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lonisation & Excitation
» |onisationof anatomis:

Theremoval, or addition, of anelectron from, or to, an atom when given sufficient
energy

+ Excitationof electrons is:

When an electron is given enough energy to move up an energy level, but not
enoughtoleave the atom

Fluorescent Tube

+ Fluorescence occurs when an electron in an atomic orbital absorbs energy from an
interaction with a photon or a collision with another atom

+ Fluorescent tubes are partially evacuated glass tubes filled with low-pressure mercury
vapourwith a phosphor coating on the glass

+ When an electric cumentis passed through the vapour, the electrons in mercury are excited
and move to a higher energy level

= This high energy levelstateis unstable and so the electron moves back toits original state,
orde-excites

* Asit de-excites, the electron releases some of that energyin the form of a UV photon

+ This UVlight then excites the electrons in the phosphor coating

« As aresult, visible light photons are released when the electrons return to their original
enerav state. which provides the fluorescent alow

ARGON GAS
AND MERCURY »
VAPOR

ELECTRON
FLOW

*GLASS TUBE

Fluorescent tubes operate on the basis of excitation and de-excitation of electrons leading
to the emission of visible light
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The Photon Model

« Photons are fundamental particles which make up all forms of electromagnetic radiation
Aphotonis a massless “packet” ora “quantum” of electromagnetic energy
What this means is that the energy is not transferred continuously, but as discrete packets

of energy
+ Inotherwords, each photon carries a specific amount of energy, and transfers this energy

allin one go, rather than supplying a consistent amount of energy

Calculating Photon Energy
+ Theenergy of a photon can be calculated using the formula:

E=hf

+ Usingthewave equation, energy can alsobe equalto:

* Where:
o E=energy of the photon (J)
o h=Planck's constant(Js)
o c=thespeedoflight(ms™)
o f=frequency(Hz)
o A=wavelength(m)

« This equation tells us:
o Thehigher the frequency of EM radiation, the higher the energy of the photon

o Theenergy of a photonis inversely proportional to the wavelength
o Aleng-wavelength photon of light has a lower energy than a shorter-wavelength

photon

*) Worked Example

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

LIGHT WAVELENGTH
480 rm
SURFACE

diagram. J_L l_/ The

power of thelightis 3.6 mW. Thelight is completely absorbed by the
surface.Calculate the number of photons incident on the surfacein 2.0 s.
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Step 1: Write the known quantities
Wavelength, A = 490 nm = 490 = 107 m
Power, P=36mW=36x=107%W
Time, t=20s

Step 2: Write the equations for wave speed and photon energy
Wave speed:c = fA - [:EA

hc
Photon energy: E=hf =+ E = T

Step 3: Calculate the energy of one photon

he (663 x1073%) x (3.0 x 10%) =
Y 490 % 102 = e

E=

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

Power of light source 3.6 x 1072 15
= =89 x 10" 5!
Energy of one photon 406 x 10719

Step 5: Calculate the number of photons that hit the surface in 2 s
(B9 =10 x 2 =18 x 10

O ExamTip

Make sure you learn the definition for a photon: discrete quantity / packet/
quantum of electromagnetic energy are all acceptable definitions.The values of
Planck’s constant and the speed of light will always be available on the datasheet,
however, it helps to memaorise them to speed up calculation guestions!
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Line Spectra & Energy Levels

Atomic Energy Levels

= Electrons in an atom can have only certain specific energies
o Theseenergies are called electron energy levels

» Theycanberepresented as a series of stacked horizontal lines increasing in energy
* Normally, electrons occupy the lowest energy level available, this is known as the ground
state
« Electrons can gain energy and move upthe energy levels if it absorbs energy either by:
o Collisions with other atoms orelectrons
o Absorbingaphoton
o Aphysical source, such as heat

« This is known as excitation, and when electrons move up an energy level, they are said to

be in an excited state

If the electron gains enough energy to be removed from the atom entirely, this is known as

ionisation

+ When an electronretums to a lower energy state from a higher excited state, itreleases
energy in the form of a photon

ENERGY VALUES

IONISATION LEWVEL . 0 eV
5 -0.54 eV
4 -0.85 eV
3 —"I 51 eV

38 ]

