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TOPIC 10
The quantum model of light

10.1 Overview
10.1.1 Module 7: The Nature of Light
Light: Quantum Model
Inquiry question: What evidence supports the particle model of light and what are the implications of this
evidence for the development of the quantum model of light?
Students:

• analyse the experimental evidence gathered about black body radiation, including Wein’s Law

(𝜆max =
b
T) related to Planck’s contribution to a changed model of light (ACSPH137)

• investigate the evidence from photoelectric effect investigations that demonstrated inconsistency with
the wave model for light (ACSPH087, ACSPH123, ACSPH137)

• analyse the photoelectric effect (Ek,max = hf − W) as it occurs in metallic elements by applying the law
of conservation of energy (ACSPH119)

FIGURE 10.1 Radio telescopes such as these at Narrabri in NSW are pointed into space. They
collect radio waves and other electromagnetic radiation from galaxies. The SETI Project (Search
for Extra-Terrestrial Intelligence) utilises radio telescopes to ‘listen’ for intelligent signals from other
intelligent beings. The electromagnetic spectrum we know today extends from the wavelength of
gamma rays, as small as 10−14 m, through to radio waves with wavelengths of 105 m. That
knowledge has come from the work of two of the giants of science, James Clerk Maxwell and
Heinrich Hertz.
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10.2 Light as a type of wave
10.2.1 Maxwell’s theory of electromagnetic waves

FIGURE 10.2 James Clerk
Maxwell (1831–1879)

The passage of light across the vast universe is apparent to all who
looked toward the heavens and the stars. Explaining how that could be
was another matter. According to previous wave theory, waves were
propagated through a medium. What was the medium in which light
travelled?

One of the problems that nineteenth century scientists had in under-
standing how electromagnetic waves carry energy through the vacuum
of space was that mechanical waves vibrate in a medium. Was there
a medium filling space? One name given to this unproven medium
was the luminiferous aether. The presence or absence of the aether
was hotly debated. Proof of its presence or absence became one of the
great goals of science. In the end, Albert Einstein simply said that its
existence or absence was irrelevant. It could not be detected and made
no difference to the passage of light.

Based on observations that a changing magnetic field induces an electric field in the region around a magnet,
and that a magnetic field is induced in the region around a conductor carrying an electric current, James Clerk
Maxwell concluded that the mutual induction of time- and space-changing electric and magnetic fields should
allow the following unending sequence of events.

• A time-varying electric field in one region produces a time- and space-varying magnetic field at all
points around it.

• This varying magnetic field then similarly produces a varying electric field in its neighbourhood.
• Thus, if an electromagnetic disturbance is started at one location (for example, by vibrating charges in

a hot gas or in a radio antenna) the disturbance can travel out to distant points through the mutual
generation of electric and magnetic fields.

• The electric and magnetic fields propagate through space in the form of an ‘electromagnetic wave’
(illustrated in figure 10.3).

The upshot of this sequence of events was clear. Light, and indeed any electromagnetic wave, does not need
a medium to propagate. Electromagnetic waves are self-propagating. Once started, they have the capacity to
continue forever without continuous energy input. You are probably familiar with the idea that the light we
see coming from distant stars took millions, if not billions, of years to reach the Earth. It is possible that the
origin of that light no longer exists, yet you can still see the light that emanated from the object.

FIGURE 10.3 A diagrammatic representation of an electromagnetic wave
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Maxwell’s theory gave a definite connection between light and electricity. In a paper titled ‘A dynamical
theory of the electromagnetic field’, which he presented before the Royal Society in 1864, Maxwell expressed
four fundamental mathematical equations that have become known as ‘Maxwell’s equations’.

Maxwell’s equations predicted that light and electromagnetic waves must be transverse waves and that the
waves must all travel at the speed of light. They also implied that a full range of frequencies of electromagnetic
waves should exist. In other words, the equations suggested the existence of an electromagnetic spectrum.

At the time of these predictions, only light and infra-red radiation was known and confirmed to exist.
One look at the spectrum shown in figure 10.4 allows you to see how little was known of the complete
electromagnetic spectrum known to exist today. Maxwell’s equations also suggested that the speed of all
waves of the full electromagnetic spectrum, if they did exist, was a definite quantity that he estimated as
3.11 × 108 m s−1. Maxwell’s theoretical calculations were supported by the experimental data of French phys-
icist Armand Hippolyte Louis Fizeau (1819–1896) who had determined a figure very close to this for the speed
of light. In 1849, Fizeau’s experiments to measure the speed of light had obtained a value of 3.15 × 108 m s−1.

FIGURE 10.4 The electromagnetic spectrum
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10.2 Exercise 1
1 Use the figure of the electromagnetic spectrum to estimate the following:

(a) the frequency of TV and FM radio
(b) the wavelength of ultraviolet radiation.

2 A type of electromagnetic wave has a frequency of 1 × 1019 Hz. What type of electromagnetic radiation would
it be best classified as?

3 An electromagnetic wave of wavelength 1 × 104m travels at speed x in a vacuum while an electromagnetic

wave of frequency 1 × 1022 Hz travels at speed y in a vacuum. Determine the ratio
x
y
and explain your

numerical answer.
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10.2.2 Heinrich Hertz: Further evidence that light is a type of wave
Maxwell’s two most important predictions were that:

• electromagnetic waves could exist with many different frequencies
• all such waves would propagate through space at the speed of light.
In 1886, Heinrich Hertz conducted a series of experiments that verified these predictions. Unfortunately,

Maxwell had died in 1879 and did not see this experimental confirmation of the theoretical predictions of his
equations.

FIGURE 10.5 Heinrich Hertz
(1857–1894)

Hertz reasoned that he might be able to produce some of the
electromagnetic waves with frequencies other than that of the
visible light predicted by Maxwell’s equations. He thought he
could produce some of these electromagnetic waves by creating a
rapidly oscillating electric field with an induction coil that caused
a rapid sparking across a gap in a conducting circuit.

