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Particle Nature of Light and The Wave-Particle Duality

Q1.

In 1905 Einstein published his equation for the photoelectric effect.

In 1916 Millikan demonstrated that the maximum kinetic energy of photoelectrons is
consistent with Einstein's equation.

Millikan's experiments involved using different frequencies of light. These were obtained
using a mercury vapour lamp which produced an emission spectrum with a specific number
of known frequencies.

The diagram shows some energy levels for a mercury atom.
— 0eV

— -1.56eV
— -1.57¢V
— —2.48¢V

— —3.71eV Not to
—4.95eV scale

— —5.52eV
— —5.74eV

— —10.38eV

Determine which transition from the —3.71 eV energy level would produce light of wavelength
6.1%x 107" m.

(Total for question = 4 marks)
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Q2.

In a model of a hydrogen atom, it is assumed that the electron behaves like a wave with a de
Broglie wavelength A. The wave associated with the electron forms a standing wave whose
wavelength is equal to the circumference of the circular path.

Calculate the velocity of the electron based on this model.

(Total for question = 3 marks)

Qs.

Which of the following is the Sl base unit for the Planck constant?
OA Nm's™

OB Nms

0 C kgm?s™

L1 D kgmzZs

(Total for question = 1 mark)
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Q4.

Radiation of frequency f and wavelength A is emitted when an electron falls from energy
level E to energy level Ej.

E> - Eqis equal to

he

~,

he

= .
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=

(Total for question = 1 mark)
Q5.

In 1990, the Hubble Space Telescope (HST) was launched into a low Earth orbit above the
Earth's atmosphere.

The transmission of electromagnetic radiation through the atmosphere is shown on the
graph.

100

% transmission

| | I I I |
1077 10°¢ 10° 10 107 1072 101
wavelength / m

State one advantage shown by this graph of positioning a telescope above the atmosphere.

(Total for question = 1 mark)
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Q6.

The Planck constant is an important universal constant used in the study of wave—particle
duality.

In a demonstration of the photoelectric effect, ultraviolet radiation with a frequency of 2.8 x
10'8 Hz is incident on the surface of clean zinc. Electrons are released from the surface of
the zinc.

Calculate the maximum velocity of the released electrons.

work function of zinc = 6.9 x 109 J

(Total for question = 2 marks)

Q7.

The idea of energy quantisation was used to explain the photoelectric effect, first observed
by Heinrich Hertz.

When ultraviolet radiation is shone onto a metal surface, electrons may be released.

A cadmium surface is illuminated with light of wavelength 2.54 x 10~ m.

Calculate the maximum kinetic energy of the photoelectrons released from the surface.

Work function of cadmium = 4.07 eV



Particle Nature of Light and The Wave-Particle Duality PhysicsAndMaths Tutor.com

(Total for question = 4 marks)

Q8.

An optical microscope uses a beam of visible light. An electron microscope uses a beam of
electrons.

A biologist looked at an animal cell using both microscopes. The two images are shown;
both have the same magnification.

using optical microscope using electron microscope

www.udel edu

An electron in the beam of the electron microscope has a velocity of 2% of the speed of light.

Calculate the de Broglie wavelength of the electron.

(Total for question = 3 marks)
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Q9.
* The behaviour of electromagnetic radiation can be described in terms of a photon model or
a wave model.

In the photoelectric effect, electromagnetic radiation is incident on a metal plate and under
certain conditions electrons are emitted.

It is observed that, for a given metal,

e no electrons are emitted if the frequency of the incident radiation is below a certain
threshold frequency.

e electrons are emitted instantaneously if the frequency of the incident radiation is above
a certain threshold frequency.

o the kinetic energy of the emitted electrons depends only on the frequency of the
incident radiation.

Discuss how the photon model of electromagnetic radiation can explain these observations
and why the wave model of electromagnetic radiation cannot.

(Total for question = 6 marks)
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Q10.

When the light from a star is dispersed to form a spectrum, dark lines are seen at a number
of frequencies. This is known as an absorption spectrum and is caused by the presence of
certain elements in the star.

Explain how the absorption spectrum is created.

(Total for question = 3 marks)

Q11.

Read the following extract and then answer the questions that follow.

Powdery dust, the by-product of fearsome meteor storms that pounded the Moon, coats
much of the lunar surface. A build-up of this dust could damage sensitive machinery.

Scientists theorise that lunar dust must be electrostatically charged by ultraviolet solar
radiation from the Sun. When ultraviolet radiation hits the Moon's "day side", the half that
faces the Sun, it knocks electrons out of atoms in the lunar soil.

(a) Describe the particle model of ultraviolet radiation that explains how it can "knock
electrons out of atoms".
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(b) A teacher uses the arrangement below to demonstrate that electrons can be knocked
out of a metal surface in a photocell by visible light.

The arrangement can also be used to measure the maximum kinetic energy of these
electrons.

photocell

— 15V

\ —
: \-/,:__:,__\‘- N
Light \ I\\A )

—— Y
N Iy I

(i) Explain how the potential divider circuit can produce a range of values from 0 to 1.5
V on the voltmeter.
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(i) The potential difference on the voltmeter is increased until the ammeter reading is
zero.

The voltmeter reads 0.6 V at this instant.

State the maximum kinetic energy of the electrons in eV.

Maximum KinetiC energy = .........coiiiiiiiieeccc e eV

(c) Discuss whether the photocell arrangement in part (b) gives a valid demonstration of
how dust particles become charged on the Moon.

(Total for question = 11 marks)
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Q12.

PhysicsAndMaths Tutor.com

In an investigation of the photoelectric effect, a metal plate is illuminated with light of different

frequencies.

The graph shows the maximum kinetic energy of emitted electrons at different frequencies.

maximum
kinetic energy

.- frequency

Which line of the table correctly shows the values given by the graph?

x intercept

] A Planck constant
[0 B | threshold frequency
[0 C | threshold frequency
0D work function

negative y intercept

work function

Planck constant

work function

threshold frequency

(Total for question = 1 mark)
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Q13.

Read the passage and answer the question that follows.

Atoms can be promoted into an excited state when they absorb energy. This results in the
release of radiation at a random time. When several atoms are close together a quantum
effect can occur. When one atom emits radiation this affects all the other nearby excited
atoms. The excess energy of many of the atoms is released simultaneously and an intense
flash of light is produced. This effect is called superradiance and can be used to produce
lasers that emit a narrower range of frequencies than conventional lasers.

Superradiance occurs when the distance between atoms is less than the wavelength of the
emitted radiation.

An atom is in the ground state. The atom absorbs 6.2 eV of energy. The distance between
neighbouring atoms is 140 nm.

Deduce whether superradiance can occur.

(Total for question = 3 marks)

Q14.

Read the passage and answer the question that follows.

Atoms can be promoted into an excited state when they absorb energy. This results in the
release of radiation at a random time. When several atoms are close together a quantum
effect can occur. When one atom emits radiation this affects all the other nearby excited
atoms. The excess energy of many of the atoms is released simultaneously and an intense
flash of light is produced. This effect is called superradiance and can be used to produce
lasers that emit a narrower range of frequencies than conventional lasers.

When superradiance occurs the atoms all absorb the same amount of energy.
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Explain how this results in all the atoms emitting radiation of a particular frequency.

(Total for question = 5 marks)

Q15.

The image shows a diffraction pattern observed when a beam of electrons is fired at thin
gold foil.

(Source: @ The Reading Room/Alamy Stock Photo)

What property of electrons does this observation demonstrate?

1 A they exist in discrete energy levels
[1 B they have a negative charge

L1 € their small mass

0 D their wave nature

(Total for question = 1 mark)
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Q16.

The Planck constant can be determined in a school laboratory using light emitting diodes
(LEDs).

An LED emits light when the potential difference (p.d.) across it is large enough to transfer
sufficient energy to an electron to result in the emission of a photon.
The electron must have energy greater than or equal to the photon energy.

The minimum p.d. required to produce light from LEDs emitting different frequencies was
measured by increasing the p.d. from zero until light was first seen.

