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Newton’s Corpuscular Theory of Light

« Newton proposed thatlight was made of small particle-like bodies called corpuscles,
emitted by luminous objects
o QOne prediction of this theory was that objects emitting light were losing mass slowly
o This theory was able to explain reflection, refraction and dispersion, but
notdiffraction
* Toexplainreflection:
o Thecorpuscles simply hit the reflective surface and experienced an equal and
oppositerepulsive force from the surface, following Newton's third law
o This is because corpuscular theory treated corpuscles like solid, elastic spheres
s Toexplainrefraction:
o Corpusculartheory assumedtherewas a force of attraction between light and matter
o Inasingle medium, such as air, the force supposedly acted on all sides so therewas no
resultant force
o Butataboundarybetween airand a denser medium, Newton saidtherewas a
resultant force on the corpuscles acting perpendicular to the boundary, because there
was more matterin the new medium
o Aconsequence of this was that light travelled fasterin a more dense medium

A diagram showing Newton's corpuscular explanation for refraction
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The boundary force, arising from an attraction to a greater amount of matter, increases the
vertical component of velocity, which changes the angle of the corpuscle's path - this
means the magnitude of the velocity is greaterin water
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Comparing Corpuscular & Wave Theories
Huygens' Wave Theory of Light

» Huygenswas a Dutchscientist who proposedthatlightwas awave
o Allotherknownwaves travelled through a medium so he suggested the Universe was
filed with a massless medium known as the "luminiferous aether" (more on this in
Special Relativity)
» |nhis theory, lighttravelled in wavefronts
o Thesewavefronts were emitted from a point source
o Any point of the wavefront then acted as a secondary point source, from
which wavelets could propagate
o Thesewavelets joinedtogether to form a new wavefront, and soon

Diagram showing the propagation of wavefronts
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Any pointona wavefront canact as asecondary point source for wavelets - only a feware
shown here

» Toexplain reflection:
o When a wavefronthits a reflective surface, the point of reflection becomes a
secondary point source fornew wavelets
o Different parts of the wavefront hit the reflective surface at different times, sothe new
wavefront forms in a new direction
» Toexplainrefraction:
o This theory, in contrastto Newton's corpuscular theory, relied on light travelling slower
ina densermedium
o Again, different parts of the wavefront hit the boundary to a new medium at different
times
o The part of the wavefront which first reaches the boundary slows before the rest of the
wavefront, causingitto change direction
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Comparing the two Theories

¢ Similarities between the two theories:
o Bothexplainedrefiection
o Bothexplainedrefraction
o Both could explain dispersion
« Differences between the two theories:
o Corpusculartheory said light was composed of particles with mass, while wave theory
saiditwas a wave travelling through a massless medium
o Corpusculartheory claimedlight travelled fasterin denser media, whereas wave
theory claimed light travelled slower in denser media
o Corpusculartheory had no explanation for diffraction orinterference, however, these
were common properties of waves

Why was Newton's theory more accepted than Huygens'?

« Boththeories explained the phenomena of light, but both also had flaws
* Newtonwas already widely respected thanks to his work on motion and gravity
* Therewas noway of measuring the speed of light or observing diffraction of light at the
time, so corpusculartheory was the accepted theory of light for 150 years
o This changed when diffraction patterns of light were observed that contradicted this
theory

@ Exam Tip

' This topic often features a lot of comparison questions - the key things to remember
here are the explanations of reflection and refraction, the main differences between
the theories andwhy Huygens' theory wasn't as popular.
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Explanation of Double Slit Interference

* Young's double slit experiment demonstrates how light waves produced aninterference
pattern
* The experimental setup andresults are shown below

Young's double slit experiment and the resulting interference pattern
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Young’s double-slit experiment arrangement. The screen showed fringes of light - this was
aninterference pattern

* Amonochromatic source was usedto ensure that the tworays were coherent
o Theresulting pattern onthe screen showed an interference pattern
« This was in disagreement with corpuscular theory, which would have predicted only two
bright regions
o [|fyou fired paintballs through two gaps at a wall, you would expect only two separate
regions of the walltohave painton them

Results predicted by Newton's corpuscular theory
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Particle-like behaviour predicts only two bright regions and cannot account foran
interference pattern that Young observed
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Evidence for Huygens' Wave Theory