In his experiments that confirmed Maxwell’s predictions,
Hertz used an induction coil to produce sparks between the
spherical electrodes of the transmitter. He observed that when
a small length of wire was bent into a loop so that there was
a small gap and held near the sparking induction coil, a spark
would jump across the gap in the loop. He observed that this
occurred when a spark jumped across the terminals of the induc-
tion coil (see figure 10.6). This sparking occurred even though
the loop was not connected to a source of electrical current. Hertz
concluded this loop was a detector of the electromagnetic waves
generated by the transmitter. This provided the first experimental
evidence of the existence of electromagnetic waves.

FIGURE 10.6 Hertz, using an induction coil and a spark gap, succeeded in
generating and detecting electromagnetic waves. He measured the speed of these
waves, observed their interference, reflection, refraction and polarisation. In this
way, he demonstrated that they all have the properties characteristic of light.
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Hertz then showed that these new electromagnetic waves could be reflected from a metal mirror, and
refracted as they passed through a prism made from pitch. This demonstrated that the waves behaved similarly
to light waves in that they could be reflected and refracted.

Additionally, Hertz was able to show that, like light, the new electromagnetic waves could be polarised.
Hertz showed that the waves originating from the electrodes connected to the induction coil behaved as if they
were polarised by rotating the receiver loop. When the detector loop was perpendicular to the transmitter gap,
the radio waves from the gap produced no spark (see figure 10.7). The spark in the receiver was caused by the
electric current set up in the conducting wire. When the detector loop was parallel to the spherical electrodes
attached to the induction coil (see figure 10.8), the spark in the receiver was at maximum. At intermediate
angles it was proportionally less. This was a behaviour similar to that shown by polarised light waves after
the light has passed through an analyser, such as a sheet of Polaroid. It demonstrated that the newly generated
electromagnetic waves were polarised.

FIGURE 10.7 No spark was detected when
the detector loop was rotated.
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FIGURE 10.8 Hertz detected the waves
when the detector loop was placed like this.
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If Hertz’s interpretation was correct, and electromagnetic waves did travel through space from the coil to
the loop, he reasoned there must be a small delay between the appearance of the first and second spark. The
spark in the detector cannot occur at exactly the same time as the spark in the induction coil because even
travelling at the speed of light it takes a finite time for the wave to move from one point to another. Hertz
measured this speed in 1888 by using a determined frequency from an oscillating circuit and a measured
wavelength as determined by interference effects for the waves produced and found that it corresponded to
the speed predicted by Maxwell’s equations; it was the same as the speed of light.

To measure this wavelength, Hertz connected both the transmitter and the detector loop with a length of
wire. He had already shown, by rotating the second loop, that the waves produced by the sparking behaved
as if they were polarised. The spark in the receiver was caused by the electric current set up in the conducting
wire. At intermediate angles, interference of the currents provided a measure of the wavelength of the radio
waves through the air.

The speed of transmission of the sparks was measured using a technique taken from light. Lloyd’s mirror
uses interference of two separate beams of light. One beam travels directly from the source to a detector.
The other reflects a beam from the source from a mirror set at a small angle. Both beams interfere both
constructively and destructively when they arrive at the detector. It is possible to use the pattern produced to
determine the wavelength of the waves.

TOPIC 10 The quantum model of light 5

UNCORRECTED P
AGE P

ROOFS



i
i

“c10TheQuantumModelOfLight” — 2018/4/3 — 11:13 — page 6 — #6 i
i

i
i

i
i

Hertz carried out a modification of this experiment, reflecting the sparks from a metal plate. He suggested
that the waves produced had a wavelength larger than light, which should make measurements easier. Knowing
the frequency of the sparks and their wavelength, he obtained a value for the speed of transmission. His value
was similar to the speed of light measured by Fizeau.

The invention of this set of experiments and procedures was the first time that electromagnetic waves of
a known frequency could be generated. Today these waves originally produced by Hertz in his experiments
are known as radio waves. Hertz never transmitted his radio waves over longer distances than a few hundred
metres. The unit for frequency was changed from ‘cycles per second’ to the ‘hertz’ honouring the contribution
of Heinrich Hertz.

Using the microwave apparatus available in schools, large wax prisms and metal plates, students can
reproduce many of these results — demonstrating that electromagnetic waves have all the properties of light.

Radio waves and their frequencies
The discovery of radio waves was made by Hertz; however, the development of a practical radio transmitter
was left to the Italian, Guglielmo Marconi (1874–1937). Marconi’s experiments showed that for radio waves:

• long wavelengths penetrate further than short wavelength waves
• tall aerials were more effective for producing highly penetrating radio waves than short aerials.
The earliest radio messages were sent in 1895 by Marconi across his family estate, a distance of approx-

imately three kilometres. By 1901 he was sending radio messages across the Atlantic Ocean from Cornwall,
England to Newfoundland, Canada.

Different frequency radio waves can be generated easily and precisely by oscillating electric currents in aer-
ials of different length. This is because the frequency of the waves generated faithfully matches the frequency
of the AC current generating them. This ease of generation allows radio waves to be utilised extensively
for many purposes. Applications include communication technologies, such as radio, television and mobile
phones, and other technologies such as microwave cooking and radar. Essentially, the only difference between
any of these waves used for these different purposes is the frequency of the waves generated by the transmit-
ting aerials. For communications, sections of the available electromagnetic spectrum or bands of spectrum are
used (see figure 10.4). These chunks of spectrum use many single frequencies to transmit without interference.

