° ELECTRON
ESCAPES
ELECTRONS T
BREAK ] ®
FREE L
L* [ TRAPPED
| ELECTRONS

In the photoelectric effect, a single photon may cause a surface electron to bereleasedif it
has sufficient energy
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*> Worked Example
[

Describe how the photoelectric effect proves the particulate nature of light.

Step 1: Outline what wave theory predicts about the photoelectric effect

o Wave theory predicts:
= |fradiation strikes a metal surface and ejects an electron, the kinetic energy of the
electron should depend on the intensity of the incident wave

Step 2: Outline an observation of the photoelectric effect experiment

o From observation:
= Thereis no electron emittedif the frequency of theradiationis below a certain
threshold frequency
= Theintensity of theradiation does not determine the energy of the emitted
electron
= Abovethethreshold frequency, the maximum kinetic energy of the electrons
increases with the frequency of theradiation

Step 3: Suggest how this observation supports the particulate nature of light

o This suggests:
= |nitsinteraction with matter, an electromagnetic wave behaves like a stream of
particles, or photons
= These photons carry energy which is proportional to the frequency of the
radiation

Stopping Voltage
e Stoppingvoltage, V,, is defined as:

The voltage required to stop photoelectron emission from occurring

¢ Thephotons arriving at the metal plate cause photoelectrons to be emitted
o Thisis called the emitter plate

e Theelectrons that cross the gap are collected at the other metal plate
o Thisis calledthe collector plate
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INCOMING BLUE LIGHT

CECToR
e e h, o PLATE
° “\\_\:\\ 11
(& = e ey

o+

VACUUM

ELECTRONS REACH COLLECTOR PLATE

PHOTOCURRENT FLOW

LS =— 7

VARIABLE POWER SUPPLY

AMMETER

This set-up can be used to determine the maximum kinetic energy of the emitted
photoelectrons

The flow of electrons across the gapresultsin an e.m.f. between the plates that causes a
current to flow aroundtherest of the circuit
o Effectively, it becomes a photoelectric cell producing a photoelectric current

If the e.m.f. of the variable power supply is initially zero, the circuit operates only on the
photoelectric current
As the supply is turned up, the emitter plate becomes more positive (becauseitis
connectedto the positive terminal of the supply)
As aresult, electrons leaving the emitter plate are attracted back towards it
o Thisis becausethe p.d.across the tube opposes the motion of the electrons between
the plates

If any electrons escape with enough kinetic energy, they can overcome this attraction and
cross tothecollectorplate
o Andif they don't have enough energy, they can't cross the gap

Byincreasing the e.m.f. of the supply, eventually, a p.d. willbe reached at which no
electrons are able to cross the gap - this is the stopping voltage, V;

At this point, the energy needed to cross the gapis equal to the maximum kinetic energy
KEax Of the electrons

KEmax=€Vs
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O Exam Tip YOURlNOTES

¥ Theobservations and explanations of the photoelectric effect are key findings in
Physics, which ledto a whole new branch of discovery. As such, they are favourites
with Examiners. Make sure you have them at your fingertips!

Itisimportantto note that the stopping voltage actually holds a negative value, but
since we use it to determine the maximum kinetic energy of the emitted electrons, its
signis notimportantin calculations, it's acceptable to just quoteits magnitude.
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Solving Photoelectric Problems

¢ Sinceenergy is always conserved, the energy of anincident photonis equal to:
The work function + the maximum kinetic energy of the photoelectron

¢ Theenergy within a photonis equalto hf

¢ Thefraction of the energy transferred to the electron torelease it from a materialis called
the work function, and the remaining amountis given as kinetic energy to the emitted
photoelectron

e This equationis known as the photoelectric equation:
— — 1 2
E—hf—(p+5mvmax

¢ Where:
o h=Planck's constant(Js)
o f=thefrequency of theincidentradiation (Hz)
o @ =theworkfunction of the material (J)
o V2 mvzmaszk(maX)zthe maximum kinetic energy of the photoelectrons (J)

¢ This equation demonstrates:
o Iftheincident photons donothave a high enough frequency and energy to overcome
the work function (@), then no electrons will be emitted
o hfg=®,where fy=threshold frequency, photoelectric emission only just occurs
o Exmax)depends only on the frequency of theincident photon, and not the intensity of
theradiation
o Themajority of photoelectrons willhave kinetic energies less than £,y

Graphical Representation of Work Function

e Thephotoelectric equation can berearrangedinto the straightline equation:
y=mx + ¢
e Comparingthis to the photoelectric equation:

hf — @

K(max) =

e Agraph of maximumkinetic energy Eymax) against frequency f can be obtained
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kmax /) YOURNOTES
i

GRADIENT = h

’ f/Hz

¢ Thekey elements of the graph:
o Theworkfunction @ is they-intercept
The threshold frequency fpis the x-intercept
The gradientis equaltoPlanck's constanth
o Thereareno electrons emitted below the threshold frequency fo

o

(e}

Kinetic Energy & Intensity

* Thekinetic energy of the photoelectrons isindependent of the intensity of the incident
radiation

¢ Thisis because each electron can only absorb one photon

¢ Kinetic energy is only dependent on the frequency of the incident radiation

¢ Intensity is a measure of the number of photons incident on the surface of the metal

e So,increasing the number of electrons striking the metal willnotincrease the kinetic energy
of the electrons, it willincrease the number of photoelectrons emitted

Why Kinetic Energy is a Maximum

e Eachelectroninthe metal acquires the same amount of energy from the photonsin the
incidentradiation
¢ However, the energy required toremove an electron from the metal varies because some
electrons are on the surface whilst others are deeperin the metal
o The photoelectrons with the maximum kinetic energy will be those on the surface of
the metal since they do not require much energy to leave the metal
o The photoelectrons with lowerkinetic energy are those deeperwithin the metal since
some of the energy absorbed from the photonis used to approach the metal surface
(and overcome the work function)
o Thereis less kinetic energy available for these photoelectrons once they have left the
metal

Photoelectric Current

¢ Thephotoelectric currentis the number of photoelectrons emitted per second
¢ Photoelectric currentis proportional to the intensity of the radiation incident on the
surface of the metal

e Thisis because theintensityis proportional to the number of photons striking the metal per
second

¢ Since each photoelectron absorbs a single photon, the photoelectric current must be
proportional to the intensity of the incident radiation
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FOR f>f, 1

ELECTRON KINETIC

ELECTRON KINETIC
ENERGY

ENERGY

fo LIGHT INTENSITY
LIGHT FREQUENCY

FOR f>f,

ELECTRON CURRENT
ELECTRON CURRENT

LIGHT FREQUENCY LIGHT INTENSITY

Graphs showing the variation of electron KE and photocurrent with the frequency of the
incident light

> Worked Example

The graph below shows how the maximum kinetic energy E, of electrons emitted
from the surface of sodium metal varies with the frequency f of the incident

radiation.
2.4 1
1.8 -
E,/eV
1.2 1
0.6 4
D A T L] L L) 1
0] 2 4 6 8 10 12

£/ 10M™Hz

Calculate the work function of sodiumin eV.