¢ Theonly explanation for the interference pattern was that light diffracted through the thin
slits, like a wave
o Thiswas evidencein support of Huygens' wave theory of light

A diagram showing the wave explanation of Young's interference pattern
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Light behaving as a wave could adequately explain the observedinterference pattern.
Bright fringes showed where the two coherent sources constructively interferedand dark
fringes showeddestructive interference.
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« This experiment was definite evidence for the wave theory of light as opposed to the
corpuscular theory
o Corpusculartheory, however, was notimmediately rejected
¢ |ttook further experiments for the scientific community to consider wave theory as the
accepted theory of light
o Themostimportant of these was Hippolyte Fizeau's experiment to determine the
speed of lightinwater

¢) ExamTip

¥ Youshould already be familiarwith Young's double slitinterference from the waves
section of the Alevel course. You are not expected to perform calculations in this
topic, but you mustbe able to explain the appearance of the fringes and how they
provide evidence in favour of the wave theory of light.
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Nature of Electromagnetic Waves

* James Clerk Maxwellwas a Scottish physicist who, in 1864, published a paperrelating
electric and magnetic fields
o Theseincluded a series of equations which predicted the existence of oscillating
electric and magnetic fields which propagated each other, called electromagnetic
waves
» Acharged particle has an electric field
o Anaccelerating charge produces an electric field which alternates perpendicularto
the particle's motion
o Thatalternating electric field produces a perpendicular alternating magnetic field
o Thealternating magnetic field produces an alternating electric field and so on - this is
called self-propagation andis why light does notneed a medium to travel

Diagram showing the alternating magnetic and electric fields
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In an electromagnetic wave, the electric (E) field's oscillation generates a perpendicular
magnetic (B) field which s also oscillating.
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Maxwell's Formula for Electromagnetic Waves

¢ Oneconseguence of Maxwell's equations was a prediction of the speed of
electromagnetic waves in a vacuum, c:

o Here, gpis the permeability of free space, aconstant
o ggis the permittivity of free space, also a constant (which has already been
encountered in the Electric Fields topic)
o Bothofthesevalues are constant, so the speed of electromagnetic wavesina
vacuum is constant
* The permeability of free space, g is a constant that relates magnetic flux density with the
currentin free space that produces the field
« The permittivity of free space, ggsimilarly is a constant thatrelates electric field strength
with the charged object in free space producing the electric field
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*9 Worked Example
]

Maxwell calculated his value of the speed of electromagnetic waves, ¢, using
values for &p and pig which were both well known at the time. In 1855, Weberand
Kohlrausch measured the speed of light to be 3.107 x 108 m s~

Calculatethe differencein Maxwell's value and Weberand Kohlrausch's value of
the speedof light.

Give your answer as a percentage of Maxwell's value.
Answer:
Step 1: List the known quantities:

* Permittivity of free space,£o=8.85x10"2Fm"
s Permeability of free space, o = 4mx 107 Hm™!
» WeberandKohlrausch's value of the speed of light, cwk = 3.107 x 108 m s

Step 2: Calculate Maxwell's valueof c:

* Substitute the values for permittivity and permeability into Maxwell's equation
forc:

1 I
g, J@T X 107) % (8.85 x 10-12)

c

c=2999 x 108 ms-!

Step 3: Calculate the difference between this and Weber and Kohlrausch's
value:

e Subtract Maxwell's value from cyy :

¢ —c=(3.107 x 108) — (2.999 x 108) = 1.08 x 107 ms~!

WK
Step 4: Calculate this as apercentageofc:

¢ Divide this difference by ¢ and multiply by 100% for a percentage:

Cwk ~ X 100% = 08 X LU 100% = 3.60 %
® 7 2.999 x 108 o T e

¢ Thedifferencein thevaluesis 3.60 % of Maxwell's value
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() ExamTip

* Make sure you understand what the permittivity and permeability of free space

relate to - these are easy to mixup with each other. If you are unsure, check your
data booklet. The symbols are listed there with theirnames, so you only need to
rememberthat ¢ (epsilon) is electric and u (mu) is magnetic.
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Discovery of Radio Waves

¢ Heinrich Hertz discovered the existence of radio waves
o Hemade a short airgap between wires and put a large potential difference across this
gap, so high voltage sparks bridged the gap
o These sparks generated radiowaves, so this was a radio wave transmitter
* Hertzdetected these radio waves with two pieces of equipment:
o Acircularwire with a small breakin the circuit produced sparks across the break when
held nearthe source of radio waves
o Aconcave metal sheet with two parallel metalrods at the centre which had oscillating
potential difference induced across themby the radiowaves' alternating electric field

Equipment used by Hertz to detect radio waves emitted from a transmitter

SPARK GAP

PARALLEL
METAL RODS

The high voltage spark gap transmittedradio waves and the detectorreceived these. The
detectorshown hereis the two parallel metal rods surrounded by a concave metal sheet,
but Hertzalsousedanincomplete wire ring which formedsparks across the gap when
detectingradio waves.