EXCITED STATE |

-3 40 eV
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EMITTED PHOTON

ELECTRON ENERGY TRANSITION

GROUND STATE| 1 -13.6 eV

Electron energy levels in atomic hydrogen. Photons are emitted when an electron moves
from a higherenergy state to alower energy state

Line Spectra

« Line spectrais a phenomenon which occurs when excited atoms emitlight of certain

wavelengths which corespond to different colours

The emitted light can be observed as a series of coloured lines with dark spaces in between
o These series of coloured lines are called line or atomic spectra

= Each element produces aunique set of spectrallines
« Notwoelements emit the same set of spectrallines, therefore, elements can be identified
by theirline spectrum

* There are two types of line spectra: emission spectra andabsorption spectra

Emission Spectra
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* When an electron transitions from a higher energy level to a lower energy level, this results in
the emission of a photon

+ Each transition comresponds to a differentwavelength of light and this corresponds to a line
inthespectrum

+ Theresulting emission spectrum contains a set of discretewavelengths, represented by
colouredlines on a black background

+ Each emitted photon has awavelength whichis associated with a discrete changein
energy, according to the equation:

hc
AE =hf = =

* Where:
2 AE=changeinenergylevel())
o h=Planck's constant(Js)
o f=frequency of photon(Hz)
o c=thespeedoflight(ms)
o A=wavelength of the photon(m)

= Therefaore, this is evidence to show that electronsinatoms can only transition between
discreteenergy levels

HYDROGEN EMISSION SPECTHUM]

410 434 486 656
WANVELENGTH , A (nm)

n=5

n=2

Emission spectrum of Hydrogen gas
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Absorption Spectra

« Anatom can beraisedto an excited state by the absorption of a photon
+ Whenwhitelight passes through a cool, low pressure gas it is found that light of certain
wavelengths are missing
o This type of spectrum is called an absorption spectrum

* An absorption spectrum consists of a continuous spectrum containing all the colours with
darklines at certain wavelengths
+ Thesedark lines correspond exactly to the differences in energy levels in an atom
« \When these electrons retum tolower levels, the photons are emittedin all directions, rather
thanin the original direction of the white light
o Therefore, somewavelengths appearto be missing

+ Thewavelengths missing from an absorption spectrum are the same as their
corresponding emission spectra of the same element

HYDROGEN ABSORPTION SPECTRUM

410 434 486 656
WAVELENGTH, A (nm)

n=5
VA \? Y,
_./‘\\v//' \"\/ / \/_
n=3
n=2

Absorption spectrum of Hydrogen gas
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DifferenceinDiscrete Energy Levels

The difference between two energy levels is equal to a specific photon energy
The energy (hf) of the photon is given by:

DE=hf=E,-E

+ Where:
o Ey=Energy of the higherlevel(J)
o E; =Energy of the lowerlevel(J)
o h=Planck's constant(Js)
¢ f=Frequency of photon (Hz)

Using the wave equation, the wavelength of the emitted, or absorbed, radiation can be
related to the energy difference by the equation:

he
Ex-E;

+ This equation shows that the larger the differencein energy of two levels AE(Ez - Ej) the
shorter the wavelength 2 andviceversa

‘? Worked Example

Some electron energy levels in atomic hydrogen are shown below.

-0.54 oV
085V
=158V
e Thelongest wavelength produced as a
4 eV
resultof electron transitions between two of the energy levels is 4.0 x 10" m.a)

Draw and mark:

+ Thetransition givingrise to the wavelength of 4.0 x 10-® mwith letterL.
s Thetransition givingrise to the shortest wavelength with letter S.

b) Calculate the wavelength for the transition givingrise to the shortest
wavelength.
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— 0.5 Y

L
| [S— | S———

Part (a) ener gy

—_— e

o Photon energy and wavelength are inversely proportional
o Therefore, the largest energy change corresponds to the shortest wavelength (line S)
o Thesmallest energy change corresponds to the longest wavelength (lineL)

Part(b)
Step 1: Wrrite down the equation linking the wavelength and the energy levels
L he
T Ep-E

Step 2: |dentify the energy levels giving rise to the shortest wavelength
This will be the energy levels which have the largest difference
E, =0.54 eV
E:=34eV
We can ignore the negative sign we just want the difference between the

levels and the wavelength should be positive

Step 3: Calculate the wavelength
To convert from eV = J: multiply by 1.6 = 1071*

(663 x 107 x (3 x 10°)