Step 1: Write out the photoelectric equation and rearrangeit to fit the equation of a
straightline

E=hf=®+ Y% mv, > By = b @
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y =mx +c
Step 2: Identify the threshold frequency from the x-axis of the graph

= WhenEk=O,f=fo
= Therefore, fy =4 x 10'* Hz

Step 3: Calculate the work function

1
From the graph at f,, 2 mv?, =0

® = hfy = (6.63 X 107**) x (4 x 10') = 2.652 x 1077 J

Step 4: Convert the work functioninto eV

lev=16x10""7

for J = ¢V: divide by 1.6 X 107"

2.652 X 107%°
E= """ " _ =1.66¢eV

1.6 X 107"

(") Exam Tip

When using the photoelectric effect equation, hf, ®and Exmax) must allhave

the same units; Joules.
Allvalues givenin eV needto be convertedinto Joules by multiplying by 1.6 x 10717,
Do this right away, in the same way as you would convert into Sl units before

calculating.
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Matter Waves

De Broglie proposedthat electrons travel through space as a wave
o This would explain why they can exhibit behaviour such as diffraction

He therefore suggestedthat electrons mustalso hold wave properties, such as
wavelength
o This cameto be known as the de Broglie wavelength

However, herealised all particles can show wave-like properties, notjust electrons
o Hehypothesisedthatallmoving particles have a matter wave associated with them

This is known as the de Broglie wavelength, and can be defined as:
The wavelength associated with a moving particle

The majority of the time, and for everyday objects travelling at normal speeds, the de
Broglie wavelengthis far too small forany quantum effects to be observed

o Atypical electronin ametalhas a de Broglie wavelength of about 10 nm
Therefore, quantum mechanical effects willonly be observable when the width of the
sampleis aroundthatvalue

_DIFFRACTION

_VACUUM SINER
THIN GRAPHITE_ TUBE
FILM
ELECTRON_ LOW
GUN ACCELERATING
VOLTAGE
ELECTRONS e
SHOW ACCELERATING
PARTICLE VOLTAGE
PROPERTIES

_ELECTRONS SHOW
WAVE PROPERTIES

The electron diffraction tube can be usedtoinvestigate how the wavelength of electrons
depends on their speed
o The smallertheradius of therings, the smallerthe de Broglie wavelength of the
electrons

As thevoltageisincreased:
o Theenergy of the electrons increases
o Theradius of the diffraction pattern decreases

This shows as the speed of the electrons increases, the de Broglie wavelength of the
electrons decreases

Usingideas based upon the qguantum theory and Einstein’s theory of relativity, de Broglie
suggestedthatthe momentum (p) of a particle andits associated wavelength (1) are

Page 20 of 69

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

related by the equation:

h
A=—
p

e Since momentum p =myv, the de Broglie wavelength can berelatedto the speed of a
moving particle (v) by the equation:

Kinetic Energy

Since kinetic energy E = amv?
Momentum andkinetic energy can be related by:

»
2m

{

E= p=+2mE

Combining this with the de Broglie equation gives a form which relates the de Broglie
wavelength of a particle toits kinetic energy:

h
2mE

A=

e Where:

o

o

e}

L =the de Broglie wavelength (m)

h =Planck’s constant(Js)

p =momentum of the particle (kgms™)
E =kinetic energy of the particle (J)

m =mass of the particle (kg)

v = speed of the particle (ms™)

*> Worked Example

Aproton andan electron are each accelerated fromrest through the same
potential difference.

de Broglie wavelength of the proton

Determine theratio: -
de Broglie wavelength of the electron

» Mass ofaproton=1.67 x10"?" kg
» Massofanelectron=9.11x103Tkg
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Step 1: Consider how the proton and electron can be related via their masses YOURNOTES

The proton and electron are accelerated through the same p.d., therefore, they 1

both have the same kinetic energy

Step 2: Write the equation relating the de Broglie wavelength of a particle to its kinetic

energy
L h__h
T p  V2mE
A 1
o« ——
Vvm
Step 3: Calculate the ratio
de Broglie wavelength of the proton 1 1

de Broglie wavelength of the electron — \/m, * \/m,

me  [9.11 x 103! >,
mp ~N167 w107~ 22110
p .

This means the de Broglie wavelength of the proton is 0.023 times smaller than that of
the electron OR the de Broglie wavelength of the electron is about 40 times larger
than that of the proton
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Pair Production & Annihilation

Annihilation
¢ When a particle meets its antiparticle pair, the two willannihilate
¢ 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

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

¢ Theminimum energy of one photon afterannihilation is the totalrest mass energy of one of
the particlesis:

Emin = hfmin =E

e Where:
o Emin=minimum energy of one of the photons produced (J)
o h=Planck's Constant(Js)
o fmin=minimum frequency of one of the photons produced (Hz)
o E=restmass energy of one of the particles (J)

e Toconserve momentum, the two photons willmove apartin opposite directions
¢ Toconserve energy, the two photons willhave the same energy, which means they also
have the same frequency because

E =hf

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
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e Thepresence of a nearby neutron is 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

e Paircreationis a case of energy being convertedinto matter

.+
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

¢ Theminimum energy for a photon to undergo pair production is the totalrest mass energy
of the particles produced:

Emin = hfmin =2E

¢ Where:
o Epin=minimum energy of theincident photon (J)
o h=Planck's Constant(Js)
o fmin=minimum frequency of the photon (Hz)

E =restmass energy of one of the particles (J)

(e}

¢ Toconserve momentum, the particle and anti-particle pairmove apartin
opposite directions

¢ Remember forboth calculations, the frequency fis also defined by the wave equation, v =
fA

¢ Usingthis equation, the wavelength Acan also be calculated
o Rememberthatvis c (the speed of light) forgamma ray photons

> Worked Example

Calculate the maximum wavelength of one of the photons producedwhen a
proton and antiproton annihilate each other.
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Step 1: Write down the known quantities YOURNOTES

Rest mass energy of a proton (and antiproton) = 938.257 MeV l
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
min =
;‘mOX

Step 4: Rearrange for wavelength

Amax = ?
Step 5: Substitute in values

(6.63 x 107) x (3.0 x 10%) .
- =132x105m
Amex = 5 28 257 = (1.60 x 107"%)

(’) Exam Tip

Since the Planck constantis in Joules (J) remember to always convert the rest mass-
energy fromMeVtoJ.
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Quantization of Angular Momentum

¢ Angularmomentumis a property of any spinning orrotating body, very similar to linear
momentum
o Inlinearmotion, momentumis the product of mass andvelocity
¢ |Inrotational motion the momentumi is the product of moment of inertia and angular speed

¢ Angularmomentumis a vector, this means:
o The magnitudeis equal to the momentum of the particle times its radial distance from
the centre of its circular orbit
o Thedirection of the angularmomentum vectoris normal to the plane of its orbit with
the direction being given by the corkscrew rule

DIRECTION OF
ROTATION OF
THE WHEEL

(O8]