* Hertzshowed the waves could bereflected:
o Heplacedametal screen behind the source and measured a stronger signal with the
detector
o This showed someradio waves were reflected off the screen and back towards the
detector
« Hertzshowedthe waves were able to penetrate insulators:
o When aninsulatorwas placedbetween the transmitterand detector, therewas no
difference in the signal detected
+ Hertzshowed the waves were polarised:
o Whenthe detectorwas rotated 90° perpendicularto the path of the radio waves,
sparks stopped being producedin the detector
o This showed the electric fields of the radio waves were only oscillating in a single plane
o Thecauseforthis was that electrons were only being acceleratedin one direction so
theradiowaves were all polarisedin the same plane
Perhaps most crucially, Hertz measured the speed of the radio waves:
o Hereflected radio waves from the transmitter off of aflat metal sheet

Page 11 of 35
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o This produced a standing wave

o When passing a detectoracross the region containing the standing wave, a large
signalwas detected at antinodes, andno signal was detected at nodes

o This allowed Hertz to find the wavelength and he knew the frequency by using the
properties of the transmitter circuit

o Heusedthewaveequation (v =f1) to determine the speed of the waves

o This speedwas very close to the value calculated by Maxwell, showing that radio
waves are electromagnetic waves

Standing wave to determine speed of radio waves

FLAT METAL
SHEET

STRONG

SIGNAL
/ *DETECTOR

Here, the secondtype of detectoris shown - anincompletering of wire which forms sparks.
Hertz passed this along the standing wave andlocated antinodes using the strongest
sparks. The distance between antinodes represents half the wavelength of the radio wave.
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Worked Example

Explain how aradio wave transmitter, a detectorand a flat sheet of metal can be
used to determine the speed of radio waves, provided their frequency is known.

Answer:
Step 1: Explain the function of the flat sheet of metal:

¢ Thesheet of metalreflects the radio waves backin the opposite direction
Step 2: Explainhow the incident and reflected waves interact:

e Constructive and destructive interference occurs between the two coherent
waves
* This forms a standingwave

Step 3: Explainhowwavelengthis determined:

* Thedetectorshows alarge signal when placed atantinodes in the standing

wave
* Thisis usedto find the distance between adjacent antinodes
* This distanceis half the wavelength of the wave

Step 4: Calculate speed from this:

¢ Multiply the value forwavelength with frequency to calculate the wave's speed

Exam Tip

This topic builds on knowledge of standing waves, wave speed and polarisation.
Make sure you are confident with those topics to ensure you fully understand this
one.
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Fizeau's Determination of the Speed of Light

* Scientists usedtobelieve thatlight covered distanceinstantaneously and travelled at
infinite speed
o Some astronomical observations seemed to contradict this, however
o Following this, Hippolyte Fizeau measured a finite speed for light

How did Fizeau measure the speed of light?

* Fizeau shone abeam of light at a mirrorseveralkilometres away
* [nthe path of thelight, he placed a "toothed wheel" which was spinning at a very high speed
o Thetoothedwheelwas positioned so the teeth of thewheel and the gaps between
them periodically passed over the beam of light
o This createdregular pulses of light travelling towards the distant mirror

The path of the light passing through a gap in the toothed wheel

[ ]
R
G
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=

LIGHT PASSES
THROUGH GAP

Light from the source was continuous, but the toothed wheel caused the mirror toreceive
periodic bursts of light. The light here passes through a particular gap, labelled G, while the
toothed wheel rotates.

