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1 Openingitems

1.1 Moduleintroduction

This module is largely the story of a part of Albert Einstein’s life, over the years from 1905 to 1925. It was in
this period that he invented the theory of relativity, but that was not all that he did. His other interests were of
much greater importance for physics as a whole, despite the impression given by popular science books.
At the start of the period, the wave model for light was well-established. By its end the idea that light sometimes
behaves as if it consisted of particles, was essentially undeniable. Einstein carried the burden of this idea almost
single-handed for 20 years until Compton’s experiment demonstrated conclusively that he was right.

In Section 2 we look at the photoelectric effect, the production of electrons by light, and examine the
peculiarities of this production which made Einstein’s quantum explanation necessary. He had to introduce the
idea that light could only be emitted or absorbed in packets, or quanta, of energy. Additional evidence was
required before these packets could be regarded as particles. In particular, Einstein later realized that quanta
should also carry a definite amount of momentum, since light itself was known to carry momentum, as we
discussin Section 3. The observation of the quantum transfer of momentum, as in the Compton effect, described
in Section 4, showed quite definitely that light particles, or photons, as they came to be called, did exist.
In Section 5 we consider other evidence for the photon model, including black-body radiation, photon counting
and the emission and absorption of light by atoms.
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However, the well-known facts of interference and diffraction of light could only be explained by light waves,
so we have a paradox. Does light consist of waves or particles? Answering this question, as we begin to do in
Section 6, leads us into deep waters, but we shall try to make it at least plausible that the two pictures can exist
together. This extraordinary idea is one of the features of quantum physics, the most important development of
physicsin this century. This moduleis by way of an introduction to quantum physics.

Study comment  Having read the introduction you may feel that you are already familiar with the material covered by this
module and that you do not need to study it. If so, try the Fast track questions given in Subsection 1.2. If not, proceed
directly to Ready to study? in Subsection 1.3.
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1.2 Fast track questions

Study comment  Can you answer the following Fast track questions?. If you answer the questions successfully you need
only glance through the module before looking at the Module summary (Subsection 7.1) and the Achievements listed in
Subsection 7.2. If you are sure that you can meet each of these achievements, try the Exit test in Subsection 7.3. If you have
difficulty with only one or two of the questions you should follow the guidance given in the answers and read the relevant
parts of the module. However, if you have difficulty with more than two of the Exit questions you are strongly advised to
study the whole module.

Question F1

A beam of light of wavelength 4.0 x 10~ m shines on a magnesium surface, where it is absorbed. If the work
function of magnesium is 2.8eV, what is the maximum energy of the electrons ejected from the surface?
Take the speed of light in avacuum as 3.0 x 108 ms™.

Question F2

Describe in principle how you would use the photoel ectric effect to measure Planck’s constant.
No experimental details are needed.
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Question F3

When X-rays of a given wavelength are scattered (rather than absorbed) by the electrons in a solid, what
features of the results demonstrate that the X-rays are behaving like a collection of particles?

Study comment

Having seen the Fast track questions you may feel that it would be wiser to follow the normal route through the module and
to proceed directly to Ready to study? in Subsection 1.3.

Alternatively, you may still be sufficiently comfortable with the material covered by the module to proceed directly to the
Closing items.
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1.3 Ready to study?

Study comment  To begin the study of this module you will need to understand the following terms:

conservation of energy, conservation of momentum, diffraction, elastic collision, electric charge, electric potential, electron,
electromagnetic spectrum (from radiowavesto gamma radiation), frequency, interference, kinetic energy, potential energy,
pressure, standing wave, wavelength and wave model of light. If you are uncertain about any of these terms then you can
review them now by referring to the Glossary, which will indicate where in FLAP they are introduced. The following Ready
to study questions will allow you to establish whether you need to review some of the topics before embarking on the
module.

Question R1

Blue light has a wavelength of about 4.5 x 10~"m in a vacuum. What is the frequency of this light?
(The speed of light in avacuum, ¢ = 3.0 x 108 ms™1)
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Question R2

Visible light, infrared radiation, X-rays, microwaves, and ultraviolet radiation are all forms of electromagnetic
radiation. Arrange them in order of increasing wavelength. What can you add to either end of thislist?

Question R3

A pair of parallel dits, separated by a distance of afew wavelengths of light, is illuminated with light of asingle
wavelength. What will be seen on a screen at alarge distance (i.e. many wavelengths of light) beyond the dlits?

Question R4

A particle of mass 2kg moving at 10ms collides with a stationary particle of mass 3kg, and sticks to it.
What is the speed of the combined particle after the collision?
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Question R5

An electric charge of +8 uC and mass 10mg moves from rest at a point where the electric potential is 10V to
onewhereitisOV. What areits final kinetic energy and speed? What change in electric potential would then be

needed to just bring the charge to rest again?

Question R6

A particle of mass 2 kg moving at 10m st collides with another of mass 4kg at rest. With this information only,
isit possibleto find the final speeds of the two particles? Explain your answer.
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2 Energy transferred by radiation and the photoelectric effect

It iswell known that energy is carried by radiation, as the warmth
of sunlight amply demonstrates. In this section we consider how
radiation transfers energy when it interacts with a surface.
In particular, we will be concerned to study how the electronsin a
metal surface absorb the energy.

2.1 Observation of the photoelectric effect

Soon after the discovery of the electron it was found that they
could be produced by shining ultraviolet radiation on to a metal
surface. This effect, the photoelectric effect, was examined
carefully by the German physicist Philipp Lenard (1862—-1947)
between 1886 and 1900; he found that in any particular
experiment these photoelectrons were emitted from the surface
(Figure 1) with arange of kinetic energies up to some maximum
value.

d
7/

d , €lectrons

ﬂ./{.

metal

Figurel When electromagnetic radiation (of
sufficiently high frequency) impinges on the
surface of ametal, electrons are gjected. Thisis
the photoel ectric effect.
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The analysis of this simple result had far reaching consequences for our
understanding of the nature of light. Albert Einstein (1879-1955)
eventually showed that the photoelectric effect provided direct evidence
that the model of light as an electromagnetic wave was inadequate.
Even earlier evidence of this inadequacy had arisen from the observed
spectrum of light emitted by a hot object, the so-called spectrum of
black-body radiation, but this evidence was more indirect and more
diffi%lt to appreciate so we will delay discussion of it until Subsection
5.1.

First then, let us see what sort of apparatusis needed for the investigation
of the photoelectric effect. Figure 2 shows schematically how the
experiment is done. The plates C and D in the evacuated tube are the
central part of the apparatus. Plate C is illuminated by the light source,
and the electrons emitted are collected by the plate D. If plate D isat a
positive potential with respect to plate C, as in Figure 2, and if this
potential difference is not too close to zero, then all the electrons emitted
will be attracted by plate D and the electric current generated is
independent of the battery voltage.

electromagnetic
radiation

(n)

cC D

evacuated tube
V)

\Z/

ammeter

N

voltmeter

battery

Figure2 A circuit diagram of the
apparatus for investigating the
photoelectric effect. C and D are metal
plates enclosed in a vacuum tube, and
the light shines on to plate C.
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Thisisillustrated in Figure 3, where the plate
isilluminated by ultraviolet light.

Question T1

If an electron leaves the metal surface at a
speed v, what will beits kinetic energy when
it arrives at plate D, if the voltage difference

isv? 0O

Figure3 Plate D isat apositive potential V with
respect to plate C, so all electrons gjected from
plate C are attracted to D. The rate of flow of
electrons, and so the current, does not depend on
the voltage of plate D, provided this voltage is not
too close to zero.

current i/pA

>0

electrons

intensity I, frequency f = 9.0 x 10%Hz
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N
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If we now reverse the battery
terminals, so that plate D :
becomes the negative plate, as

in Figure 4, then the electrons c D
will be subject to a repulsive
force. An electron emitted
with kinetic energy 4 mev?
will be slowed down or even
stopped by the electric field, if
the field is strong enough.