SN
/

L=1lw

ANGULAR MOMENTUM
VECTOR

Angularmomentum acts at right angles to the direction of rotation
¢ Niels Bohrproposedthattheangularmomentum, L, of an electronin an energy levelis
quantisedininteger multiples of o
¢ Where:
o n=aninteger(n=1,2,3...)
o h=Planck’s constant
¢ Sometimes hmay be written as thereducedPlanck's constant, h, which is equalto

¢ Hencetheangularmomentum foran electronin a circular orbit is constant

¢ DeBroglie proposedthat an electron withmomentum p = mv has a wavelength A given by

A=

RS

e Foranelectron movingin a straightline, the matter wave takes a familiarwave shape
consisting of peaks and troughs
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o Although the electronitselfisn't oscillatingup and down, only the matterwave YOURNOTES

i

de Broglie matter wave for an electron moving in a straight line at constant speed

e Forthesameelectron movingin a circle, the matterwave stillhas a sinusoidal shape butis
wrapped into a circle

de Broglie matter wave for an electron movingin a circular orbit at constant speed
¢ Astheelectron continues to orbitin a circle two possibilities may occur:
1. On completing one oscillation, the waves overlap in phase

o Thewaves willcontinue in phase over many orbits givingrise to constructive
interference and a standingwave

de Broglie matter wave where 3Ais less than the orbits circumference
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2. On completing one oscillation, the waves overlap but they are notin phase YOURNOTES
_ _ l
o Inotherwords, peak overlaps with peak, trough with trough
o This means thatwhere the waves overlap, destructive interference occurs andas a
result, no such electron orbit is allowed

de Broglie matter wave where n = 3. Here the circumference of the circular orbit is 34

 Hence, the circumference of the orbit (2 71r) must equal an integer number of wavelengths
(1) fora standing wave to form:

nA =2Tr
. ) . h
¢ UsingthedeBroglierelation, 1 = ;:
h
n— =2T7r
p
e Sincemomentumis equaltop=mv:
n—__ =2Tr
mv

Rearranging forangularmomentum, mvr:
n——- = mvr
T

Bohr Condition

* The Bohr Conditionis given by therelation:

h
no = mvr

¢ Where:

o n=energylevel
h =Planck's constant(Js)
m=mass (kg)
v=velocity (ms™)

o

(e}

o
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o r=radius(m)
The condition essentially states that an electron can only move in fixed orbits
Neils Bohrand Ernest Rutherford found that atomic orbits are only allowed when:
o Theangularmomentum of the electronis aninteger multiple of b
The Bohrcondition also leads to therestriction of the electronradius to certain values

Anotherimplicationis that the discrete or quantised energy of the electron follows this
rule:

*> Worked Example

Determine the velocity of the electronin the first Bohr orbit of the hydrogen atom (n
=1).

You may use the following values:

» Massofanelectron=9.1x10"3kg
« Radius of the orbit=0.529 x107%m
 Planck's constant=6.63x10734kgm?2s™!

Step 1: List the known quantities

o Massofanelectron,m=9.1x10"3"kg
o Radius of the orbit,r=0.529 x10°m
o Planck's constant,h=6.63x10-3%kgm?s™!

Step 2: Write the Bohr Condition equation and rearrange for velocity, v

b
H2T[ = mvr
nh
v 2m X mr

Step 3: Substitutein the values and calculate, v

1 x (6.63% 107 3%
v = me —os = 22% 10
2 X (9.1 X 10 ) X (0.529 X 10 )

6 1

m s

Step 4: Write the final answer

The velocity of the electron =2.2 x 10¢m s
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The Wave Function

¢ Bohrshowedthat the angularmomentum of an electron orbiting a hydrogen atom was
quantised
o Healsoshowedthat the allowed electron energies were also quantised
o Unfortunately, this original model only worked for hydrogen

¢ Schrodinger then developed an equation that could be usedto calculate the quantised
energy levels forotheratoms
o Theonlyinformation the equation needs is the shape of the particle’s potential energy
function

0 r(m)

The potential energy curve for hydrogen and the quantised energy levels forn=1, 2, 3, etc

¢ Onthepotential energy curve forhydrogen:
o Thehigherthe energy levels, the closer togetherthey becomein energy

o0 o UfeV)

UleV)
‘ =i /
4
E5
E3
EZ
E0 F (m)
E, 0
PARABOLIC WELL
E,=n~E,
E3
EZ
0 &
INFINITE SQUARE WELL
En=na=E
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The potential energy curves for (a) aninfinite square well and (b) a parabolic well and their
associated quantised energy levels

e Theshapes of these graphs also produce quantised energy levels but with a different
energy distribution
o Forthe parabolic well, the energy levels are equally spaced
o Fortheinfinite square well, the energy levels atlarger energies are further apart - this
is differentto the case forhydrogen

« Finally, as theinfinite square well gets wider, the quantised energy levels get closer
together

U(eV)

The "swimming pool" square well where the width is very large. For a wide well, the
quantisedlevels get so close together that the allowed levels are effectively “continuous”

¢ The Schrodinger equation predicts not only the distribution of energy levels for a particular
potential energy curve
o Eachenergylevelalsohas awavefunction, usually given the symbol ¥ (Psi)

¢ Wavefunctions of theinfinite square well are shown below
o Theylook similarto standingwaves on a stretched string
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(e 0] [«¢]
UleV) | WAVE FUNCTION W
E
5 E2
E, E,
WAVE FUNCTION | PROBABILITY DISTRIBUTION, W” |
GOES TO ZERO 9 Es
AT EDGE OF WELL . .
E
2 E2
0 B
[ INFINITE SQUARE WELL | :
1

(a) Wave functions for E1 and E2 of an infinite square well. (b) an expandedview of the
wavefunctions ¥, and the probability

The physical significance of the wavefunction ¥ is that:
o Thesquare of the wavefunction, W2 dr gives the probability of finding the particle in the
region of width dr

Thewavefunctionis said to be normalised
o This means the probability of finding a particle somewhere in the well at a particular
energy levelis equalto one

Theinfinite square well shows the wave function going to zero at the edges of the well
o This means that the probability of finding the particle close to the walls of the wellis
small

Forthe energy level £, the probability of finding it at the centre of the wellin large
o However, for E; the probability of finding it at the centre of the wellis small

Adifferentresult occurs fora square well thatis notinfinitely deep
Fortwo energy levelsin a square well, the wave functions penetrate the barrierregions as
decaying exponential curves
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WAVE FUNCTION W
PENETRATES THE BARRIER

U(eV)

RN

[FINITE SQUARE WELL |

(a) Wave functions for E1and E2 for a finite square well. (b) the wavefunctions ¥, and the

[ PROBABILITY DISTRIBUTION, W™ |

_“_ .