The graph shows the results.
2.60 +

2.40

1.80

1.60

Minimum p.d. / V

1.40

1.00 : :
4.00 450 5.00 5.50 6.00 6.50 7.00 7.50

Frequency / 10"*Hz

Determine the value of the Planck constant given by this graph.

(Total for question = 4 marks)
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Q17.
(a) Solar sails are a form of propulsion for spacecraft. The sail is made of a thin sheet of
reflective material. When photons of light from the Sun reflect from the material a force is

exerted on the sail. The photons reflect with a momentum equal to their initial momentum but
in the opposite direction.

(i) Show that a single photon of frequency 1.5 x 10"® Hz has a momentum of about 3 x
102" N s.

Momentum transferred = ..........ccccoiiii e
(b) An alternative method of producing a momentum change is being investigated.
Researchers have suggested that 'larger changes in momentum could be produced by

directing laser light at graphene oxide'. Electrons are emitted from the graphene oxide
surface, resulting in a force being exerted on the graphene oxide in the opposite direction.

A researcher has suggested that one possible mechanism for the emission of the
electrons is the photoelectric effect.
(i) Show that the maximum velocity for a photoelectron emitted after absorption of a
photon of light of frequency 1.5 x 10" Hz is about 8 x 10° m s~".

work function of graphene oxide = 6.7 x 10-° J
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(c) Explain whether the suggestion in (b) that 'larger changes in momentum could be
produced by directing laser light at graphene oxide' is true.

(Total for question = 10 marks)

Q18.

A solar panel uses electromagnetic radiation from the Sun to generate electricity.

In one installation a sensor in the solar panel measures the intensity of radiation arriving
from different directions. A motor rotates the solar panel so that it always faces the brightest
part of the sky.

When light is incident on an LDR, electrons move to a higher energy level where they
become conduction electrons. This causes the resistance of the LDR to decrease.

A student suggests that this is an example of the photoelectric effect. The student is not
correct.

Compare and contrast the photoelectric effect with the effect of radiation incident on an LDR.

(Total for question = 6 marks)
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Q19.

In 1905 Einstein published his equation for the photoelectric effect.

In 1916 Millikan demonstrated that the maximum kinetic energy of photoelectrons is
consistent with Einstein's equation.

Discuss the extent to which our current understanding of observations of the photoelectric
effect supports the idea that light behaves as photons rather than as waves.

(Total for question = 6 marks)

Q20.

The diagram shows apparatus that can be used to investigate the photoelectric effect.

light

\}L metal plate

| yacuum
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Light is shone onto the metal plate.

For a particular metal there will only be a current for frequencies of light greater than 8.17 x
10" Hz.

If the applied potential difference is reversed and increased, the current will decrease and at
a certain value of potential difference the current will be zero.

Calculate this potential difference when the frequency of the incident light is 9.62 x 10" Hz.

Q21.

The photoelectric effect provides evidence for the particle nature of electromagnetic
radiation.

Which of the following observations of the photoelectric effect could also be explained using
the wave nature of electromagnetic radiation?

L1 A The emission of photoelectrons is instantaneous.
L1 B The maximum kinetic energy of photoelectrons depends on frequency.
0 C The rate of emission of photoelectrons depends on intensity.

L1 D There is a minimum frequency for emission of photoelectrons to occur.

(Total for question = 1 mark)
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Q22.

A student has been learning about the photoelectric effect.

The student was asked by his teacher to explain the photoelectric effect. He gave the
following explanation:

_ bove a cevtain threshold is able to free
electrons from a wetal, because the light gives

o electronse L the metal.
_ his energy is used to release the
electrons {r'nm the metal and the rest becownies

| kinetic energy of the freed electron.

Discuss whether the student's answer fully explains the photoelectric effect.

(Total for question = 4 marks)
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Q23.

When light is incident on the surface of a metal, electrons may be emitted by the
photoelectric effect. Observations of the photoelectric effect helped to establish that light can
exhibit particle behaviour.

Which of the following observations of the photoelectric effect could also be explained by
light behaving as a wave?

L1 A Emission of photoelectrons occurs immediately the surface is illuminated.

[0 B Photoelectrons are only emitted when the frequency of the light is more than a
certain minimum value.

L1 € The maximum kinetic energy of the photoelectrons is independent of the intensity of
the incident light.

L0 D When the intensity of the incident light increases, photoelectrons are emitted at a
greater rate.

(Total for question = 1 mark)

Q24.

A student has been learning about the photoelectric effect.
This experiment demonstrates the particle nature of light.

Explain what is meant by the particle nature of light.

(Total for question = 2 marks)

Q25.
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Read the extract and answer the question that follows.

In the 17th century there were two proposed theories to explain the refraction of light. Using
a wave model, Huygens stated that light slows down when it passes from air to water. Using
a particle model, Newton stated that light speeds up when it passes from air to water.
Newton's theory was more readily accepted until the speed of light in water was measured in
the 19th century.

In the early 20th century, Einstein used observations from the photoelectric effect to provide
evidence for the particle model of light.

Nowadays, both the wave model of light and the particle model of light are accepted, as
each can be used to explain different aspects of the behaviour of light.

In a demonstration of the photoelectric effect, electromagnetic radiation is shone onto a
clean metal surface. It can be shown that the metal loses negative charge when the radiation
has a frequency above a certain threshold frequency.

Explain how the particle model of light is consistent with this observation.

(Total for question = 3 marks)

Q26.

Which of the following provides evidence for the particle model of electromagnetic radiation?
L1 A diffraction

0 B interference

[0 C polarisation

L1 D visible line spectra

(Total for question = 1 mark)
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Q27.

In 2016 the Breakthrough Starshot initiative was announced. This project intends to send a
fleet of small probes to Proxima Centauri, the nearest star to the Sun. This journey would
take about twenty years.

The composition of a star can be determined by analysis of its absorption spectrum.

Explain why there are certain specific frequencies missing from the spectrum.

(Total for question = 5 marks)

Q28.

When monochromatic light is incident on the surface of a metal, electrons are emitted by the
photoelectric effect.

If other conditions are unchanged, the maximum kinetic energy of the electrons will be
increased by

0 A increasing the frequency of the incident light.
L1 B increasing the intensity of the incident light.
0 C using a metal with a higher threshold frequency.

[0 D using a metal with a higher work function.

(Total for question = 1 mark)
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Q29.

Some of the energy levels of an atom of a gas are shown.

A B C D
0 A F'y

—1.5eV Y

-3.4eV

-13.6eV Y

During which transition, A, B, C or D, is electromagnetic radiation with the shortest
wavelength emitted?

0 A
LI B
O c
O D

(Total for question = 1 mark)

Q30.

An electron beam is directed onto crystalline graphite. A fluorescent screen on the other side
of the crystal shows the pattern in Figure 1. The brighter areas correspond to higher electron
intensity.

The speed of the electrons is increased and the resulting pattern is shown in Figure 2.

Figure 1 Figure 2
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* Discuss the conclusions that can be drawn from this information about the behaviour of
electrons and the structure of graphite.

(Total for question = 6 marks)
Q31.

The photograph shows a school spectrometer.

sodium lamp diffraction grating telescope

. eyepiece
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The spectrometer allows parallel rays of light to be passed through a diffraction grating and
the resulting angles of diffraction to be measured.

The spectrometer and diffraction grating are used to analyse the light from a sodium lamp. In
the sodium lamp, sodium is heated until it becomes a vapour and an electric current is
passed through it. The vapour then emits light.

After the light passes through the diffraction grating a line spectrum is observed.

(i) Explain why only certain wavelengths are observed.

(i) Diffraction gratings with the following spacings are available:

d/10%m 1.0 1.7 2.0 33

Explain which would be the best spacing to use to measure the diffraction angle for the
third order maximum for yellow light of wavelength 589 nm.

(Total for question = 9 marks)
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Q32.