>©

@)
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= |

electrons
intensity |

current i/pA

frequency f = 9.0 x 10*Hz

Figure4 PlateD isat anegative
potential with respect to plate C,
so that electrons from plate C are
repelled, and only the more
energetic ones are able to reach T T
plate D. -1 0 1

voltage /V
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An electron arriving at D will
then have a reduced kinetic :
energy 4 me? - e|V|, where

the positive quantity |V| c D
represents the magnitude of
the (negative) voltage V. Thus,
only those electrons with
initial kinetic energy greater
than e|V| will reach plate D
and contribute to the current,
as the graph in Figure 4
shows.
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electrons
intensity |

current i/pA

frequency f = 9.0 x 10*Hz

Figure4 PlateD isat anegative
potential with respect to plate C,
so that electrons from plate C are
repelled, and only the more
energetic ones are able to reach T .
plate D. -1 0 1

voltage /V
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The current produced
gradually decreases as V :
becomes more and more

negative, and finally, when the c D
magnitude V; of the voltage is
just enough to stop the most
energetic electrons (with speed
Umax) from reaching the plate,
we have

>©
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electrons

%mevr%ax = eV, (D intensity |

current i/pA

frequency f = 9.0 x 10*Hz

Figure4 PlateD isat anegative
potential with respect to plate C,
so that electrons from plate C are
repelled, and only the more
energetic ones are able to reach ; ;
plate D. -1 0 1

voltage /V
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This voltage Vs is called the stopping voltage and gives a measure of the maximum kinetic energy for the
electrons emitted from the surface.

It is not surprising that the electrons are emitted with a range of kinetic energies up to a certain maximum.
Some energy is needed to extract electrons bound in the metal, and we would not expect them al to be bound
with exactly the same energy. The electrons emitted with the highest energy presumably are those which are
bound least securely and the range of kinetic energies comes from the range of binding energiesin the metal.

According to the wave model of light the rate of energy transport in a Ii%ht wave is determined only by its
intensity and thisis proportional to the square of the amplitude of thewave. | |

0 What does the wave model predict would happen to the current and the maximum kinetic energy in the
photoelectric effect if the intensity of the light falling on the surface isincreased?
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When this experiment was performed it was found that the electron current did indeed increase in proportion to
the light intensity, but the maximum kinetic energy remained unchanged! This astonishing result was completely
at variance with what was expected from the known physics of the day.

With the light source that Lenard used (an arc lamp), he was not able to say much more, except that the
maximum electron kinetic energy was greater if blue light rather than red light was used. In other words, the
maximum electron kinetic energy increased with the frequency of the light but not with its intensity.
This happened for all the metals that he tried, so the result was quite general. Thus a new explanation for the
interaction of the light with the metal was needed. This explanation would have to be radically different from the
standard theory of electromagnetic waves, which had been so successful in accounting for the interference and
diffraction of light.
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2.2 A photon model for thelight interaction: Einstein’stheory

An explanation of the photoelectric effect was provided quite quickly by Einstein, in 1905, based on the same
ideathat Max Planck (1858-1947) had introduced in 1900, to account for the spectrum of black-body radiation.
(Subsection 5.1 discusses the topic of black-body radiation.) Planck had found that it was necessary to assume
that electromagnetic radiation of frequency f could only be emitted or absorbed in finite amounts of energy, or
packets; these came to be called quanta (singular, quantum). The amount of energy E in each quantum was
proportional to the frequency f of the light, through the rel ationship:

Planck—Einstein formula  E = hf 2

Equation 2 is now called the Planck—Einstein formula. h is a constant known as Planck’s constant, the value
of which is now known to be approximately 6.626 x 10734 Js. These quanta of radiation later came to be called
photons. In fact a photon is more than just a certain quantity of energy of radiation; it behaves as a genuine
particle, having energy, momentum and a direction of motion. Although we have not yet presented the evidence
for this, it is convenient to start using the word photon now.
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Einstein suggested that each photon was completely absorbed by a single electron in the metal; its energy might
then be enough to release the electron from the metal. The principle of conservation of energy allows us to
represent the energy exchanges in this picture of the photoel ectric effect as follows:

[Cenergy of 0 [energy required tod [Kinetic energy

B incident U- U remove electron B= E of outgoing E

Ophoton O O frommetad O O electron 0O
If we restrict our attention to the maximum electron kinetic energy arising from absorption by those electrons
with the minimum binding energy in the surface we have:

Cenergy of 0 O minimum energy 0 Omaximum kinetic O

Uincident U- U required to removeg = E energy of E

O photon [0 [Electron from metal 1 [outgoing electron]
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We can express this as Einstein’s photoelectric equation:

Einstein’s photoelectric equation: hf — ¢ = %mev,%ax ©)]

@isaconstant for agiven metal, known as the work function of the metal. It is the minimum binding energy, or
the minimum energy needed to remove an electron from the surface. Let us see how Equation 3, with its
implication that each photon is absorbed by a single electron, explains the four main features of the photoel ectric
effect:

the maximum electron energy [ does not depend on the intensity of the incident radiation;

2 themaximum electron energy depends on the frequency of the incident radiation;

3 thereisathreshold frequency for a given metdl; if light of a lower frequency than this is used then no
electrons will be emitted, however intense the light;

4 once the frequency is above the threshold value, the electron current is proportional to the light intensity but
there is no time delay in the emission of electrons, however low the intensity of the light.
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Einstein’s photoelectric equation: hf — ¢ = % MeU2 5 (Egn 3)

1 the maximum electron energy does not depend on the intensity of the incident radiation;
2 themaximum electron energy depends on the frequency of the incident radiation;

3 thereis athreshold frequency for a given metal; if light of a lower frequency than this is used then no
electrons will be emitted, however intense the light;

4 once the frequency is above the threshold value, the electron current is proportional to the light intensity but
thereis no time delay in the emission of electrons, however low the intensity of the light.

Equation 3 shows us straightaway that the maximum energy depends only on frequency; this disposes of points 1
and 2 above. For point 3 we only need to note that if hf < ¢ then no electron can be gjected, since not enough
energy can be supplied by any single photon. As regards point 4 above, once photons of sufficient energy
become available the electrons can immediately begin the absorption and a single absorption is sufficient to
cause an electron to be emitted, with no time delay required. In addition, the number of electrons emitted will be
proportional to the number of photons arriving; this is why the electron current is proportional to the intensity
once the threshold frequency has been exceeded.

0 What do you suppose happens to the energy of the photon when the absorbed energy isinsufficient to allow
the electron to escape?
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Einstein’s photoelectric equation: hf — ¢ = % MeU2 5 (Egn 3)

Equation 3 also provides what every good scientific theory should provide, a testable prediction. It predicts a
straight-line relation between the maximum electron kinetic energy and the frequency of the radiation.
This prediction is easy to test. To do thisit is necessary to find the maximum electron kinetic energy for arange
of frequencies.

The maximum electron kinetic energy for any frequency can be found by measuring the stopping voltage for that
frequency. Combining Equations 1 and 3

3 MevZa = €Vs (Egn 1)
we have:

hf — @ = eV, 4
e V.= (We)f - ge ©)

Equation 5 predicts that if V; is plotted against the frequency f we should find that the points lie on a straight
line. The intercept on the voltage axis is (—¢e) which depends on the target, but, irrespective of the target, the
line should have gradient (h/€). Thus, a graph of Vagainst f should allow both Planck’s constant h and the work
function gfor the target metal to be measured.
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Many such investigations were conducted by Robert Millikan (1868-1953), in a series of very careful
experiments carried out over several years and completed in 1916. Millikan confirmed Einstein’s predictions,
and the value he obtained for h was in good agreement with values found by other methods. It is interesting to
note that Millikan was rather reluctant to accept this result. Many years later he wrote:

| spent ten years of my life testing that 1905 equation of Einstein’s and contrary to all my expectations | was
compelled in 1915 to assert its unambiguous verification in spite of its unreasonableness, since it seemed to violate

everything we knew about the interference of light.
(Reviews of Modern Physics 21, 343, 1949)
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current i/pA
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Figure5 The effect on the graph of Figure 4 of increasing the frequency f of the radiation, with the intensity held
constant.