ALSO PENETRATES
THE BARRIER

probability distribution ¥*2 are seen to penetrate the barrier

¢ This means that the probability of finding the particle in the classically forbidden barrier

region is not zero

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

Page 33 of 69

YOURNOTES
i


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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

The Uncertainty Principle

¢ The quantisation of energy levels and theirassociated wave functions leads to some
surprising outcomes
o One of these outcomes is known as the uncertainty principle

e Theuncertainty principle states that:

There are certain pairs of physical quantities that are cannot be known precisely at
the sametime

e Thisleads totwo consequencesrelatedto:
o Positionand momentum
o Energyandtime

Position & Momentum

¢ Oneexampleis thatitis not possible to know the position and the momentum of a
quantum particle precisely

e This canberepresentedin equation formas:

Ax-Ap 2 h
X' Ap> —
P 4m

e Where:
o Ax=changeindisplacement
o Apyx=changein momentum
o h=Planck's constant

e This equation shows that:
o Thebetterthe position of the particle is known, the less precise is the knowledge of its
momentum

Thevalue of Planck’s constantis small so this limitation only becomes important for small
particles within the quantum regime - it does not apply in the Newtonian mechanics that
you have usedto calculate momentum forlarger objects

Energy & Time
e Thereis a similarrelationship between energy and time where both cannot be known
precisely
h
AE-At>2 —
41
e Where:

o AE=changeinenergy
o At=changeintime
o h=Planck's constant

Wavefunctions

* This principle can be demonstrated by looking at the wavefunctions associated with
quantum particles that are nearly 'free’

Page 34 of 69

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

o Forexample, those associated with the energy levels in a 'swimming pool' potential
energy well

e The graph of wavefunction vs position shows that while the momentum s known precisely
the position of the particle is unknown

| WAVE FUNCTION V¥ |

AALLAAAL
TV

| PROBABILITY DISTRIBUTION, W* |

POSITION X

The wave function of a free particle with a fixed energy. The wave function shows it has a
single value of momentum while the probability distributions shows that the particle canbe
anywhereinspace.

Fora particlein a 'swimming pool' potential well, its energy levels are close together
o Hence, the wave function can be a mixture of the wavefunctions associated with a
number of closely spaced energy levels

e Forarange of five neighbouring energy levels, the wavefunction can be obtained by adding
theindividualwavefunctions
o Thisis aresult of the principle of superposition

¢ This givesrise to a wave packet, meaning the particle is more likely to bein a particular
region of space
This can be shown by a graph of the probability distribution vs position
o This helps tovisualise how the approximate uncertainty in the position, Axand
momentum Ap, can be determined
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| WAVE FUNCTION ¥ |

\AAAAAAAA

TV Festemm

| PROBABILITY DISTRIBUTION, ¥* |

IAN

AX POSITION X

AP
<>

MOMENTUM P

A wave packet made from the wavefunctions associated with five closely spaced energy
levels. The probability distribution is shown along with the uncertainty in position and
momentum.

e Considerthewavefunctions associated with five and ten energy levels with the probability
distribution and the estimates of Ax and Apy
o Comparingthetwo sets of graphs, it can be seen that:
o Asthe momentum becomes less well known the position becomes more well known
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WAVE FUNCTION V |

ol

‘ Y \/\/ \/ "V [Fosmonx

| PROBABILITY DISTRIBUTION, ¥~ |

AV AVAY

<>
AX POSITION X

AP,
<>

MOMENTUM P

A wave packet made from the wavefunctions associated with five closely spaced energy
levels. The probability distribution is shown along with the uncertainty in position and
momentum.

*> Worked Example
[

Anarrow beam of electrons with velocity 10 m s~' are directed towards a slit which
is 10" mwide.
The electrons are observed on a screen placed 2.0 m from the slit.

Estimate thelength of the area of the screen where electrons willbe seenin
appreciable numbers.

Step 1: Write down the uncertainty equation for position and momentum

Ax-Ap>
APy

Step 2: Identify the known uncertainty from the question

o Theslitis 1072 m wide, so the uncertainty in the vertical component of the position of
the electrons at the slit, Ax=10~?

Step 3: Rearrange the equation to find Ap and calculate
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N h (6.63 X 10734 <28 % 10-26 N YOURNOTES
= = = . S
P~ amax am x (1079) l

Step 4: Calculate the momentum, p
o Massofelectron,m=9.1x10"3'kg
o Momentum,p=mv=9.1x10"31x109=9.1x10"2°N's

Step 5: Substitute change in momentum (step 3) and momentum (step 4) into the
equation for changeindirection

A 5.28 X 1072
do==L = = =0.06 rad
p 9.1 X 1075

Step 6: Apply the deviation of angle to find the length on the screen

o Distancefromslitstoscreen,D=2.0m
o Angle of deviation fromline of beam,6=0.06érad

o Therefore:
lengthonscreen=20xD=(2x0.06)x2.0=0.24m
Step 7: Write the final answer out in full

o Thelength of the screen where appreciable numbers of electrons are expected to be
observed=24cm
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Rutherford Scattering & Nuclear Radius

Inthe Rutherford scattering experiment, alpha particles are fired at a thin gold foil
Initially, before interacting with the foil, the particles have kinetic energy,

1
E = Emv2
Some of the alpha particles are found to come straight back from the gold foil
This indicates that thereis electrostatic repulsion between the alpha particles and the

goldnucleus

+90° Detector

Particles
— -170°

-90°

Experimental set up of the Rutherford alpha scattering experiment

At the point of closest approach, d, the repulsive force reduces the speed of the alpha
particles to zero momentarily, before any change in direction
o Atthis point, theinitial kinetic energy of an alpha particle, E, is equal to electric
potential energy, E,
Theradius of the closest approach can be found be equating the initial kinetic energy to the
electric potential energy

_,Qq
Ermhoy
Where:
o Chargeof analpha particle, Q = 2e
o Chargeofatargetnucleus,gq=Ze
o Z=protonnumber
o e=chargeonan electron (orproton)
Substitutinginto the equation:
(2¢)(ze)
Ep =k d

This gives an expression for the potential energy at the point of repulsion:

_2ze
E =k
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¢ Duetoconservation of energy:
o This expression also gives theinitial kinetic energy possessed by the alpha particle

e Rearrangingand calculating forthe distance, d, gives a value for the radius of the nucleus
when the alpha particle is fired with high energy

J kzZCZ
~ Y E
P
MAXIMUM
POTENTIAL
@ ---->---PATH_OF ALPHA PARTICLE ENERGY
@ oo
MAXIMUM
KINETIC : !
ENERGY PN
! ro 7
3 REPULSION MEANS THAT IT
©) = A -PARTICLE (2e) WILL NOT GET ANY CLOSER

The closest approach method of determining the size of a gold nucleus

Nuclear Radius

¢ Theradius of nucleidepends on the nucleon number, A of the atom
e This makes sense because as more nucleons are added to a nucleus, more spaceis
occupied by the nucleus, hence givingit a largerradius
¢ Theexactrelationship between theradius and nucleon number can be determined from
experimental data
¢ Bydoingthis, physicists were able to deduce the following relationship:
1
R = RoA3

¢ Where:
o R=nuclearradius (m)
o A=nucleon/massnumber
o Rp=constant of proportionality =1.20 fm

Nuclear Density
¢ Assumingthatthenucleusis spherical, its volumeis equal to:

\% 4 R3
_375

e WhereRis the nuclearradius, whichis related to mass number, A, by the equation:
1
R = RyA3
¢ Where Rpis a constant of proportionality

e Combining these equations gives:

4 N 4 g
V=§7c(R0A3) =3 TRIA
¢ Therefore, the nuclearvolume, V, is proportional to the mass of the nucleus, A

Page 40 of 69

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

e Mass(m),volume(V), and density (p) are related by the equation: YOURNOTES
m !
Py

¢ Themass, m, of anucleusis equalto:

e Where:
o A=themassnumber
o u=atomicmassunit

¢ Usingthe equations formass andvolume, nucleardensity is equal to:

Au 3u
=4 3. % 3
§T[ROA 4nRp

0

¢ Sincethemass numberA cancels out, the remaining quantities in the equation are all
constant

e Therefore, this shows the density of the nucleusiis:
o Constant
o Independent of theradius

¢ Thefactthatnucleardensityis constant shows that nucleons are evenly separated
throughout the nucleus regardless of their size

e Theaccuracy of nucleardensity depends on the accuracy of the constant R, as a guide
nuclear density should always be of the order 10" kgm~3
¢ Nucleardensityis significantly larger than atomic density, this suggests:
o Themajority of the atom’s mass is containedin the nucleus
o Thenucleusis very smallcomparedtotheatom
o Atoms must be predominantly empty space

7 Worked Example
°

Determine the value of nuclear density.

You may take the constant of proportionality, Rp, tobe 1.20 x 1071 m.

Step 1: Derive an expression for nuclear density
o Usingthe equation derived above, the density of the nucleusiis:

3u

=713
47TR0

Step 2: List the known quantities
 Atomic massunit, u=1.661x10"% kg
« Constant of proportionality, Ro=1.20 x 107" m

Step 3: Substitute the values to determine the nuclear density
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3x(1.661x10727) YOURNOTES
= el 17 —1
P= (120X 10-15) 2.3%x1017kgm .

(’) ExamTip

Make sure you're comfortable with the calculations involved with the alpha particle
closest approach method, as this is a common exam question.

You will be expected to remember that the charge of an ais the charge of 2 protons
(2 x the charge of an electron)
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Nuclear Scattering

e Electrons acceleratedto closeto the speed of light have wave-like properties such as the
ability to diffractandhave a de Broglie wavelength equal to:

h
A=—
myv
¢ Where:
o h=Planck's constant
o m=mass of an electron (kg)
o v=speedoftheelectrons (ms™™)

¢ When beams of neutrons or electrons are directed at a nucleus they will diffract around it
¢ Thepattern formed by this diffraction has a predictable minimum which forms atan angle 6
to the original direction according to the equation

A
S b

e Thediffraction pattern forms a central bright spot with dimmer concentric circles around it
e From this pattern, a graph of intensity against diffraction angle can be usedto find the
diffraction angle of the first minimum

¢ The graph of intensity against angle obtained through electron diffractionis as follows:

INTENSITY

FIRST MINIMUM a’

The first minimum of the intensity-angle graph can be used to determine nuclear radius

ANGLE

¢ Usingthis, the size of the atomic nucleus, R, can be determined using:

. 3 A
sin 0 = R
¢ Where:
o @ =angleof the firstminimum (degrees)
o LA=deBrogliewavelength (m)
o R=radius of the nucleus (m)

Page 43 of 69

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

DETECTORe

ELECTRON BEAMe«

'FIRST MINIMUM
INTENSITY

VERY THIN
FOIL

sin@ =1.22 A/2R

Geometry of electron diffraction

ELECTRON DIFFRACTION PATTERN |

) Worked Example

°
The graph shows how therelative intensity of the scattered electrons varies with

angle due to diffraction by the oxygen-16 nuclei. The angle is measured from the
original direction of the beam.

Relaive  10°
intensity

of scattered .
electrons 107 .

107 -

10°® T T T T T T 1
10 20 30 40 50 60 70 80

Angle / degree

The de Broglie wavelength 1 of each electronin the beamis 4.22 x 10~ m.

Calculate theradius of an oxygen-16 nucleus usinginformation from the graph.

Step 1: Identify the first minimum from the graph
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107t YOURNOTES
107"~ .
RELATIVE oy .
INTENSITY .
OF SCATTERED
ELECTRONS 07 .
107 -
4079 T T T T T T T
0 20 30 40| 50 60 70 80
42 ANGLE /DEGREE

o Angle of firstminimum, 6 = 42°
Step 2: Write out the equationrelating the angle, wavelength, and nuclear radius

g
Sm _2R

Step 3: Calculate the nuclearradius, R

R A 422X 10-15
T 2sinf  2Xxsin (42)

=315x10"®m

O ExamTip

¥  Inthedata booklet, you may notice therelation between angle and diameter
appears a couple of times - in the Resolution topic, you are given the full equation for
calculating the Rayleigh criterion

However, in this topic, you are given the approximated version

This means you only needto use that version in exam questions about nuclear
scattering, omitting the factor of 1.22 is acceptable and likely expected unless
asked!
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YOURNOTES

!
Deviations from Rutherford Scattering

¢ Rutherford's alpha scattering experiment originally assumed that the alpha particles are
only interacting through electrostatic repulsion
o However, if the energy of the alpha particles exceeds 27.5 - 28 MeV, then they will be
close enough tointeract with the nucleus via the strong nuclear force

* TheRutherford formula describes this asit states thatas the angle of scatteringangle
increases, the number of alpha particles scattered at that angle sharply decreases

1
N a
0
- 40 Y
sin (2)
¢ Where;
o N=numberof alpha particles
o @=angleof scattering
¢ Rearranging this equation shows thatit should be the case that;

Nsin‘{%) =k

¢ Where:
o k=aconstant
e Experimental data bears this out, suggesting that the Rutherford formula is correct
e Anumberof assumptions are madein deriving this formula, with the main one being that
the only force we need to consideris the electric force
¢ Deviations from Rutherford scattering are evidence of the strong nuclear force

EXPECTED RESULTS FROM
RUTHERFORD FORMULA

EXPERIMENTAL RESULTS

NUMBER OF BACK-SCATTERED
ALPHA PARTICLES

ENERGY OF ALPHA PARTICLES (MeV)

The observedback-scattering from alpha particles strongly deviates from the predicted
relationship based only on electromagnetic repulsionat 27.5 MeV
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YOURNOTES
*> Worked Example !
[

Alpha particles undergo scattering after being fired at a thin gold 1%Au foil. The

goldis thenreplaced to make a comparison.

Describe the predicted difference in the scattering pattern when the foilis replaced
with aluminium ?gAl foil of the same thickness.