= —5- = 4.347 x 107 m = 435 nm
(3.4-0.54) x (1.6 x 10719)
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Wave-Particle Duality

= Light canbehave as a particle (i.e. photons) and a wave
» This phenomenon is called the wave-particle nature of light or wave-particle duality
= Lightinteracts with matter, such as electrons, as a particle

o Theevidence forthis is provided by the photoelectric effect

« Light propagates through space as awave
o Theevidence forthis comes from the diffraction andinterference of lightin Young's
Double Slit experiment

Light as a Particle
« Einstein proposed thatlight can be described as a quanta of energy that behave as
particles, called photons

+ The photon model of light explains that:
o Electromagnetic waves camy energy in discrete packets called photons
o Theenergy of the photons are quantised according to the equation E = hf
¢ Inthephotoelectric effect, each electron can absorb only a single photon - this means

anly the frequencies of light above the threshold frequency will emit a photoelectron

* Thewavetheory of light does not support the idea of a threshold frequency

e Thewave theory suggests any frequency of light can giverise to photoelectric
emission if the exposure timeis long enough

= Thisis because the wave theory suggests the energy absorbed by each electron will
increase gradually with eachwave

o Furthermore, the kinetic energy of the emitted electrons should increasewith radiation
intensity

o However,in the photoelectric effect, this is notwhatis observed

+ Ifthe frequency of theincident light is above the threshold and the intensity of the light is
increased, more photoelectrons are emitted per second

« Although the wave theory provides good explanations forphenomena such as interference
anddiffraction, it fails to explain the photoelectric effect
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Compare wave theory and particulate nature of light

The wave theory of light suggests... This is wrong because...

Any frequency of light can give rise to Photoelectrons will be released
photoelectric emission if the exposure immediately if the frequency is above
time is Long enough the threshold for that metal

The energy absorbed by each electron Energy is absorbed instantaneously —
will increase gradually with each wave photoelectrons are either emitted or

not emitted after exposure to light

The kinetic energy of the emitted If the intensity of the light is increased,
electrons should increase with more photoelectrons are emitted
radiation intensity per second

Electron Diffraction

¢+ Louis de Broglie discovered that matter, such as electrons, canbehave as awave

* Heshowed adiffraction patternis produced when abeam of electrons is directed at a thin
graphite film

« Diffractionis a property of waves, and cannot be explained by describing electrons as
particles

DIFFRACTION
RINGS

VACUUM
TUBE

THIN GRAPHITE
FilM

ELECTRON LOw
ACCELERATING
VOLTAGE

ELECTRONS iGh

SHOW ACCELERATING

PARTICLE VOLTAGE

PROPERTIES

ELECTRONS SHOW
WAVE PROPERTIES

Electrons accelerated through a high potential difference demonstrate wave-particle
duality

Page 11 of 21
For more help, please visit www.exampaperspractice.co.uk




EXAM PAPERS PRACTICE

+ Inordertoobserve the diffraction of electrons, they mustbe focused through a gap similar
to their size, such as an atomic lattice
« Graphite filmis ideal for this purpose because of its crystalline structure

o Thegaps between neighbouring planes of the atoms in the crystals act as slits,
allowing the electron waves to spread out and create a diffraction pattem

« Thediffraction pattem is observed on the screen as a series of concentric rings
o This phenomenon is similar to the diffraction pattern produced when light passes
through a diffraction grating
o Iftheelectrons acted as particles, a pattern would not be observed, instead, the
particles would be distributed uniformly across the screen

* |tis observedthat a larger accelerating voltage reduces the diameter of a givenring, while a
lower accelerating voltage increases the diameter of the rings

Investigating Electron Diffraction

« Electron diffraction tubes can be used to investigate the wave properties of electrons

+ Theelectrons are acceleratedin an electron gun to a high potential, such as 5000 V, and
are then directed through a thin film of graphite

+ The electrons diffract from the gaps between carbon atoms and produce a circular pattern
on a fluorescent screen made from phosphor

+65 Vv

GRAPHITE

|PHOSPHOR SCREEN

Experimental setup to demonstrate electrondiffraction
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Increasing the voltage between the anode and the cathode causes the energy, and hence
speed, of the electrons toincrease

Thekinetic energy of the electrons is proportional to the voltage across the anode-
cathode:

-

The de Broglie Wavelength

+ Usingideas basedupon the quantum theory and Einstein's theory of relativity, de Broglie
suggested that the momentum (p) of a particle andits associated wavelength () are
related by the equation:

A=

-

+ Since momentum p=mv, the de Broglie wavelength can berelatedtothe speedof a
moving particle (v) by the equation:

h
my

A=

* Sincekinetic energy E=Y2mv?
+ Momentum and kinetic energy can berelated by:

2
E='2P; or p=+2mE

= Combining this with the de Broglie equation gives a form whichrelates the de Broglie
wavelength of a particle taits kinetic energy:

+ Where:
o A=thede Broglie wavelength {m)
e h=Planck's constant(ls)
s p=momentum of the particle (kgms™)
o E=kinetic energy of the particle (J)
o m=mass of the particle (kg)
o v=gspeedof the particle(ms™")
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> Worked Example
[ ]

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

de Broglic wavelength of the proton
de Broglie wavelength of the election

Determine the ratio:

« Massofaproton=167x10"% kg
+ Massofanelectron=9.11x10"¥kg

Step 1: Consider how the proton and electron can be related via their masses

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

both have the same kinetic energy

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

energy
AL
T p V2mE
e
“Vm
Step 3: Calculate the ratio
de Broglie wavelength of the proton 1 1

de Broglie wavelength of the electron T Jmg & Jme

me  [9.11 x 10 i3
—= - |[——5=23x10
mp V167 x 10

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

Page 14 of 21
For more help, please visit www.exampaperspractice.co.uk




7=

EXAM PAPERS PRACTICE

Diffraction Effects of Momentum

When electrons pass through a slit similarin size to themselves, they exhibit a wavelike
property( Diffraction), meaning they spread out like a wave passing through a narrow gap
Theregular spacing of atoms in a crystalline solid act as a diffraction grating, scattering the
electrons ina predictable manner

The observed diffraction pattern can be used to deduce the structure of the crystal
producing that pattem

High energy electrons have a shorter wavelength and can therefore be used to look at the
size of the nucleus of an atom as opposedto the arrangement of atoms in a crystal

The de Broglie wavelength tells us about the wave-particlerelationship:

h
A==
mv
* Where:
o A=the de Broglie wavelength (m)
o h=Planck's Constant(Js)
o m=mass of the electron (kg)
s v=velocity of the electron (ms-!)
LOW HIGH
ACCELERATING ACCELERATING
VOLTAGE VOLTAGE
LOW SPEED | HIGH SPEED
LOW KINETIC HIGH KINETIC
ENERGY / ENERGY /
MOMENT UM MOMENT UM

LONGER WAWVELENGTH SHORTER WAVELENGTH
MORE DIFFRACTION / LESS DIFFRACTION /
LARGER RADIUS SMALLER RADIUS
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Comparison of electron diffraction patterns at different values of momentum

Momentum

= Momentum is equalto p=mv, so, fromde Broglie's equation:
o Asmallermementum will resultin a longerwavelength
o Alargermomentum will resultin a shorter wavelength

Kinetic Energy
« [ftheelectron speed/kinetic energy is increased, by increasing the accelerating voltage,
then:
= Thewavelength of the wave will decrease

o Thediffraction rings will appearcloser together

* The higher the kinetic energy of the electron, the higher its momentum hence the smallerits
wavelength

Radius of the Diffraction Pattern

+ Theradius of the diffraction pattern depends on the wavelength:
¢ Thelonger the wavelength, the more the light spreads outhence a largerradius is
produced
o Theshorterthewavelength, the smaller the radius produced

+ Therefore, electrons with smaller momentum will produce a more diffuse diffraction pattem

Analysis of the Nature of Matter
The Evolving Field of Quantum Mechanics

+ Thefield of quantum mechanics is a relatively new field of research, comparedto fields in
classical mechanics (Newton's laws, wave theory etc)
+ Around1900, discoveries, such as the electron and the gamma photon, began to conflict
with the existing models scientists held about the nature of matter
« Soon after, new theories about the nature of matter began to emerge from Max Planck,
Niels Bohr and Albert Einstein, who are seen as the pioneers of Quantum Theory
+ Unsurprisingly, the understanding of guantum mechanics and the nature of matterhas
changed overtime
o Scientists use the existing models to make predictions eq. wave theory
o Sometimes the results of theirexperiments were not as predicted and did not fit with
the existing model eg. the photoelectric effect
= Scientists then have to change the modelso that it can explain the new evidence eg.
wave-particle duality
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Development of Scientific Theories