10.2.3 The emission of light by hot objects: black body radiation
When an object such as a filament in a light globe is heated (but not burned) it glows with different colours:
black, red, yellow and blue-white as it gets hotter. To understand how radiation is emitted for all objects, and
how the wavelength of the radiation varies with temperature, creative experiments involving the behaviour
of standard objects called ‘black bodies’ were required. A black body is one which absorbs all incoming
radiation. The use of black bodies was necessary because all objects behave slightly differently in terms of
the radiation they emit at different temperatures. Scientists could use the standard black body in experiments
to study the nature of radiation emitted at different temperatures, and then extrapolate their findings for other
objects.

As an example of an object used to model a black body, imagine you drilled a very small hole through the
wall of an induction furnace (an efficient oven in which the temperature can be set to known values). At a
temperature of 1000 °C, the walls of such a model black body will emit all types of radiation, including visible
light and infra-red and ultraviolet radiation, but they will not be able to escape the furnace except through the
small hole. They will be forced to bounce around in the furnace cavity until the walls of the furnace absorb
them. As the walls absorb the radiation they will increase in energy. This causes the walls to release radiation
of a different wavelength, eventually establishing an equilibrium situation. All radiation entering through the
small hole is absorbed by the walls, so the radiation leaving the hole in the side of the furnace is characteristic
of the equilibrium temperature that exists in the furnace cavity. This emitted radiation is given the name black
body radiation.
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FIGURE 10.9 The peak in
intensity moves to lower
wavelength and higher
frequency radiation with
increasing temperature.
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As figure 10.9 shows, the radiation emitted from a black body extends
over all wavelengths of the electromagnetic spectrum. However, the
relative intensity varies considerably and is characteristic of a specific
temperature.

Black bodies absorb all radiation that falls on them. That energy is spread
throughout the object. The cavity walls within the black body also get
hotter. As the walls of the cavity get , the emission of more intense, shorter
wavelength radiation from the cavity occurs. Physicists used a spectrometer
to measure how much light of each colour, or wavelength, was emitted
from the hole in the side of the black body models they constructed. The
shape of the radiation versus intensity curves on the graphs that they created
presented a problem for the physicists attempting to explain the intensity
and wavelength variations that occurred quantitatively.

 The problem was how to explain the results theoretically. The tradi-
tional mathematics based on thermodynamics predicted that the pattern of
radiation should be different to that which the physicists found occurred.

FIGURE 10.10 The
predicted curve for the
classical model and
the actual curve obtained
from experiment
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The ‘classical’ wave-theory of light predicted that, as the wavelength of
radiation emitted becomes shorter, the radiation intensity would increase.
In fact, it would increase without limit. This would mean that, as the energy
(that was emitted from the walls of the black body and then re-absorbed)
decreased in wavelength from the visible into the ultraviolet portion of the
spectrum, the intensity of the radiation emitted from the hole in the black
body would approach infinity. This increase in energy level would viol-
ate the principle of conservation of energy and could not be explained by
existing theories. This effect was called the ‘ultraviolet catastrophe’.

The experimental data from black body experiments (see figure 10.10)
showed that the radiation intensity curve corresponding to a given temper-
ature has a definite peak, passing through a maximum and then declining.
This could not be explained.

The German scientist, Max Planck, arrived at a revolutionary explanation
for the nature of the radiation emitted in experiments. Planck proposed that
energy would be exchanged between the particles of the black body and the
equilibrium radiation field. Using an analogy with the transmission of radio waves (with an aerial of specific
length indicating the frequency of the radio wave radiation produced), the relatively high frequency of light
emitted by a black body required an ‘aerial’ of a size similar to that of the atom for its production. The question
was, how did this come to be?

Planck came up with a revolutionary idea to explain the results observed in experiments. He assumed that
the radiant energy, although exchanged between the particles of the black body and the radiant energy field in
continuous amounts, may be treated statistically as if it was exchanged in multiples of a small ‘lump’. Each
lump is characteristic of each frequency of radiation emitted. He described this small, average packet as a
‘quantum’ of energy, that could be described by hf, where f was the frequency, and h a small constant, now
called ‘Planck’s constant’ (h = 6.63 × 10−34J s).

Therefore:
E = hf

where
E = energy, measured in joules
h = Planck’s constant = 6.63 × 10−34 J s
f = frequency in hertz.

TOPIC 10 The quantum model of light 7

UNCORRECTED P
AGE P

ROOFS



i
i

“c10TheQuantumModelOfLight” — 2018/4/3 — 11:13 — page 8 — #8 i
i

i
i

i
i

FIGURE 10.11 Max Planck
(1858-1947) has come to
be recognised as one of
the key people involved in
the development of modern
physics.

This equation models the quantum relationship. This modification
was seen by Planck as a small correction to classical thermodynamics.
It turned out to be a most significant step towards the development of
a totally new branch of physics: the quantum theory. Although he is
considered to be the first to introduce this theory, Planck was never
comfortable with the strict application of the quantum theory. He had
invented the quantum theory but believed that all he had really done was
to invent a mathematical trick to explain the results of black body radi-
ation experiments. He failed to accept the quantisation of radiation until
later in his career when the quantum theory was backed up with more
examples and supporting evidence.

Armed with the Planck relationship and the knowledge that the speed
of electromagnetic radiation (c = 3 × 108 ms−1) was the product of the
frequency of the radiation and the wavelength of the radiation (c = f×𝜆),
the energy in one quantum, or photon, of light of any known wavelength
was then able to be determined.

10.2 SAMPLE PROBLEM 1

What is the energy of an ultraviolet-light photon, wavelength = 3.00 × 10−7 m?

SOLUTION:

c = f𝜆 so f = c
𝜆

E = hf

= h
c
𝜆

=
6.63 × 10−34 × 3.00 × 108

3.00 × 10−7

= 6.63 × 10−19 J

In this way the energy of a light photon of any known wavelength of light can be determined.

10.2 Exercise 2
1 Red light has a wavelength of 650 nm.

(a) Determine the frequency of this light as a wave.
(b) Determine the energy of a photon of light associated with this red light.