Step 1: Compare therelative charges of the nuclei

o Goldhas 79 protons, aluminium has 13 protons.
o Theelectric force between the nucleiis proportional to the charge, since,

r

o Therefore the alpha particle willapproach the aluminium nucleus ata much closer
distance

Step 2: Consider what causes deviation from Rutherford scattering

o Deviations from Rutherford scattering occur when forces apart from the electric force
between the nucleiare at play
o Atmuch smallerdistances the effect of the strong nuclear force will be felt

Step 3: Deduce the solution

o Thealpha particles get closerto the aluminium nucleus, ata distance the strong
nuclear force begins to act
o More deviation will be seen with aluminium foil than with gold foil

(’) Exam Tip

¥  The greatest deviations from Rutherford scattering occur when the energy of the
alpha particles is high and the radius of the target nucleiis small (meaningithas a
smallnucleon number)
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Nuclear Energy Levels

Inthe same way that electrons can existin excited states, nuclei can also existin excited
states
Afteranunstable nucleus emits an alpha particle, beta particle orundergoes electron
capture, it may emit any remaining energy in the form of a gamma photon (y)
o Emission of ayphoton does not change the number of protons orneutrons in the
nucleus, itonly allows the nucleus tolose energy

This happens when a daughternucleus is in an excited state aftera decay
This excited stateis usually very short-lived, and the nucleus quickly moves toits ground
state, eitherdirectly orvia one ormore lower-energy excited states

235U 99 Mo 99m Te
URANIUM-235 MOLYBDENUM-99 TECHNETIUM—98m

NEOTHER FISSION PRODUCT|

One common application of thisis the use of technetium-99m as ay source in medical
diagnosis
o The ‘m’stands formetastable which means the nucleus exists in a particularly stable
excited state

Technetium-99mis the decay product of molybdenum-99, which can be foundas a
productin nuclearreactors
The decay of molybdenum-99 is shown below:

2Mo — 3Tc+ 16 +7,

BT — BTe+y

The half-life of molybdenum-99is 66 hours
o Thisislongenough forthe sample to be transported to hospitals
o Subsequently, the technetium-99m can be separated at the hospital

Technetium-99m has a short half-life of 6 hours
o Thisis an adequate timeframe for examining a patient
o Plus,itis shortenough to minimise damage to the patient
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Nuclear Energy Level Diagrams

e Nuclearenergy levels are similar to electron energy levels

e Thenuclearenergy level diagram of molybdenum-99 can berepresented as follows:

ENERGY gg
Mo

‘7:/2= 66h

‘7;/2= 6.0h

99m TC

99
Tec

T >

¢ Thedecay mode (usually alpha orbeta) is represented by a diagonalline

¢ Theexcited state, orstates, are generally stackedin descending energy orderto the right of

the decay
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*> Worked Example

Anucleus of iron Fe-59 decays into a stable nucleus of cobalt Co-59. It decays by
B~ emission followed by the emission of y-radiation as the Co-59 nucleus de-
excites intoits ground state.

Thetotal energy released when the Fe-59 nucleus decaysis 2.52 x 1071° ). The Fe-
59 nucleus can decay to one of three excited states of the cobalt-59 nucleus as
shown below. The energies of the excited states are shown relative to the ground

state.
Fe—59

s 2.29 x 107"

VAN S~ ~
P N A\ 2.06 107"

Y 176 x 107

ol

Co=59 GROUND STATE
Following the production of excited states of Co-59, y-radiation of discrete
wavelengths is emitted.

(a) Calculate the maximum possible kinetic energy of the - particle emittedin
MeV

(b) State the maximum number of discrete wavelengths that could be emitted

(c) Calculate thelongest wavelength of the emittedy-radiation

Part (a)

Step 1: Identify the beta emission with the largest energy gap

Fe—-59
2.52 x10™%)
2.29 x107%)
2.06 x 107"
1.76 x107%)
Co-59 GROUND STATE
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Step 2: Calculate the energy difference
AE=(2.52-1.76)x1078=7.6 x10714 )

Step 3: Convert fromJto MeV

7.6 x 10714
= ————5=0.475 = 0.48 MeV
1.6 x10
o TMeV=1.6x10"13)
Part (b)
Fe—59
NN
\:‘\p‘,v;“ 2.29 x 107
T 2.06 x10°%
p 176 x107%)
0
Co-59 GROUND STATE

o Thereare 6 possible transitions, hence 6 discrete wavelengths could be emitted
Part(c)

Step 1: Identify the emission with the longest wavelength / smallest energy gap

Fe—59

A p— —

g 2.20 %107

Powise a 2.06 x 107
~

Yl 176 x107%)

0
Co—58 GROUND STATE

o Longestwavelength =lowest frequency = smallest energy
Step 2: Calculate the energy difference
AE=(2.29-2.06)x1071°=2.3x10714)

Step 3: Write down de Broglie’s wavelength equation
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E=h7\—c YOURNOTES
l

Where:

o h=Planck’s constant
o c=speedoflight

Step 4: Calculate the wavelength associated with the energy change

he (6.63 x 10‘34) 5 (3.0 4 108)

Ly =86 x 1012
E 23x10 12 ) m

Y=
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The Neutrino

¢ Anelectronneutrinois a type of subatomic particle with no charge and negligible mass
which s also emitted from the nucleus
¢ Theanti-neutrinois the antiparticle of a neutrino
o Electron anti-neutrinos are produced during - decay
o Electron neutrinos are produced during p+ decay

ELECTRON ANTI-ELECTRON
NEUTRINO NEUTRINO

¢ Although the neutrino has no charge and negligible mass, its existence was hypothesised
toaccountforthe conservation of energy in beta decay

¢ When the number of a particles is plotted against kinetic energy, there are clear spikes that
appearon the graph
« This demonstrates that a-particles have discrete energies (only certain values)

NUMBER OF NUMBER OF
& PARTICLES ﬁ PARTICLES

KINETIC ENERGY / eV KINETIC ENERGY / eV

RADIATION HAS CONSTANT RADIATION HAS A RANGE
ENERGY VALUES OF ENERGY VALUES

Alpha particles have discrete energy levels whilst beta particles have a continuous range of
energies

¢ When the number of § particles is plotted against kinetic energy, the graph shows a curve

¢ This demonstrates thatbeta particles (electrons or positrons) have a continuous range
of energies

e Thisisbecausetheenergyreleasedinbeta decayis shared between the beta particles
(electrons orpositrons) and neutrinos (or anti-neutrinos)

e Thiswas one of the first clues of the neutrino’s existence

¢ Theprinciple of conservation of momentum and energy applies in both alpha and beta
emission
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O Exam Tip YOURlNOTES
¥ One way toremember which particle decays into which depends on the type of beta
emission, think of beta ‘plus’ as the ‘proton’ that turns into the neutron (plus an
electron neutrino)
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YOURNOTES

!
The Law of Radioactive Decay

¢ Sinceradioactive decayis spontaneous andrandom, itis useful to considerthe average
number of nucleiwhich are expectedto decay perunit of time
o Thisis known as the average decay rate

e Asaresult, eachradioactive element can be assigned a decay constant
e Thedecay constantLis defined as:

The probability that anindividual nucleus will decay per unit of time

* When a sampleis highly radioactive, this means the number of decays perunit timeis very
high
o This suggestsithas a high level of activity

¢ Activity, orthe number of decays perunit time can be calculated using:

e Where;
o A=activity of the sample (Bq)
o AN =numberof decayednuclei
o At=timeinterval(s)
o L=decayconstant(s™)
N =number of nucleiremainingin a sample

