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The Quantum Nature of Light

This Factsheet covers one of the fundamental - and hard to grasp - concEmsdifferences between the particle and wave views of light
of modern physics; wave-particle duality. To ensure this important topithe fundamental differences between the wave and particle views of light

is clear, the Factsheet is longer than usual.
What is light?

Well, there’s no simple answer, because it behaves differently in differem

situations. Usually it behaves as a wave — it can be diffracted, reflected

a metal surface, electrons can be released (the photoelectric effect).
requires a new explanation; that light comes in lumps (quanta), or parti
called photons. So depending on what experiment we do, light behav
eithera ‘wave’ or a ‘particle’. Neither explanation by itself can describe
that we observe.

are in their explanations of (i) the energy of the light and (ii) how often the
‘light’ arrives.

particle theorysays the energy depends on frequency; and the number

fShotons arriving per second depends on the power (see above for
refracted —so we consider it to be awave. However, sometimes this * way

model’ does not explain what we see —for example, when we shine light ont

lanations).

'éwave theonysays the energy depends on the amplitude of the wave,
ch is related to the power (powgramplitudé); and the number of

Z\Wﬁes arriving per second is defined as the frequency.

In summary: Differences between particle & wave views of light

==

Wave-particle duality'means:
the ability of something to shdasth wave-like and particle-like properti

Property of Light Depends on

Particle Theory Wave Theory

Itip

depending on how we look at it (i.e. what experiment is performed

Energy Frequency E = hf Power PO A2

just one aspect @fuantum physics

How often it arrives | Power #photons/seq Frequency #waves/se

Light is part of the electromagnetic spectrum, which we commonly explaiie Photoelectric Effect
as consisting of waves with different frequencies (e.g. gammarays, X-rgvs

radio waves, infra-red radiation and microwaves). We find that all parts
the electromagnetic spectrum show the same ‘wave-particle duality’ as lig
so we commonly speak otlectromagnetic radiation’ (EM radiation)
rather than ‘light'.

What is the particle model of EM radiation?
By Plank’s theory, EM radiation (e.g. light) is considered to be compos
of a stream of small lumps or packets (quanth)ch are callegphotons

Each photon travels at the speed of light and has no mass and no ch§8
Each photon has a fixed amount of energy (E) which depends on the
frequency (f) of the EM radiation: the higher the frequency, the higher the

energy of each photon:

E: Photon energy (J) .
E=nhf h: Planck's constant (6.68103Js)
f: frequence of EM radiation (Hz) .

@== What is the Photoelectric Effect?

When EM radiation falls on a metal surface, electrons are emitte§l so
long as the frequency of the EM radiation is above a certain ‘thresifiold’
value. The emitted electrons, called photoelectrons, have kinetic ergrgies

ranging from zero to a maximum value

|s the Photoelectric Effect explained?
Light consists oparticles(photons) of energy; the higher the frequency,
the higher their energy.
Onesinglephoton collides witloneelectron and gives all its energy to
that electron.
If this energy is enough to free the electron from the metal surface, then
the electron will be released, otherwise it won't be released.
The minimum energy required to release an electron from a metal
surfaceis called theWork Function (W). This differs for different

The more photons (i.e. packets of energy) there are, then the more energynetals, as each metal surface binds the electrons with varying

there is arriving at a point each second. Thugpdler (defined as energy

‘strengths’.

per second) of the EM radiation depends on the number of photons arriving Whether the electron is released or not depends on the energy of the

per second. If the power is measured over an area (€)gtiem we call it
intensity (Wm), which in the case of light is the same abitghtness

¢w To summarise the Particle Model of EM radiation:

EM radiation comes in a stream of packets, knowphagons
» Each photon has no charge and no mass
e TheEnergyof each photon depends on frequency only
e ThePoweror Intensity of EM radiation of a fixed frequency deperfis
on the number of photons arriving each second (where Intefsity
= Power/area).

Exam Hint : If you are asked to explain "Wave Particle Duality"

examples, ensure you give examples of light acting both as a particl
awave

photon (E) in comparison to the metal work function (W):

¢ Electron just released (E=W).f the energy of ainglephoton
(E) is equal to the work function (W), it cumst releaseone
electron from theurfaceof the metal. We say the photon is at
the threshold frequency, (f), the minimum frequency of EM
radiation required to just release electrons from a metal surface,
where E = hf= W; or rearraget], = W/h.
Electron not released (E<W)If the EM radiation is below the
threshold frequency, one photon does not have enough energy to
release one electron and no electrons are emitted.

