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AREA OF STUDY 2
HOW ARE LIGHT AND MATTER SIMILAR?

11 The particle-like nature
of light

11.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in
your digital formats, learnON and eBookPLUS at www.jacplus.com.au.

11.1.1 Introduction
How can it be that the wave model of light works extremely well in some circumstances but not in others?
This was the problem facing scientists at the start of the twentieth century, leading to a revolutionary new
area of physics named quantum mechanics.

The answer, of course, was to propose a new model to explain the behaviour of light. Albert Einstein
challenged everyone’s understanding of the nature of light when he presented his quantum theory of light,
controversially contradicting Charles Maxwell’s well-regarded wave theory by suggesting that light exists
as particles.

Today it is accepted that neither the wave model nor the particle model adequately describes the
properties of light on its own, so we delicately juggle the two models. Famous physicist Sir William Bragg
describes this wave–particle duality as ‘On Mondays, Wednesdays and Fridays light behaves like waves, on
Tuesdays, Thursdays and Saturdays like particles, and like nothing at all on Sundays’.

FIGURE 11.1 The work of Albert Einstein
is central to our present-day understanding of
the photoelectric effect.
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11.1.2 What you will learn

KEY KNOWLEDGE
After completing this topic, you will be able to:
• analyse the photoelectric effect with reference to
• evidence for the particle-like nature of light
• experimental data in the form of graphs of photocurrent versus electrode potential, and of kinetic
energy of electrons versus frequency

• kinetic energy of emitted photoelectrons: Ekmax
= −𝜙, using energy units of joule and

electron volt
• effects of intensity of incident irradiation on the emission of photoelectrons.

• describe the limitation of the wave model of light in explaining experimental results related to the
photoelectric effect.

Source: VCE Physics Study Design (2016) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Digital documents Key science skills — VCE Physics Units 1–4 (doc-#####)

Key terms glossary (doc-#####)

Practical investigation logbook (doc-#####)

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and past
VCAA exam question booklet (doc-XXXX).

11.2 Physics before the observation of the
photoelectric effect

BACKGROUND KNOWLEDGE

• The energy, E, of a quantum of light is calculated using E = hf = hc
𝜆

• The momentum contained in an electromagnetic wave is calculated using p =
E

c

• The kinetic energy of an electron, Ek, is calculated using Ek = Vq =
1

2
mv2

11.2.1 Planck’s equation
By the latter half of the nineteenth century, the ability of Newtonian mechanics to predict and explain much
of the material world was unquestioned. At the same time, discoveries in chemistry showed that the world
consisted of many elements, each made up of identical atoms, and compounds made up of combinations
of atoms in fixed proportion. Most scientists believed that all matter was made up of particles and that the
universe was governed by deterministic mechanical laws — that is, they thought the universe was like a big
Pdf_Folio:2
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machine. Newtonian mechanics allowed them to explain the workings of the universe in terms of energy
transformations, momentum transfer, and the conservation of energy and momentum due to the action of
well-understood forces.

The modelling of light was also progressing well, with many experiments indicating light was a wave of
some type. James Clerk Maxwell developed a set of equations that were able to explain the observations of
light existing at the time, based on the premise that light was an electromagnetic wave, making an assertion
as to the nature of light itself. Light came to be modelled as a transverse wave consisting of perpendicular
electric and magnetic fields.

FIGURE 11.2 An
electromagnetic wave. The
electric and magnetic fields
are uniform in each plane, but
vary along the direction of the
motion of the wave.

v = c

E

E

B

B

Thomas Young had shown that the behaviour of light passing through
narrow slits could be explained using the concept of waves. He had even
measured the wavelengths of light in the visible spectrum, but he did
not know the sort of wave that light might be. James Clerk Maxwell
provided the answer in 1864. Maxwell began with the ideas of electric
and magnetic interactions that you will have explored in electric power.
From these ideas, he developed a theory predicting that an oscillating
electric charge would produce an oscillating electric field, together with
a magnetic field oscillating at right angles to the electric field. These
inseparable fields would travel together through a vacuum. Maxwell
predicted their speed, using known electric and magnetic properties of
a vacuum, to be 3 × 108 m s−1. This is the speed of light! Maxwell had
produced a theory that explained how light was produced and travelled
through space as electromagnetic waves. This applied not only to visible
light but also to other radiation that we cannot see, such as infra-red and
ultraviolet radiation.

Maxwell’s theoretical wave model for light was able to show that the
energy associated with electromagnetic waves was related to the size or amplitude of the wave. The more
intense the wave, the greater the amplitude and hence the energy it contained. He was also able to show
that an electromagnetic wave had momentum and was thus capable, in principle, of exerting forces on other
objects. According to Maxwell’s model, the amount of momentum contained in an electromagnetic wave,
p, is related to the energy contained in the wave, E, by the following simple equation:

p = E
c
or E = pc

where E is the energy of an electromagnetic wave
p is the momentum of an electromagnetic wave
c = 3 × 108 ms−1 = the speed of light.

At the same time, Max Planck was trying to understand how hot objects emit electromagnetic waves.
That is, he was studying light emitted by incandescent objects such as the Sun, light bulbs or a wood
fire. He could make his mathematical models fit the available data only if he conceded that the energy
associated with the electromagnetic radiation emitted was directly proportional to the frequency of
radiation and, importantly, that the energy came in bundles that he called quanta:

E = hf

where E is the energy of a quantum of light
f is the frequency of the electromagnetic radiation
h = 6.63 × 10−34 J s is a constant known as ‘Planck’s
constant’.
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What all this meant was not clear — Maxwell’s wave model for light worked extremely well and yet
understanding incandescent objects required a model that concentrated energy into localised packets called
quanta that were more like particles.

A pair of problems existed. One question was how matter could convert some of its kinetic and potential
energy into light. Max Planck and other scientists were working on this problem as part of their efforts to
understand black body radiation (that is, radiation emitted by incandescent objects). The other question was
how light could transfer its energy to matter. This process became known as the photoelectric effect.

Planck’s conclusion about a particle nature for light did not fit comfortably with the successful wave
model of light proposed by Maxwell. It would remain for Albert Einstein over a decade later to interpret
this apparent quandary with other experimental data. In reward for his success, he won the Nobel Prize in
Physics in 1921. Einstein’s interpretation asserted that light is best thought of as a stream of particles, now
called photons, with each photon carrying energy Ephoton = hf and capable of transferring this energy to
other particles such as electrons.

SAMPLE PROBLEM 1

a. Blue light has a frequency of 6.7 × 1014 Hz.
i. Calculate the energy associated with a bundle of blue light.
ii. Find the momentum associated with a quantum of blue light.

b. Find the momentum of a quantum of red light of wavelength 650 nm.
Teacher-led video: SP1 (eles-XXXX)

THINK WRITE

a. i. The energy of the blue light E is given by E = hf. a. i. E = hf

= 6.63 × 10−34 × 6.7 × 1014

= 4.4 × 10−19 J

ii. The momentum p is given by p = E

c
. ii. p = E

c

= 4.4 × 10−19

3 × 108

= 1.5 × 10−27 N s

b. 1. From the wavelength we can find the frequency. b. f = c

𝜆
⇒ E = hf ⇒ E = hc

𝜆

2. From the energy we can find the momentum. p = E

c
⇒ p = hc

𝜆c
⇒ p = h

𝜆

3. Substitute the values for h and 𝜆. p = h

𝜆

= 6.63 × 10−34

6.5 × 10−7

= 1.00 × 10−27 N s

PRACTICE PROBLEM 1
A quantum of light has a momentum of 9.8 × 10−28 N s. Calculate the frequency of the light.
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SAMPLE PROBLEM 2

a. What is the energy of each photon emitted by a source of green light having a wavelength of
515 nm?

b. How many photons per second are emitted by a light source emitting a power of 0.3 W as
515 nm light? (This power is similar to the power emitted by a 40 W fluorescent tube in the
wavelength range 515 ± 0.5 nm.)