The sort of results that are found experimentally are shown in Figure 5, which shows the effect of increasing the
frequency of the light, with the intensity held constant.
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At any particular light frequency we
can see that the current flowing
depends on the voltage applied; the
stopping voltage at this frequency is
the magnitude of the voltage at which
the current falls to zero.

If we repeat this measurement for a
series of different frequencies we can
plot a graph, such as that shown in
Figure 6. The data in this figure are
taken from the graph shown in Figure
5

—check for yourself that this has
been done correctly.

Figure 6 The variation of the
stopping voltage Vg with the
frequency of the radiation
incident on the plate C.

stopping voltage Vs /V

frequency f10°Hz
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Millikan was in good company. Very few people accepted Einstein’s picture of individual packets of radiation;
in fact Einstein himself was so cautious about pushing the idea that his colleagues were often under the
impression that he had given it up! The evidence for the wave model, coming from interference and diffraction,
was so strong that it was very hard to abandon it. However, everything that came later confirmed the
‘unreasonableness’ of Einstein’s proposal.

It isinstructive to consider further the time scale for the emission of electrons in the photoelectric effect, since
this highlights the difference between the wave and photon models. The photoelectric process is not very
efficient: several hundred photons are absorbed for each electron emitted from the surface. Nevertheless, it is
found experimentally that electrons are emitted from the metal almost instantaneously (within a nanosecond,
1079s) once the light is switched on, however weak the source of light. With a weak source of light one might
expect, on the basis of the wave model, that it would take several minutes to accumulate enough energy at the
site of a particular atom to gject an electron, but thisis not the case.
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Question T2

(a) A light source emits light of high enough frequency to eject electrons from a potassium target 1 m away.
If the source emits light at a rate of 8.0 W, the classical wave model predicts that this will spread uniformly
around the source. If the radius of a potassium atom is 5.0 x 10~11m, at what rate does energy arrive at an atom
in the target, according to the wave model ?

(b) If the work function for potassium is 3.4 x 10712 J, how long would it take an atom to acquire enough energy
to emit an electron, according to the classical wave model of light? [0

There remains one problem about all this which may be worrying you. Y ou may be wondering why an electron
is unable to accumulate several photons, rather than only one, before attempting to leave the surface. Such a
possibility would deny the existence of any threshold frequency since multiple photon absorptions would then
allow any electron to accumulate sufficient energy to escape with any frequency of incident light, given
sufficient numbers of photons.

O Think for amoment about this: can you suggest any reason why these multiple photon absorptions did not
happen in Millikan' s experiments?
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2.3 Radiation emitted by an accelerated charge and X-ray emission

If an energetic electron hits a target, such as the target of an X-ray tube, some or all of its energy is converted
into electromagnetic radiation. This process converts the kinetic energy of the electron into energy of
electromagnetic radiation. According to the classical theory of electromagnetic radiation this general processis
expected whenever an electric charge is accelerated or decelerated, as in a collision. When the spectrum of this
radiation is examined it is found that all frequencies are emitted up to some maximum value, which depends on
the energy of the electrons hitting the target. This emitted radiation is known as bremsstrahlung (braking
radiation).

Einstein’s equation, Equation 3,
1
hf — @ = > M2, (Ean 3)

provides a simple explanation of this process in terms of what amounts to an inverse photoelectric effect.
As we have used Equation 3 so far it implies a conversion between photon energy and electron kinetic energy;
the inverse process converts the electron kinetic energy into photon energy and photons are produced as the
electrons slow down in the collision. A particular collision may produce a photon as well as some thermal
energy in the target. Each time an electron of kinetic energy E. loses energy by radiation, a photon of
appropriate frequency must be produced to carry away this energy. All emission frequencies are possible up to
some limit, f., Which corresponds to the complete |oss of the kinetic energy as radiation.
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To represent this process we can rewrite Equation 3

Einstein’s photoelectric equation: hf — ¢ = %mev%ax (Egn 3)
in the modified form:
1
B e —qD:Emevz =k

+ E
— Ee q) ~ € (6)
h h
We have neglected the work function on the right of Equation 6 since work functions for most targets of interest
are of the order of a few eV and significant intensities of emitted radiation only occur for incident electron
energies of many keV, with emissions then in the X-ray region.
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2.4 Applicationsof the photoelectric effect

We have so far stressed the fundamental scientific importance of the
photoelectric effect. There are also many practical applications of the
process. Photoelectric cells of the sort used to demonstrate the
photoelectric effect, and shown in Figure 2, are called photo-emissive
cells, and were once used extensively for the measurement of light
intensity.

electromagnetic
radiation

(n)

C D
evacuated tube

\Z/

ammeter

9,

voltmeter

battery

Figure2 A circuit diagram of the
apparatus for investigating the

photoelectric effect. C and D are metal
plates enclosed in a vacuum tube, and

the light shines on to plate C.
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For most purposes today they have been superseded by semiconductor
cells, such as the silicon p-n junction photodiode, illustrated in
Figure 7. o Arrays of such cells are often used to make asolar cell, to
convert solar light energy into electrical energy. The photodiode relies
on the production of free charges in the material, following the
absorption of light, but differs from photo-emissive cells in that the
charges are not emitted from the material but remain within it, able to
contribute to electrical conduction. These devices generate a voltage,
even when irradiated by visible light. They are often used as power
supplies in satellites, and are being developed as power supplies on
Earth, for use in places where sunny weather can be relied upon.

Figure7 A silicon p-n junction photodiode, often arrayed to produce a solar
cell. The diagram is not drawn to scale.
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2.5 Summary of Section 2
The significant non-classical features about the photoel ectric effect are that:

1 The maximum energy of the emitted electronsis given by Einstein’s photoel ectric equation
- 9= 2 maz, (Ean 3)

so the maximum energy depends on the frequency but not the intensity.
2 Thereisathreshold frequency, below which no electrons are emitted, irrespective of intensity.
3 The electrons are emitted almost instantaneously, however weak the light source.

All these features are compatible with the idea that light of frequency f consists of photons that carry an amount
of energy E = hf.
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Question T3
When barium plates are used in |
the tube in Figure 4 and when

the battery is replaced by a
piece of wire, the minimum
frequency of the radiation
which enables electrons to be
emitted is 6.1 x 1014 Hz.

(a) Calculate the work function
of barium. (b) Calculate the
stopping voltage required to —
prevent the arrival of electrons frequency f=9.0 x 10*Hz
at plate D, if the frequency of 1.
theincident radiation is

9.1 x10¥Hz. O

Figure4 PlateD isat anegative
potential with respect to plate C,
so that electrons from plate C are

repelled, and only the more 1 0 1

energetic ones are able to reach voltage )V
plate D. ag
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Question T4
Look at the graphin Figure 4. \
(&) What is the stopping

voltage in this case? (b) What
would be the stopping voltage
if the intensity were halved and
the frequency of the incident
radiation were held constant at
9.0 x 10" Hz? (c) What would
be the stopping voltage
required if the frequency of the —
incident radiation were reduced frequency f = 9.0 x 10" Hz
to 8.0 x 1014 Hz, with the 14
original intensity of the

incident radiation? [
Figure4 PlateD isat anegative
potential with respect to plate C,
so that electrons from plate C are

repelled, and only the more 1 0 1

energetic ones are able to reach voltage )V
plate D. ag
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3 Momentum carried by radiation and radiation pressure

In Section 2 we took the experimental observation that light can transport energy (consistent with a classical
wave model) and we showed that, at least in interactions with electrons in a surface, it was necessary to have the
energy exchanges quantized in packets (photons). It was only when we studied the details of the photoelectric
effect that this basic ‘graininess’ in the energy transfer became apparent.