¢ Electron released with energy to spare (E>W)A photon
above the threshold frequency not only has enough energy to
free the electron from the metal, but has excess energy which is
given to the electron as kinetic energy (KE). The largest value
this can take is given by Einstein’s Equation (see below).
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By using the principle of conservation of energy, we can also write @simple demonstration of the Photoelectric Effect
equation for the transfer of energy from the photon to the electrqmjs uses gold leaf electroscope(Fig 2). The electroscope is initially

(pictorially represented in Fig 1). charged either positively or negatively, so the gold leaf is raised.
Fig 1. The Photoelectric Effect Fig 2. Gold Leaf Electroscope

Incident . UV radiation

Photoelectrons move away with
Photons; : ) A/A/A/A/
E = hf energies from 0 - KE_ Zinc Plate
1 % Free electron from metal
ZT Work Function (W)
| | metal |

I Gold Leaf

Photon energy- Energy to free electron from metal surface + Electron K
hf = w + KE

max

Re-arranging this, we obtain;

When ultra-violet (UV) light is shone on the clean zinc plate, then:

O% Einstein's Equation » Ifthe electroscope is initiallyegativelycharged, the gold leaf rapidly
KE__:maximum electron kinetic energy (J falls, showing the electroscope is discharging.
KE,,, = hf-w hf :maﬁhoton energy (J) » Ifthe electroscope is initiallyositively charged, the gold leaf does not
W : metal work function (J) move from its raised position: no effect is observed.

These observations are explained by the Photoelectric Effect, as electron:
are released from the zinc plate when UV radiation falls on it:

Exam Hints _ o . « When the plate inegativelycharged, any electrons emitted from the
*  Einstein's Equation may be written in any of the following zinc plate will be repelled from the plate as ‘like charges (negative)
forms: repel’. Thus the electroscope ‘loses’ charge and discharges.
KE, = hf—hf (by FWih) *  When the plate ipositively charged, any emitted electrons are
KE, = hc/A - hchA,  (by c = 4) immediately attracted back to the plate as ‘unlike charges attract’. So

= hc(1A-1/7)
« Often energies are given in electron-volts (eV). To converte
into joules, multiply by the charge on an electronx105°C,
asleV =1.6x10%).E.g. 2eV- 2 x(1.6x10%°) = 3.2x10%° J.

photoemission does occur, but the electroscope does not discharge.

Important points to remember

» The UV light is not charged

» A positively charged plate is one which lacks electrons.
Only electrons are emitted from the metal surface

Why is the kinetic energy shown as thaximunvalue (KE_)? As W is

theminimumenergy required to release an electron fronstiiaceof the  \easuring the Photoelectric Effect and checking Einstein’s Equation
metal, it follows that the equation gives the largest electron kinetic energy,erimental measurements can be made to confirm the Photoelectric Effect

possible, thus itis shown K& . Electrons that are deeper in the metajq 1 determine Einstein’s Equation) using the apparatus shown in Fig 3.
will be more strongly bound and so take more energy to be freed, leaving

less energy for the electron’s KE. Thusiage of electron kinetic energies Fig 3, Photoelectric Effect apparatus
are observed, ranging from zero up to a maximum value given by the abey
equation.

Typical Exam Question photocell

represents: hf = KE__ + @ [3] Variable

(@) Explain what each of the terms in Einstein’s Equation -
dc supply

A metal surface of work function 3.0 eV is illuminated with radiation EM radiation

of wavelength 350nm.

(b) Calculate the threshold frequency and wavelength. [3]

(c) Calculate the maximum kinetic energy of the emittefl
photoelectrons, in Joules. [3]

Answer Apparatus

(@) hf—the energy of each light particle or phafarKE, _ — the maximurh This essentially cor_lsists of a photocell and a varia_ble d.c. power supply.
kinetic energy of the emitted photoelectrdisp- the work function df The p_hotocell consists of two metal plates_ sealed in an evacuated quart;
the metay’ container. Quartz is used for the photope_ll, in preferenc_e to glass, as it doe