2 A stream of photons, each with energy 3.2 × 10−18 J strikes a solar cell.
(a) Calculate the frequency of this light modelled as a wave.
(b) Determine the wavelength of this light.
(c) Classify the type of electromagnetic wave this stream of photons is associated with.
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10.2.4 Wein’s law
The hotter objects are, the more light they emit — hence, the more energy they emit per second and the
brighter they appear. Additionally, the wavelength of the light with the greatest intensity is decreased — that
is, the frequency of this light is higher. The wavelength having maximum intensity is given the symbol 𝜆max

and is only dependent on the temperature of the body T, stated in kelvin. Wein’s law asserts that

𝜆maxT = constant = 2.9 × 10−3 K m

This equation is a result of the Stefan-Boltzmann equation for black body radiators, which is reliant on
the notion that charged particles undergoing collisions emit single quanta of radiation according to Planck’s
equation E𝛾 = hf rather than accelerated charged particles emitting light as a wave in all directions. Without
yet knowing the importance of this result, the birth of quantum mechanics was taking shape. The excellent
agreement between the observed emission spectrum of a blackbody radiator with the Stefan Boltzmann equa-
tion and the lack of any ultraviolet catastrophe meant that the quantum model of light was here to stay. The
only problem was that the quantum model of light was contradictory to the well-established wave model
of light.

10.2 SAMPLE PROBLEM 2

(a) A hotplate has a glow that is dark red. The wavelength of the most intense light is 4.0 μm. What
is the surface temperature of the hotplate in kelvin?

(b) The skin temperature of a normal human is approximately 32 °C. What is the wavelength of the
most intense light emitted by the skin of a normal human?

SOLUTION:

(a) Rearrange Wein’s law; thus, T =
2.9 × 10−3

4.0 × 10−6
= 725 K

(b) Rearrange Wein’s law; thus, 𝜆max =
2.9 × 10−3

32 + 273.15
= 9.5 × 10−6 m.

10.2 Exercise 3
1 The surface of the Sun is approximately 5800K. What is the wavelength of the most intense light emitted by

the surface of the Sun?
2 The temperature of a glass of cold water is 10 °C, and hot water from a tap is measured to be 60 °C. Find the

ratio
𝜆max, hot

𝜆max, cold
where 𝜆max is the wavelength of the most intense light.

10.3 The photoelectric effect
10.3.1 The need for a new model for light
Classical physics can be described, in broad terms, as physics up to the end of the nineteenth century. It relied
on Newton’s mechanics and included Maxwell’s theories of electromagnetism. Classical physics still applies
to large-scale phenomena and to the motion of bodies at speeds very much less than the speed of light. The
quantum theory applies to the very small scale, particularly at the atomic level. Energy is believed to occur
in discrete ‘packets’ or ‘quanta’. Energy packets can be absorbed by an atom, and then re-radiated. Classical
physics predicts that the emission of electromagnetic radiation is continuous; that is, can occur in any amount.
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A useful analogy is that of a slippery dip. Classical physics says that the difference in height from the top
to the bottom is a continuous ‘slide’. Quantum mechanics says that there are a set number of small steps (the
ladder) between the top of the slide and the ground.

The difference between the classical description of ‘continuous’ energy and the new discrete, or quantised
description of energy may be understood with a simple ‘thought experiment’. Consider an old-fashioned
balance, pivoted in the centre, with large pans suspended from each side. On one side we place a bucket with
water and on the other we add house bricks to balance the bucket and water. We can increase the weight of
bricks by adding or subtracting one brick at a time. If each brick has a mass of 2 kg, then our smallest packet,
or quantum, of mass is 2 kg. On the other side, we can increase the weight by adding water. Without extending
this example too far, we have a discrete variable (the bricks) and a continuous variable (the water) which can
be added in smaller and smaller drops.

The continuous variable (water) is similar to the classical model of energy, and the bricks correspond to the
quantum model in which energy can be exchanged in multiples of a small number. This simple example uses
only one size of brick, or quantum. In fact the size of the quantum value varies with the energy effect we are
studying.

Why don’t we see these ‘jumps’ in light? The constant, h, now called ‘Planck’s constant’, is equal to
6.63 × 10−34 J s. The quantum of energy is very small and, for all practical purposes, it is too small to be
observed.

10.3.2 The photoelectric effect: Evidence that light is not a type of wave
The photoelectric effect is the name given to the release of electrons from a metal surface exposed to elec-
tromagnetic radiation. For example, when a clean surface of sodium metal is exposed to ultraviolet light,
electrons are liberated from the surface.

The photoelectric effect is one of several processes for removing electrons from a metal surface. The effect
was first observed by Hertz in 1887 when investigating the production and detection of electromagnetic waves
using a spark gap in an electric circuit. Hertz used an induction coil to produce an oscillating spark. Hertz
called the transmitting loop, spark A, and the detecting loop, spark B. In Hertz’s own words, describing his
detection of the photoelectric effect:

‘I occasionally enclosed spark B in a dark case so as to more easily make the observations; and in so doing
I observed that the maximum spark length became decidedly smaller inside the case than it was before. On
removing, in succession, the various parts of the case, it was seen that the only portion of it which exercised
this prejudicial effect was that which screened the spark B from spark A. The glass partition exhibited this
effect not only in the immediate neighbourhood of spark B, but also when it was interposed at greater distance
from B between A and B.’

Hertz had discovered the photoelectric effect. He had found that illuminating the spark gap in the receiving
loop with ultraviolet light from the transmitting gap gave stronger sparks in the receiving loop. Glass used as
a shield between the transmitting and receiving loops blocked the UV. This reduced the intensity of sparking
in the receiving loop. When quartz was used as a shield there was no drop in the intensity of sparking in the
receiving loop. Quartz allowed the UV from the transmitted spark to fall on the detector.