+ \When a new theory is suggested, such as de Broglie's idea of particles acting as waves, the
theory needs to be evaluated

« Otherscientists evaluate the theoryin a process called peer review

+ When enough evidenceis foundto support the theory, itis validated

« DeBroglie's theoryis currently accepted to be correct until any conflicting evidenceis
found

PeerReview

« Scientists across the world form a scientific community
+ Scientific claims from new research thatis publishedin journals must be peer-reviewed or
evaluated by other scientists who are experts in that field of science
« During the peerreview process, scientists must check:
o Validity - does theresearch achieve what it says itdoes?Is the method appropriate
and how have any errors been addressed?
o Originality - are the results new or has anyone else already carried out similar
research? If so, has theirwork been credited?
o Significance - are the findings of theresearchimportant or ground-breaking?

Evaluating Scientific Claims
« Claims that are from research that is not peer-reviewed should always be gquestioned
+ There could be a multitude of problems. These could be the method used, the accuracy of
results or the conclusions drawn
» Researchshould alsobe checkedif it is:
¢ Repeatable by the same scientists who carrieditout
¢ Reproducible by other teams of scientists

Page 17 of 21
For more help, please visit www.exampaperspractice.co.uk




7=

EXAM PAPERS PRACTICE

| QUANTUM MECHANICS |-

VILLARD —“x}“tPHOTDN} DISCOVERED (19000
THOMSON — e (ELECTRON) DISCOVERED (1887)

MAX PLANCK (1900}

QUANTISATION OF 1900

RADIATION ALBERT EINSTEIN (1805)

MASS=-ENERGY EQUIVALENCE:
E = mc?

WANVE-PARTICLE DUALITY
COINED THE TERM *PHOTON®
THEORY OF SPECIAL
RELATIVITY

ERNEST RUTHERFORD (1908-41)

GOLD FOIL EXPERIMENT —@@

DISCOVERED THE PROTON

| NIELS BOHR (1813)

ATOMIC MODEL OF THE ATOM
ORBITING ELECTRONS

ERWIN SCHRODINGER (1926)

e WERNER HEISENBERG (1927)
SHRODINGER’S WAWE EQUATION

UNCERTAINTY PRINCIPLE
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(19300
CHADWICK — n (NEUTRON)
DISCOVERED (1931)
— p (MUON)
DISCOVERED (1937)

RICHARD FEYNMAN (1948)

(0

an

FEYNMAN DIAGRAMS

(1948 - 1962) DISCOVERY OF
I, K+, K, 8+, 8, 5=, };‘.,W+_W—
X-RAY TO RATIO

HIDEKI YUKAWA (1833)

PROPOSED THE EXISTENCE
OF EXCHANGE PARTICLE PION

(PION) DISCOVERED (1947)

ENRICO FERMI & C.N. YANG (1549)

PROPOSED THE EXISTENCE OF
COMPOSITE PARTICLES

GAUGE THEORY

C.N. YANG & ROBERT MILLS (1954)

|‘|960|

Page 19 of 21

For more help, please visit www.exampaperspractice.co.uk




7=

EXAM PAPERS PRACTICE

—_— *T-'

JOCELYN BELL (1967)
| DISCOVERED THE NEUTRON STAR

1970}

|IEIDIIJI.II PRAN @ AW TRCIKIARM i'Aﬂ'lﬂ\l
AMODMAMAIVT FALD OF DA | NEIVISIN Vs i

CREATED THE STANDARD MODEL OF
PARTICLE PHYSICS

ALAIN ASPECT (1982)
QUANTUM ENTANGLEMENT
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MURRAY GELL-MANN (1995)

DISCOWVERED QUARKS
(UP, DOWN, STRANGE, CHARM,
TOP, BOTTOM) CHUANG — FIRST QUANTUM

COMPUTER (1998)
|2000+|
LARGE HADRON COLLIDER (LHC)

@CERN BECOMES OPERATIONAL (2008)

PETER HIGGS — DISCOVERY OF THE
HIGGS BOSON (2012}

CERN LHCb — DISCOVERY OF THE
EXOTIC “TETRAQUARK®
(2020}

Timeline of the great advancements in quantum theory since 1900
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