In this section we will start from another experimental observation that light can exert forces and hence a
pressure on a surface on which it falls (again consistent with a classical wave model). We know that the origin of
the pressure in a gas lies in the collisions between the molecules and the walls of the vessel which contain it.
These collisions transfer momentum from the gas molecules to the walls and in Newtonian physics we associate
momentum changes with forces. For radiation there is often no container, but the presence of aforce exerted by
light when it shines on a surface leads us to the belief that light transports momentum as well as energy.
If we could show that the momentum transferred by light is also in quantized amounts, then we would be
encouraged into associating this also with the quantum called the photon; we would then be much more justified
in thinking of the photon as a genuine particle, carrying energy and momentum and delivering or removing these
in interactions with matter. We are going too fast here— first we need to demonstrate that momentum is carried
by light and then show that the momentum transfers between light and matter are quantized. These are the tasks
for this section and the next section.
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3.1 Wave model for the momentum carried by light

Whilst the wave model derivation of the expression for the momentum carried by electromagnetic radiation lies
beyond the scope of FLAP the results are simple to quote and to use. These are summarized as follows:

If the radiation transports a total energy E in a given time, then the total momentum transported in thistime
is of magnitude E/c, where c is the speed of light in a vacuum. This expression is independent of the
frequency and isresponsible for the forces and the pressures exerted by radiation.

O Show that the units of E/c are consistent with those of momentum.

If the radiation falls on to a surface and is wholly absorbed, the momentum transferred to the surface is of
magnitude E/c; if the radiation falls perpendicularly on to the surface and is wholly reflected then the
momentum transferred to the surface is 2E/c; if the radiation is reflected at an angle 6 then the momentum
transferred perpendicular to the surface is of magnitude (2E/c) cos 6. L]
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Question T5

Energy is produced by the Sun at arate of 3.9 x 10266W. Assuming that this radiation spreads out uniformly from
the Sun show that the pressure due to absorption of this radiation at a distance of the Earth’s orbit, 1.5 x 101 m,
isabout 4.6 x 106Pa. [|) O

Thisradiation pressureis very weak, which is why its effects are hardly ever observed directly. One situation
where it is observed is in the tails of comets. When a comet approaches the Sun its tail generally points away
from the Sun irrespective of the direction of motion of the comet itself. This is due to the effect of radiation
pressure on the head of the comet, creating a dust and gas cloud by evaporation, and then pushing this cloud
away from the Sun. You may be surprised at this if you had supposed that the tail of a comet always trails
behind its head. In fact, the Sun emits streams of particles as well as light and these also exert forces on impact;
comet tails respond to both these effects and can sometimes be seen to consist of two distinct components.

It has been suggested that radiation pressure could be used as a means of propelling a spacecraft without the use
of any fuel, rather as a yacht uses the pressure of the wind on Earth.
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Question T6

Using the results of Question T5 calculate the minimum sail area needed to give a space yacht of mass 1000 kg
an acceleration of 1 ms~2when at the Earth’s orbital distance from the Sun and with the radiation fully absorbed.
Would there be sufficient energy in thisradiation for the intrepid explorer to cook breakfast? 0O

The answer to Question T6 shows that the energy carried by light will be much easier to detect than its
momentum. For example, if the sail area of our yacht were to be equipped with photo-voltaic cells and the power
produced were then transmitted back to Earth we would have a sizeable solar power station; serious suggestions
have been made along these lines.
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3.2 Laboratory demonstrations of the momentum carried
by light

Coming down to earth, the existence of radiation pressure has been verified
by sensitive laboratory experiments, and its magnitude has been shown to
agree with the theory. A device which used to be seen regularly in optician’s
windows, and may still be seen occasionally, is the Crookes radiometer
(Figure 8d). This consists of a set of four vanes mounted on a pivot so as to
form a sort of paddle-wheel, contained within an evacuated bulb. One face
of each vane is blackened, the other is reflective.

O InFigure 8a, if light shines on to the vanes in the positions shown and
with the light travelling into the page, in which sense should the vanes rotate
due to radiation pressure?

Figure8 (&) The Crookes radiometer. Hatching indicates a blackened face. When
looking at (&), remember that the paddles arein avertical plane.
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Unfortunately, when these devices are made the vanes almost always
rotate the wrong way! The device rotates as expected if there is a very
good vacuum in the bulb but anﬁresi dual gasesin the evacuated vessel
will cause an opposite rotation.

However, similar devices have been used successfully to show the
radiation pressure effect. One such has a small rod suspended
horizontally by afine vertical fibre attached to its mid-point; amirror is
suspended from one end of the rod with a counterweight on the other
end to keep the rod horizontal. When an intense beam of light (e.g. a
laser) isreflected off the mirror the force on the mirror can be measured
from the deflection of the suspension.

T reflective

face
__—blackened
face
\_/Y
expected direction
(b) of rotation

Figure8b  The Crookes radiometer. (b)
The expected sense of rotation of the
vanes due to radiation pressure. Hatching
indicates a blackened face.
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Although the existence of radiation pressure certainly implies the transfer of momentum by radiation, it does not
imply the existence of photons as separate particles carrying momentum. However, if we were to find that the
transferred momentum was quantized in definite amounts, then the idea of a photon as a particle would gain
credibility.

Let us suppose for the moment that photons do exist as definite particles, so that a beam of light of frequency f
takes the form of a stream of particles, each carrying energy E = hf and each having momentum of magnitude p
(to be determined). In this simple model the total energy and momentum transferred over a period of time are
obtained by multiplying the individual photon energies and momenta by the number of photons arriving over the
period. The ratio of total energy to total momentum magnitude delivered by the beam must then be the same as
the ratio of energy to momentum magnitude of an individual photon, since the number of photons involved
cancelsin theratio.

0 Usethe expression for the ratio of energy to momentum transferred according to the wave model for light,
together with the Planck—Einstein equation to predict the momentum magnitude p of an individual photon of
energy E in abeam of wavelength A.
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4 Photonsas particles and the Compton effect

The photoelectric effect has given us a certain amount of new and unexpected information about the properties
of light, but it raises quite a number of other questions. The most important of these is the nature of the packets
in which radiation seems to be emitted and absorbed. If a packet of radiation is emitted, is it emitted in all
directions, as the wave theory would suggest, or isit emitted in aform more like a particle? The fact that light is
absorbed in packets and absorbed instantaneously suggests that it behaves more like a particle, but now we need
direct evidence of photon momentum.

This evidence came from a crucial series of experiments, performed around 1920, that involved the scattering of
X-rays by different targets. These experiments suggested that the scattered X-rays had a slightly longer
wavelength (i.e. alower frequency) than the incident radiation and also that the shift in wavelength depended on
the scattering angle. These observations were inexplicable in terms of classical wave ideas. In the wave model
the electrons in the target would be driven into oscillation by the oscillating electric field of the incoming
electromagnetic wave. These oscillating electrons would then radiate as would any accelerated charge
(see Subsection 2.3) and this would give rise to outgoing ‘scattered’ radiation. The wave model therefore
predicts the same frequency for the scattered and incident radiations and certainly cannot explain any shift in the
wavelength of the scattered radiation (or any radiation) with scattering angle.
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An American physicist, Arthur H. Compton (1892-1962), gave a quantum interpretation of these experimentsin
1922, about 20 years after the discovery and interpretation of the photoelectric effect. This scattering
phenomenon later became known as the Compton effect. We will present Compton’s interpretation by
assuming that photons exist as independent particles and then allow the success of the model in explaining the
observations to justify this assumption. An underlying assumption in what follows will therefore be that the

momentum magnitude p of a photon in a beam of light of wavelength A is given by the relation deduced at the
end of the last section

photon momentum magnitude p = h/A
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4.1 Elastic collisions of photons and free electrons

The simplest way of showing that the photon can behave like a particle is to see whether it can undergo
collisions like an ordinary particle, conserving energy and momentum in the collision and with the momentum
transfers quantized, just like the energy transfers. To test this we consider the elastic collision of a photon with a
free electron at rest. [ | We will see later that this situation can be realized by scattering X-rays or y-rays from
the electrons in matter.