(e}

¢ Inradioactive decay, the number of undecayed nucleifalls very rapidly, without ever
reachingzero
o Such amodelis known as exponential decay

e The graph of number of undecayed nucleiagainsttime has a very distinctive shape:

SHALLOW SLOPE = SMALLER
DECAY CONSTANT A

NUMBER OF UNDECAYED NUCLEI N

0
STEEPER SLOPE = LARGER TIME /s
DECAY CONSTANT 2

Radioactive decay follows an exponential pattern. The graph shows three differentisotopes
each with a different rate of decay
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¢ Thekey features of this graph are: YOURNOTES
o Thesteepertheslope, thelargerthe decay constanti(andviceversa) 1
o Thedecay curves always start on the y-axis at theinitial number of undecayed nuclei
(No)

e Thelaw of radioactive decay states:

Therate of decay of anuclide is proportional to the amount of radioactive material
remaining

e Thenumberof undecayednuclei N can berepresentedin exponential form by the equation:
N=Nge™

e Where:
o Ng=theinitialnumber of undecayednuclei(when t=0)
o N=numberofundecayednucleiat a certaintimet
o L=decayconstant(s™)
o t=timeinterval(s)

¢ Thenumberof nucleican be substituted for other quantities
o Forexample, the activity Ais directly proportionalto N, soit can also berepresentedin
exponential form by the equation:

A=Age™

e Where:
o A=activity atacertaintime t(Bq)
o Ap=initial activity (Bqg)

e Thereceived countrate Cisrelatedto the activity of the sample, henceitcanalsobe
representedin exponential form by the equation:

C=Cy e™M

¢ Where:
o C=countrateata certain time t (counts perminute or cpm)
o Cp=initialcountrate (counts perminute orcpm)

(’) ExamTip

The symbol e represents the exponential constant - itis approximately equalto e =
2.718

On a calculator, itis shown by the button e*

Theinverse function of eXis In(y), known as the natural logarithmic function - this is
because, if X =y, thenx =In(y)

Make sure you are confident using the exponential and natural logarithmic
functions, they are a major component of the mathematics in this topic!
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ProblemsInvolving the Radioactive Decay Law YOURNOTES

!
*> Worked Example
Strontium-90 decays with the emission of a B-particle to form Yttrium-90. The

decay constant of Strontium-90is 0.025 year ™.

Determine the activity A of the sample after 5.0 years, expressingthe answeras a
fraction of the initial activity Ag.

Step 1: Write out the known quantities

o Decayconstant,A=0.025year"!
o Timeinterval,t=5.0years
o Both quantities have the same unit, so thereis no need for conversion

Step 2: Write the equation for activity in exponential form
A =Aoe—M
Step 3: Rearrange the equation for theratiobetween Aand Ag

s

A
4y
Step 4: Calculate theratioA/Ag

A _ o-0025x5 _(gg

4y

o Therefore, the activity of Strontium-90 decreases by a factorof 0.88, or12%, after5
years

*> Worked Example
[ ]
Americium-241is an artificially produced radioactive element that emits a-

particles.

In a smoke detector, a sample of americium-2410f mass 5.1ugis foundtohave an
activity of 5.9 x 10° Bq. The supplier's website says the americium-241in their
smoke detectors initially has an activity level of 6.1x 10° Bq.

(a)

Determine the number of nucleiin the sample of americium-241.
(b)

Determine the decay constant of americium-241.

(c)

Determine the age of the smoke detectorin years.

Part(a)
Step 1: Write down the known quantities
» Mass=5.1ug=5.1x10"%g
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= Molecularmass of americium =241
= Nj=theAvogadro constant

Step 2: Write down the equationrelating to the number of nuclei, mass and molecular
mass

X
mass XN A

Number of nuclei =
molecular mass

Step 3: Calculate the number of nuclei

(5.1 x1076) x(6.02x 1023)

- 16
a1 1.27 X 10

Number of nuclei =

Part (b)
Step 1: Write down the known quantities

= Activity, A=5.9x10°Bq
= Numberofnuclei,N=1.27 x10'®

Step 2: Write the equation for activity
Activity, A=AN
Step 3: Rearrange for decay constant Aand calculate the answer

L
TN 127 x 106 ’

Part (c)
Step 1: Write down the known quantities

= Activity, A=5.9x10°Bq
= Initial activity, Ap=6.1x10°Bq
= Decayconstant,2=4.65x1071s™!

Step 2: Write the equation for activity in exponential form
A=Ao e M

Step 3: Rearrange fortimet

A,
A0

Page 58 of 69

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

Step 4: Calculate the age of the smoke detector and convert toyears YOURNOTES
t= 1 >9 X 10 =7.169 x 108 !
T 465 x101 61 x105) )
7.169 x 108

b= 24X 60 x 60 x 365 227 vears

= Therefore, the smoke detectoris 22.7 years old
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Measuring Half-Life
o Half-lifeis definedas:
The time taken for the initial number of nuclei to halve for a particularisotope

e This means when a time equal to the half-life has passed, the activity of the sample willalso
half
e Thisis because the activity is proportional to the number of undecayednuclei, A « N

ACTIVITY / A
AO

ACTIVITY HAS
DROPPED BY

HALF OF ITS "N\ A,
ORIGINAL VALUE| — —°

ACTIVITY HAS o
propPED BY A | 14
QUARTER OF ITS
ORIGINAL VALUE 0

1 HALF-LIFE-
2 HALF-LIVES-

When a time equal to the half-life passes, the activity falls by half, when two half-lives
pass, theactivity falls by another half (which is a quarter of theinitial value)

tar2 2%y, 3ty
TIME / t

¢ Tofindan expression for half-life, start with the equation for exponential decay:
N = Noe_M

¢ Where:
o N=numberof nucleiremainingin a sample
No =theinitialnumber of undecayed nuclei(whent=0)
L=decay constant(s™)
o t=timeinterval(s)

(e}

Le]

¢ Whentimetis equalto the half-life t.,, the activity N of the sample will be half of its original
value,soN="2Ng

1 — Tagan
2 No=Nge My

The formula can then be derived as follows:

Divide both sides by N,: =eMy

1
2
Take the natural log of both sides:  In (%) =M,

Apply properties of logarithms: At, =In(2)

¢ Therefore, half-life ty, can be calculated using the equation:
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n2 ~ 06
= 82 ~ 0693 YOURlNOTES

¢ This equation shows that half-life t,, and the radioactive decay rate constanti areinversely
proportional
o Therefore, the shorter the half-life, the larger the decay constant and the faster the
decay

¢ Thehalf-life of aradioactive substance can be determined from decay curves andlog
graphs
¢ Sincehalf-lifeis the time taken for theinitial number of nuclei, or activity, toreduce by
half, it can be found by
o Drawingalinetothe curve at the point where the activity has dropped to half of its
originalvalue
o Drawingaline fromthe curve to the time axis, this is the half-life

| LINEAR DECAY CURVE |

100%

50%

25%

12.5%

NUMBER OF NUCLEI REMAINING N

0 i 2 3 4 5
HALF-LIVES 14,

AN

Alinear decay curve. This represents therelationship: A AN

Measuring Long Half-Lives

e Fornuclides with long half-lives, on the scale of years, this can be measured by:
o Measuringthe mass of the nuclidein a pure sample
o Determining the number of atoms Nin the sampleusing N =nNy,
o Measuring the total activity A of the sample using the counts collected by a detector