Teacher-led video: SP2 (eles-XXXX)

THINK WRITE

a. The photon energy can be calculated

using Ephoton =
hc

𝜆

a. Ephoton =
hc

𝜆

= 6.63 × 10−34 J s × 2.9979 × 108 ms−1

515 × 10−9 m
= 3.86 × 10−19 J

b. 1. Determine an expression for the power
emitted by the globe.

b. power = energy emitted

time interval

= E

Δt

=
NEphoton

Δt
where
N is the number of photons emitted in the time
interval Δt.

2. Rearrange the power equation to make
N the subject.

N = power × Δt
Ephoton

3. Calculate the number of photons
emitted per second by substituting
Δt = 1 s, power = 0.3W, and
Ephoton = 3.86 × 10−19 J

N = 0.3W × 1 s

3.86 × 10−19 J
= 8 × 1017 s−1

Since each photon carries a tiny amount of
energy, huge numbers of photons are emitted
from quite ordinary light sources in each second.

PRACTICE PROBLEM 2
A radio station has a 1000 W transmitter and transmits electromagnetic radiation with a frequency
104.6 MHz. Calculate the number of photons emitted per second by the transmitter.

11.2.2 Measuring the energy of light, electrons and photoelectrons
In order to appreciate the results of the photoelectric effect, it is necessary to be able to calculate both the
energy associated with light and the energy associated with a moving particle such as an electron.

Measuring the energy of light
The energy associated with light, E, provided it is treated as a localised object as necessitated by Planck,
can be equated to the product of the frequency and Planck’s constant: E = hf. The speed of light is related
to the frequency and wavelength: c = f𝜆, in accordance with a wave model for light. For completeness,Pdf_Folio:5
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since E = pc, the momentum associated with light, p, can be related to the wavelength 𝜆 by the equation

p = h

𝜆
. It needs to be mentioned at this stage that both a wave model for light and a particle model for

light have been used simultaneously. This usage of two models simultaneously came to be known as the
wave–particle duality, and for many years it remained an unresolved component in physics. With the
development of quantum mechanics in the 1920s, a consistent mathematical model incorporating both
aspects emerged.

Measuring the energy of electrons
Potential differences can be used to accelerate and decelerate charged particles. Let us now review how the
kinetic energy of a charged particle can be related to the electrical potential difference through which it can
be made to move. Understanding this relationship will make understanding the photoelectric effect easier. It
will also be useful to know how the kinetic energy of matter is related to its momentum, just as in the case
for light.

FIGURE 11.3 An electric field set
up between two parallel plates
connected to a battery

A

B

+

−

d

The simplest way to accelerate electrons is with two parallel
metal plates in an evacuated chamber (see figure 11.3). The
two plates are connected to a DC power supply (similar to a
capacitor connected to a battery). An electron will experience an
electric force anywhere in the region between the plates: it will
be attracted by the positively charged plate and repelled by the
negatively charged plate.

The size of this force will be the same throughout this region.
This constant electric force on a charge placed between the plates
can be compared to the constant gravitational force on a mass
located above the ground. In gravitation, where the force acts on the mass of an object:

gravitational force = gravitational field strength ×mass
W = mg

With an electric force, the force acts on the electric charge of an object:

electric force = electric field strength × electric charge

The electric field, E, can be expressed as electric force, F, divided by electric charge, q:

E = F
q

This equation is also applied to the magnitude of the electric field — that is, E = F

q
. The unit of electric

field is newtons per coulomb (N C−1), in the same way that the gravitational field can be measured in
newtons per kilogram (N kg−1). However, the magnitude of the electric field can also be shown as follows:

electric field = voltage across the plates

plate separation

E = V

d

These two relationships for the electric field

(
E = F

q
and E = V

d

)
give it two equivalent units:

newtons per coulomb (N C−1) and volts per metre (V m−1). These two relationships can also be linked by
considering energy. The gain in energy of the electron can be obtained by calculating the work done on the
Pdf_Folio:6
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charge to move it from one plate to the other. It can also be obtained by recalling that the voltage across a
battery equals the energy gained by one coulomb of charge. So:

work done due to potential differenceV = force × distance = voltage × electric charge
work done = F × d = V × q

The work done by the potential difference, V, on a free electron is equal to the change in the kinetic

energy of the electron, ΔEk. Since kinetic energy is given by the expression
1

2
mv2, and by further making

the assumption that the initial kinetic energy of an electron emitted by a filament is zero, we then get a
useful non-relativistic equation:

Ek = Vq = 1
2
mv2

where Ek is the energy of an electron
V is the voltage acting on the electron
q = 1.6 × 10−19 C is the charge on one electron
m = 9.1 × 10−31 kg is the mass of an electron
v is the velocity of the electron

We interpret this equation in the following way. For a given voltage, V, acting on an electron, we are able
to calculate both the speed of the electron and hence its momentum (p = mv), as well as its energy, Ek.

FIGURE 11.4 The electrons
on the hot filament are
attracted across to the
positive plate and pass
through the hole that is in line
with the beam.

Thus, an arrangement of negative and positive charged plates can be
used to accelerate a charged particle in a straight line. This arrangement
came to be known as an electron gun. By reversing the polarity of the
charge on the plates, electrons with kinetic energy can be decelerated.
The voltage required to achieve this stopping of electrons with energy is
known as a stopping voltage and plays a central role in understanding the
photoelectric effect.

Measuring the energy of photoelectrons
In the photoelectric effect, energy is transferred from light to electrons.
Philipp Lenard, a German physicist, was able to measure the maximum
kinetic energy of these electrons by applying a stopping voltage to
stop them. Recall that the work done on a charge, q, passing through a
potential difference, V, is equal to qV. That is, an electron passing through a potential difference of 3.0 V
would have 1.6 × 10−19 C × 3.0 J C−1 = 4.8 × 10−19 J or 3.0 eV of work done on it. If the voltage is
arranged so that the emitted electrons leave the positive terminal and are collected at a negative terminal,
then electrons lose 4.8 × 10−19 J of energy.

A joule and an electron volt

1 volt

qe energy change = 1 eV

1 C energy change = 1 CV

                         = 1 J

Remember that a joule is the electric potential energy change that occurs
when one coulomb of charge moves through a potential difference of one volt.

An electron volt is defined as the electric potential energy change that
occurs when one electronic charge, qe = 1.6021 × 10−19 C, moves through
one volt.

1 eV = 1qe × 1V
Pdf_Folio:7
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Where qe is the magnitude of charge of an electron:

⇒ 1 eV = 1.6021 × 10−19

⇒ 1 eV = 1.6021 × 10−19

SAMPLE PROBLEM 3

An electron gun uses a 500 V potential difference to accelerate electrons evaporated from a
tungsten filament. Model the evaporated electrons as having zero kinetic energy.
a. How much work is done on an electron moved across a potential difference of 500 V?
b. What type of energy is this work transformed into?
c. Calculate the kinetic energy of the electrons in electron volts and joules.
d. Using the equation for the kinetic energy, Ek, of a particle with mass m, determine the speed, v,

of these electrons.
e. Calculate the momentum of these electrons.

Teacher-led video: SP3 (eles-XXXX)

THINK WRITE

a. Use W = Vq to calculate the work done. a. W = Vq

= 500 × 1.6 × 10−19

= 8.0 × 10−17 J
(or 500 eV)

b. Potential energy available is transformed into the
kinetic energy of the electron: W = Vq = ΔEk.

b. kinetic energy

c. Assuming the initial kinetic energy of the electrons
evaporated from a tungsten filament is 0, the kinetic
energy of the electrons is equal to the work done:
Ek = W.

c. Ek = W

= 8.0 × 10−17 J
(or 500 eV)

d. 1. Ek =
1

2
mv2, provided the electron speed is

sufficiently small to ignore relativistic effects.

d. Ek =
1

2
mv2 = 8.0 × 10−17 J

2. Take the mass of an electron to be
m = 9.1 × 10−31 kg and solve equation for v.

v =√
2Ek
m

=
√

2 × 8.0 × 10−17

9.1 × 10−31

= 1.33 × 107 m s−1

This is substantially slower than the
speed of light; therefore, we can
ignore relativistic effects.

e. Calculate the momentum using p = mv. e. p = mv

= 9.1 × 10−31 × 1.33 × 107

= 1.2 × 10−23 N s

Pdf_Folio:8
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PRACTICE PROBLEM 3
An electron in a beam of electrons generated by an electron gun has energy 1.26 × 10−17 J.
a. Calculate the energy of this electron in electron volts.
b. State the potential difference required to stop electrons with this energy, that is to remove

their kinetic energy and bring them to rest.
c. Determine the speed of the electron, assuming that its kinetic energy is given by the equation
Ek = 1

2mv
2.

d. Use your answer to (c) to calculate the momentum of this electron.