Barnard's star is a red dwarf star in the vicinity of the Sun. The wavelength of a line in the
spectrum of light emitted from Barnard's star is measured to be 656.0 nm. The same light
produced by a source in a laboratory has a wavelength of 656.2 nm.

Visible light from the star originates from the photosphere. In the photosphere of Barnard's
star, hydrogen and helium atoms are at a temperature of 3100 K.

(i) Calculate the mean kinetic energy of an atom in the photosphere at a temperature of
3100 K.

Mean Kinetic energy = ...

(i) Describe how these atoms emit visible light.

(Total for question = 4 marks)
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Q33.

A fine-beam tube is used for investigating properties of electrons.

An electron beam is produced inside a spherical glass bulb. The bulb contains neon gas at a
very low pressure.

* Interactions between electrons and the neon atoms in the tube make the beam visible.
Part of the spectrum of visible light produced by these interactions is shown.

(Source: @ MoFarouk/Shutterstock)
Explain the process that results in the emission of this spectrum. Your answer should include

reference to
energy levels in atoms.

(Total for question = 6 marks)
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Q34.

Our understanding of the atom has developed over time, from early models in which atoms
were considered to be hard incompressible spheres, through to the nuclear model of the
atom and the ladder model in which electrons exist in a discrete number of allowed energy
states.

In the energy ladder model of the atom, electrons exist in a discrete number of allowed
energy states. The collision of electrons with gold atoms may lead to the production of high
frequency electromagnetic radiation.

Explain how high frequency electromagnetic radiation may be produced when electrons
collide with atoms in a metal.

(Total for question = 4 marks)
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Q35.
Filament and fluorescent are two types of light bulb.

Filament light bulbs contain a tightly coiled wire filament, surrounded by an inert gas and
encased in a thin glass bulb. When the potential difference (p.d.) across the bulb is
sufficient, the filament heats up, emitting visible light.

Fluorescent light bulbs use a long tube of glass containing a small amount of mercury. When
a sufficient p.d. is applied across the ends of the tube, electrons moving through the tube
cause the mercury to become a vapour and emit photons in the ultraviolet part of the
electromagnetic spectrum. The collisions of these photons with the phosphor coating of the
tube result in the emission of photons of visible light.

filament

Filament bulb Fluorescent bulb

(i) Explain how the wire in the filament lamp gets hot when a p.d. is applied.

(Total for question = 4 marks)
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Q36.

An electron travels at a velocity v.

Which of the following is the correct expression for the de Broglie wavelength A of the

electron?
R 9.131,(;)12_11; -
(Total for question = 1 mark)
Q37.

The diagram shows the lowest energy levels for a certain atom.

3 —-1.6eV
2 —23eV
1 —32eV
ground state —55eV

A photon with energy 3.2 eV is absorbed.

An electron could move from

L1 A ground state to level 1.
ground state to level 2.
[0 € level 1 to ground state.

I D level 2 to ground state.

(Total for question = 1 mark)
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Q38.

In a spectrometer, light from a tube of hot gas is passed through a diffraction grating.

The diagram shows the zero order and the first order maxima for the line spectrum
produced.

Zero
order

first order first order

Explain why lines of different wavelengths are produced by the gas.

Q39.

When a large potential difference is applied to a discharge tube, the gas in the discharge
tube emits coloured light. When this light is passed through a diffraction grating, an emission
spectrum which is made up of a series of lines of different wavelengths may be seen.

The photographs show the spectra produced from a tube containing hydrogen and a tube
containing helium.

Hydrogen:
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Helium:

* Explain why different elements produce spectra containing different specific wavelengths of
light.
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Q40.

The energy level diagram shows four possible energy transitions for an electron in an atom.

Il
L¥¥]

|
[ )

X ] stz =1
g-lounc state n A B C D

Which arrow shows the transition made by the electron when the atom emits radiation with
the longest wavelength?

O A
Ll B
L cC
O D

(Total for question = 1 mark)

Q41.

The diagram represents some of the energy levels for an atom.

n=>3 —0.38 eV
n=4 —0.55 eV
n=3 —0.85eV
n=2 -1.51 eV

n=1 —3.41 eV
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Calculate the lowest frequency of light that would be absorbed by an electron with
energy —0.85 eV in the atom shown.

(Total for question = 3 marks)

Q42.

The photograph shows a school spectrometer.

sodium lamp diffraction grating telescope

. eyepiece

The spectrometer allows parallel rays of light to be passed through a diffraction grating and
the resulting angles of diffraction to be measured.
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The diagram shows some of the energy levels in a sodium atom.

— 0.00 eV

— —-1.02 eV
— —1.39 &V
— =1.52&V
— —1.95eV

— —3.04 &V

— —5.14¢V

Add an arrow to the diagram to show the transition involved in the emission of yellow light of
wavelength 589 nm.

Show your working below.

(Total for question = 4 marks)
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Q43.

An electron in its ground state absorbs electromagnetic radiation of wavelength A.
The energy level diagram represents the resulting energy transition of the electron.

n=23 Y —6.5eV
n=2
ground state n = 1 —10.8eV

The electron eventually returns to its ground state.

Explain, with reference to the energy level diagram, how this may result in the emission of
radiation with a longer wavelength than A.

(Total for question = 3 marks)
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Q44.
The diagram shows five energy levels in an atom.

Lo atn

[ ]

Electromagnetic radiation is incident on the atom.
Which transition would be caused by the absorption of the lowest frequency of radiation?

[] A 1to5
[l B 1t02
[l C 4t05

[l D 5t04

(Total for Question = 1 mark)

Q45.
Einstein's photoelectric equation states
Wf=¢+ Smvl,
The quantity denoted by ¢ is the minimum
L1 A amount of energy of a photon needed to release an electron.
L1 B amount of energy of an electron needed to release a photon.

L1 C frequency of a photon needed to release an electron.

0 D frequency of an electron needed to release a photon.

(Total for question = 1 mark)
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Q46.

In 1965, Richard Feynman proposed a double slit experiment to investigate the wave
properties of electrons.

The experiment was later carried out using the arrangement shown.

detector

B
beam of electrons

barrier 2
A beam of electrons was directed at a barrier with two slits.
The detector recorded the positions where electrons arrived after passing through the slits.
The following pattern was obtained. Black dots represent points where electrons were

detected. A band where electrons were not detected has been labelled X and a band where
electrons were detected has been labelled Y.

The path difference for electrons arriving at band X from the separate slits was 2.5 x 107" m.
For electrons arriving at band Y the path difference was 5.0 x 10™" m.
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Explain why this pattern is observed when the electron energy is 9.6 x 10~" J.

The electrons are travelling at non-relativistic speeds.

(Total for question = 6 marks)
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Q47.

A student has been learning about the photoelectric effect.

The student sets up a circuit to investigate the photoelectric effect.

N ‘{/ light
7R
.\'\ l:/.l L
pho;cell L -

(V) |
\“/J 1

ol

N '

The student illuminates the photocell with light of known frequency f. A current is produced in
the circuit due to the emitted electrons. He adjusts the potential difference, using a potential
divider, until the reading on the milliammeter is zero and records the corresponding reading
Vs on the voltmeter. He repeats this procedure for other frequencies of light.

When the reading on the milliammeter is zero the maximum kinetic energy of the emitted
electrons is given by eVs.

Explain how the student can use his results to determine a value for the Planck constant h
using a graphical method.

(Total for question = 5 marks)
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Q48.

The photoelectric effect was discovered by Hertz who investigated the effect of ultraviolet
radiation incident upon the surface of zinc. The effect was found to depend on the frequency
of the radiation.

(a) State what is meant by threshold frequency.

(b) Light of frequency 8.9 x 10" Hz is incident upon the surface of a different metal.
The photoelectrons have a maximum speed of 6.7 x 105 m s™'.

Calculate the work function of the metal in eV.

(Total for question = 5 marks)
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Q49.

In the 19th century experiments with magnetic and electric field deflections were used to
determine the charge to mass ratio of electrons.

Later experiments showed the diffraction of electrons as they passed through thin metal
foils.

Deduce what these experiments tell us about electrons.