(b) The work function ifoules,@= 3.0eV x (1.810°°C) = 4.8x10% ¥ ; notabsorb hlgherfrequgnues of EMradiation (e.g. uItra_\{lolet)that are aboye
The threshold frequency)(fs defined as, f= Wh = 7.2<104Hz v ; the threshold frequencies of common metals. In addition, the photocell is
The threshold wavelength is given by the wave equatio A=k/ evacuat_ed topreventthe photoemltted electrons colliding with air molecules.
f = (3.0x10PmSY/( 7.2¢104Hz) = 4.1x10'm o 0 _The variable d.c. supply is used to alter the voltage across the metal plate:

© Igze-arrange the equation in (a) to give KE hf - v ; where f = ck in the photocell. Measurements are taken from the ammeter and voltmeter

=(3.0x10'ms})/(350x10°m) = 8.6<10Hz v, and = 4.8x10w)|  for different supply voltages.
(N.B. this must be in joules); Thus KE= 9.0x10%°) v/

- S —
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Photoemission

Electromagnetic radiation of a known frequency is directed on to one of the photocell plates.

» Ifitis above the thresholdlequency (i.e. if it has sufficient energy), then photoelectrons are emitted.

»  The number of photoelectrons emitted per second depends on the number of photons arriving per second, i.e. thetBosisr, of the EM
radiation.

Electron flow in the circuit
What happens to the electrons after they are emitted from the plate depends on the potential (i.e voltage) of the iméielphatesell. Thisis controlled
by the applied voltage (V) from the variable d.c. power supply. Consider the following cases, starting with V = 0:

OF'EW Effect of Supply Voltage on photocell current.
Applied Supply Voltage

V decreases ‘
(becomes more V<0 V=0 V>0 Vincreases
negative) *

Some electrons hit the
other metal plate, thus
completing the electrical
circuit and allowing a
current to flow.

The current will
continue to rise as the
potential of the plate is
made more positive,
until all the emitted

The current continues to Areverse potentiajives

drop, until even the most the receiving plate a
energetic electrons (with negative potential
KE ) are unable to (relative to the battery).

max

overcome the potential Thus,some electronsare

The ‘receiving plate’

is given goositive
potentialby the battery,
attracting more of the
photoelectrons towards

energy of the electric field. repelled from the plate,
At this point, no electrons leading to a reduced

the plate. Thus the

zero applied voltage current in the circuit

photoelectrons are
attracted and captured.

will bridge the gap between current flowing through increases. At this point the
the plates and so the currentthe circuit electron current reaches its
falls to zero.The reverse maximum value, called
potential required to reduce thesaturation current,
the current to zero is I Il
termed the stopping
voltageV..
positive applied voltage
negative applied voltage B )
electron
Current
electrons .Y
. positive potential
maximum |
. saturation s
stopping
1=0A | voltage \, \ Saturation
Current, | ¢
Stopping
Voltage, Vg
\ Applied
- ve (reverse) 0 + ve ~ Voltage

T EM Intensity=> T

1 EM Energy = TV

Saturation Current and Stopping Voltage
Thesaturation current depends only on the number of photons arriving per secoatéresity), as each photon releases one electron (assuming 100%
efficiency).

Thestopping voltagedepends only on the energy of the photoelectrons, which is determined by the photon enfegyuérecy) for a given metal.
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In Summarystopping voltage and saturation current

Dependence of Stopping Voltage on Photon Frequency

At the stopping voltage, the most energetic electrons just cannot overd

the potential energy of the electric field between the plates. Thus;
Max. Electron energy= Electrical Potential Energy

KB = €Y
Substituting this in Einstein’s Equation gives:
hf —wW = ey

Graphically, this is represented by a straight line_ils\plotted against

:.,-E“Dependence of stopping voltage on EM frequency

V., : stopping voltage (V)

h : Plank's constant (6.68 10%) Js
e: charge on an electron (1:610%° C)
f: EM radiation frequency (Hz)

W : metal work function (J)

V, = (hle)f — (W/e)

Fig. 4. Dependence of Stopping Voltage on EM frequency

Typical Exam Question
Photoelectric Effect Depends on Alter by changing . o .
electron photon A photoelectric cell is illuminated. The graphbelow shows how the
current (1) through the cell varies with the applied voltage (V) across
Stopping Voltage, Y | Energy Frequency It.
(Photon Energy) Current (1)
Saturation Current, | number emitted Intensity
per second (number of photons/seg¢) S

ome
Applied
+ve (forwaré()Oltage V)

(a) Why does a current flow for positive voltages? [3]
(b) Why does the current reach a constant value for large positive

voltages? [2]

(c) Why does the current reach OA for a large negative voltage? [2]
(d) Add the following to the graph:

(i) A point, labelled S, to show the stopping potential [1]

(i) A curve, labelled F, showing what you would expect if only|
the frequency of the light illuminating the cell were
increased. [1]

A curve, labelled I, showing what you would expect if only
the intensity of the light illuminating the cell were
increased. [1]

A curve, labelled W, showing what you would expect if only,
a metal of aslightly larger work function were used. [1]

- ve (reverse)

f

(iii)

(v)

Stopping Voltage /V

Different metall,
with smaller W

gradient = h/e

Frequency /Hz
Threshold frequency

fo = W/h

-W/e

Dependence of Stopping Voltage on Freque
Vs = (h/e)f — (W/e)

Thegradient is (h/e) regardless of the metal being tested. It cd
used to experimentally determine a value for Plank’s constant
the charge on an electron (e) is known.

They-intercept is (-W/e). It depends on the work function of {

Answer
(a) Electrons are released from one of the metal plates in the photoc|
the photoelectric effec They are then attracted towards the oth
metal plate which is positively charged by the batériherefore the
circuit is completed and a current flowé.
The current is limited by the number of photoelectrons released
second¥” Increasing the applied voltage varies how many of
photoelectrons are collected by the positively charged metal plate i
photocell. Atlarge enough potentials, all the electrons are collette
and so the current cannot increase further.
When the collecting plate is negatively charged, it repels
photoelectrons. At large enough voltages, even the most enel
electrons are repelled. Thus, n@lectrons ‘bridge’ the gap betwee
the plates to complete the circaitd nocurrent flowsv

(d) See graph.
be

(b)

(©
y

Current (1)

Sl by

pach
the
nthe

the
getic

(c) Assuming 50% of the incident photons release electrons,
what current is produced? [3]

metal plate used and is always negative. Thus different metals will
have different y-intercepts (work functions), but always the same
gradient.
» Thefrequency axis intercept is equal to the threshold frequeragih). Applied
» Agraph of maximum electron kinetic energy against frequency|has Voltage (V)
exactly the same form, but the gradient becomes h and the y-intgrcgept
Typical Exam Question Answer
Light of wavelength 420nm with a power of 10mW is incident on
a ?netal (Chargeg on an electron ispl 8 10° C) (@) E=hf=hch v = (6.63<10%)(3x107/(420<10°)
' ' ' = 4.74x10")
(a) Calculate the energy of each photon [3] _ :
(b) Calculate the number of photons arriving per second. [2] (®) _N%qtifi/;fcs?nj = Power/ photon energy = 0.01/18% v

(c) Number of electrons emitted/sec = 0.5 x 2101° = 1.05x10'%s'v
As each electron has charge e, the current produced = (M7s)e

= (1.0%10')(1.6x10%9) = 1.68mAV

e
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Why does the Photoelectric Effect providevidence for particle nature of lightather than its wave nature?
Before studying this, make sure that you understand the differences between the wave and particle theories of light (Asepagedmber that intensity
is defined as the power per unitarea. The observations made in the Photoelectric Effect are unable to be explaineduesthgangeilight. Therefore,
the particle theory was developed in order to explain what was observed. These are summarised in Table 1.

Table 1. Photoelectric Effect -

Observations and Explanations

What is Observed?

What does Wave Theory predict?

For a given metal, electrons a
only emitted above a certai
threshold frequency of the
EM radiation, irrespective of its
intensity.

e The greater the intensity (amplitude) of the E|

h radiation, the greater the energy that arrives at
metal surface. So a high enough intensity shoy
cause electrons to be emitted regardless of
frequency. The frequency should have no effect he

The maximum KE of the
emitted electrons depends on
on frequency of the EM
radiation.

The greater the intensity (amplitude) of the E|
y radiation, the greater the energy that arrives at

metal surface. So, more energy is given to eg|

electron. The frequency should have no effect hel

The number of photoelectrons]
emitted per second depends or
on intensity of the EM

radiation, for a single frequency.

The intensity of the EM radiation relates to energ
lynot the number of waves arriving per second. S
the number of emitted electrons depends on t
number of waves arriving (i.e. the frequency) a
not the wave energy (i.e. intensity). The intensi
should have no effect here.

o

Low intensity EM radiation
(above the threshold frequenc
results inimmediate emission
of electrons.

Low intensity EM radiation has low energy. So

ywill take some time before enough energy builds yip

on the metal surface to free one electron

What does Particle Theory predict?