PRACTICE PROBLEM 4
Electrons are emitted from the surface of a photocell with 4.8 × 10−19 J of kinetic energy after being
struck by light. What is the size of the stopping voltage that will remove all this kinetic energy from
the electrons?

We now have some calculating tools for working with light, although it is modelled at this stage rather

ambiguously as something like a particle, a localised packet with energy E = hf and momentum p = E

c
,

Pdf_Folio:9

TOPIC 11 The particle-like nature of light 9

SAMPLE PROBLEM 4

a. Electrons are emitted from a surface with a kinetic energy of 2.6 × 10−19 J after being struck by
light. What is the size of the stopping voltage that will remove all this kinetic energy from the
electrons?

b. What kinetic energy electrons will a 4.2 V stopping voltage stop?
Teacher-led video: SP4 (eles-XXXX)

THINK WRITE

a. 1. Use Ek = qV0 to calculate the
stopping voltage.
The kinetic energy of each
electron is 2.6 × 10−19 J. The
charge on an electron is
1.6 × 10−19 C.

a. Ek = qV0

2.6 × 10−19 J = 1.6 × 10−19 C × V0

V0 =
2.6 × 10−19 J

1.6 × 10−19 C
= 1.62V
= 1.6V (accurate to 2 significant figures)

2. Answer the question.
A stopping voltage of 1.6 V will stop the electrons
emitted from the surface.

b. 1. Use Ek = qV0 to calculate the
kinetic energy.
The stopping voltage is 4.2 V. The
charge of an electron is
1.6 × 10−19 C.

b. Ek = qV0

= 1.6 × 10−19 C × 4.2V
= 6.72 × 10−19 J

= 6.7 × 10−19 J (accurate to 2 significant figures)

2. Answer the question.
A stopping voltage of 4.2 V will stop electrons with
energy 6.7 × 10−19 J.
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but propagating like a wave with speed c = f𝜆, which further implies a momentum p = h

𝜆
for a localised

packet. This localised packet, as we will see, is now known as a photon — a particle of light.
We also have some calculating tools for working with electrons, modelling them as particles. These

particles have kinetic energy Ek = mv2 and momentum p= mv. We can also write the kinetic energy

in terms of the momentum:

Ek =
p2

2m

This equation, in particular, will prove to be useful later. With the correct experimental apparatus, we can
either give or take energy from charged particles by allowing a potential difference V to do work W on a
charge q according to the equation W = Vq. Electrons can thus be accelerated or decelerated by a potential
difference depending solely on the polarity of the potential difference attached to the equipment. This
equipment is generically referred to as an electron gun. We are now ready to learn about the photoelectric
effect and to interpret data arising from experiments.

11.2 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. The light from a red light-emitting diode (LED) has a frequency of 4.59 × 1014 Hz.
(a) What is the wavelength of this light?
(b) What is the period of this light?

2. We can detect light when our eye receives as little as 2 × 10−17 J. How many photons of green light is this?
3. Fill in the gaps in the table shown with the missing wavelength, frequency, photon energy and photon

momentum values for the five different sources of electromagnetic radiation.

Source Wavelength Frequency Energy Momentum

a. Infra-red from CO2 laser 10.6 μm

b. Red helium–neon laser 3.14 × 10−19 J

c. Yellow sodium lamp 1.125 × 10−27 kg m s−1

d. UV from eximer laser 1.55 × 1015 Hz

e. X-rays from aluminium 2.01 × 10−16 J

4. A beam of electrons, each electron having a kinetic energy 3.2 × 10−18 J, is to be stopped by a potential
difference. Calculate the stopping voltage (potential difference) required to bring these electrons to rest.

5. The following diagram shows an anode, a cathode and several electrons that have been ejected from the
cathode by light. The electrons leaving the cathode surface have been labelled with their kinetic energy and
their initial velocity vector. The anode is 5 mm from the cathode.

anode

cathode

5 mm

0.8 eV 0.8 eV
45° 0.2 eV

1.6 eV

1

2
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(a) Calculate the speed of the electrons which have a kinetic energy of 0.80 eV or alternatively
1.28 × 10−19 J?
Copy the diagram and sketch the path you would expect each electron to take for each of the potential
differences, V, in parts (b) to (d) on the next page. [Hint: think of each electron as a projectile in a uniform
electric field, exactly like a ball thrown into the air]

(b) V = 1.8 V, with the anode positive relative to the cathode
(c) V = 1.8 V, with the anode negative relative to the cathode
(d) V = 0.8 V, with the anode negative relative to the cathode.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

11.3 The photoelectric effect

KEY CONCEPTS
• analyse the photoelectric effect with reference to:
• evidence for the particle-like nature of light
• experimental data in the form of graphs of photocurrent versus electrode potential, and of kinetic

• kinetic energy of emitted photoelectrons: Ekmax
= hf−𝜙, using energy units of joule and electron volt

• effects of intensity of incident irradiation on the emission of photoelectrons.

The nineteenth-century view of light was developed as a result of the success of the wave model in
explaining refraction, diffraction and interference. The wave model did a great job!

In 1887, the first signs of behaviour that could not be explained using the wave model almost went
unnoticed. Heinrich Hertz was in the middle of the experimental work that would show radio waves and
light were really the same thing — electromagnetic waves. He produced radio waves with a frequency
of about 5 × 108 hertz (yes, the unit for frequency was named after him) by creating a spark across the
approximately one-centimetre gap between two small metal spheres. The radio waves were detected up to
several hundred metres away, by the spark they excited across another air gap, this time between the pointed
ends of a circular piece of wire. Hertz was able to show that the radio waves travelled at the speed of light.
Although Hertz was not aware of it, this was the beginning of radio communication.

During his experiments, Hertz noticed that the spark showing the arrival of the radio waves at the receiver
became brighter whenever the gap was simultaneously exposed to ultraviolet radiation. He was puzzled, and
made note of it, but did not follow it up. Now we know that the reason for the brighter spark was that the
ultraviolet radiation ejected electrons from the metal points of the detector. The presence of these electrons
reduced the electrical resistance of the air gap, so a spark flashed brighter than usual whenever the radio
waves were being detected.

This ejection of electrons by light is called the photoelectric effect. Following up Hertz’s observations of
this effect led to a breakthrough in the way we view the behaviour of light.

energy of electrons versus frequency
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FIGURE 11.5 Hertz detected radio waves using the spark between two electrodes.

To high

voltage source

Oscillating spark

Spark induced

by arriving

radio waves

Up to several hundred metres

11.3.1 The experiment
Fifteen years passed before Philipp Lenard performed careful experiments to investigate the effect. Lenard
replaced Hertz’s spark gap with two metal electrodes on opposite sides of an evacuated chamber. He
investigated the energies of electrons ejected from one of these electrodes when light shone on it. The
experimental arrangement used in 1902 by Lenard is shown in figure 11.6. Lenard designed his experiment
so that he could vary several features of this arrangement.
• The frequency and intensity of the light could be varied. Light from an electric discharge arcing

between two electrodes was introduced into the chamber through a window. The arc produced a
spectrum of several different frequencies characteristic of the electrode material. Filters in front of the
window were used as frequency selectors to ensure that light of a single chosen frequency reached
electrode X. Light sources that emit light of only one frequency are called monochromatic light
sources. Lenard varied the light intensity either by changing the arc current, or by moving the light
source to a different distance from the window.

• The potential difference between the electrodes in the chamber
could be varied by changing the position of the slide contact
on the coiled resistor. By varying the contact position to both
right and left of Z, the potential difference could be made either
accelerating or retarding for electrons.