¢ Inthe example shownin the diagram, the light passes through a particular gap, labelled G
* Thelighthadtotraveladistanced fromthe source tothemirrorandthenbacktothe

observer
o Thetotal pathlength of thelight was 2d andthe speed of light was labelled ¢
o Thetotaltimeforthelightto pass throughthe toothedwheel andreturn was:

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* Thespeedatwhich the wheelrotated could be changed - at a certain wheel speed, thelight
on its returning path would hit the tooth next to G
o This meantthe observerwould see no light returning from the mirror

Diagram showing the returning light blocked by a tooth
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In the previous diagram, theinitial beam of light passed through gap G. The wheel then kept
rotating. By the time the light has travelled to the mirror andreturned, gap G has now been
replaced with the tooth next toit and the light is blocked.

* Thewheel'srotational speed isincreased slightly
o Now, by thetimethelight that passedthrough G has returned, G has beenreplaced

withthe nextgap
o Thereturninglight passes through this gap and the observer sees reflected light
through the toothed wheel

Diagram showing the returning light passing through the next gap
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At this rotational speed, the same thing happens for light passing through every gap. The
time of thelight's pathis equal to the time taken for one gap tobe replaced by the next gap.

» Thetoothedwheelhasn gaps andn teeth which both have the same width
o This means that, if a full revolution has a period of T, then the time taken fora gap tobe
replacedby atoothis:

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* Recallthattime periodis thereciprocal of frequency f (of teeth passing a point per second)

sowe canwrite this as:
{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* When the observer sees thereflected light disappear, the time taken for light to travel to the
mirror is the time taken fora gap to bereplaced by a tooth, so:

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}
» Rearrangingthis allowed Fizeau to calculate the speed of light as:

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}
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Other Experiments done by Fizeau

» Fizeau also measured the speed of lightin waterby a similarmethod and founditto be
slower than the speed of lightin air
o This was another piece of evidence contradicting Newton's corpuscular theory - recall
that this predicted light would travel fasterin a densermedium

() ExamTip

-
As with many other concepts in Turning Points, this builds on a lot of otherideas.
Revising circular motion will help a lot with calculations on this topic.

*> Worked Example

Fizeau repeated his experiment, but this time he increased the speed of the
toothedwheeluntil the light appeared again at maximum brightness. Rewrite his

equation to calculate the speed of light for this new wheel frequency, £
Answer:
Step 1: Determine which part of the equation needs changing:

* Wenolongerneedto calculate thetime taken fora gaptobereplacedbya
tooth, but the time taken fora gap to bereplaced by another gap

¢ Astheteethandgaps are of equal width, this should take twice as long as it
would fora gap to bereplaced by a tooth, so:

Step 2: Re-Derive Fizeau's equationforc:

* Equatingthis to the time taken forlight to return gives:

12
n;‘ c
c=2dn?

» Aquicklogic check confirms this
o Foragaptonowreplacetheinitial gap, the teeth must covertwice the
distance of beforein the same time
o Thereforethenewfrequencymustbetwicetheoldfrequency,so;‘: = 2f
o Substituting this into the above expression gives our original equation
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¢) ExamTip

* A great skillin an examis finding alternative methods to verify your answers - if you
finish with a bit of spare time, go back to yor calculation questions. Try answering
them with a different method and see if you get the same answer.
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UV Catastrophe & Black-Body Radiation

What is Black-Body Radiation?
* Aperfectblackbodyis definedas:

Atheoretical object that absorbs all of theradiationincident onit and does not
reflect or transmit any radiation

* Sinceagoodabsorberis also a good emitter, a perfect black body would be the best
possible emitter too
* Thespectrum of electromagnetic radiation that would be emitted from this hypothetical
objectis called the black-body spectrum
o This changes depending on the temperature of the black-body
o Acommon example of this is that a cube of metal at room temperature emits invisible
infraredradiation
o Whenheatedto 3000 K, however, it emits a large amount of visible light and we seeiit
glowred, orange or white

A graph showing the spectrum of radiation emitted by a black-body at
different temperatures
N

1
ULTRAVIOLET IVISIBLE: INFRARED
10 —

INTENSITY

WAVELENGTH A (pm)

Eachcurveis forthe sameblack-body at different temperatures. The peak of eachline
shows the wavelength of radiation emitted with the most intensity.

* Forcoolerobjects, the wavelength of radiation emitted at the highestintensityisinthe
infraredrange
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o Astheobject's temperature increases, shorterwavelengths become the most
intensely emitted

What was the Ultra-Violet Catastrophe?