(Total for question = 3 marks)
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Q50.

Read the extract and answer the question that follows.

In the 17th century there were two proposed theories to explain the refraction of light. Using
a wave model, Huygens stated that light slows down when it passes from air to water. Using
a particle model, Newton stated that light speeds up when it passes from air to water.
Newton's theory was more readily accepted until the speed of light in water was measured in
the 19th century.

In the early 20th century, Einstein used observations from the photoelectric effect to provide
evidence for the particle model of light.

Nowadays, both the wave model of light and the particle model of light are accepted, as
each can be used to explain different aspects of the behaviour of light.

In the 1920s, experiments demonstrating diffraction of electrons confirmed de Broglie's work
on the wave nature of particles.

In one such experiment an electron had a momentum of 4.8 x 107 kg m s™'.
Measurements confirmed that the de Broglie wavelength of the electron was 1.40 x 1079 m.

Deduce that these observations are consistent with the value of h given on the data sheet
provided.

(Total for question = 3 marks)
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Q51.

In 1905 Einstein published his equation for the photoelectric effect.

In 1916 Millikan demonstrated that the maximum kinetic energy of photoelectrons is
consistent with Einstein's equation.

Millikan used his data to obtain a value of the Planck constant.

The following graph of maximum kinetic energy of photoelectrons against frequency was
produced from his data for the photoelectric effect using lithium.

3.55

3.0

1.5 5
1.0

0.55

Maximum kinetic energy/107"]

9 6 7 8 9 10 11

Frequency/10%Hz
Millikan suggested that the uncertainty from his results for lithium was as little as 1%.

Determine whether the value of the Planck constant obtained from this graph is within 1% of
the value stated on the data sheet for this examination paper.

(Total for question = 3 marks)
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Q52.
In the 1920s Louis de Broglie proposed that an electron could behave as a wave.

Calculate the wavelength of an electron that is travelling at a speed of 2.2 x 10’ms~".

(Total for question = 3 marks)
Q53.
In 1925 Franck and Hertz were awarded the Nobel Prize in Physics "for their discovery of
the laws governing the impact of an electron upon an atom".

In one of their experiments, a beam of high-speed electrons is fired through mercury
vapour.

An electron in the beam collides with a mercury atom, which becomes excited. The atom
returns to its initial state by emitting electromagnetic radiation of a single frequency.

Explain why excited atoms only emit certain frequencies of radiation.

(Total for question = 5 marks)
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The Planck constant is an important universal constant used in the study of wave—particle

duality.

Atomic electrons are confined within the atom. One model of atomic electrons suggests that
the wave associated with an atomic electron forms a standing wave that fits exactly into the

diameter d of the atom.

(i) The diagram shows the lowest frequency standing wave that fits into the diameter of the

atom.

d

— T T

Calculate the momentum of the electron.

d=2.00 x 10-"°m

Momentum =

- =

i the lowest frequency

<‘~ __r..>i standing wave

(i) Electrons in an atom can only exist at discrete energy levels.

Explain how this standing wave model can account for this.

(Total for question = 5 marks)
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Q55.

In an experiment to determine the wavelength of light, a diffraction grating is illuminated with
light from a monochromatic source. A series of bright spots is observed.

The experiment is repeated and the distance between consecutive bright spots increases.

Select the row of the table that gives two changes to the experimental set up which would
both cause the distance between consecutive bright spots to increase.

Number of slits per mm in the

. , . VWavelength of the light source
diffraction grating = =

A Increased Increased
O B Increased Decreased
O cC Decreased Increased
O D Decreased Decreased
(Total for question = 1 mark)
Q56.

In an investigation of the photoelectric effect, electromagnetic radiation of frequency f was
directed onto a metal plate. The maximum kinetic energy E of the photoelectrons emitted
from the metal plate was determined. The procedure was repeated for a range of
frequencies.

The graph shows how E depended upon f.

2.0
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1.5
%
x
Elev 104
4
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Determine a value for the Planck constant, h, in J s.

(Total for question = 4 marks)

Q57.

In an investigation of the photoelectric effect, electromagnetic radiation of frequency f was
directed onto a metal plate. The maximum kinetic energy E of the photoelectrons emitted
from the metal plate was determined. The procedure was repeated for a range of
frequencies.

The graph shows how E depended upon f.
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The table gives data for different metal surfaces.

Metal surface Work function/eV
Caesium 2.0
Calcium 29

Magnesium 3.7

Deduce which metal was being used in the investigation.

(Total for question = 3 marks)
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Mark Scheme — Particle Nature and The Wave-particle Duality

Q1.
Question R o . =
Number Acceptable answers Additional guidance Mark
i Example of calculation )
» Useof E=hf () |f=3.00%10°ms/61%107m
. Uscofc=si =491 x 10¥ Hz
) (1) |E=6.63x 13‘”] s %401 x 10" Hz
s Apply conversion factor of 1.6 =336 I_DE Bl e
* 107 for photon energy from 326x 107 T/1.6 100" C=204eV
Tto eV (1) |Level=-3.71eV-204eV=-575eV
» Level=-574(eV) i) 4
Q2.
Opestion Additional guidance Mark
number Acceptable answers
* (Calculates wavelength 4 Example of calculation:
(circumference) (1) A=2mr=2m>x53x 10N m =333« 101m
Useofp= kg’ (1}1 A=hmvsov=hm.
v=22=10ms™ (1) ¥=6.63x10 J 5/(9.1%10-3! kgx3.33x10-10m) )
¥=2.188 = 108 m 51
Q3.
Q,““ﬁ‘m Answer Mark
Number
C koms! 1
Incorrect Answers:
A —N is not an 51 base umit and incorrect arrangement
B — N 1s not an 51 base unit
D — incorrect arrangement
Q4.
Question | Answer Mark
Number
B 1
Q5.
(_3-']11:1:':: Acceptable Answer Additional Guidance Mark
®  Stars enutting infra-red Accept identified wavelength range
radiation can be detected above
the atmosphere
Or Some visible wavelengths (1) 1
emitted by stars reduced to
50% intensity or less by the
atmosphere
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Q6.
O Accepable Aniwers Additional guidance Mark
» Useofhf=0+ 1 o? (1) | Example of Calculation
2
- : (1)
* ¥v=63x10°ms! B, = (6.63% 10" s x 2.8 x 1016 1) _
69 %1071 (1) = 178712 x 10717 T
_ [2=LTaTiZxlo-iT] _ 2
Y= N saixioiikg BE6
10%m !
Q7.
Question .. . .
Number Acceptable answers Additional guidance Mark
Use of e=f1 and E=f (1) Example of calculation:
-34 B -1
Converts e¥to T (1) o I Lt o R TR T
A 2.54x107m
Use of E= W+ KEma (1)
Work function = 6.51 x 10°1%]
EEnzx=13x10127(1)
E=W+KE__
KE__ =783%107°1—6.51x10-19J =1.32x107™] ‘
Q8.
Question Acceptable Answers Additional guidance Mark
Number
* Useofp=mv Example of calculation
withm=9.11 x 1073+
and v =0.02 x 3.0 x 10° |+ 6.63 % 10734 5
+ Useofi== ) | 911X 107 kgx0.02 x3.0x 10°ms~* |
e 1-12x10°m oy [A=3ZXI0 )
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Q9.
Question Acceptable Answers Additional Guidance Mark
Number
i This question assesses a student’s ability to The following table shows how the marks
show a coherent and logical structured answer | should be awarded for structure and lines of
with linkage and fully-sustained reasoning. reasonng
Marks are awarded for mndicative content and Number of marks
for how the answer is structured and shows awarded for
lines of reasoning. structure and lines
The following table shows how the marks of reasoning
should be awarded for indicative content. Answer shows a 2
Number of Number of marks coherent and logical
indicative points awarded for structure with
SEen 11 answer mndicative points linkage and fully
6 4 sustained lines of
5-4 3 reasoning
3-2 2 demonstrated
1 1 throughout
0 0 Answer is partially 1
Particle model structured with
+ One photon interacts with one some linkages _and
electron lines of reasoning
* And each photon has energy Answer has no 0
proportional to the frequency, Or lm!mge berween
reference to E=hf potnts and is
e The electron is emitted (instantly) unstructured
only 1f the energy of the photon 1s
oreater than the work function (of the | Linkage marks
metal)
Or The electron is emitted (instantly) || Indicative content | Possible linkage
only if the energy of the photon 1s points marks .
greater than the energy needed for an 0.1
electron to break free (from metal 2,3 1
surface) 4. 5, 6 with ponts
s Any photon energy over and above from both models 2

the work function 15 gained by the
electron as kinetic energy

Wave model

s Tt would be expected that the energy
of the electron would build up and
eventually be emmtted.