A

o Determining the decay constantusing A = W
Calculating half-life using ¢ _ln2
o Calculating half-life using 1/2— I
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¢ Note: The sample must be sufficiently large enough in order for a significant number of YOURNOTES
decays to occurperunittime so that an accurate measure of activity can be made 1

Measuring Short Half-Lives

¢ Fornuclides with short half-lives, on the scale of seconds, hours or days, this can be
measured by:
o Measuring the background countratein the laboratory (to subtract from each reading)
o Takingreadings of the countrate against time until the value equals that of the
background countrate (i.e. until all of the sample has decayed)
o Plotting a graph of activity, A, against time, t (as corrected countrate « activity, A)
o Making atleast 3 estimates of half-life from the graph and takinga mean

OR

o Plottinga graph of In N against time, t (as corrected countrate « number of nucleiin the
sample, N)

o Findingthe gradient of this graph, which gives -4

. o _In2
o Calculating half-life using tl/2 =
e Straight-line graphs tend to be more usefulthan curves forinterpreting data

o Duetotheexponentialnature of radioactive decay logarithms can be usedto achieve

a straightline graph

¢ Takethe exponential decay equation forthe number of nuclei
N=Nge™
e Takingthenaturallogs of both sides
InN =In(No) - At
¢ Inthis form, this equation can be compared to the equation of a straightline
y=mx+c

¢ Where:

In(N)is plotted on the y-axis
tis plotted on the x-axis

o gradient=-1

o y-intercept=In(No)

[e]

[e]

e Half-lives can befoundin a similarway to the decay curve but theintervals willbe regular as
shown below:
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FLOG GRAPHJ YOURNOTES
l

100%

50%

25%

REMAINING LOG (N)

12.5%

6.25%

NUMBER OF NUCLEI

3.125%
0 1 2 3 4 5
HALF-LIVES 14,

Alogarithmic graph. This represents therelationship:In N= —At+In N )
* Note: experimentally, the measurement generally taken is the countrate of the source

o Since countrate « activity « number of nuclei, the graphs will all take the same shapes
when plotted against time (or number of half-lives) linearly orlogarithmically

> Worked Example

°

Strontium-90 is aradioactiveisotope with a half-life of 28.0 years. Asample of
Strontium-90 has an activity of 6.4 x 107 Bq.
(a)
Calculate the decay constanth, inyear™!, of Strontium-90.
(b)
Determine the fraction of the sample remaining after 50 years.

Part(a)

Step 1: List the known quantities
o Half-life, t, =28 years

Step 2: Write the equation for half-life

Step 3: Rearrange forAand calculate
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In2 In2
=—= —:0.025year‘1 YOUR NOTES
ty, 28 l

Part (b)
Step 1: List the known quantities

o Decayconstant, 1= 0.025 year™
o Timepassed,t=50years

Step 2: Write the equation for exponential decay

= -t
N NO e
N
Step 3: Rearrange for V and calculate
0

N_ .,
NO

N -005)%50 -0 287
0

o Therefore, 28.7% of the sample willremain after 50 years
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*> Worked Example

Theradioisotope technetiumis used extensively in medicine. The graph below

shows how the activity of a sample varies with time.
8

ACTIVITY /10’ Bq
~

0 2 4 6 8 10 12 14 16 18 20 22 24
TIME/HOURS

Determine the number of technetium atoms remainingin the sample after 24 hours.

Step 1: Draw lines on the graph to determine the time it takes for technetiumto drop to
half of its original activity

e

8

ACTIVITY /10" Bq
)

i) Ao 4

00 2 4 6 8 10 12 14 16 18 20 22 24
A TIME/HOURS

Step 2: Read the half-life from the graph and convert to seconds

o ty,=6hours=6x60x60=21600s
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Step 3: Write out the half life equation

" In2
12 =7y
Step 4: Calculate the decay constant
In2 In2 39 x 10-5 <1
= — = J. X S
t12 21600

Step 5: Drawlines on the graph to determine the activity after 24 hours

8

ACTIVITY /10" Bq
o

1
A WHEN
1 =24 HDURS

0 2 4 6 8 10 12 14 16 18 20 22 24
TIME/HOURS

o Att=24hours,A=0.5x10"Bq
Step 6: Write out the activity equation
A=2N
Step 7: Calculate the number of atoms remaining in the sample

A 0.5x10’
N===———- =156 x 10"
A 32x10
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Tunnelling

¢ Single potential wells lead to quantised energy levels and theirassociated wavefunctions
o Thewavefunction extends throughout space

¢ However, forinfinitely deep square wells the wavefunctions are localised within the well
region
o The probability of finding the quantum particle at the barrieris zero

Fora finite barrier, the wavefunction can penetrate the barrier
o So, the particle has some probability of beingin a “classically forbidden region”

If there are two well-like regions, the solution of Schrodinger’s equation gives an energy
leveland wavefunction that extends overthe whole region of the potential well

* Whentheredwave functionis squaredit gives the probability of finding the particlein a
particularregion of space

¢ Sincethewave function extends through the barrier this means there is a finite probability
of finding the particlein either of the two wellregions

U (eV)

B\
L N 51

Athinbarrier or classically forbidden region canresultin tunnelling

¢ Consequently, if aquantum particle were placedin the narrow well on theright, itis possible
atsometimelaterto finditin theregion on the left
o Theparticleis said to have tunnelled through the narrow barrier

Tunnelling & Alpha Decay

e Thestrongnuclear force within the nucleus is represented by the square well
1
° Whilethe7—dependenceofthe Coulombic repulsion dominates outside the well
¢ Nucleonsinthenucleus have quantised energy levels and wave functions

o Analpha particle can gain energy and occupy an excited energy level where the barrier
widthis smaller

e Asaresult, the alpha particle can tunnel through the classically forbidden region
o This greatly increases the probability of the alpha particle being emitted
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U(eV)

Nan
TEN

Alpha decay through quantum mechanical tunnelling

Uses of Quantum Tunnelling
¢ Quantumtunnellingis utilisedin several systems, forexamplein:
o Semiconductordevices
o Fusionreactionsinthe Sun
o Ascanningtunnelling microscope

¢ Inonemode of operation of a scanning tunnelling microscope, a sharp point, one atom
thick, is maintained close to a surface
o Thisis sothatasmalltunnelling current between the tip and the surface remains

constant
o Inthis case, the gap between the tip and the sample surface acts as the barrier that the

electrons must tunnel through

e Thetipis movedupanddown andacross the surface by piezoelectric transducers
allowing the sample surface to be mapped out

TUNNELING
ELECTRONS

SAMPLE STAGE

Simplified schematic of a scanning tunnelling microscope
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