» This dramatically-named event came from a disagreement with experimentally measured
black-body spectra and the spectra predicted by classical physics
o Through experiments with objects very close to being perfect black-bodies, their
emission spectralooked much like the diagram above
o By treatingelectromagneticradiation as a wave, however, the spectra were

theoretically predicted to emit aninfinite amount of ultra-violet as the temperature of
the objectincreased

Graph showing spectrum from experiment and wave theory's prediction
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Abigdiscrepancy between sound experimental data and the currently acceptedtheory
meant that the theory was incorrect and needed to be adapted or completely replaced
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Planck's Interpretation

* Max Planck addressed this problem by coming up with mathematical descriptions (the
details of which you will not be examined on) for the emission and absorption occurring
within a black-body

= |nthis description, he made his theory fit experimental data

= Oscillators wereresponsible foremitting electromagneticradiation, and he assumed the
energy emittedwas quantised

o This meantit could only be emittedininteger multiples of these packets (or quanta) of
energy

= Therefore, the energy emitted by an oscillator of frequency f was given as:

E = nhf

o n represents theinteger multiple of the packet hf

o h isPlanck's constantand has the value of 6.63x 10734 Js
This allowed Planck to develop a theory that explained the observed spectra of almost-
perfect black-bodies

@ ExamTip

-
The concept of quantisation also appeared when referring to the charge of an
electron - if you are struggling with this concept, revisiting that topic and seeing
quantisation in another context may aid your understanding.
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Classical Wave Theory & Photoelectricity
How did the Photoelectric Effect Contradict Wave Theory?

¢ Thedetails of the photoelectric effect have already been covered in the Particles &
Radiation section of this course

* |nthe photoelectric effect, incident radiation on a metal's surface causes it to emit
electrons

o However, this only happens forradiation above a certain frequency

o |ftheradiationis below this threshold frequency, no matter how great theintensity,
photoelectrons willnot be emitted from the metal's surface

A diagramrecapping the process of photoelectric emission

ELECTRON
EMISSION

T4

o..ooo.
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\E METAL |

Light rays with a frequency above the metal's threshold frequency cause immediate
emission of electrons from the surface

LIGHT RAYS

¢ This was indirect contradiction with wave theory, which predicted that an electromagnetic
wave transferred energy continuously
o According towave theory, if low frequency radiation was aimed at the metal ata high
enough intensity, then enough energy would be transferred to remove photoelectrons
* However, as soon as aradiation above the threshold frequency was shone on the metal's
surface, even atlowintensities, photoelectrons were immediately emitted
o Additionally, the intensity of incident radiation only affected the number of
photoelectrons emitted, but not the energy they left with

o Allof this evidence contradicted the idea that electromagnetic radiation transfers
energy like awave does
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Explanation of Photoelectricity
Einstein's Explanation

* In1905 Einsteinreleased three ground-breaking papers, one of which was a theoretical
explanation of the photoelectric effect - this explanation built on Max Planck's work on
black-bodies

* Einstein proposed that electromagnetic radiation was made from discrete quanta, or
packets, of energy of the size:

E = hf

o Where h is Planck's constant andf is the frequency of the radiation
o These quantawere called photons ata laterdate
o Thesephotons were massless in Einstein's theoretical description
* This theory was able to explain the experimental results of the photoelectric effect
* Toexplain why radiation below the threshold frequency didn't cause photoelectric
emission:
o Only one photon was able to transferits energy to only one electron
o If hf was notlarge enough to sufficiently energise an electron, the photons could not
combine to energise that electron
» Toexplain why the energy of emitted photoelectrons increasedwith the frequency of
incidentlight:
o Photons transferred all of theirenergy hfto electrons
o |fthis was greaterthan the energy neededto emit the electrons, the rest of the energy
was transferred to the kinetic store of the electrons
o If hf was larger, more energy was left overforthekinetic store of the electrons
s Oncethiswas all experimentally confirmed 10 years later, Einstein received a Nobel Prize in
Physics
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9 Worked Example

O
Zinc has a threshold frequency of 6.5 x 1014 Hz.

Explainwhy wave theory predicted thatphotoelectrons would be emittedif zinc
was exposed to electromagnetic radiation of 6.3 x 10'* Hz for long enough. Explain
why this is not possible, using photon theory.