s The (kinetic) energy of the (emitted)
electrons would depend on the
intensity of the wave (and not the
frequency)
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Question

Number

Acceptable Answers

Additional Guidance

Mark

An explanation that makes reference to:

if photon energy equal to an energy level
difference in the elements present (1)

then the photon can be absorbed by an
electron and the electron 1s excited/moves

to higher level (1)

50 the absorption spectrum is created
because the frequencies of the absorbed
photons are missing from the continuous
spectrum produced by the star (1)

Accept references to re-emission in all
directions.

Q11.

Question
Number

Acceptable answers

Additional guidance

Mark

(a)

s (UV radiation consists of) photons

*  One photon interacts with one
electron
Or energy of photon depends on
frequency

*  FElectrons released if energy (of
photon) greater than work function
Or frequency 1s greater than
threshold frequency
Or energy supplied 1s sufficient to
remove electron

(1) | Accept quanta/packets of energy

(@)

1)

Question
Number

Acceptable answers

Additional guidance

Mark

(b))

* when shder at the bottom - reading
on voltmeter is zero

Or mummum resistance - reading on

voltmeter 15 zero

* When slider at the top — reading on
voltmeter is 1.5V

Or maximum resistance - reading on

voltmeter 1s 1.5V

* DPotential difference split between top

and bottom part of resistor (either
side of slhider)

Or reading on voltmeter depends on
the ratio of resistances (either side of

slider)
Or moving the shder changes the

resistance that the voltmeter is across

)

(1)

(1
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Question ; . gy, . it
Number Acceptable answers Additional guidance Mark
(b)(ii) | Maximum Kinetic Energy of electron = 0.6 ()
(eV) 1
e Acceptable answers Additional guidance Mark
Number
(c) Max 4 Full marks can only be scored if a
correct link 1s made between at least
Valid because: one physics point and the
demonstration being valid or not valid
* Moon and photocell both have vacuum 1)
+ Both demonstration and theory use (1) | Accept the same concept for
photoelectric effect photoelectric effect
Not valid because:
» Different wavelengths in each case (1) | Accept one uses light the other UV
* On the moon there is dust not metal (1) | Accept different materials for MP4
* Dust 1s free to move but the metal plate 1s @)
fixed
+ On the moon UV removes electrons from
(individual) atoms and
mn the demo light removes electrons from
metal surface @)
+ Demonstration 1s based on photoelectric 1
effect but effect on moon could be @
ionisation
4
Q12.
guestlun Acceptable Answers Additional Guidance Mark
umber
C 1
Q13.
Question Acceptable Answers Additional guidance Mark
Number
s Useof E=hfandv=jf41 (1) | Example of calculation
Converts between eV to I (1) | E=62eVx1.6x107*°C
A=20x10" (m)and N S
conclusion that superradiance can E= 6.63 x 10 ]Js x 3.0 x 10" ms
occur M A
A = 201 nm so superradiance can occur 3
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Question
Number

Acceptable Answers

Additional guidance

Mark

+ Atoms contain discrete energy
levels

s The atom/electron loses energy

and falls back down energy levels

emitting a photon

+ with energy equal to the difference

in energy levels

+ Energy (of photon) is proportional

to frequency

+  So enufted frequency of radiation

corresponds to the difference in
energy levels of a particular atom

(1

(L
(1)
(1)

A

Q15.

Question
Number

Answer

Mark

D their wave nature

Incorrect Answers:

A not demonstrated by this observation
B not demonstrated by this observation
C not demonstrated by this observation

Q16.

Question
Number

Acceptable answers

Addirional guidance

Mark

+  Substitute el for ¥ mma in if= ¢+

Yo IV
* Rearranges to identify gradient = h'e

* Attempt to find gradient using large
triangle

o h=76x10*]s

(range: 7.5 x 107¥ Jst0 7.7 x 107347
5)

1

1)
1

1)

Example of calculation

hf= g+ % M
hf= g+ el
el’=hf—p

V= hffe — e
gradient = h/e

gradient = (240 V-1.00 V) = _
(6.975 =« 10 Hz —4.025 = 10" Hz)

oradient =4.72 x 100 V5

h=472x10#Vsx 1.6=x 107 C
h=758x%10%7s
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Q17.
o o Acceptable answers Additional guidance Mark
Number
a)i) . . . Example of calculation
@x ¢ Useofl=hpandv=F41 (0
e Momentum of photon = 3.3 Momentum of photon = p = Jific
* 107 (N s) (D) |=663x10%Tsx15%x10°Hz+3.00x 10°m
gl 2
=3315x 107" N's
= Acceptable answers Additional guidance Mark
Number
S Ecf momentum from (i) in parts (a)(i)
+ Momentum transfer = 6.6 x 10~ (N s) (1) oL NI TONULD ST G
and (c) 1
Shentine Acceptable answer Additional guid Mark
Number Acceptable answers : onal guidance ar
(b)) B . 5 Example of calculation
o Useofhf=o+ ¥ mv p M | nf=p+w P
= 3ty 15 < -
o Useof Eg =Y m? . }lfg;fJ 663107 Js=x15%x10"Hz=995 = 10
+ v=84x10°(ms™) a | -9=995x 1097 -67x10°7=325x100 | 3
19
J
325 x 1010 T=% %911 = 10 kg =7
v=84x10°ms’
S o Acceptable answers Additional guidance Mark
Number
(b)(ii) Example of calculation
» Useofp=mv D) | p=911x10"kgx84=x10°ms"!
Momentum of photoelectron = 7.68 x 10° N s
e NMomentum of (1) 2
Ii’g‘?i_.t?;l;?mn i MP2: Using show that value p=73 x 10° N s
L= o Acceptable answers Additional guidance Mark
Number
(c) An explanation that refers to the following
points:
. thg ch.jnge in momentum of the _graphene (1) Accept converse statement and
oxide 15 the S;ﬂ;le 3"'1 the clhange m answer that 1s consistent with
momentum of the photoelectron candidate’s values in (a) and (b)
@ 2
s 5o the (change m) momentum 1s much
larger for the photoelectron than for the
reflected photon
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Question
Number

Acceptable Answers

Additional guidance Mark

Max 6

Similarities

-

An electron absorbs a photon
Or electrons gain energy from a photon

photons need a minimum amount of
energy

So light must be above a certain
frequency

increasing the light intensity increases
the number of electrons (released per
sec)

Evidence for the particle model of light

Differences

-

In the photoelectric effect electrons are
released from the surface

But electrons remain within the LDR.

Photoelectric effect occurs in mefals
Or LDR is a semiconductor

1

1

1

1

1

1

1

(1)
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Question
Number

Acceptable answers

Addirtional guidance

Mark

This gquestion assesses a student’s ability to
show a ccherent and logically structured answer
with linkages and fully-sustamed reasoning.

Marks are awarded for indicative content and
for how the answer iz structered and shows lines
of reasoning.

The following table shows how the marks
should be awarded for indicative content.