We assume that a photon can undergo a particle-like collision, scattering through an angle 6, with the target
electron recoiling so as to conserve energy and momentum. Immediately, we can appreciate that if some energy
is transferred to the recoiling electron then the photon itself must lose this energy and so the scattered photon
must have lower energy and alower frequency (f = E/h) than the incident photon. Further, as for al particle-like
collisions, the energy transfer will depend on the scattering angle and so the wavelength shift of the scattered
radiation will depend on the scattering angle. Thus the quantum model correctly predicts (qualitatively) the two
basi c observations which had defeated classical physics!
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To make these predictions quantitative we need to be able to write down the energy and the momentum of both
participants and then apply the conservation laws for energy and momentum (components along and
perpendicular to the direction of incidence). This will allow us to deduce a relationship between the initial and
final energies of the photon and to relate this to the angle through which it is scattered in the collision.
Finally we must compare this with experiment.

This strategy is fine, and we can use our deduced expressions for the energy and magnitude of momentum of a
photon (E = hf, p = E/c = hf/c) but we run into a problem with the kinetic energy and the momentum of the
scattered electron. The problem is that the scattered electron is likely to be travelling at a substantial fraction of
the speed of light and the Newtonian expressions for momentum and kinetic energy break down and must be
replaced by their relativistic equivalents.

The thing we need to know is the relationship between the momentum and the kinetic energy of the electron.
For Newtonian mechanics, with m, as the electron mass, p, = mw and Ey;,, = mw?/2 and so the relationship is:

Exin = Pe?/2me
Therelativistic version of this, for the electron, is:

(Exin + MeC?)? = (MCH? + (peC)? @ L
where c is the speed of light in a vacuum.
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Consider the collision shown in Figure 9.
A photon with initial energy E;, momentum
magnitude E;/c and wavelength A;, moving along
the x-axis, collides with an electron at rest and is
scattered through an angle 6. After the collision
the scattered photon has a final energy E;,
momentum magnitude E¢/c, and wavelength A;.
The electron has kinetic energy E,, and
momentum components p, and p, after the
collision

We now treat the problem as we would any
particle—particle collision and apply the
conservation principles for energy and
momentum (components along the x- and y-axes)
before and after the collision:

energy: E = E¢ + Egin

x-momentum:  E/c = (E;/c) cos 8 + py
y-momentum: 0= (E;/c)sin@+p,

y scattered photon

E;, E; lc, A
incoming photon ‘\9
ANNNANNNAN
E, E Ic A ¢ X

scattered electron
Ekinr px: py

Figure9 A schematic representation of Compton scattering, in
which an incoming photon scatters from an electron at rest.

(8)
©)
(10)
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We do not need to go through the algebra in detail, but if you wish you can follow through the steps outlined
below:

(Exin + MeC?)? = (ML) + (PeC)? (Ean7)
energy: E = E + Eqin (Ean 8)
x-momentum:  E;/c = (E;/c) cos 8 + py (Egn9)
y-momentum: 0= (Ei/c)sin@+p, (Egn 10)

1 UseEquations 9 and 10 to express p, and py in terms of E;and E;.

2 UsepgZ=np?+ py? to substitute in Equation 7, so eliminating the momentum.

3 Equation 7 then gives an expression for E,,, which can be substituted into Equation 8.
4  Thisfinaly leadsto the (comparatively) simple equation

_ E
1+ (E/mec?)(1- cos6)

E (11)

which tells us how the final energy of the photon depends on the angle of scattering. If we look at radiation
that has been scattered through a particular angle we should be able to check Equation 11 and thereby test
the assumption that the photon behaves like a particle with p = E/c in this situation. [|
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4.2 Observation of the Compton effect
In order to test Equation 11

_ E

1+ (Ei/mec?)(1 - cos8)

E (Egn 11)

we must choose an initial photon energy E; that will allow the right-hand side of the equation to vary
substantially as the scattering angle is changed. This requires that the two terms in the denominator are of similar
size, with E;/m.c? chosen to be of the order one so that the second term varies from zero to one as 6 varies from
0° to 90°; if E;/m.c? is significantly smaller than one then the second term in the denominator will be swamped
by the first.

Question T7
On this basis, what is an appropriate photon energy and the associated wavelength to show the Compton effect

for electrons? 0O
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This suggests that we should use
radiation of wavelength 2.4 x 10-12m,
or something not too much larger.
The quantity (h/mgC) is known as the
Compton wavelength of the electron,
and it is an important quantity
whenever the interaction of an electron
with light is considered. Compton’'s
own experimental apparatus is shown
schematically in Figure 10. X-rays
from a molybdenum target and of
wavelength 7 x 10711 m pass through a
pair of collimating dlits (which define
the incident direction) and then collide
with electrons in a solid material. Q
The wavelength of those X-rays which
are scattered through an angle 6 is

X-ray
source

collimating
dits

Figure10 Compton’s scattering apparatus.

detection system
for scattéred ,_l

X-ray

calcite

scattering
material

scattered electron
from target material

measured by an interference method (a calcite crystal acting as a diffraction grating). This X-ray wavelength is
very much longer than the ideal which we have just calculated, but Compton was limited by what could be

produced at the time.
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intensity
of
Figure 11 show a typical set scattered

of results for a Compton X-rays
scattering experiment using
X-rays of initial wavelength
A = 7.08 x 10712 m, scattered
from a carbon target. The

intensities of the scattered 012345
X-rays, which have a final
wavelength A;, are plotted
against their wavelength shift,
As — Ay, for various scattering
angles 6.

012345
wavelength shift/10~3nm
Figurella Resultsfrom atypical

Compton scattering experiment. 6 = 0
°and 45°

intensity
of
scattered
X-rays

6=90

o
=y
N
WA
D
(61

6=135

012345
wavelength shift/10~3nm

Figure1lb Resultsfrom atypical
Compton scattering experiment. 6 = 90

°and 135°
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In the analysis of such experimentsit is convenient to rewrite Equation 11
E.

E = ' Egn 11
' 1+ (E;/mec?)(1- cosB) (Egn 11)
in terms of the initial and final wavelengths A; and A;.
Question T8
Use Equation 11 to show that, for Compton scattering:
A = A =(h/mc)(1 - cos6) 12 O

We can see from Equation 12 that the experimental results obtained by Compton are in good agreement with the
predictions of the particle model. [
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In general, the experimental results of Compton scattering show the following features:

The scattered radiation consists of two wavelengths, the original one A; and an additional one A.. L[]
A isaways greater than or equal to A;.

A¢ depends on the scattering angle.

A¢ does not depend on the material of the target.

A¢ obeys the angular dependence predicted by Equation 12. As — A = (h/mL)(1 - cos 6) (Ean 12)

g A~ W N P

In alater experiment Compton confirmed the particle model further by showing that the recoiling electron had
the energy and direction expected. Walther Bothe (1891-1957) and Hans Geiger (1882—-1945) showed that the
scattered photon and electron appeared at the same time. Thus, almost everything that could be required of a
particle seemed to have been demonstrated. However awkward it might be, it seemed to be certain that the
photon behaved as a particle.
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4.3 Somefurther questions concerning the Compton effect

In our discussions of the Compton effect so far we have presented the main issues, without complication, but
this means that we have glossed over afew subtleties, some of which may already have occurred to you and may
even be concerning you. We can now raise these issues through a series of questions.

Study comment  Some of the issues raised here are not simple so you should not worry if you find them difficult; the

questions are related to each other and should be considered in the sequence given. You may wish to consider them for a
while before you read the answers. If your situation allows it, you could discuss these questions with other students first.

O Our model has treated the electrons as free particles yet in the experiments we have used electrons which
were either bound in atoms or in amaterial. Isit valid to treat them as free particles?