Wilhelm Hallwachs (1859–1894) read the extract written by Hertz describing the photoelectric effect in a
journal and designed a simpler method to measure this effect. He placed a clean plate of zinc on an insulating
stand and attached it by a wire to a gold leaf electroscope. He charged the electroscope negatively and observed
that the charge leaked away quite slowly. When the zinc was exposed to ultraviolet light from an arc lamp, or
from burning magnesium, charge leaked away quickly. If the electroscope was positively charged, there was
no fast discharge (see figure 10.12).
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FIGURE 10.12 A positively charged electroscope is not affected by
illumination with UV light, while the charge on a negatively charged
electroscope discharges.
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FIGURE 10.13 Apparatus used to
demonstrate the photoelectric effect
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In 1899, J. J. Thomson established that the ultraviolet light
caused electrons to be emitted from a sheet of zinc metal and
showed that these electrons were the same particles found in cath-
ode rays. He did this by enclosing the metal surface to be exposed
to ultraviolet light in a vacuum tube (see figure 10.13).

The new feature of this experiment was that the electrons were
ejected from the metal by radiation rather than by the strong electric
field used in the cathode ray tube. At the time, recent investigations
of the atom had revealed that electrons were contained in atoms and
it was proposed that perhaps they could be excited by the oscillating
electric field.

In 1902, Hungarian-born German physicist Philipp von Lenard
(1862–1947) studied how the energy of emitted photoelectrons var-
ied with the intensity of the light used. He used a carbon arc lamp
with which he was able to adjust the light intensity. He found in
his investigations using a vacuum tube that photoelectrons emitted
by the metal cathode struck another plate, the collector.

When each electron struck the collector, a small electric current
was produced that could be measured. To measure the energy of
the electrons emitted, Lenard charged the collector negatively to
repel the electronsh. By doing so, Lenard ensured that only electrons ejected with enough energy would be
able to overcome this potential hill (see figure 10.14). Surprisingly, he found that there was a well-defined
minimum voltage, Vstop (see figure 10.15).
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FIGURE 10.14 The voltage
applied across the variable
resistor opposes he motion of the
photoelectrons. The electrons
that reach the opposite electrode
create a small current, measured
by the galvanometer. The value of
the voltage at which the current
drops to zero is known as the
stopping voltage.
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FIGURE 10.15 For a given
frequency photoelectrons are
emitted with the same
maximum kinetic energy
because the electrons are all
stopped by the same voltage.
Increasing the intensity of the
light increases the number of
electrons released from the
surface, causing an increase in
the photocurrent.
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FIGURE 10.16 For a given
light intensity, increasing the
frequency of the light increases
the maximum kinetic energy
with which the photoelectrons
are emitted.
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Lenard was also able to filter the arc light to investigate the effect
that different frequencies of incident electromagnetic radiation had on
photoelectron emission.

Lenard observed that:
• doubling the light intensity would double the number of

electrons emitted
• there was no change in the kinetic energy of the photoelectrons

as the light intensity increased
• the maximum kinetic energy of the electrons depends

on the frequency of the light illuminating the metal,
as figure 10.16 shows.

10.3 SAMPLE PROBLEM 1

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

(b) What energy electrons will a 4.2 V stopping voltage stop?
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SOLUTION:

(a) The kinetic energy of each electron is 2.6 × 10−19 J. The charge on an electron is 1.6 × 10−19 C.

Ek = qV0

2.6 × 10−19 J = 1.6 × 10−19 C × V0

V0 =
2.6 × 10−19 J

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

A stopping voltage of 1.6 V will stop the electrons emitted from the surface.
(b) The stopping voltage is 4.2 V. The charge of an electron is 1.6 × 10−19 C.

Ek = qV0

= 1.6 × 10−19 C × 4.2 V
= 6.72 × 10−19 J
= 6.7 × 10−19 J (accurate to 2 significant figures)

A stopping voltage of 4.2 V will stop electrons with energy 6.7 × 10−19 J.

 
10.3.3 Explanation of the photoelectric effect: Enter Albert Einstein
Classical physics was unable to explain the photoelectric effect. Maxwell had predicted electromagnetic
radiation, and Hertz had confirmed that light was electromagnetic radiation. Light was a wave phenomenon,
and according to the classical theory of Maxwell, somehow or other the light waves falling on the surface of
a metal would cause the emission of electrons.

The key observations a theory had to explain are:
1. If the radiation falling on the metal surface is going to cause emission of photoelectrons, they may be

emitted almost immediately after the light falls on the metal. There may be no significant time delay,
even if the intensity of the light, and hence the rate at which energy is being transferred to the metal
surface, is very low.

2. There is a cut-off (or threshold) frequency. Radiation of lower frequency than a particular value will not
cause the emission of photoelectrons, regardless of how bright the light source is. (Very intense light,
which carries a large amount of energy, cannot cause emission of photoelectrons if the frequency of the
light is less than the threshold frequency.)

3. If the light does cause the emission of photoelectrons, increasing the intensity of the light will increase
the number of photoelectrons emitted per second.

4. The energy of the photoelectrons does not depend on the intensity of the light falling on the surface of
the metal, but it does depend on the frequency of the light. Light of higher frequency causes the
emission of photoelectrons with higher energy.

Classical physics had difficulties with three of these four observations.
• According to a wave theory of light, the light waves would distribute their energy across the whole of

the metal surface. It might be expected that all electrons in the atoms of the metal (or at least all of the
outer electrons) would gain energy from the light waves. If the light was very faint, it could take a
considerable time for the electrons to gain sufficient energy and for one electron to be able to escape
from the metal surface, but this is not what is observed.