Number | Number of Max Max
of marks linkage final
mndicative |  awarded mark mark
marking for available
points indicative
seen in marking
ANSWEL points
6 4 X 6
5 3 2 3
4 3 1 4
3 2 1 3
2 2 0 2
1 1 0 1
0 0 0 0

The following table shows how the marks
should be awarded for structure and lines
of reasoning

Number of marks
awarded for
structure and lines
of reasoning

Answer shows a 2
coherent and
logical structure
with linkage and
fully sustained
lines of reasoning
demonstrated
throughout

Answer is partially 1
structured with

some linkages and
lines of reasoning

Answer has no 0
linkage between
points and is
unstructured

Guidance on how the mark scheme should
be applied: The mark for indicative content
should be added to the mark for lines of
reasoning. For example, an answer with
five indicative marking points which is
partially stmetured with some linkages and
lines of reasoning scores 4 marks (3 marks
for indicative content and 1 mark for
partial structure and some linkages and
lines of reasoning). If there are no linkages
between points, the same five indicative
marking points would yield an overall
score of 3 marks (3 marks for indicative
content and no marks for linkages).

Indicative content
Observations

+ Photoelectrons emitted instantaneously
when radiation incident on surface

+  There is no photoemission below the
threshold frequency

» The maximum ke of the photoelectrons
15 independent of the mtensity of the
incident radiation

» The rate of photoemission is
proportional to the intensity of the
incident radiation

Models
+ One photon is absorbed by one electron
Or all of the energy of one photon is
transferred to one electron
»  With waves, energy can be supplied to
the electron continuously
Or with waves, energy can ‘build up’

There are 4 observations and 2 models.
Linkage is demonstrated by linking
observations and models.

Two linkage marks can only be
awarded if reference is made to both
models and more than one observation
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Q20.
2 Acceptable Answer Additional Guidance Mark
Number
+ work function = hfa (1) | Example of calculation
s use of hf = @ + V2 mMvmax (1) | work function = hfy
« division by 1.6 x 1071% (1) | = 6.63 x 107* ] s x 8.17
x 10%% Hz
« V=060V (1)
=542 x 107%9]
lf’?_ n?vzmax
= (6.63 x 103 1 s x 9.62
x 10 Hz) — 5.42
x 1072%]
=9.61 x 107%9]
V=961x107°1/1.6x
10° C
V=060V
(4)
Q21.
ti
Question Answer Mark
Number
1
The only correct answer is C because wave nature would predict
a greater emission rate with a greater incident power
A because instantaneous emission 1s only predicted by particle nature
B because dependence of maximum kinetic energy on frequency is only predicted
by particle nature
D because minimum frequency for emission is only predicted by particle nature
Q22.
gﬂﬁ:g: Acceptable Answer Additional Guidance Mark
The student’s answer should
* Include the idea that ‘threshold” (1) | For MP1, accept
refers to a (mimmum) frequency that wavelength has
to be below a
» state that photons have an 1 e .
energy given by if (1) | certain ‘threshold
» recognise that the energy used (1) | Max 3 if the 4
to release electrons 1s called the response 1s not a
work function discussion of the
* include the idea that one photon (1) SiEFlet s
is absorbed by one electron
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Q23.

Question | Acceptable

Number e Additional guidance Mark

D The only correct answer 15 I): a wave of greater intensity would still transfer 1
energy af a greater rate which could release photoelectrons at a greater rate
even if they could absorb energy continuously

A is not correct because time would be required for absorption of sufficient
Wwave energy

B is not correct because absorption of sufficient wave energy would occur over
time

C 15 not correct because at higher intensities the waves would have higher
amplimides and energy could increase over time to higher values

Q24.

Question

N , Acceptable Answer Additional Guidance Mark
umber

e Light consists of (particles called) (1)
photons

+ These particles:
are discrete packets of energy
Or are quanta of energy (1) 2
Or have momentum

Q25.
Question Answer Additional | Mark
Number Guidance
3
one photon interacts with one electron (1)
when the energy of the photon is equal to or greater (1)
than the work function (of the metal) an electron 1s
released
+ energy of photon = if so there is a
minimuny'threshold frequency (1)
Q26.
Question
Number Answer Mark
D visible line spectra 1

Incorrect Answers:
A —wave model
B — wave model
C —wave model
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Q27.
Question Acceptable Answers Additional Guidance Mark
Number
* atoms/electrons (1) | Answers in terms of emission spectrum can be
have awarded MP1. 4 and 5
fixed/discrete/spe
cific energy levels
* clectrons get 1
excited by @
absorbing photons -
* energy of photon )
absorbed =
difference in
energy levels
¢ only certain
transitions (1)
possible. so only
certam photon
energies absorbed
so only certain
frequencies
Missing
L E]f_' set Gf (1)
equencies
absorbed depends
on the element
Q28.
L Acceptable answers Atl[fhtlonal Mark
Number guidance
The only correct answer 1s A because, using Emnstemn’s 1
photoelectric equation. /if = @ + ¥ e, since the work function
1s constant, an increase in frequency results in an increase in the
maximum kinetic energy of the photoelectrons
B 1s not correct because, using Einstem’s photoelectric equation, iif
= @ + Y5 mv’ ., intensity has no effect on the maximum kanetic
energy of the photoelectrons. just the rate at which they are emutted
C 15 not correct because | using Finsten’s photoelectric equation, hf
= @ + Y2 2V e, and since the work function is equal to (the Planck
constant * threshold frequency), a higher threshold frequency wall
lead to a lower maxinum kinetic energy of the photoelectrons
D 1s not correct because, using Emstein’s photoelectric equation, if
= @ + Y2 i e, @ higher work function will lead to a lower
maxinum kinetic energy of the photoelectrons
Q29.
Question Answer Mark
Number
D 1

Incorrect Answers:

A — absorption of the longest wavelength
B — emission with the longest wavelength
C — absorption of the shortest wavelength
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Q30.
Question Acceptable answers Additional guidance Mark
Number
= . _ : The following table shows how the marks should
Tlus question assesses a student’s be awarded for structure and lines of reasoning
abality to show a coherent and
e St
re1s;:)ijng : iR
: = structure of answer
Marks are awarded for mdicative and sustained lme
content and for how the answer 15 of reasoning
structured and shows lines of Answer shows a. 2
Teasoning. coherent and logical
structure with
The following table shows how the lmkagf‘s ?ﬂ}d fully
marks should be awarded for sustained lines of
indicative content. reasoning demonstrated
throughout
Number of Number of marks Answer 1s partially 1
indicative marking awarded for structured with some
points seen in indicative marking linkages and lines of
AnsWer points reasoning
6 4 Answer has no linkages 0
between points and 15
5-4 3 unstructured
3-2 2
1 1
0 0
Indicative content
* This 15 a diffraction/interference
pattern
I b i PP2 Do not credit “electrons behave as waves or
» Electrons behave as waves particles’ on its own
) PP3 accept circles get condensed for circles get
» As speed/'momentum increases the smaller
circles get smaller
: o PP4 do not credit use of equation to justify 4
’:11'1 - dmnﬁdl:ed Iy ok ly same size as gaps in crystal or to measure the
ecreases A decreases gaps in the graphite 6

* Refers de Broglie equation (1 = i/p) to
confirm that as speed/momentum
increases, wavelength decreases.