Answer:
Step 1: Recall the way waves transfer energy:

* Wave theory predicted that electromagnetic radiation transferred energy
continuously, as waves do

¢ Overtime, the electrons would be given enough energy to be removed from
the metal

Step 2: Recall how energy is transferred in photon theory:

« Inphotontheory, one photon transfers all of its energy to one electron
 The photons of radiation with a frequency of 6.3 x10'* Hzdo not have enough
energy to sufficiently energise the electrons
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De Broglie's Hypothesis of Wave-Particle Duality
What was DeBroglie's hypothesis?

¢ Louis DeBroglie hypothesised that all particles can behave both like waves andlike
particles, following Einstein's work with photons

* By equatingtwo equations from Einstein, he derived an equation for the momentum of a
photon:

E = mc? (more on this in Special Relativity)
E = hf (theenergy of aphoton)
me? = hf

t h
mc = 11; =7
o Whereh is Planck's constant, c is the speed of light, m is mass, 4 is wavelength and f
is frequency
* mc is the momentum, p, of a photon - DeBroglie extended this idea to particles with mass
to obtain the relation you should recall from Particles & Radiation:

h
Bt

Finding the Wavelength of Accelerated Particles

« This idea can be appliedto accelerated electrons to find theirwavelength
o Finding theirmomentum directly is difficult, but recallfrom The Discovery of the
Electron that the work done on an electron by an electric field (eV) is equal toits kinetic
energy - this can beused tofind the electron's speed:

I
eV = Emvz

2eV
V=, —
m

¢ This canbe substitutedinto the momentum termin DeBroglie's hypothesis to then find

wavelength:
2eV 2eV m22eV
= = — = 2 = =
p=mv=ml— \Hm\/m \/ = 2meV
h
2meV

o Thewavelength of the electron depends on the work done on it by the electric field, eV
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o Fromthis equation,as eV increases, A decreases
o When the electron is accelerated to a higher speed, its DeBroglie wavelength

decreases

7 Worked Example

An electronis accelerated through an electric field andis found to have a DeBroglie
wavelength of A. The potential difference across the electric field thenincreases by
afactorof 25. Write the new wavelength of the electronin terms of A.

Answer:

Step 1: Write out the equation for an accelerated particle's wavelength from
your data and formulae sheet:

* Thewavelength of an accelerated particleis:

h

e ———
2meV

Step 2: Label the new wavelength and substitute the new potential difference:

» Wecalllabel the new wavelength 4 and substitute the new potential
difference, 25V:

h

\/2meX 25V

* Now we willmanipulate this expression untilwe can pull out the original
expression fori:

1=

~ h h
A 3 —
/25 X 2meV 25 X /2meV
k_ | h 1 h 1
,1 — » 4 = =— ¥ —m o e Y A
J25  2meV S5 [2meV 3
» Therefore the newwavelengthis:
O
-5

o This checks out withcommon sense - the particle is moving fasterundera
stronger potential difference so, as was mentioned above, its new
wavelength should be smaller
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¢) ExamTip

-
This equation requires some confidencein algebra involving square roots.
Remembering that you can combine square roots when multiplying or combining will
help a great deal:
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Electron Diffraction
Do Electrons Diffract?

* Toinvestigate whetherelectrons did exhibit wave-like properties, an electron diffraction
tubewas produced
* Theelectrons were acceleratedin an electron gun with a high potential difference, such as
5000V, and were then directed through a thin film of graphite
o The gaps between the carbon atoms were sufficiently small to cause diffraction, using
the predicted DeBroglie wavelength of electrons
o Diffractionis a property of waves when passing through a small gap - if the electrons
were seen to diffract then this was proof of their wave-like properties
* Theelectrons wereindeed seen to diffract from the gaps between carbon atoms and
produce a circular pattern on a fluorescent screen made from phosphor

Diagram of the electron diffraction experiment
+6V

Alow voltage causes thermionic emission of electrons at the cathode, then these are
accelerated towards anode directed through the graphite. The electrons diffract through
the gaps between atoms in the graphite, forming a circular diffraction pattern made visible
by thephosphor screen.