• Lenard could vary the distance between the electrode receiving
light, X, and the second electrode, Y.

First, Lenard used a fixed intensity light source and a fixed accelerating
voltage while he varied the distance between the electrodes. He found
that the current of photoelectrons, called the photocurrent, increased to a
maximum when the electrodes were about 5 mm apart. He reasoned that,
after being ejected by light, the electrons flew out in different directions
and that at this short distance the second electrode was collecting
all the electrons. This separation was used for all later experiments.

Now he was ready to explore the effects of the light on this
photoelectric effect. The results of Lenard’s further experiments are
summarised in the graphs of photocurrent as a function of the potential
difference between the electrodes for several light intensities, shown in
figure 11.7.Pdf_Folio:12

FIGURE 11.6 Philipp
Lenard’s experiment. Note
that the point G is earthed,
and this earths the electrode
Y. Electrode X could be
made either positive or
negative relative to electrode Y
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FIGURE 11.7 The effect of changing light intensity from I0 without
changing its frequency.

Photocurrent
3I

2I

I

2

3

1

− +0

Stopping voltage, V0 Voltage, V

Retarding voltages Accelerating voltages

The graphs in figure 11.7 illustrate several important parts of Lenard’s investigations. The numbers on the
diagrams refer to the following numbered points.
1. Keeping the light frequency constant, Lenard investigated how the maximum photocurrent depended

on light intensity. Higher intensity light produced greater values of the maximum photocurrent, as
shown in figure 11.7. In fact, Lenard’s results showed that the maximum photocurrent was directly
proportional to the light intensity. To his surprise, this proportionality held true over a wide intensity
range, right down to light of a tiny 3 × 10−7 of the highest intensity light he could produce.

2. When Lenard applied a retarding voltage between the electrodes, the current decreased as the
magnitude of the voltage increased. This was not surprising. It was expected that, when the electric
field between the plates exerted a force opposing the motion of the electrons, they would slow down
and probably reverse direction before reaching the opposite electrode. The kinetic energy of the
electrons would be converted into electric potential energy. Only the very slow electrons would reverse
direction before being collected at the electrode Y when the voltage between the plates was low. So,
only a few electrons would then be removed from the stream contributing to the photocurrent. As the
magnitude of the voltage was increased, more and more electrons would turn around before reaching
the electrode until, at a particular voltage, no electrons completed the crossing and the current dropped
to zero. This minimum voltage causing all electrons to turn back is called the stopping voltage.

3. Lenard found that the stopping voltage did not depend on the intensity of the light being used. Brighter
light did not increase the kinetic energy of the electrons emitted from the cathode. The same potential
difference was required to convert all the kinetic energy of the electrons into electric potential energy,
no matter how bright the light.

FIGURE 11.8 The effect of changing light frequency, without
changing its intensity, on the photocurrent of one material

Photocurrent

I0

4

− +0

Stopping voltage, V0 Voltage, V

Retarding voltages Accelerating voltages

4. The stopping voltage, however,
depended on both the frequency
of the light (see figure 11.8) and
on the material of the electrode. In
fact, for each material a minimum
frequency was required for
electrons to be ejected. Below this
cut-off frequency, no electrons
were ever ejected, no matter how
intense the light or how long the
electrode was exposed to the light.
Above this frequency, a photocurrent could always be detected. The photocurrent could be detected as
quickly as 10−9 s after turning on the light source. This time interval was independent of the brightness
of the light source.Pdf_Folio:13
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FIGURE 11.9 (a) An electron in an electric field opposing its
motion, and (b) a ball thrown into the air.

(a)

+

−

(b)

These experiments provided evidence that the energy of light is bundled into packets whose energy
depends on the light frequency. In explaining these experiments, the behaviour of light is best described as a
stream of particles — very reminiscent of Newton’s view! Albert Einstein, in 1905, first proposed the model
to explain the photoelectric effect. He won the Nobel Prize in Physics in 1921 for this work, even though
he is now better known for his theories of relativity, explaining the behaviour of objects travelling at speeds
close to the speed of light. Lenard had already won the Nobel Prize in Physics in 1905 for his experimental
investigations.

SAMPLE PROBLEM 5

Photocurrent

Voltage (V )V0

The diagram in this sample problem shows the
current-versus-stopping voltage curve for a typical
photoelectric cell using green light.
The colour is changed to blue, but with a lower intensity.

Sketch the curve that would result from these changes.

Teacher-led video: SP5 (eles-XXXX)

THINK WRITE

Because blue light has a higher frequency than
green light, the stopping voltage would be greater.
The lower intensity would make the photocurrent
smaller.

Photocurrent

Voltage (V )V0Vblue
0

PRACTICE PROBLEM 5
Consider the same arrangement as in sample problem 5 except that, this time, yellow light is used but
it is sufficient to cause the photoelectric effect to occur. The intensity of the light is greater than with
the green light. Sketch the curve that would result from this change.

Pdf_Folio:14
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11.3.2 The particle model and the photoelectric effect
Now that we have an idea of the wave and particle model descriptions of intensity, let’s consider how each
of the observations of the photoelectric effect experiment could be explained using a particle model, and
why a wave model is not as successful in this situation. Remember, a close inspection of the evidence
should allow us to decide whether electrons are being hit by particles or waves.

In the particle model description, the entire energy of a single photon is transferred to a single electron;
the photon is gone. Some of the photon energy is required to enable the electron to escape from the
electrode. This transferred energy, which enables an electron to escape the attraction of a material, is called
its ionisation energy. Electrons in the metal have a range of energy levels, so they also have a range of
ionisation energies. The minimum ionisation energy is called the work function, 𝜙, of the material. The
photon energy which is ‘left over’ becomes the kinetic energy of the electron. Naturally, the electrons
requiring the least energy to enable them to escape will leave with the greatest kinetic energy.

– –

–

–

–

–

–

–

–

–

–

–

–

Photon energy Eγ

Electron bound in photocell with

minimum ionisation energy ϕ

Photoelectron energy Ee = Eγ – ϕ

The kinetic energy of each photoelectron is given by the following:

Ek = Ephoton − Eionisation

= hf− Eionisation

The maximum kinetic energy of photoelectrons, Ekmax
, is given by:

Ekmax
=Ephoton−𝜙
= hf−𝜙

where 𝜙 is the work function of the metal
h is Planck’s constant
f is the frequency of the incident photon.

Here is how the particle model explains Lenard’s experimental observations. The numbering here
matches the number of these observations earlier in the topic. (See figures 11.7 and 11.8.)
1. Maximum photocurrent is proportional to intensity.

Doubling the intensity without changing frequency doubles the number of photons reaching the
electrode each second, but not their energy. This doubles the rate of electron emission without
changing the energy transferred to each electron, and therefore doubles the maximum photocurrent.

Pdf_Folio:15
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2. Retarding voltage reduces photocurrent. A stopping voltage exists above which no electrons reach the
second electrode.
Ejected electrons have a variety of energies, depending on the photon energy and their ionisation
energy. A low retarding voltage turns back only the electrons having low kinetic energies. Increasing
the retarding voltage will turn back electrons with higher kinetic energies, until at the stopping voltage
none can reach the second electrode.

3. Stopping voltage is independent of light intensity.
Changing the light intensity only does not change its frequency, so the photon energy is not changed.
Photoelectrons will have the same range of energies, and so the same retarding voltage is needed to
reduce the photocurrent to zero.

4. Stopping voltage depends on light frequency and material: a cut-off frequency exists.
Since the stopping voltage reverses the direction of all electrons, it is the voltage required to entirely
transform the kinetic energy of the fastest electrons into electric potential energy:

Ekmax
= magnitude of change in electron’s electrical potential energy

= q
e
V0

where qe here is the magnitude of the electronic charge.
Our photon model tells us the following:

Ekmax
= Ephoton −𝜙
= hf−𝜙

So,
qeV0 = hf−𝜙

Clearly V0 depends on the light frequency, f, and also on the electrode material through its work
function, 𝜙. A photon whose energy, hf, is less than the work function, 𝜙, cannot supply enough
energy for an electron to escape. The electron remains trapped by the electrode.