+ Crystal has a regular/layered structure

PP6 small gaps at uniform distances/lengths Or
accept that graphite 1s made up of more than a
single erystal
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Q31.
%‘;ﬁ%ﬂ: Acceptable answers Addirional guidance Mark
(i) * The electrons/atoms can only
exist mn discrete/specific energy a
levels (in the sodium atoms)
* Electrons/atoms become
excited
Or Electrons/atoms move to
higher energy levels (0
¢ The electrons/atoms then move
to lower energy levels, giving (1)
out energy in the form of
photons
¢ The energy of the photon 15 accept £ = he [\
equal to the energy difference
between the energy levels (1)
MP6 — Allow reference to few or
. limited number for ‘certain’. Allow
= K=l —=cfsa reference to discrete differences in .
wavelength depends on the energy levels.
photon energy (1)
¢ There are only certain energy
transitions possible (between
discrete levels) so only certam (1)
frequencies/wavelengths are
visible.
. ] Example of calculation
(i) | ¢ Useofni=dsind (1) |3x589x107 m=d sin 90°
B -5
e d=177x10"m @ |4=L77x107m
¢ Choose d=2.0 * 107% m as a smaller
value than 4 = 1.77 * 10~ m would 3
cause greater diffraction angles so the
third order would not be seen, but 3.3
* 107% m would produce smaller 1)
angles than 2.0 » 107 m, causing
larger relative uncertainty in
measurement (1)
Or
o Useofnli=dsind
o A correct value of sin f or &
d=10x10%m > 1.77
d=17%10"m > 1.04
d=20x10%m > 088 62°
d=33x10%m > 0.535 32.° @
e Choosed=20x10"m 1.7%10%m
would give a sine value greater than 1,
so no 3@ order is visible, and 3.3 =
107% m would produce smaller angles (1)

than 2.0 * 107° m. causing larger
relative uncertainty in measurement
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Q32.
Onextin Acceptable Answer Additional Guidance Mark
Number
i 1 3 Example of calculation:
@ s Use of—m(c‘2>=—ﬁ.’r 1
2 2
e 0 L _3ur
+  mean kineticenergy = 641077 @ 5”“:" )‘5
=%xl.33:-1D_EsJK_' % 3100K =6.42:107°F n
Queshmf Acceptable Answer Additional Guidance Mark
Number
(ii) ¢  There are electron transitions (1)
between energy levels in the atoms.
» When electrons retum to a lower (1)
level they enut energy in the form of
photons 2
Q33.
: Additional
1%:22:: Acceptable answers A e Mark
* This question assesses a student’s ability to show a coherent and logically 6

structured answer with linkages and fully-sustained reasoning. Total marks
awarded 1s the sum of marks for mdicative content and the marks for structure
and lines of reasoning

IC pomts | IC mark | Max structure marl] Max final mark
6 4 2 6
5 3 2 5
4 3 1 4
3 2 1 3
2 2 ] 2
1 1 0 1
0 0 ] 0

Marks are awarded for indicative content and for
how the answer 1s structured and shows lines of
reasoning.

The following table shows how the marks should be
awarded for mdicative content.

Mumber of
s
Number of | Number of setsreny]
indicative marks awarded smswer and
. - . . s b i
marking for indicative line of
points seen in | marking points L LS
ANs Wer
6 4
5__1 3 thrcsghaut
_J' 5 ~ Answer 18 partially strsctined 1
i =t with some limkages and lines of
| 1 remsoning
0 0 [

IC5 and IC6 can be awarded 1f suitable equations with

terms explained are used
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Indicative content

IC1  Electrons i neon atoms/molecules absorb energy due to electron
collisions
Or neon atoms/molecules absorb energy due to electron collisions

IC2  Electrons m neon atoms/molecules move to higher energy levels/states
Or Electrons in neon atoms/molecules are excited
Or Neon atoms/molecules are excited

IC3 A photon 1s released when an electron drops down energy levels
Or A photon 1s released when an atoms/electron de-excites

IC4  Electrons/atoms/molecules have discrete energy levels/states

IC5  Frequency/wavelength (of emitted photon) 15 determined by difference m
energy levels/states
Or E:—E; = hf where 1s f1s frequency

IC6  Limited number of possible energy levels/states, and so only
certam/particular/specific frequencies/ wavelengths are ematted
Or Oanly certain energy changes possible, and so only

certamn/particular/specific frequencies/ wavelengths are emmtted

Q34.

Question

N ) Acceptable Answer Additional Guidance Mark
Number

For MP1 and MP2 allow

* Electrons knock electrons out of
low energy levels

e Electrons cascade down to fill up
the levels

* Electrons are excited @
to higher energy
states / levels (by
incident electrons)

* An electron returns
to the lower energy
state / level resulting
in the emission of a

photon 4
e The energy of the
photon is equal to
the difference of the
energy states / levels

(1)

(1)

» Large difference in )
energy states / levels
so as E = hf,
radiation is high
frequency
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Q35.

Question
Number

@

Acceptable answers Additional guidance Mark

s (Moving) electrons collide with (1)
lattice/ions

e Transfer of energy to (lattice) ions so (1) 5
they vibrate with larger amplitnde/speed
(and the temperature increases)

(ii) . .
* FElectrons/ions in the tube collide with Mention of work function scores 0

mercury/phosphor atoms and excite D
electrons (in the mercury/phosphor

atoms) MP2 Allow de-excite for move back

down
@ ,

e Energy is released in the form of
photons as the electrons move back
down (to the ground state)

Q36.

Question | Answer Mark
Number

6.63 = 10+

Q11 = 10 sy

Incorrect Answers:

A Incorrect value for &

B Incorrect arrangement and incorrect value for A
D Incorrect arrangement

Q37.

Question Answer Mark
Number

B ground state to level 2 1

Incorrect Answers:

A —incorrect change in energy

C — incorrect change in energy and direction
D — incorrect direction
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Question
Number

Acceptable Answer

Additional Guidance

Mark

+« the atoms have
discrete energy levels

(1)

« atoms gain energy and
get excited / electrons
move to higher energy
levels

(1)

s« atoms/electrons move
to lower energy levels
and emit energy as
photons

(1)

s different energy
changes cause
photons with different
frequencies/wavelengt
hs

(1)

(4)

Q39.

Question
Number

Acceptable answers

Additional
guidance

Mark

*

This question assesses a
student’s ability to show a
coherent and logically structured
answer with linkages and fully-
sustained reasoning.

Marks are awarded for indicative
content and for how the answer is
structured and shows lines of
reasoning.

The following table shows how
the marks should be awarded for
indicative

content.

Guidance on how
the mark scheme
should be
applied: The
mark for
indicative content
should be added
to the mark for
lines of
reasoning. For
example, an
answer with five
indicative
marking points
which is partially
structured with
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Number of Number of some linkages
indicative marks awarded and lines of
marking points for indicative reasoning scores
seen in answer | marking points 4 marks (3 marks
6 a for indicative
content and 1
5_4 3 mark for partial
structure and
3-2 2 some linkages
and lines of
1 1 reasoning). If
0 0 there are no
linkages hetween

points, the same
five indicative
marking points
would yield an
overall score of 3
marks (3 marks
for indicative
content and no

The following table shows how
the marks should he awarded for
structure and lines of reasoning.

Number of marks for
marks awarded linkages).
for structure of

answer and

sustained line
of reasoning

Answer shows a
coherent and
logical structure
with linkages and
fully sustained
lines of reasoning
demonstrated
throughout

]

Answer is
partially
structured with
some linkages
and lines of
reasoning

Answer has no

linkages between
points and is (6)
unstructured

Indicative content

+ electrons/atoms move to higher
energy levels
Or electrons/atoms are excited

« they then move to lower energy
levels (accept ground state) and the
energy (from the change) is given
out in the form of a photon
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the energy levels are discrete
Or only certain energy levels are
possible
the energy of the photon is equal to
the difference in energy levels
Orhf=E2—-—E10r hc/A =E - E
there are only a limited number of
energy differences and only a
corresponding set of
frequencies/wavelengths
different elements have different
energy level (differences), so they
will produce different
frequencies/wavelengths

PhysicsAndMaths Tutor.com

looking for energy
differences
/changes not
energy levels

Q40.
Q,““ﬁ‘m Answer Mark
Number
D shortest arrow pointing to ground state 1
Incorrect Answers:
A — shortest wavelenoth absorbed
B - longest wavelength absorbed
C — shortest wavelength emitted
Q41.
Question i .- .
Acceptable Answers Additional Guidance Mark
Number
. . ; Example of calculation:
* use of difference in energy levels in eV and P
use of 7 = QF for conversion to Joule (1) difference in energy levels
—1 =-055eV-(-085eV)=03eV
fE= 1
% m=otE k.0 =03Vx16x%107° C=48x10%
s frequency =72 % 104 Hz (1) J 3
=48 =100 J+663%10%]s
=72= 105 Hz
Q42.
i Acceptable answers Additional guidance Mark
Number
¢ Useof E=hfandc=4i Example of calculation
¢ ConvertJtoeV E=663%x10%Js%x300%10°ms™/
o 21eV 589x107m
* Amow drawn on diagram from =338 x 10797
4