• There was no way to explain the cut-off frequency.
• There was no way to explain the relationship between the frequency of the light and the kinetic energy

of the most energetic electrons.
• The only observation that could be explained by a wave theory was the fact that increasing the intensity

of light increases the rate of emission of photoelectrons.
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The problems associated with explaining the photoelectric effect were solved by Einstein in 1905. Although
his paper is often referred to as his photoelectric paper, it was in fact a paper on the quantum nature of light,
and the photoelectric effect was just one of several examples used by Einstein to illustrate the quantum nature
of light.

In this paper, Einstein states: ‘The simplest conception is that a light quantum transfers its entire energy to
a single electron.’ In other words, the light quantum is acting as a particle in a collision with an electron.

This ‘light quantum’ model of light is able to explain all four observations of the photoelectric effect. (The
term photon was not introduced until 1926, but we will use it at this stage to refer to a ‘light quantum’.)

If a photon strikes a metal surface, it will collide with a single electron in an atom in the metal. All of the
energy of the photon will be passed on to the electron. This electron may gain sufficient energy to escape
from the metal surface, so there is no problem with a time delay. Even with very faint light, the first photon
to strike the metal surface could possibly cause the emission of an electron.

The energy of a photon is related to its frequency (E = hf). A certain minimum energy is required to cause
the emission of an electron from the metal surface (this is the work function for that metal). If the energy
of the photon is less than this value, the photon cannot cause an electron to be emitted. This explains the
threshold frequency.

Increasing the intensity of the light increases the rate at which photons fall on the metal surface, hence the
rate of emission of photoelectrons increases.

As the frequency of the light is increased beyond the cut-off frequency, more energy is provided to the
electrons, hence the kinetic energy of the most energetic electrons increases.

This last idea played an important part in the development of the particle nature of light in the photoelectric
effect. In 1905, observations of sufficient accuracy were not available to Einstein to test his equation; it was
not until 1916 that Millikan, reluctantly, provided that evidence. Little attention had been paid to Einstein’s
ideas of photoelectric effect in the intervening ten years. Millikan announced his results in 1916 but said, ‘The
Einstein equation accurately represents the energy of the electron emission under irradiation with light [but]
the physical theory upon which the equation is based [is] totally unreasonable.’ However, Millikan also stated
that his results, combined with Einstein’s equation, provided ‘the most direct and most striking evidence so
far obtained for the reality of Planck’s h’.

FIGURE 10.17 This graph shows the
maximum kinetic energy with which the
photoelectrons are emitted versus the
frequency of light, for five different metals.
Note that the gradient of all the lines is
equal to Planck’s constant.
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As previously discussed, when different metal surfaces are

illuminated with monochromatic light, electrons may be ejec-
ted from the metal surface. These electrons are called photo-
electrons. Different metals hold electrons with different forces.
Providing the photons of light illuminating the metal have suf-
ficient energy (are of a high enough frequency) to overcome the
energy holding the electrons in the metal, the electrons may be
emitted. Only a small proportion of such electrons will in fact
escape from the metal surface, and the emitted electrons will
have a spread of energies, as some electrons may have required
energy to move them to the metal surface. We will deal with
the most energetic electrons emitted.

If a graph is plotted of the maximum kinetic energy of the
emitted electrons versus the frequency of the light, the gradi-
ent of the lines representing different metals is the same (see
figure 10.17). The point at which the lines intercept the fre-
quency axis is a measure of the threshold frequency for that
metal. If the frequency of the monochromatic light is below
this threshold frequency, no photoelectrons will be emitted
from the metal surface.
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The lines for all of the metals are parallel and have a gradient equal to Planck’s constant.
If we apply the general gradient equation y = mx + b to any of the lines on this graph, we find that:

Ek max = hf − W

This equation is an energy equation:
Ek max = the maximum kinetic energy of an emitted electron

W = the minimum energy required to remove the electron from the metal surface (the work function
of the metal)

hf = the energy of the incident photon.
The energy of Einstein’s ‘light quantum’ is h f, so this equation represents an interaction between an

individual quantum of light (a photon) and an individual electron.
Of course, we now have light behaving as a particle in the photoelectric effect but as a wave in other

phenomena (such as interference and diffraction). The photon has a dual wave and particle nature.

PHYSICS FACT
Both Planck and Einstein lived in Germany during the early part of the twentieth century. Working in the same
area of physics, they were firm friends. However, during World War I, this friendship became strained. Einstein
was a pacifist, while Planck strongly supported the German cause, even though he lost his son in battle in 1915.
With the rise of Hitler and the anti-Semitism movement, Einstein, who was Jewish, emigrated to the United

States during the 1930s. Planck was able to continue his academic career in Berlin, even in the face of the
hostility of anti-Semitism groups towards the ’decadent Jewish science’ of relativity and the quantum theory.
It is difficult to understand the pressures experienced by Planck, who tried to protect his Jewish friends and

students throughout the period. Unlike Einstein, he did not see the moral imperative of opposing Hitler but tried
to compromise and work within the system. Einstein remained a pacifist, yet some would say that he
compromised some of these ideals with his support of the development of the atom bomb. He later wrote of the
pain he experienced when the bombs were finally used.

10.3 SAMPLE PROBLEM 2

FIGURE 10.18

photocurrent

voltage (V )V0

The diagram below 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.

SOLUTION:

FIGURE 10.19

photocurrent

voltage (V )V0Vblue
0

Because blue light has a higher frequency than green light, the
stopping voltage would be greater. The lower intensity would make
the photocurrent smaller. This is shown in the diagram below.
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10.3.4 A photon model for the photoelectric effect
Almost thirty years after the first observation of the photoelectric effect, experimental measurements con-
firmed the need for a photon model for light. The wave model for light was incapable of explaining the
observations of the photoelectric effect.

TABLE 10.1 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. There were several puzzling aspects to his results — electron energies did not depend on
the light intensity and there was a unique cut-off frequency 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.

TABLE 10.2 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
predication 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 bigger 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 to be shorter with
increasing intensity

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

There exists a threshold frequency
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 light
source is accumulative 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.
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10.3 SAMPLE PROBLEM 3

FIGURE 10.20

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 W 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.