Pdf_Folio:16
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SAMPLE PROBLEM 6

Photocell

Photoelectron

Incident light

VS

I

Light with a wavelength of 425 nm strikes a clean metallic surface
and photoelectrons are emitted. A voltage of 1.25 V is required
to stop the most energetic electrons emitted from the photocell.
a. Calculate the frequency of a photon of light whose wavelength

is 425 nm.
b. Calculate the energy in joules and also in electron volts of a

photon of light whose wavelength is 425 nm.
c. State the energy of the emitted electron in both electron volts

and joules.
d. Calculate the work function 𝜙 of the metal in eV and J.
e. Determine threshold frequency, f0, and consequently the maximum wavelength of a photon that

will just free a surface electron from the metal.
f. Light of a wavelength 390 nm strikes the same metal surface. Calculate the stopping voltage.

Teacher-led video: SP6 (eles-XXXX)
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PRACTICE PROBLEM 6
A new photocell with a different metallic surface is used. Again, light of wavelength 425 nm strikes
a clean metallic surface and photoelectrons are emitted. This time, a stopping voltage of 0.87 V is
required to stop the most energetic electrons emitted from the photocell.
Pdf_Folio:17
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THINK WRITE

a. Use f = c

𝜆
to calculate the frequency. a. f = c

𝜆

= 3.0 × 108

4.25 × 10−7

= 7.06 × 1014 Hz

= 7.1 × 1014 Hz
b. 1. Use E = hf to calculate the energy. b. E = hf

= 6.63 × 10−34 × 7.06 × 1014

= 4.68 × 10−19 J

2. To convert energy in joules into energy in electron
volts, divide by 1.6 × 10−19 joules eV−1.

E = 4.68 × 10−19

1.6 × 10−19

= 2.92 eV
= 2.9 eV

c. Since the stopping voltage is 1.25 V, the energy of the
emitted electron is 1.25 eV. The energy in joules
can be found by multiplying by 1.6 × 10−19.

c. 1.25 × 1.6 × 10−19 = 2.00 × 10−19 J

d. Using the equation Ekmax
= hf − 𝜙, the work

function can be found. We know that when the
photon energy hf equals 2.92 eV, the electrons have
an energy of 1.25 eV. Thus 1.25 = 2.92 − 𝜙.

d. 𝜙 = 2.92 − 1.25
= 1.67 eV
= 2.67 × 10−19 J

= 2.7 × 10−19 J

e. 1. Again use the equation Ekmax
= hf − 𝜙. The

threshold frequency, f0, is the frequency below
which the photoelectric effect does not occur. At
this frequency, electrons are just not able to leave
the surface. This model implies 0 = hf0 − 𝜙.
Rearrange this equation to give the useful result.

e. f0 =
W

h

= 2.67 × 10−19

6.63 × 10−34

= 4.03 × 1014 Hz

2. The maximum wavelength can be calculated using

𝜆 = c

f0
.

𝜆 = c

f0

= 3 × 108

4.03 × 1014

= 7.4 × 10−7 m or 740 nm

f. 1. Use the equation Ekmax
= h

c

𝜆
− 𝜙 to find the energy

of the emitted electrons.

It is convenient to use eV here.

f. Ekmax
= 4.15 × 10−15 × 3.0 × 108

3.90 × 10−7
− 1.67

= 3.19 − 1.67
= 1.52 eV
= 1.5 eV

2. Determine the stopping voltage. A stopping voltage of 1.5 V is
required to stop the emitted electrons.UNCORRECTED PAGE PROOFS
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a. State the highest energy of the emitted electrons in both electron volts and joules.
b. Calculate the work function 𝝓 of the metal.
c. Determine threshold frequency, f0, and, consequently, the maximum wavelength of a photon

that will just free a surface electron from the metal.
d. Light of wavelength 650 nm strikes the same metal surface. Explain what happens.

SAMPLE PROBLEM 7

The following table gives some data collected by students
investigating the photoelectric effect using a photocell with a
lithium cathode. This cell is illustrated in the accompanying
schematic diagram.

Wavelength
of light

used (nm)

Frequency
of light
used

× 1014 (Hz)

Photon
energy of
light used,
Ephoton (eV)

Stopping
voltage
readings

(V)

Maximum
photo-
electron
energy
Ee (J)

663 0.45

6.14 1.84 × 10−19

a. Complete the table.
b. Using only the two data points supplied in the table, plot a graph of maximum photoelectron

energy in joules versus photon frequency in hertz for the lithium photocell.
c. Using only your graph, state your values for the following quantities. In each case, state what

aspect of the graph you have used.

d. On the same axes, draw and label the graph you would expect to get when using a different
photocell, given that it has a work function slightly larger than the one used to collect the data
in the table.
A new photocell is now investigated. When light of frequency 9.12 × 1014 Hz is used, a stopping
voltage of 1.70 V is required to stop the most energetic electrons.

e. Calculate the work function of the new photocell, giving your answer in both joules and
electron volts.

f. When the battery voltage of the new photocell is set to 0 V, the photocurrent is measured to be
48 μA. The intensity of the light is now doubled. Describe what happens in the electric circuit
with the power supply voltage set to 0 V when the light intensity is doubled.

g. With the intensity still doubled, the voltage is now slowly increased from 0 and the photocurrent
slowly reduces to 0 A. State the stopping voltage when the current first equals 0 A with the light
intensity still doubled.

Teacher-led video: SP7 (eles-XXXX)
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i. Planck’s constant, h, in the units J s and eV s as determined from the graph
ii. The threshold frequency, f0, for the metal surface in Hz as determined from the graph
iii. The work function, 𝜙, for the metal surface as determined from the graph, in the units J s

and eV s.

Lithium surface

Photocell

S

Monochromatic

incident light
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A

V
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THINK WRITE

a. Use c = f𝜆 to complete
columns 1 and 2. Use E = hf to
complete column 3, and use the
conversion factor for joules to eV
to complete columns 4 and 5.

a.

Wavelength
of light

used (nm)

Frequency
of light
used
× 1014

(Hz)

Photon
energy
of light
used,
Ephoton

(eV)

Stopping
voltage
readings

(V)

Maximum
photo-
electron
energy
Ee (J)

663 4.52 1.88 0.45 7.20
× 10−20

488 6.14 2.55 1.15 1.84
× 10−19

b. The graph will contain two
points representing the fact that
light of frequency 4.52 × 1014 Hz
will produce electrons of energy
0.45 eV and light of frequency
6.52 × 1014 Hz will produce
electrons of energy 1.15 eV.
A line drawn containing these
two data points will give a
work function of 1.5 eV and a
threshold frequency of
3.5 × 1014 Hz.

b.

0

Ee (eV)

f (1014 Hz)3.5

−1.5

c. i. Planck’s constant = gradient
of graph

c. gradient = 1.84 × 10−19− 7.20 × 10−20

(6.14 − 4.52) × 1014
= 6.9 × 10−34 J s

which is close to the accepted value. It also has the value
4.3 × 10−15 eV s.

ii. From the line of best fit in
graph (b), the threshold
frequency = x-axis intercept.

threshold frequency = 3.5 × 1014 Hz.

iii. From the line of best fit in the
graph (b), the work function
= y-axis intercept.

work function = 2.4 × 10−19 J = 1.5 eV.

d. The graph for a photocell with a
larger work function will have
the same gradient but a
lower y-intercept.

d. Graph of photocell

with larger work

function

0

Ee (eV)

f (1014 Hz)3.5

−1.5
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e. Use Ee = Ephoton − 𝜙 to
calculate the work function, 𝜙.

e. 1.7 × 1.6 × 10−19 = 6.6 × 10−34 × 9.12 × 1014− 𝜙
= 6.02 × 10−19− 2.72 × 10−19

= 3.3 × 10−19 J
= 2.1 eV

f. With the light intensity
doubled, the photocurrent
would also double.

f. The photocurrent would double.

g. The stopping voltage would
remain the same, 1.7 V, as the
colour and hence the frequency
of the light source is unchanged.

g. Stopping voltage = 1.7 V.