O What would be the effect if the photons were scattered not from free electrons but from electrons which
remained bound in an atom?
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intensity
of —o0°
0 Canyou explain the origin of the Compton scattered radiation whichscattered 6=90

has the same frequency as the incident radiation (see Figure 11b)? X-rays

O Our model has treated the electrons as being at rest yet in the
experiments we have used electrons in atoms and in materials and these
electrons are not at rest. Isthisvalid and what effect might it have? .

2 6=135

o
=y
N
WA
D
(6)]

0 The Compton effect is not observed when visible light photons scatter
from the electrons in a material; if it were we would find, for example, that
when blue light scattered from a surface we would observe the scattered
light as green or yellow or red, depending on the scattering angle! Why is
Compton scattering only seen with X-rays or y-rays?

012345

wavelength shift/10~3nm

Figure1lb Resultsfrom atypical
Compton scattering experiment. 6 = 90
°and 135°
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4.4 Summary of Section 4

The Compton effect has taken our knowledge of the photon one stage further; we can now be certain that there
are some aspects of light that can only be explained by treating it as being composed of entities (photons), which
behave like particles with a definite energy, momentum, and direction of motion.

Question T9

The qualitative features of Compton’s results are summarized in the box below.

The scattered radiation consists of two wavelengths, the original one A; and an additional one A;.

A isaways greater than or equal to A;.

A¢ depends on the scattering angle.

As does not depend on the material of the target.

A¢ obeys the angular dependence predicted by Equation 12. As — A = (h/mL)(1 - cos 6) (Ean 12)

g b~ W N B

Explain briefly, in your own words, how each of these five characteristics can be accounted for using the photon

model. O
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5 Moreabout photons

In this section we describe some other experiments which either consolidate our view of the photon as a particle
or show further aspects of its behaviour.

5.1 Black-body radiation

From the historical perspective this subsection should have begun our module. Planck’s investigation (1900) of
the wavelength distribution of the light emitted by an ‘idealized’ hot body, the so-called black-body spectrum,
provided the first evidence that the interactions of radiation with matter were quantized. A full understanding of
this theory requires quite a lot of mathematics, and this module is not the place to go into this; however, the
basic points of the argument can be appreciated without much complexity and this will be our approach here.

Any body will generally both absorb and emit radiation. If the temperature of the body is sufficiently high, the
emitted radiation may be visible and the body may be seen to glow, but even if thisis not the case, emission still
takes place.

When the radiation from a body is examined it is often found to contain all possible wavelengths within a wide
continuous band; when this is the case the body concerned is said to have a continuous emission spectrum. o
The Sun is an example of such abody; the white light that it produces contains all the colours of the rainbow.
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The continuous emission spectrum of a body may be
displayed graphically by plotting the relative brightness of
unit area of the body’s surface against the wavelength at
which it is observed. Such plots depend on the nature of the
body as well as its temperature, but they always approximate
to a greater or lesser extent an ideal emission spectrum that
depends only on temperature. Two members of this family of
ideal spectra, corresponding to different temperatures T, and
T,, are shown in Figure 12.

These ‘ideal’ emission spectra are often described as
black-body spectra, since it can be shown that a perfect
emitter of radiation will also be a perfect absorber (reflecting
none of the radiation that falls upon it) and would therefore
appear to be black were it not for its emissions. Of course,
black bodies of this kind will not necessarily appear black at
all. The Sun for instance, over a wide range of wavelengths,
provides a good approximation to a black body with a
temperature of about 5800K, and it certainly does not look
black!
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Figure12 The continuous emission spectrum
from an idealized hot body, the so-called black-body
radiation. The vertical scale shows the spectral
brightness of the surface and the horizontal scale
shows the wavelength. The spectrum from the same
body at two different temperatures (T, > T) is
shown. Note that the peak of the spectrum shiftsto
shorter wavelengths as the temperature is increased.
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A very close approximation to a black body can be produced in practice by cutting a small hole in a hot hollow
body of uniform temperature, and observing the radiation coming from that hole. Since the hole is unlikely to
reflect any of the radiation that falls upon it, it is almost perfectly black, and the spectrum of the emitted
radiation will be almost entirely determined by the temperature within the cavity.

An explanation for the detailed shape of the black-body spectrum proved impossible in terms of classical
physics. When electromagnetic wave theory was used to analyse the energy stored within a hot cavity, it was
necessary to take into account al possible standing waves that might exist between the walls, for each possible

wave frequency from zero to infinity. Classically, each of these possible oscillations contributes the same
average energy to the cavity.

It was an embarrassing conclusion of this analysis that as higher frequencies are considered there are more and

more possible standing waves per unit frequency interval and therefore a higher and higher energy density in the
cavity.
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The inescapable conclusion was that the total energy within
the cavity should be infinite and the spectrum emitted from
the black body should increase without limit at high
frequencies— as if the long wavelength part of the curve in
Figure 12 continued to rise as wavelength increased, rather
than peaking and then falling back to zero again as experiment
showed. This impressive failure of classical physics became
known as the ‘ ultraviolet catastrophe’!
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Figure12 The continuous emission spectrum
from an idealized hot body, the so-called black-body
radiation. The vertical scale shows the spectral
brightness of the surface and the horizontal scale
shows the wavelength. The spectrum from the same
body at two different temperatures (T, > T) is
shown. Note that the peak of the spectrum shiftsto
shorter wavelengths as the temperature is increased.
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Planck took a different model, a quantum model. He assumed that the interaction between the radiation and the
cavity walls involved quanta of energy, in emission and absorption. Specifically, he assumed that the walls
contained oscillators and that an oscillator of frequency f cannot have any arbitrary energy but had energy states
which were integral multiples of the product of a constant h and the oscillator frequency f. LI

As the wall oscillators interact with the radiation in the cavity, each oscillator of frequency f can then only
change its energy by multiples of hf. On statistical grounds, the higher energy states of an oscillator are less
probable than the lower states and this discrimination means that the average energy associated with radiation at
frequency f (wavelength A) falls with decreasing A (unlike in the classical model, where thisis a constant, set by
the temperature). If this average energy is then combined with the greater number of possible oscillators
associated with decreasing A (as for the classical model) we reach a prediction for the power per unit area
(spectral brightness) in the cavity as a function of A. This expression is known as Planck’s function.
The detailed form of Planck’s function is not important for our purposes here but it is given in the marginal note,
just for interest. [
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When Planck’ s result is compared with the observed black-body spectrum the agreement is excellent, providing
the constant h is chosen appropriately. This success demonstrated that the energy states of an oscillator were
guantized, not continuously variable asin classical physics, and that when radiation interacts with matter it does
so by exchanging packets of energy or quanta.

This demonstrates the energy quantum of interaction but does not yet show the photon as a distinct particle.
Itislikely that Planck himself did not fully appreciate the impact these ideas were to have in the development of
physics.

FLAP  P10.1 A particle model for light e o
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1




5.2 The'size of a photon

A wave, even a very weak one, is always spread out over a region of space and often continues for a
considerable length of time— properties which cannot easily be reconciled with the picture of a particle.

For this reason, attempts were made to find out how large a target needed to be before the photoel ectric effect
could be observed; this would set an upper limit to the size of a photon as a particle. It has been found that metal
particles as small as 107"m in diameter still show the effect with X-rays, which have a wavelength not much
smaller.

It has also been shown that a photon can pass through a specially designed shutter in less than 10-9s and light
pulses shorter than 10-13s can be produced from a laser, so the maximum length of a single photon in the
direction of motion islessthan 3 x 108 ms™1 x10"13s=0.03mm i.e. 30um.