The Effect of Potential Difference on the Diffraction Pattern

* Recallthat DeBroglie's hypothesis predicted that, if more work was done on the electrons,
theirwavelength would be shorter

o Recall from the diffraction grating subtopic of the Waves topic, that a shorter
wavelength leads to a smaller diffraction angle ¢ for a given gap width
» Therefore, if DeBroglie was right, increasing the potential difference would cause the
diffractionrings to move closer to the centre of the phosphor screen
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Diagram showing the effect of increasing potential difference on
diffraction

DIFFRACTION

VACUUM RINGS

TUBE

THIN GRAPHITE
FILM

ELECTRON LOW

GUN ACCELERATING
VOLTAGE

ELECTRONS HIGH

SHOW ACCELERATING

PARTICLE VOITAGE

PROPERTIES

ELECTRONS SHOW
WAVE PROPERTIES

The left of this diagram shows the equipment fromanotherangle. The right of this diagram
shows that increasing the voltage caused the diffraction rings tomove closer to the centre
of the screen, following DeBroglie's equation.

» This was the first experimental proof of electrons exhibiting wave-like properties
o Thewavelength of electrons was significantly smallerthan high energy forms of
electromagnetic radiation, such as X-rays

O ExamTip

= This topic builds on knowledge acquired from studying diffraction gratings. As is
becoming a common theme with Turning Points, go back and make sure your
understanding of diffraction is solid before getting stuck in with this topic.
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Estimate of Anode Voltage

Changing thevoltage across the anode (it is the voltage that causes the electrons to
accelerate), scientists can manipulate the wavelength of the electron
Amicroscope's resolving power (its ability to differentiate between two nearby points on
an object) depends on the wavelength of the radiation beingused
o Ashorterwavelength means the microscope can be used to see finerdetails in an
object
o Electrons had wavelengths much shorterthan X-rays

The size of an atomis roughly 10-°m
o Byusing DeBroglie's equation for an accelerated electron, researchers could find the

accelerating voltage needed to make the electron's wavelength the same size as an
atom
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9 Worked Example
]

An atom of carbon has a diameter of 1.5 x 1071 m. Determine the anode potential
difference neededin an electron diffraction tube to produce electrons with a
wavelength equal to the diameter of a carbon atom.

Answer:

Step 1: Write down the equation for wavelength of accelerated electrons from
the data and formulae booklet:

* Thewavelength of anaccelerated electronis:
h

+/ 2meV

1=

Step 2: List the known quantities:

+ Mass ofanelectron,m =9.11x103kg

» Magnitude of charge onanelectron, e =1.60 x1079C
e Planck's constant,h =6.63x103%])s

* Required wavelength of the electron, 4 =1.5x10"°%m

Step 3: Rearrange the wavelength equation to make anode potential difference
the subject:

* Separatethe V term fromthe squareroot:

h

V2me [V

h
V= —
\/— J2me X A

=

¢ Squarethewhole equation:

B2
T 2me

|4

Step 4: Substitute the known quantities:

B (6.63 x 10734)2
T2 x(9.11 x 10731) x (1.60 x 10719) x (1.5 x 10-10)2

|4

V=670V
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O Exam Tip
-
In a high pressure situation like an exam, it's easy to make mistakes on your
calculator when substituting values in standard form. Use brackets carefully and
retype your equation to ensure you get the same value when checking overyour
answers.
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Transmission Electron Microscope (TEM)
How does a TEM work?

* Inthe1930s, experimental scientists realised thatthe much shorterwavelengths that
electron waves offered could be usedto construct microscopes with a higherresolving

power
* Thefirst to be constructed were transmission electron microscopes (TEMs)
o Wherelight microscopes had used convex optical lenses, these microscopes focused

beams of electrons using magnetic lenses
o Theelectrons passedthrough a sample andformed animageon a fluorescentscreen

A diagram showing the path of electrons through magneticlenses

ELECTRON
L [T
ELECTRON
N PATHS
CONDENSER e
LENS N
OBJECTIVE
SAMPLE LENS

-

PO
e

v"w-_

[—

" PROJECTOR
i LENS

AR

IMAGE OF
SAMPLE

~
~

FLUORESCENT SCREEN

A cross-sectional diagram of a TEM. The dotted lines represent the paths of electrons -
those travelling along the microscope's axis (the middle vertical line) are not defiected.
Each magnetic lens has a different purpose.