PRACTICE PROBLEM 7
The following table gives some data collected by students investigating the photoelectric effect using a
photocell with a clean metallic cathode.

Wavelength of
light used (nm)

Frequency of light
used × 1014 (Hz)

Photon energy
of light used,
Ephoton (eV)

Stopping voltage
reading (V)

Maximum
photoelectron
energy Ee (J)

3.19 3.78 × 10−19

524 1.54

a. Complete the table.
b. Using only the two data points supplied in the table, plot a graph of maximum photoelectron

energy in joules versus photon frequency in hertz for the photocell.
c. Using only your graph, state your values for the following quantities. In each case, state what

aspect of the graph you have used.

d. On the same axes, draw and label the graph you would expect to get when using a different
photocell, given that it has a work function slightly larger than the one used to collect the
data in the table.
A new photocell is now investigated. When light of frequency 8.25 × 1014 Hz is used, a
stopping voltage of 1.59 V is required to stop the most energetic electrons. In addition, when
the battery voltage is set to 0 V, the photocurrent is measured to be 38 μA.

e. Calculate the work function of the new photocell.
f. Describe what happens in the electric circuit with the power supply voltage set to 0 V when
the light intensity is halved.

g. With the intensity still halved, the stopping voltage is now slowly increased from 0 V and the
photocurrent slowly reduces to 0 A. State the stopping voltage when the current first equals
0 A with the light intensity still halved.
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20 Jacaranda Physics 2 VCE Units 3 & 4 Second Edition

i. Planck’s constant, h, in the units J s and eV s as determined from the graph
ii. The threshold frequency, f0, for the metal surface in Hz as determined from the graph
iii. The work function, 𝜙, for the metal surface as determined from the graph, in the units J s

and eV s.
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Weblink The photoelectric effect

11.3 E
Photocurrent

Voltage (V)

+−

To answer questions online and to receive immediate feedback and
sample responses for every question, go to your learnON title at
www.jacplus.com.au.

1. What is the stopping voltage when UV radiation having a wavelength
of 200 nm is shone onto a clean gold surface? The work function of gold
is 5.1 eV.

2. In the following diagram, the curve shows how the current measured
in an experiment involving the photoelectric effect depends on the
potential difference between the anode and cathode.
(a) Explain the curve. Why does it reach a constant maximum value at a certain positive voltage, and why

does it drop to zero at a certain negative voltage?
(b) If the intensity of the light was increased without changing its frequency, sketch the curve that would be

obtained. Explain your reasoning.
(c) If the frequency of the light was increased without changing its intensity, sketch the curve that would be

obtained. Explain your reasoning.
(d) If the material of the cathode was changed, but the light was not changed in any way, sketch the curve

that would be obtained. Explain your reasoning.
3. The following curve shows the current in a photoelectric cell versus the potential difference between the

anode and the cathode when blue light is shone onto the anode.

1.0

0
−1.7

I (μA)

1.0 2.0 V (V)

0.85

(a) State the current when the voltage is 0 V.
(b) State the current when the voltage is +1.0 V.
(c) State the current when the voltage is increased to +2.0 V.
(d) Why does increasing the voltage have no effect on the current in the circuit?
(e) The polarity is now reversed and the voltage increased until the current drops to 0 A. State the stopping

voltage and hence the maximum energy of electrons emitted from the anode.
(f) The light source is now made brighter without changing the frequency. Copy the figure and sketch a

second curve that illustrates the effect of increasing the intensity of the blue light.
(g) The light source is now returned to its original brightness and green light is used. A current is still

detected. Sketch a third curve to illustrate the effect of using light of a lower frequency.
(h) The apparatus is altered so that the anode consists of a metal with a smaller work function. Again blue

light is used. Sketch a fourth curve to illustrate the effect of changing the anode without changing either
the brightness or colour of the light.

4. The work function for a particular metal is 3.8 eV. When monochromatic light is shone onto the photocell,
electrons with energy 0.67 eV are emitted.
(a) What is the stopping voltage required to stop these electrons?
(b) What is the frequency of the monochromatic light used?
(c) What is the threshold frequency of the metallic surface?

5. In a photoelectric effect experiment, the threshold frequency is measured to be 6.2 × 1014 Hz.
(a) Calculate the work function of the metal surface used.
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(b) If electrons of maximum kinetic energy 3.4 × 10−19 J are detected when light of a particular frequency is
shone onto the apparatus, what is the stopping voltage?

(c) With the same source of light, what is the wavelength and hence the momentum of the photons?
6. One electron ejected from a clean zinc plate by ultraviolet light has a kinetic energy of 4.0 × 10 −19 J.

(a) What would be the kinetic energy of this electron when it reached the anode, if a retarding voltage of
1.0 V was applied between the anode and cathode?

(b) What is the minimum retarding voltage that would prevent this electron reaching the anode?
(c) All electrons ejected from the zinc plate are prevented from reaching the anode by a retarding voltage of

4.3 V. What is the maximum kinetic energy of electrons ejected from the zinc?
(d) Sketch a graph of photocurrent versus voltage for this metal surface. Use an arbitrary photocurrent

scale.
7. Robert Millikan performed his photoelectric experiment using a clean potassium surface, with a work

function of 2.30 eV. He used a mercury discharge lamp. One wavelength of radiation emitted by the lamp
was 254 nm, in the ultraviolet.
(a) What is the maximum kinetic energy of electrons ejected from the potassium surface by this UV

radiation?
(b) What voltage would be required to reduce the photocurrent in the cell to zero?

Wavelength (nm) Stopping voltage (V)

366 1.48

405 1.15

436 0.93

492 0.62

546 0.36

579 0.24

(c) Sketch a graph of maximum electron kinetic energy versus frequency for potassium. Show the point on
the graph obtained from the 254 nm UV radiation.

(d) Repeat this sketch for sodium, which has a work function
of 2.75 eV.

8. When the surface of a material in a photoelectric effect
experiment is illuminated with light from a mercury discharge
lamp, the stopping voltages given in the table
are measured.
Plot the stopping voltage versus the frequency of the light
and use the graph to determine the following:
(a) the threshold frequency
(b) the threshold wavelength
(c) the work function of the material, in eV
(d) the value of Planck’s constant.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

11.4 Limitations of the wave model

KEY CONCEPTS
• describe the limitation of the wave model of light in explaining experimental results related to the
photoelectric effect.

In the wave model picture of the photoelectric effect, the energy of light is shared between electrons and
accumulated little by little with the arrival of each wavefront. If this were true, the photoelectric effect
experiment results would be significantly different.

Higher intensity light, delivering energy at a greater rate, would produce electrons with higher kinetic
energies, so the stopping voltage would increase with increasing intensity.
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For example, the effect of waves on a beach is cumulative. As each wave breaks along the length of the
beach, it adds to the effect of the previous waves until signs of erosion appear.

A time delay would occur while enough shared energy accumulated for electrons to escape, and this
delay would be shorter for higher intensity light.

There would be no lower limit on the frequency of light that could eject electrons. The waiting time for
electrons to emerge would be longer using lower frequency light, since its wavefronts arrive less frequently;
however, eventually a current would be detected.

11.4.1 Great photoelectric effect results
Einstein’s insights into using a particle model to explain the photoelectric effect led to his 1905 prediction.
He predicted that a graph of stopping voltage versus frequency would be a straight line whose gradient was
independent of the material emitting electrons:

V0 =
1

qe

(hf−𝜙)

A ‘machine shop in a glass tube’ was needed to show that this prediction was correct. Robert Millikan,
the same Millikan who had earlier measured the minimum value of electric charge, was the engineer of
this machine shop, which is shown in figure 11.10a. Strong monochromatic UV sources did not exist, so
Millikan used the visible and near-UV lines of a mercury arc lamp. Since the visible and near-UV photons
of the lamp have lower energy than UV photons, his studies were limited to materials with low work
functions. He used the alkali metals lithium, sodium and potassium.