These limits are not measurements of the size of a photon but are simply experimentally determined upper
bounds to aregion of space within which a photon may be found. It could, in future, be discovered that a photon
can be found within a region much smaller than this (about 60 wavelengths of light), but already these limits are
along way from what one would expect of an extended wave, and encourage one further to think that a photon
is a particle. Nevertheless, most physicists are uneasy with the idea that a photon has a‘size’ and usually try to
avoid thinking in such terms.
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5.3 Counting photons

As we saw in Section 2.2, the amount of energy contained in a single photon is extremely small, and so it is
rather difficult to observe directly. For example, a 10% efficient 200W light bulb emits about 3 x 101° photons
every second! In order to observe a single photon, we have to amplify its effects considerably. The human eyeis
remarkably good at detecting photons, as can be seen from the next question.

Question T10

On a dark night the human eye can just see the light bulb mentioned above at a distance of about 80 km.
Use the data above to estimate the photon sensitivity of the eye (i.e. the minimum detectable number of photons
per second), assuming the bulb radiates uniformly in all directions and that the diameter of the eye pupil is

5mm. 0O
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In the laboratory we use a device called a photomultiplier for individual photon counting; this is much more
sensitive than the human eye. It is not possible here to go into the workings of this; we need only say that it can
produce a large pulse of electrons, and hence a current pulse, for each photon absorbed. The size of the current
pulse can be made to be proportional to the energy of the photon, and with suitable el ectronic equipment we can
not only count the number of individual photons received, but also distinguish between photons of different
energy. This device then functions as a spectrometer.

In order to distinguish individual photons arriving at the detector we need to make the light beam extremely
weak in intensity. We then find that the intensity | (the energy arriving per unit area per unit time) is
proportional both to the photon arrival raten (measured in m2s1) and to the frequency f according to the
expression:

| = nhf (13)

When this experiment is done with a very weak beam, where photons arrive every few seconds, it constitutes
one of the most direct and convincing demonstrations of individual particle-like behaviour of photons.
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5.4 Absorption of a photon by afreeparticle

In the photoelectric effect we observe the complete absorption of the energy of individual photons by electrons
within a material. In the Compton effect we observe the partial absorption of the energy of individual photons
by free electrons (the scattered photons carry away some energy). The question arises as to whether it is possible
for afree electron (or indeed any other free particle) to absorb the energy of a photon completely, and thereby to
move off with the energy and momentum of the original photon.

To test this idea we can take any free particle of rest mass my initially at rest, and then conserve energy and
momentum in a collision with an incoming photon, as for Compton scattering. The problem is simpler than for
Compton scattering because there is no outgoing photon, but the approach is otherwise similar to that adopted in
Subsection 4.1. The conservation laws for energy and momentum, confirm that this collision is a one-
dimensional problem:
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Energy: hf = By,
Momentum: hf/c=p

where E;, and p are the kinetic energy and the magnitude of the momentum of the outgoing particle. A variant
of Equation 7 must still be valid for the outgoing particle:

S0 (Eyin + Myc?)? = (MyC?)? + (pc)? (Ean7)
If we substitute for energy and momentum here we obtain:

(hf + myc?)? = (myc?)? + (hf)?
i.e. 2hfmyc?=0

All the quantities on the left-hand side of this expression are positive (or zero) and so it is impossible to fulfil
this condition unless m, is zero. The only conclusion we can draw is that the process we have described cannot
occur — no free particle (other than another photon) can absorb a photon’s energy completely. In such a process
it would be impossible to fulfil energy and momentum conservation conditions.

Question T11

If afree electron cannot fully absorb the energy of a photon explain why: (a) the Compton effect occurs with
free electrons and (b) the photoel ectric effect occurs with electronsinametal. 0O
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5.5 Emission and absor ption of photons by atoms

While these investigations into the existence and nature of the photon were going on, other work was attracting a
great deal more attention. This work was concerned more with the properties of atoms and molecules than with
photons, but required some of the same assumptions as the photon theory, and as such gave further support to it.

It was already known that atoms of each element emit light of characteristic frequencies, light which showed up
as sharp emission lines in the spectrum of the atom. Dark absorption lines with the same frequencies, also
showed up in the spectrum of white light (i.e. light containing all wavelengths within the visible spectrum) that
had passed through a gas of atoms of the element. L]

Niels Bohr produced a model of the hydrogen atom which gave the first inkling of an understanding of how
these sharp spectral lines came about. He suggested that electrons bound in a hydrogen atom could only exist in
certain states with definite energies, which he was able to calculate. Electrons could move between these states,
according to Bohr, only by emitting or absorbing energy in definite amounts—in quanta, in other words.
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This energy would be carried by a photon, and if we use the Planck—Einstein formula (Equation 2)

Planck—Einstein formula E = hf (Ean 2)

we can see that the frequency associated with the photon emitted or absorbed when there is a transition between
two states of energiesE; and E, is

f=|E -E,lh

This formula, together with the expressions for the energies of the possible states of the hydrogen atom, enabled
Bohr to explain and predict many features of the hydrogen spectrum.

Although Bohr’s theory had many difficulties, and was later completely superseded, it introduced some of the
features of current theories of the atom, particularly the existence of separate states of definite energy, and the
use of the Planck—Einstein formula

An atomic process occurs in gases which is analogous to the photoelectric effect in a solid, athough it is
technically much more difficult to demonstrate. In this process photons interact with the bound electrons in an
atom and transfer sufficient energy to remove one or more electrons from the atom, i.e. they ionize the atom.
When an atom isionized by light the process is termed photoionization and this provides a powerful diagnostic
tool for studying atoms. The minimum quantity of energy needed to ionize an atom is known as its
ionization potential and it plays asimilar role to the work function of a surface, but it corresponds to the removal
of an electron from afree atom or molecule rather than from a surface of the material.
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In 1916 Einstein developed a theory which described the absorption and emission of photons by atoms.
We cannot deal with this here, but we can note the main conclusions of the theory; these are that photons may be
absorbed by an atom, or emitted spontaneously from an atom when it isin a higher energy (excited) state.

Also, an atom already in an excited state may be stimulated into emitting a photon when it interacts with
(but does not absorb) an incident photon of this same frequency; this processis called stimulated emission. [
In this way one photon leads to another additional photon with identical properties (i.e. same frequency and
direction), and so the process can act as an amplifier of the incident light.
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6 Wavesand particles— living with a paradox

Clearly light can behave like awave; we have all seen the well known interference and diffraction effects which
can be explained by a wave model and we can use these effects to measure the wavelength or frequency of the
waves. Equally clearly, light can behave like particles; the photoelectric effect and atomic spectra show that light
is emitted and absorbed in quanta which carry a definite amount of energy, and which are localized, unlike
waves. Further, the Compton effect shows that a photon can collide with an electron in the same way as would
any other particle. What then are we to conclude about the nature of light? Does it consist of waves or particles?

It turns out that this last question is not confined to light alone, it also arises when we deal with matter. Beams of
electrons, which we usually think of as particles, show the effects of interference and diffraction, which we
normally expect from waves. | We can describe this by saying that it shows the existence of a
wave/particle duality —but what does it mean?
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The answer appears to be that we must use a model for light (and for matter also) which is more complex than
either a wave or a particle model. Indeed to some extent, we must turn our backs on the idea that light
(or matter) ‘is’ anything other than light (or matter). Instead we must ask how does light (or matter) behave in
various circumstances. This the attitude of guantum physics. Sometimes light will behave just like a particlein
absorption, emission and scattering, but at other times, in different circumstances, it will behave like a wave.
One of the aims of quantum physics must be to provide an account of the behaviour of light that is applicable to
all situationsirrespective of whether light is exhibiting wave-like or particle-like features.