SOLUTION:

(a) f = c
𝜆

=
3.0 × 108

4.25 × 10−7

= 7.06 × 1014 Hz
= 7.1 × 1014 Hz

(b) E = hf

= 6.63 × 10−34 × 7.06 × 1014

= 4.68 × 10−19 J
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. Thus the energy is:

1.25 × 1.6 × 10−19 = 2.00 × 10−19J.

(d) Using the equation EKmax = hf − W, 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 − W.
Thus:

W = 2.92 − 1.25 = 1.67 eV = 2.67 × 10−19 J = 2.7 × 10−19 J.

(e) Again use the equation EKmax = hf − W, 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 = h f0 − W. Rearrange this equation to give the useful result:

f0 =
W
h

=
2.67 × 10−19

6.63 × 10−34

= 4.03 × 1014 Hz.
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The maximum wavelength is thus:

𝜆 =
c
f0

=
3.0 × 108

4.03 × 1014

= 7.4 × 10-7 m or 740 nm.

(f) Use the equation Ekmax = h
c
𝜆

− W to find the energy of the emitted elecrons. When this is known

the stopping voltage can be readily found. It is convenient to use eV here.

Ekmax =
4.15 × 10−15 × 3.0 × 108

3.90 × 10−7
− 1.67

= 3.19 − 1.67
= 1.52 eV
= 1.5 eV

A stopping voltage of 1.5 V is required to stop the emitted electrons.

 

10.3 SAMPLE PROBLEM 4

The table below gives some data collected by students investigating the photoelectric effect using a
photocell with a lithium cathode. This cell is illustrated in the schematic diagram in figure 10.21.

TABLE 10.3

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

FIGURE 10.21

lithium surface

photocell

S

monochromatic
incident light

K

V

A

 
(a) Complete table 10.33.
(b) Using only the two data points supplied in the table,

plot a graph of maximum photo-electron 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.
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, W, for the metal surface as

determined from the graph, in the units J s and eVs
(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 above.
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A new photocell is now investigated. When light of frequency 9.12 × 1014Hz is used, a stopping
voltage of 1.70V 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 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.

SOLUTION:

(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.

TABLE 10.4

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.

FIGURE 10.22

0

Ee (eV)

f (1014 Hz)3.5

−1.5

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

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

3.5 × 1014 Hz.
iii. From the line of best fit in the graph (b), the work function = y-axis intercept =

2.4 × 10−19 J = 1.5 eV.
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(d) FIGURE 10.23

graph of photocell
with larger work
function

0

Ee (eV)

f (1014 Hz)3.5

−1.5

(e) Use Ee = Ephoton − W to calculate the work function, W.

1.7 × 1.6 × 10−19 = 6.6 × 10−34 × 9.12 × 1014 − W
W = 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.
(g) The stopping voltage would remain the same, 1.7 V, as the colour and hence the frequency of the

light source is unchanged.

10.3 Exercise 1
Table 10.5 gives some data collected by students investigating the photoelectric effect using a photocell with a
clean metallic cathode.

TABLE 10.5

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)

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 photo-electron 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.
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,W, for the metal surface as determined from the graph, in the units J s and eV s

(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 above.
A new photecell is now investigated. When light of frequency 8.25 × 1014Hz 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.
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(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 0V and the photocurrent
slowly reduces to 0A
State the stopping voltage when the current first equals 0A with the light intensity still halved.
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10.4 Review
10.4.1 Summary

• In 1887, Hertz showed that both radio and light waves are electromagnetic waves — involving varying
or changing electric fields, coupled with a changing magnetic field that was perpendicular to the
electric field.

• The relationship v = f𝜆, relates the frequency (Hz) and the wavelength (m) to the velocity (ms−1). In a
vacuum, all electromagnetic waves travel at the speed of light (usually referred to as c) and thus c = f𝜆.

• Wein’s law relates the wavelength of the most intense light 𝜆max and the temperature of a black body
radiator T. This law assumes the Stefan-Boltzmann black-body emission spectrum law, which is in
excellent agreement with experimental data. Thus: 𝜆maxT = constant = 2.9 × 10−3 K m. The
wavelength is in metres and the temperature is in kelvin.

• An oscillating or vibrating atom can emit electromagnetic energy only in discrete packets, or quanta.
For light, in particular, the basic quantum of energy is a photon.

• The electron volt is a useful unit of energy. An electron will acquire 1 eV when it passes through a
potential difference of 1 V. Thus 1 eV = 1.6 × 10−19 J.

• The photoelectric effect is the release of electrons from materials, usually metals, by the action of light
or some other electromagnetic radiation such as X-rays or gamma radiation.

• Quantum mechanics states that the amount of energy emitted from a black body (or any other
atomic-level energy transformation) is quantised so that it can increase only in certain small steps.

• Albert Einstein explained the photoelectric effect, based on Planck’s work on black body radiation, and
included the development of the idea of a quantum of energy or photon being the basic unit of energy.

• As scientists, Einstein and Planck both experienced pressure from social and political forces and coped
in different ways.

• When a photon hits electrons in a metal it will release either all or none of its energy. An individual
electron cannot accept energy from more than one photon.
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• The amount of energy required to overcome the attractive forces of an electron in the electron ’sea’ is
called the work function of the electron.

• The maximum kinetic energy of the electron after it has been ejected from the metal’s surface can be
determined by measuring the stopping voltage, vstop.

10.4.2 Questions
1. State two changes in observable quantities that occur when the temperature of a blackbody radiator

increases.
2. If a black body was to gain sufficient energy to raise its temperature from 2000 K to 4000 K,

describe how a plot of its radient intensity versus radient wavelength of the electromagnetic
radiation would change.

3. Research the ultraviolet catastrophe and summarise why the fact this doesn’t occur is evidence
for quantised light emitted by a blackbody radiator (and therefore the light is not wavelike).