FIGURE 11.10 (a) Millikan’s ‘machine shop in a glass tube’, and (b) his first published results

(a) (b)

Unfortunately, while a low work function makes their electrons accessible to visible light, it also made
these materials vulnerable to reaction with the oxygen in air. The metals quickly become coated with a
thin insulating layer of metal oxide. To overcome this problem, Millikan conducted his experiments in
an evacuated glass container. Inside the container, he placed an ingenious mechanism for rotating his
electrodes past a sharp knife that scraped a clean metal surface for each experiment.

Figure 11.10a shows his experimental arrangement and figure 11.10b shows his first published results.

The gradient of the straight line is
h

qe

, where h is Planck’s constant and qe is the magnitude of the electronic

charge. Millikan determined
h

qe

to be 4.1 × 10−15 J s C−1.
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The graphs for different materials all have the same slope,
h

qe

, but are displaced to the right or left,

depending on the work function. The cut-off frequency, f0, is where the line meets the frequency axis. Its

value is equal to
𝜙
h
.

FIGURE 11.11 V0 versus f for three different m etals
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Einstein said:

It seems to me that the observations associated with . . . the photoelectric effect, and other related phenomena
. . . are more readily understood if one assumes that the energy of light is discontinuously distributed through
space . . . the energy of a light ray spreading out from a point is not continuously spread out over an increasing
space, but consists of a finite number of energy quanta which are localised at points in space, which move
without dividing, and which can only be produced and absorbed as complete units.

The word quanta is plural for quantum, a word meaning a small quantity of a fixed amount. These energy
quanta of light are what we now call photons.

This need for a photon model to explain the workings of the photoelectric effect fitted very neatly with
Planck’s black body radiation model, in which a particle model for light was required to make the theory
fit with the experimental evidence of light radiated from hot objects. However, both these phenomena
contradicted the enormously successful wave model for light summarised by Maxwell’s four equations
for electromagnetic phenomena. The wave model for light in terms of perpendicular electric and magnetic
fields is consistent with observed interference patterns and diffraction patterns, and with the propagation of
light at a single, universal speed, c. A wave model for light is also consistent with a large range of electrical
and magnetic phenomena, for example electromagnetic induction.

Another chapter in physics was about to begin. The development of quantum mechanics would
completely change the way in which scientists viewed the universe. The Newtonian mechanistic world was
about to be overthrown. Confusion between particle and wave models for both light and matter would be
resolved, but this would take another thirty years to achieve.

11.4.2 Photons explain phenomena better than waves
Almost thirty years after the first observation of the photoelectric effect, experimental measurements
confirmed the need for a photon model for light. The wave model for light was incapable of explaining the
observations of the photoelectric effect.
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TABLE 11.1 Timeline of key discoveries about the photoelectric effect

Date Event

1887 It all started with Hertz carefully noting the unusual behaviour of sparks across the gaps in his
radio wave detector circuit. This was the first observation of the photoelectric effect.

1901 Max Planck solves the black body radiation problem theoretically, paving the way for light to
be modelled not only as a wave but also as a localised particle with energy proportional to the
frequency of the light, f.

1902 Philipp Lenard carried out experiments to accumulate knowledge about the behaviour of electrons
emitted by light. His results revealed several puzzling aspects: electron energies did not depend on
the light intensity, and a unique cut-off frequency was found to exist for each material.

1905 The flash of insight was Albert Einstein’s, when he realised that all of Lenard’s observations
could be explained if he changed the way he thought about light — if light energy travelled as
particles not waves. He used the particle model to predict that the graph of stopping voltage
versus frequency would be straight, with a slope that was the same for all electron emitters.

1915 Robert Millikan sealed the success of Einstein’s theory with plots of V0 versus f for the alkali metals
that were straight and parallel to one another. He used the plots to measure Planck’s constant. The
photon energy was hf.

TOPIC 11 The particle-like nature of light 25

TABLE 11.2 Observations made from the photoelectric effect and model predictions

Observation Wave model prediction Photon model prediction

For a given frequency of light, the
photocurrent is dependent in a
linear fashion on the brightness
or intensity of light.

The wave model makes no
significant prediction other than
that brighter light should produce
electrons with greater energy,
which is not the case.

Intensity of light relates to the
number of photons per second
striking the photocell. We would
expect the photocurrent to be
dependent on the intensity of
light.

The energy of photoelectrons is
independent of intensity of light
and only linearly dependent on
frequency.

The energy of electrons is
dependent on the intensity of light:
the larger the amplitude of the
wave, the larger the energy
transferred to electrons.

The energy of photoelectrons
is linearly dependent on the
frequency of light, provided we
interpret the energy of a single
photon of light as equal to hf.

There is no significant time delay
between incident light striking
a photocell and subsequent
emission of electrons, and this
observation is independent of
intensity.

Time delay is shorter with
increasing intensity.

No time delay is expected as
individual photons of light strike
the photocell and transfer
energy to individual
electrons.

A threshold frequency exists
below which the photoelectric
effect does not occur, and this
threshold is independent of
intensity.

No threshold effect should exist,
as energy transfer to electrons
from a light source is
cumulative and eventually
emission will occur.

A threshold frequency is
predicted, as photons with
energy less than the work
function are incapable of
freeing electrons from the
photocell.

Digital document eModelling Photoelectric effect (doc-0042)

Weblink Explaining the photoelectric effect
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11.5 Review
11.5.1 Summary
• The equation c = f 𝜆 describes the speed of a wave in terms of its frequency, f, and wavelength, 𝜆.
• The photoelectric effect is the emission of electrons from materials, usually metals, by the action of

light.
• The photoelectric effect is best explained by considering light as consisting of a stream of particles

called photons. Each photon has an energy, E, that is dependent on only the frequency of the light, f,
according to the equation E = h f. This is the Einstein interpretation of the photoelectric effect.

• The electron volt is a unit of energy that is useful when calculating properties of light and electrons.

1 eV = 1.6 × 10−19J

• When a photon hits an electron in a metal, it will transfer either all or none of its energy to the
electron. This occurs within a time interval of typically 10−9 s of a beam of light striking a surface.

• Below a threshold frequency, f0, the emission of electrons does not occur regardless of the intensity of
light.

• Planck’s constant is h = 6.63 × 10–34 J s = 4.15 × 10–15 eV.
• The maximum kinetic energy of emitted electrons, Ekmax

, is given by the equation Ekmax
=hf−𝜙,

where f is the frequency of the light and W is the work function of the material.
• The maximum kinetic energy of the electrons emitted because of the photoelectric effect can be

determined by measuring the stopping voltage, V0.

Ekmax
= qV0

• The intensity of light has no effect on the stopping voltage; it only has effects directly in proportion to
the size of the photocurrent. A wave model for light cannot account for this, but a particle model of
light can.

• A graph of the maximum kinetic energy of emitted electrons plotted against frequency gives a straight
line. The gradient of the graph is Planck’s constant, h. The y-intercept is the work function,W, and the
x-intercept is the threshold frequency, f0.

• The photoelectric effect is strong evidence for light consisting of a stream of particles.

• Photons also have momentum, p, given by the equation p = h

𝜆
, where 𝜆 is the wavelength of the

photon.

11.5.2 Key terms

An electron gun is a device to provide free electrons for a linear accelerator. It usually consists of a hot wire
filament with a current supplied by a low-voltage source.

An electron volt is the quantity of energy acquired by an elementary charge (qe = 1.6 × 10−19 C) passing through
a potential difference of 1 V. Thus, 1.6 × 10−19 J = 1 eV.

Fluorescent describes the light emitted from materials as a result of exposure to external radiation.
Ionisation energy is the amount of energy required to be transferred to an electron to enable it to escape from a

material.
Monochromatic describes light of a single frequency and, hence, very clearly defined colour.
The photoelectric effect is the release of electrons from a metal surface as a result of exposure to

electromagnetic radiation.
A photon is a discrete bundle of electromagnetic radiation. Photons can be thought of as discrete packets of

light energy with zero mass and zero electric charge.
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A quantum is a small quantity of a fixed amount.
The work function is the minimum energy required to release an electron from the surface of a material.

11.5 EXERCISES
To answer questions online and to receive immediate feedback and sample responses for every question,
go to your learnON title at www.jacplus.com.au.