—3.04eVio-514eV

338 % 107°1/1.60% 107 C=211eV
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Q43.
Question Answer Additional | Mark
Number Guidance
3
electron falls back down energy levels emifting a photon (1)
wavelength (of photon) 1s mversely proportional to the
energy change (1)
refers to energy transition #=3 to n=2 or #n=2 to n=1 (1)
Q44.
Question | Answer Mark
Number
C 1
Q45.
Question Answer Mark
Number
A — amount of energy of a photon needed to release an electron 1

Incorrect Answers:

B- an electron does not release a photon

C — reference to frequency incorrect

D - reference to frequency incorrect and electron does not release a photon
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Q46.
Question .. . ;
Number Acceptable answers Additional guidance Mark
Use of Ex =p* /2m (1) | MP1 accept use of p = mv and Use
of Ex = V2 nn?
Use of A = h/p (1) | MP4 accept(n+%)lornd
respectively
A =50 = 10" (m) calculated M | N
from Ej xample of calculation
Or P=N(2x9.11x 107 kg % 9.6 x
Ex =97 % 1077 (J) calculated fro: 107D N ,
A=50=10"m p=132=10"kgms™
Or i =61.63 x 10T/ 132 %105 kg
p=13x105 (kg ms™) o s
calculated from Ex and A=50x10"m
p=13=x105 (kg ms™)
calculated from 4 =5.0 x 107! m 6
path difference at X 15 A/2 )
Or path difference at Y 15 4
(electron) waves at X are 1n )
antiphase
Or (electron) waves at Y are
phase
at X destructive )
interference/superposition takes
place
Or at Y constructive
interference/superposition takes
place
Q47.
gﬁi::: Acceptable Answer Additional Guidance Mark
¢ Photoelectric equation stated in
words (1) | MP1: Accept /1t for ¢ [with fo
Or hf =¢ defined], and Ey . for émv,f,a,,
+% muwith ¢
defined
MP2: el does not
have to be the subject
ol e i e (1) | of the equation
Or Ey max = hf — ¢and Ey
=g L’._
¢ Compare with y = mx + ¢ (1
5
* So plot a graph of 7 agamst f 1
Or plot a graph of eV, against f MPS is dependent
J1s enden
upon MP4
e Gradient = E (1) .
Or pradient = h




Particle Nature of Light and The Wave-Particle Duality PhysicsAndMaths Tutor.com

Q48.
Lzl ] Acceptable answers Aclc_iltlonal Mark
Number guidance
a
(a) the lowest frequency (of incident
radiation) that will cause the emission
of (photo)electrons (from the surface)
(1)
OIS Acceptable answers Additional guidance Mark
Number
(bh) o use of Y2 m Vimax® (1) | Example of calculation:
FE=663x103]1sx 8.9
s use of @ = hf - (1) | x 10 Hz = 5.9 x 1019 ]
max ke
Yo m Vimax® = ¥ x 9,11 %
e divides energy in (1) |103' kg x (6.7 x 10° m s~
joule by 1.6 x 132 = 2.045 x 1071? ]
10 C @ =59 x 10171 - 2.045
x 1017 ] = 3.8 x 1071?]
e = 24eV (1)
=1.8%x101%]+ 1.6 x 10°
19 C
=2.4eV (4)
Q49.
%‘;:2:2: Acceptable Answer Additional Guidance Mark
* The deflection/fields experiments In MP1 allow a description of
mndicate that electrons have a mass (and a deflection e g. electrons are
charge) deflected by (electric and
Or the deflection/fields experiments (1) | magnetic) fields indicating that
indicate that electrons have particle they have a mass (and charge) 3
behaviour.
¢  The diffraction experiments indicate that (1)
EICCH'OI]S must have a wave nature
o Tdea that a model of electron behaviour (1)
must include wave-particle duality
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Q50.
Question Answer Additional Guidance Mark
Number
h . 3
s Useofd= = Example of calculation
- 1n-10 -24 1
Either h - 1.4 % _10_34 m x 4._8_>< 10_ _glig ms
. h=6.7>(10_3"‘(J5) h=6.7x10 Js® p.63 x10 Is
* compares answer
to 6.63 x 10734 (J5)
Or
o A1=138x10""(m)
* compares answer fo
1.40x 1079 (m)
Q51.
Question K o . -
Number Acceptable answers Addirional guidance Mark
i . Example of calculation
* Use of gradient (1) | gradient=300x 107"~
B 34 (10.15 = 10** Hz — 5.70 = 10'* Hz)
o hfromgraph=674x 107" Js @ |h=674x10%7s
* Suitable percentage calculation .
allowing comparison with 1% percentage difference ..
and conclusion =(6.74 % 1?_34 Js-6.63%107"Ts)
(1) | /663 % 107 s % 100%
=1.66% which is greater than 1% so it is not
within 1%
01' T 2
6.63 x 107 T5 x 101% =6.70 ><‘10"1J 5
which is smaller than 6.74 = 107* T s so it is
not within 1% 3
Q52.
Question Acceptable Answers Additional guidance Mark
Number
e TUse of p = mv using mass of (1) | Example of Calculation
electron . 6.63 x 107¥]s
e Useofl =% M "7 911 %10 kg x 2.2 x 10 ms 3

« 1=33%10%m

A=33x1074m
(D




Particle Nature of Light and The Wave-Particle Duality PhysicsAndMaths Tutor.com

Q53.
Question Acceptable Answers Additional Guidance Mark
Number
¢ Electrons exist in discrete (1)
energy levels Accept excited state for higher energy
s (After the mercury atomis (1) level
) Accept ground state for lower energy
excited) electrons move S
back to a lower energy
level
Or (After the mercury
atom 1s excited) electrons
move back down from a
gher energy level <
* Photons are emitted (1) :
* Frequency of emutted (0
radiation / photons
depends on the difference
1 energy between the
energy levels
Or reference to AE = hf
¢  Since there are only (1)
certain energy changes
possible, only certamn
frequencies are possible
Qs54.
R SECERL A e SR Additiomal guidance Mark
Number
0] o Useafl—= g (1) | Example of calculation
s recogmse A = 2 ¥ diameter of 24
- I I T
e 17x107* kgms?! m 5!
(ii) + A discrete number of half
wavelengths fit into the diameter of (1)
an atom
* Referenceto £ = % to link 1 2
wavelength to discrete energy
levels
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Q55.
Question Answer Mark
Number
A  Using ni=dsin 8 1
Number of slits per mm in the Wavelength of the light source
diffraction grating
Increased Increased
Incorrect Answers:
B — wavelength decreasing would cause d to decrease
C — number of slits'mm decreasing would cause d to decrease
D —both decreasing causes d to decrease
Q56.
Question
.. . Mark
Number Acceptable answers Additional guidance
¢ Line of best fit drawn (1) | Example of calculation 4
* Gradient determined (1) | Gradient = 4.14x U:_j_-J ; .
. . . 1 | =414 1075 eVsxl6x 107 TeV!
* Applies eV to J conversion factor (1) N 4
i - 1 h=662=107Ts
e 1=6.62x10Ts(64x10#Tst068 (1)
% 10734 T 5)
MP4 dependent on calculation from graph
Q57.
Question
Acceptable answer Additional guid e
Number cceptable answers Additional guidance
* x-intercept determined (1) MP2: allow use of standard 3
o Useof ¢=hfo (D value for /1 or
o $=23 eV, sometal is (probably) value of i determined in (a)
caestum (allow ecf for k from (a)) 4y

Reads a pair of co-ordmates from graph

Useof p=hf— E
¢=23 eV, so metal 1s (probably)
caestum (allow ecf for » from (a))

Example of calculation
fo =55 % 10** Hz

#=6.62x10" ] s x55x10" Hz
=3.64x107°]
3.64 % 10719
T 16X 107 eyl

= 2.28 eV
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