We can give a‘taster’ to this completely new way of modelling nature, by reviewing a classic experiment which
was crucial in establishing the wave nature of light— Young's experiment. | |
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Figure13 Schematic arrangement in Young's experiment. Light passing through Swill illuminate both A and B, and

hence the screen.
In this experiment (shown schematically in Figure 13) light of a single wavelength (monochromatic) from a
source passes through a single dlit S and falls on a pair of narrow parallel slits A and B, which illuminate a
screen. If only one of the dlits is open then the screen will be illuminated more or less uniformly. This we can

understand easily, whether we regard light as being waves or particles.
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If both dlits (A and B) are uncovered then we see an interference pattern of parallel bright and dark bands on the
screen. || This is just what we expect from a wave. How can we fit photons and energy quanta into this
picture? There is no way that particles can produce the dark bands of an interference pattern since at these places
particles arrive if either dlit is open but not when both dlits are open.
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Figure1l4a Thearriva of photons on the screen in alow intensity version of Young's
experiment. Thisis aseries of histograms, showing how photons may be distributed on the
screen as they arrive; situation for 10, 20, 50, 100 and 200 photons.

The way the photons arrive at the screen is shown in Figure 14. When only a few photons have arrived, they
appear to be distributed in a random manner, and there is no pattern to be made out. But as more and more
arrive, the expected interference pattern gradually becomes more and more apparent.
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Figure14b Thearrival of photons on the screen in alow intensity version of Y oung's experiment.
Representation showing how photons may be distributed on the screen asthey arrive; situation for 500
photons.

After 500 photons have reached the screen the pattern already bears a strong resemblance to the continuous
intensity curve we would expect from the wave model, and which is shown in Figure 14 as a solid line for the
500 photons case. Y ou can see from the Figure 14 that there are several points where photons never arrive— at
just those positions where the wave model predicts fully destructive interference.
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The overall rate at which the photons arrive at the screen does not affect the shape of the pattern on the screen.
Even if the beam is so weak that only one photon is on its way at any one time, the interference pattern is till
built up in just the same way — it just takes longer for the pattern to become established. In quantum physics,
even when the intensity of alight beam is so weak that its particle-like aspect is apparent, the arrival probability
of an individual photon may still be determined by the wave-like aspect of the light. The arrival location of any
particular photon cannot be predicted with certainty, only its probability of arrival at any point on the screen.

Quantum physics must therefore deal with probabilities rather than with the certainties inherent in classical
physics. The task of setting up an appropriate mathematical basis for quantum physics, so that definite
predictions can be made, is amajor challenge but this must be left to other FLAP modules.

Question T12

‘Light appears to interact as particles yet travels as waves.” What experimental evidence supports this

statement? [
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7 Closingitems

7.1 Module summary

1

In the photoel ectric effect electrons are gjected from a metal illuminated by light. The electrons have arange
of kinetic energies up to a maximum, depending on the metal and on the radiation frequency.

The maximum electron kinetic energy does not depend on the intensity of the light.

The effect can be explained by Einstein’s theory, which assumes that radiation is emitted and absorbed in
finite packets, called quanta or photons.

The energy carried by each photon is given by

E = hf (Egn 2)
where f isthe frequency of the radiation and hisa universal constant, called Planck’s constant.

The minimum energy required to remove an electron from the metal is called the work function, usually
denoted by ¢, and is a property of the metal.
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10

Einstein’s equation for the photoel ectric effect expresses the maximum electron energy by

1
Epx= hf —@ = > MeU2 (Eqn 3)

It describes the experimental results exactly.

Electromagnetic radiation, in addition to carrying energy, also carries momentum; the magnitude of the
momentum of radiation of energy E is E/c, where c is the speed of light. This relationship is true at the level
of aclassical wave carrying momentum and also at the photon level.

In the Compton effect, radiation is scattered by matter in such a way that radiation scattered through a
particular angle has a particular wavelength, which is longer than the wavelength of the incident radiation.
The difference between the incident and scattered radiation is given by

At = A = (h/m)(1 - cos 6) (Egn 12)
In the Compton effect, the wavelength of the scattered radiation does not depend on the nature of the target.

The relation between scattering angle and the scattered wavel ength is accounted for by treating the process
in terms of collisions between photons (treated as particles) and electrons in the material.
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12

13
14

15

Both the photoel ectric effect and the Compton effect show that in some circumstances light behaves as if it
were composed of particles.

Other evidence for the photon model of light comes from the spectrum of black-body radiation, photon
counting, short light pulses and from interactions of light with atoms.

The phenomena of interference and diffraction of light can, however, only be explained by awave model.

This apparent paradox is partly resolved by assuming that photons in a light beam are distributed according
to the intensity of the beam.

The paradox cannot be resolved completely using classical ideas but requires a new theory
(gquantum physics), which accepts the wave/particle duality displayed by light and matter, and concentrates
on predicting the behaviour of physical systems.

FLAP  P10.1 A particle model for light c o
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1




7.2 Achievements
Having completed this module, you should be able to:

Al
A2
A3
A4
A5

A6
A7
A8
A9

Define the terms that are emboldened and flagged in the margins of the module.
Describe the essential experimental features of the photoelectric effect.

Explain why the photoelectric effect cannot be explained by classical theory.
Write down the Planck—Einstein formula and explain its significance.

Describe Einstein’ s theory of the photoelectric effect, and use it to explain all the experimental features of
the effect.

Describe how the momentum carried by light may be observed.
Describe the Compton effect, and its most significant experimental features.
Describe how the wave model of light fails to explain the Compton effect.

Explain the Compton effect in terms of collisions between electrons and photons (without proof of the
Compton expression).
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A10 Describe the black-body spectrum and explain in general terms (without proof) how its interpretation
supports the photon model of light.

A1l Describe the wave/particle duality in the behaviour of light, and explain why such a duality is not
necessarily paradoxical.

Study comment You may now wish to take the Exit test for this module which tests these Achievements.
If you prefer to study the module further before taking this test then return to the Module contents to review some of the
topics.
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7.3 Exit test

Study comment  Having completed this module, you should be able to answer the following questions each of which tests
one or more of the Achievements.

Question E1

(A2) Describe, with a sketch of the apparatus, how you would investigate the photoel ectric effect.

Question E2

(A3) Describe those features of the photoelectric effect that cannot be explained by the wave model of light.

Question E3

(A4) Theyellow light emitted from sodium has a wavelength of 589 nm. Calculate the energy of its photon, in
joules and electronvolts.
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Question E4

(A5) The work function of sodium is 2.0€V. Find (@) its threshold wavelength, (b) the maximum energy of
gjected electrons when it is illuminated by light of wavelength 4.5 x 10"m, (c) the stopping voltage for this

wavelength.

Question E5

(A6) (@ Therate at which solar energy arrives at the Earth’s surface per unit areais 1.4kW m=2, What is the
radiation pressure due to this? (b) If you assume that the average photon energy corresponds to a wavelength of
600 nm, how many arrive per second on a square metre? .

(A7, A8 and A9) Which features of the Compton effect cannot be explained by the wave model of light, but can
be explained by the photon model ? .

Question E6
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Question E7

(A7 and A9) A gamma-ray photon from the radioactive isotope 137Cs has an energy of 662keV. If it is
scattered by afree electron through an angle of 30°, what will beitsfina energy?

Question E8

(A10) What is meant by the term black-body radiation. Explain in general terms (without proof) how its
interpretation supports the photon model of light. .
?

Question E9

(A11) Light can be regarded as being composed either of waves or particles. Under what circumstances would
you use each model?
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Study comment  Thisisthefinal Exit test question. When you have completed the Exit test go back to Subsection 1.2 and
try the Fast track questionsif you have not already done so.

If you have completed both the Fast track questions and the Exit test, then you have finished the module and may leave it

here.
i

7.4 Further reading

The following two books are both general reading, but are worthwhile for any physicist at any stage of life.

‘Subtle is the Lord...": The Science and Life of Albert Einstein, by Abraham Pais, Oxford University Press,
1982. Thisis an excellent account of Einstein’s life, with the emphasis on the science, and has a good history of
the development of the photon concept.

‘QED The Strange Theory of Light and Matter’, by R. P. Feynman, Penguin Books, 1990. Richard Feynman
was one of the most original scientists of the century, and one of the inventors of the theory described here.
It goes further than this module, but contains hardly any mathematics, having been written for the intelligent lay
person.
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