11.5 Exercise 1: Multiple choice questions
1. Which phenomenon first required a shift from a wave model for light to a particle model for light?

A. Two slit interference
B. Single slit diffraction
C. Incandescent emission of light from hot objects
D. The constant speed of light

2. Blue light has a frequency 7.0 × 1014 Hz. Determine which of the following is the energy of a photon
having this frequency.
A. 4.6 × 10–19 J
B. 2.8 × 10–19 J
C. 4.6 × 10–18 J
D. 2.8 × 10–18 J

3. A beam of light consists of photons each with momentum 1.66 × 10–27 N s. Determine which of the
following is the energy of a single photon in this beam.
A. 5.0 × 10–35 J
B. 2.0 × 10–35 J
C. 3.0 × 10–18 J
D. 5.0 × 10–19 J

4. In a typical photoelectric effect experiment, a beam of photons each with energy 4.7 eV strikes a
photocell. The maximum energy of the emitted photons is 2.9 eV. Determine which of the following is
the work function W of the photocell.
A. 7.6 eV
B. 2.8 eV
C. 1.8 eV
D. 3.1 eV

5. Electrons emitted from a photocell have a maximum energy 4.8 × 10–18 J. These electrons are all
stopped by a stopping voltage applied across the anode and cathode. Determine which of the following
is the value of this stopping voltage.
A. 4.8 V
B. 3.0 V
C. 3.0 eV
D. 4.8 eV

6. The stopping voltage for a specific photoelectric effect experiment is 2.50 V using a photocell with a
work function 3.40 eV. Determine which of the following is the energy of the photons used to strike the
photocell.
A. 9.44 × 10–19 J
B. 3.25 × 10–19 J
C. 6.73 × 10–19 J
D. 2.46 × 10–19 J
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7. A student is performing a typical photoelectric effect experiment and finds that, when she shines blue
light on the photocell, a stopping voltage of 2.7 V is required. She then reduces the intensity of the
light. Which of the following statements is correct?
A. The work function will be reduced.
B. The stopping voltage will be reduced.
C. The stopping voltage will be unchanged.
D. The photocurrent will be unchanged.

8. In another experiment, a student again shines blue light on the photocell and finds the stopping voltage
again to be 2.7 V. This time he changes the light source to a UV source having the same intensity.
Which statement is correct?
A. The work function will be increased.
B. The stopping voltage will be increased.
C. The stopping voltage will be unchanged.
D. The photocurrent will be increased.

9. The work function for a particular metal surface used as a photocell is 3.4 eV. Determine which of the
following is the threshold frequency if this surface is used to investigate the photoelectric effect.
A. 3.8 × 1014 Hz
B. 4.7 × 1014 Hz
C. 6.9 × 1014 Hz
D. 8.2 × 1014 Hz

10. Which statement below is consistent with a wave model prediction for what should happen in the
photoelectric effect?
A. No threshold frequency should exist for the emission of photoelectrons.
B. Light with greater intensity will produce photoelectrons with the same energy.
C. Light with greater intensity will have no effect on any time delay associated with light striking a

photocell and the subsequent emission of photoelectrons.
D. Light with increased frequency incident on a photocell will produce photoelectrons having

increased energy.

11.5 Exercise 2: Short answer questions
1. Red light has a wavelength 650 nm.

a. State the wavelength in metres.
b. Calculate the frequency of red light.
c. Determine both the energy and momentum of a photon in the red light.

2. A 1000 W radio transmitter emits photons with frequency 105.9 MHz. Calculate the number of photons
emitted per second by the transmitter.

3. Incident on its surface, a photocell has light of frequency 6.8 × 1014 Hz. Electrons emitted from this cell
have a maximum energy of 2.4 × 10–19 J.
a. Find the energy of a photon of light incident on the photocell. Give your answer in both the units of

joule and electron volt.
b. Determine the work function of the photocell surface. Give your answer in both the units of joule and

electron volt.
c. Determine the stopping voltage necessary to stop all photoelectrons.

4. The threshold frequency of a particular photocell is 3.5 × 1014 Hz.
a. Explain why light with frequency below this will not emit electrons from this photocell.
b. Determine the work functionW for this cell.
c. Calculate the energy of photoelectrons emitted from this photocell when light of frequency 5.1 × 1015

Hz is incident on the cell.
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5. Students collect data using a photocell as part of an investigation. They find that, when light of frequency
4.1 × 1014 Hz is used, the stopping voltage is 0.72 V. When they use light of a higher frequency,
6.2 × 1014 Hz, the stopping voltage is increased to 1.60 V
a. Use this data to determine a value for Planck’s constant in both eV and J.
b. Calculate the work function of this photocell.

6. Students have accurately measured and recorded the following information for a specific photoelectric
effect experiment.

incident light frequency: f = 5.2 × 1012 Hz
stopping voltage: V0 = 1.10 V
photocurrent at stopping voltage: 0 V = 24 μA
The following changes are then made:

a. The light is made more intense. State and explain what will happen to the stopping voltage and what
will happen to the photocurrent in this situation.

b. The light is returned to its original intensity and a higher frequency is used. State and explain what
will happen to the stopping voltage and what will happen to the photocurrent in this situation.

c. The light is returned to its original frequency and intensity, but this time a photocell having a smaller
work function is used instead. State and explain what will happen to the stopping voltage and what
will happen to the photocurrent in this situation.

7. Consider four observations made concerning the photoelectric effect. Give reasons why a particle model
better explains each of these observations and also why a wave model for light is inadequate.

11.5 Exercise 3: Exam practice questions

Resistor G

Filter Light from arc

discharge

X Y

A

V

Z

A student shines light of a single frequency onto a metallic surface causing
electrons to be emitted in accordance with the well-known photoelectric
effect. This is shown in the following diagram. Electrons are ejected from
plate X and some of them are collected on plate Y. Plate Y is connected to
the negative terminal of a variable power supply. The student increases the
voltage of the power supply until the current in the ammeter decreases to
zero. Then the stopping voltage V is recorded. An optical filter is removed
and replaced with another one and the experiment repeated. In this way, the
frequency of the light can be altered.

The following table shows some data collected by the student, who is
studying aspects of the photoelectric effect.

wavelength of
light used (nm)

frequency of light
used f × 1014 (Hz)

photon energy of
light used (eV)

Maximum energy of
photoelectrons Ee (eV)

575 0.47

3.33 1.60

Question 1
Complete the table. There are four blank cells to complete.

Question 2
In each case using your completed table, determine the value of each of the following three quantities.
a. Planck’s constant h in the unit of J s.
b. The threshold frequency f0 for the metal surface in Hz.
c. The work function W for the metal surface, but quote your answer in eV.

Question 3
Using your values for h or either fo or W, calculate the wavelength of light necessary to strike the lithium
surface when the maximum energy of the electrons emitted from the surface is 1.34 × 10–19 J.
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Question 4
A new photocell is now used. It is found that when light of frequency 8.25 × 1014 Hz is used, a stopping
voltage of 1.59 V is required to stop the most energetic electrons.

When the battery voltage is set to 0 V, the photocurrent is measured to be 18 μA.
The intensity of the light is now doubled.

a. What happens to the photocurrent with the battery voltage still set to 0 V when the light intensity is
doubled?
The voltage is now increased and the photocurrent slowly reduces to 0 A as the stopping voltage is

achieved.
b. What is the stopping voltage when the current first equals 0 A with the light intensity doubled?

Question 5
Give two observations from the photoelectric effect experiment to illustrate that light has the capacity to
behave as though it were a particle. Give a third observation that illustrates light behaving as though it were
a wave.

Question 6

V (V )Vs

I (μA)Monochromatic light is shone onto a photocell, and a photocurrent I vs.
voltage V graph is obtained. The graph is shown with the
stopping voltage on the graph labelled Vs.

The photocell is now replaced with a different cell with a smaller
work function W. The same frequency light but of greater
intensity is now shone onto the photocell and electrons
are still emitted.

On a copy of the graph shown, sketch a curve to illustrate the expected photocurrent versus voltage.
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