4. The sun has a surface temperature of approximately 5800 K.
(a) Determine the wavelength of the most intense light emitted from its surface.
(b) What is the colour seen by humans for light of this wavelength?

5. The colour red has a wavelength of approximately 650 nm.
(a) What is this wavelength in metres?
(b) What is the surface temperature of a black body radiator having 𝜆max = 650 nm?
(c) If the temperature of the black body radiator increased by a factor of 2, what would the new

𝜆max now equal?
6. Examine figures 10.7 and 10.8. Explain why Hertz came to the conclusion that the waves produced

by the sparks were polarised.
7. Demonstrate the dependence of colour on the temperature of a black body. In figure 10.9,

what is the significance of the peak of the curve?
8. Maxwell, Michelson and Hertz carried out experiments on electromagnetic waves of different

frequencies. Compare their observations and discuss how an understanding of the electromagnetic
spectrum was developed.

9. A beam of UV light of frequency 7.0 × 1015 Hz is incident on the apparatus shown in figure 11.23.
If the maximum kinetic energy of an emitted electron is 9.0 × 10−19 J, calculate:

FIGURE 10.24

Evacuated tube

Metal surface

V
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(a) the potential required to stop electrons reaching the collector
(b) the work function of the material on which the light is shining
(c) the threshold frequency of the material.

10. A scientist is investigating the effect of different types of radiation on the surface of a piece of
sodium metal. A method is devised to cut a new surface across the sodium plate while in vacuo,
since sodium
is highly reactive and oxidises quickly. The apparatus is finally set up as shown in figure 10.25.
The two variables under investigation will be the frequency, f, of the radiation and the kinetic energy, Ek,
of the photoelectrons.

(a) Should the sodium plate be positively or negatively charged in order to make the proper
investigations?

(b) Results for the experiment are as follows:
Record these results on a Ek max versus frequency graph.

TABLE 10.6

Frequency of incident light (×1014 Hz) Stopping potential (volts)

5.4 0.45

6.8 1.00

7.3 1.15

8.1 1.59

9.4 2.15

11.9 2.91

(c) Determine the threshold frequency for the sodium metal.
(d) Determine a value for Planck’s constant, h, from your graph.
(e) What is the work function for sodium?

FIGURE 10.25
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11. Above a particular (and specific to each material) threshold frequency of electromagnetic
radiation, electrons are ejected immediately. Below this threshold frequency, electrons are never
ejected. Explain how the photon model for light, rather than the wave model, explains this behaviour.

12. A photon collides with an electron and is scattered backwards so that it travels back along
its original path. Describe and explain the expected wavelength of the scattered light.

13. The light from a red light-emitting diode (LED) has a frequency of 4.63 × 1014Hz. What is the energy
change of electrons that produce this light?

14. 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.

15. In figure 10.26, the curve shows how the current measured in a photoelectric effect
experiment depends on the potential difference between the anode and cathode.

FIGURE 10.26

Photocurrent

Voltage (V)

+−

(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.

16. Figure 10.27 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.

FIGURE 10.27

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?
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(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.

17. 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.
(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?

18. We can detect light when our eye receives as little as 2.00 × 10−17J. How many photons of light,
with a wavelength of 5.50 × 10−7 m, is this?

19. A red laser emitting 600 nm(𝜆 = 6.0 × 10−7m) wavelength light and a blue laser emitting 450 nm
light emit the same power. Compare their rate of emitting photons.

20. One electron ejected from a clean zinc plate by ultraviolet light has kinetic energy of 4.0 × 10−19J.
(a) What would be the kinetic energy of this electron when it reached the anode, if a retarding

voltage of 0.90 V was applied between 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 the electrons ejected from the zinc?
(d) Sketch a graph of photocurrent versus voltage for this metal’s surface. Use an arbitrary

photocurrent scale.
21. The waves of the electromagnetic spectrum share some similarities and have some differences.

What are their similarities? What are their differences?
22.(a) What is the wavelength of the radio waves broadcasting station 2 MMM in Sydney if the

frequency of the broadcast is 104.9 MHz?
(b) What is the energy of a photon of that wave?

23. Arrange the following electromagnetic waves in order of increasing energy levels:
long-wave radio waves, gamma ray, blue light, red light, infra-red light, microwave radio waves,
X-rays.

24. What were the features of radio waves that were demonstrated by Hertz’s experimernts?
25. What is the energy of an X-ray of wavelength 2.5 × 10−11m?
26. Give four reasons why a particle model for light better explains the observations made for the

photoelectric effect. In particular, explain why a wave model is inadequate for each reason.

PRACTICAL ACTIVITIES
Producing and transmitting radio waves

Aim
To demonstrate the production and transmission of radio waves.

Apparatus
induction coil
Transformer rectifier with leads
Small transistor radio
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Method
1. Adjust the gap on the induction coil to about 5mm and adjust the transformer to 6 VDC.

WARNING: The spark across the gap of an induction coil generates long-wavelength X-rays and
short-wavelength ultraviolet radiation. These are potentially dangerous, and students should not
stand closer than one metre.

2. Adjust the tuner of the radio, so that it does not receive a station.
3. Move around the room and try to estimate where the radio can receive the static noise from the spark.
4. Adjust the gap to 10mm, and repeat the exercise.
5. Change the tuner of the radio and scan across the range of wavelengths.

Questions
1. What is the maximum distance from the induction coil at which the radio receives static noise from the 5 mm

spark?
2. Is the distance different when the spark is produced by a 10 cm gap?
3. Can you detect any pattern in the static received at different wavelengths?
4. An induction coil is an example of a transformer. What can you infer about the voltage across the gap and

resulting charge movement observed as the spark?
5. In what from is the energy transferred from the spark to the radio? In what manner must charges move to

produce this energy?
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