» Theelectron gun emits electrons through thermionic emission
o Thesearethen accelerated tohigh speeds (and therefore short wavelengths) by a
large potential difference
» Thefunction of the condenserlens:
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o Thecondenserlens' magnetic field deflects the electrons into a wide beam travelling
parallel to the axis of the microscope
o This parallel beamis uniformly incident on the sample
* Thefunction of the objectivelens:
o Thislens forms animage of the sample
o |tdefiects the outerelectrons in the beam towards the central axis, much like a convex
opticallens does forlight
o Electrons travelling alongthe microscope's axis are not deflected, again similarly to
lightinaconvexlens
* Thefunction of the projectorlens:
o Thislens causes the beams from the objective lens to spread out, magnifying the
image created by the objectivelens
o This magnifiedimage is directed onto a fluorescent screen, emitting light where
electrons areincident

Drawbacks of the TEM

* Thelevel of detail available in animage depends on theresolving power
o Inan electron microscope, electrons needto be travelling as fast as possible to have
the shortestwavelength and therefore highest resolving power
* Inthe TEM the electrons must pass through the sample
o This reduces the speed of electrons, increasing wavelength and reducingresolving
power so electron waves are unable to resolve as much detail as theirshort
wavelength would allow
« Additionally, not all electrons emitted by thermionic emission have the same speed, and
not all electrons are slowed by the sample to the same degree
» This means electrons in the beam have a range of speeds
o Electrons travelling at different velocities through a magnetic field are deflected by
different amounts
o This means electrons passing through a single pointinthe sample are projectedonto a
range of locations on the fluorescent screeninstead, forming a blurrierimage
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Scanning Tunnelling Microscope (STM)
How Does an STM Work?

¢ Bythe1980s, many advances hadbeen made inresearchtechnology andin physics on the
scale of theatom
¢ Thescanning tunnelling microscope (STM) was created
e This microscopeis abletoresolve objectsjust0.001nmapart
o This means it can produceimages showingindividualrows of atoms
* Aprobewith averyfinetip (only a few atoms across)is helda few nanometres above the
surface of an object
o The probeis movedby pieces of equipment called piezoelectric transducers
o Theseare abletomove the tipin any direction by tiny increments of 0.001nm
* Theprobeis held ata constant potential difference with the surface of the sample
o Becausethetipis soclosetothesurface of the sample, some electrons are able to
jump, ortunnel, tothe tip
o This produces a tunnelling current whichis recorded
* Tobe abletoscanthis surface to produce animage of it:
o When the tip reaches a raised atom, the distance from the tip to the surface
decreases, and more electrons tunnel so the tunnelling current increases
o Likewise,when thetipreaches a dipinthe surface, thetunnelling current decreases
becausethe gapis largerand fewerelectrons tunnel
o Thesechangesintunnelling current are usedto produce a map of the surface of a
sample

Diagram showing the probe of the STM and the sample surface

TIP CAN BE MOVED
(% 0.001nm IN ANY
DIRECTION

TIP HELD AT
CONSTANT
POTENTIAL

'SURFACE
ATOMS

Due to the potential difference across the gap andits short distance, some electrons tunnel
across the gap to the tip of the probe, generating a current. The size of this current depends
on the width of the gap it must cross.
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Constant Height or Constant Current?

» STMs operateintwo modes: constant height orconstant current
* [Inconstantheight mode:
o Thetip does not move vertically up ordown while scanning areas
o This means thatchangesin the surfaceincrease ordecrease the gap size
o Thetunnelling current therefore varies
o Thisis usedto produce animage of the surface
* |nconstantcurrentmode:
o When a changeintunnelling currentis detected, the tip moves up ordown to keep the
current constant
o This means the gap sizeis always the same
o Theverticalmotion of the probeis usedto map animage of the surface

Quantum Tunnelling

* Quantum tunnelling is a result of the wave-like behaviour of particles such as electrons
» The gapbetween the surface and the tip acts as a barrierfor electrons
* The amplitude of the matter-wave of the electrons is decreased by this barrier, but on the
otherside of the gap, this amplitude is non-zero
o This effect only occurs if the barrieris weak enough (i.e. the distance is small enough)
o Thisis like thin surfaces not being opaque to visible light because some of the wave
can pass through
» This resultsin a current passing from sample to probe
o This currentis very sensitive to changes in gap distance, which allows the STM to have
a greatresolving power

) ExamTip

-
Don't worry, details of quantum tunnelling are not examinable, but a general
understanding of why ithappens is necessary. The word "quantum” can be
intimidating, butit just refers to processes that are a result of the quantisation of

things like energy.
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