1+ Light consists of photons with enerdy = hf

he  Minimum energy required to release an electron is

Id  the work function (W)

he To release electrons, E>W

re.  Threshold frequency {f occurs when E=Whf, = W

e For frequencies above the threshold frequency,)f>f

he Einstein’s Equation giveXE = hf - W

ch  Thus KE  depends on the frequency

Fe.

e  The number of photons arriving per second depends

0, on the intensity of the EM radiation

he  One photon can release one electron (assuming 100

d efficiency)

ye  Thus the number of electrons emitted per second
depends on intensity

te Intensity only relates to how many photons arrive
per second, so few arrive per second for low intensitig

« But, each photon has enough energy to release an

electron (f>f) so immediate electron emission occurs

Exam Workshop

The photoelectric effect can
electroscope which is negativ

The examiner’s answer is given below.

UV radiation

1944

(c) Use the particle theory of light to explain why red light does ng
have the same effect as ultra-violet light. [5]

This is a typical poor student’s answer to an exam question. The commentsRed light doesn't free electrons as it doesn't have as much energy
explain what is wrong with the answers and how they can be improved. ¥ - Energy comes in lumps that depends on the frequéncy

be simply demonstrated by using an | *
ely charged, as shown in the diagram.

« Did notmention what the particle theory of light is (i.e. photons
Did not explain why electrons are released when UV light shirjg
on the plate.
* Needs to be specific about red light being below the threshp

frequency — too vague here to gain mark.

Zinc
Plate

(d) If the metal has a work function of 2.3 eV, calculate the maximu

kinetic energy of the emitted electrons, in Joules, when light of 2

KE, ..

X

nm is used. [3]

= hf — W = h(20810%)/(3.0<10°) — 2.3 = -2.3e\#%¢

L — Gold Leaf

*  UsedA not f in equation
e Calculated energy in eV, not Joules as asked

Examiner’'s Answers

When ultra violet light is shone on the metal plate, the gold leaf (a) Both the foil and rod are negatively chargédLike charges repel

gradually returns to the vertical. However, when red light alone is so the foil moves away from the r&d.

Its Repelled/

(@) Explain why the gold leaf is initially displaced from the vertical [2]

* Needs more detail for 2 marks

UV is shone on to the metal plate? [3]
It becomes less negatively chargéd.
The light takes the extra charge awy.

(b) Explain why the gold leaf gradually returns to the vertical when

* Not enough detail to gain 3 marks.
» Be precise - light does not 'take the extra charge away'.

used, the foil remains displaced and does not return to the vertical. (b)

©

(d)

The UV light frees electrons so they can escape from the metal
(the photoelectric effecdf so the negative charge on the metal pl
and roddecrease/ . So, the repulsion between the foil and the
decrease and the foil drops due to grawfy.

Light consists of packets (quanta) called phot6n3 he energy of
each photon depends on its frequency, by E¥£ s red light has
a lower frequency than UV light, it has less enafgyOne photon
gives its energy to one electraf. In order to release an electro
the photon energy must be greater than or equal to the metal
function: red light photons have less energy than this and so d
provide enough energy to free an elect¥6n

Use Einstein’'s Equation: KE = hf-W,

where f = cA = (3.0x10%)/(200x10°) = 1.5x10*Hz v/

and W = 2.3e\ (1.6x10%°C) = 3.7x10] /.

Substitute in the equation to get KE 6.2x10%J V.

—F

as Uv

m

plate
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-
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Qualitative (Concept) Test
Look in the text for the answers to the questions and use the hints!

@)
@
®
“

Explainwave — particleduality. Include an example in your answer.
What is gophoton?
Describe theghotoelectric effect

How does the photoelectric effect provide evidence fopaintcle
nature of electromagnetic radiation?

What is thewvork function of a metal? Explain how this relates to
the threshold frequencyfor the metal. int: See "How is the
Photoelectric Effect Explainef”

®)

What isEinstein’s equatior? What does it describe? Explain all
symbols used.

6

(7) What s thestopping voltage? How can it be decreased for a give
metal?

Describe amxperimentto verify Einstein’s photoelectric effect,
Explain how values for the metal work function and Plank’s const
can be determined form this experiment.

®)

ant

2

If visible light is incident on zinc, no electrons are emitte
irrespective of how intense the light is. Explain this observatio

9)

=}

(20) Monochromatic electromagnetic radiation is incident on a metal
surface, resulting in the emission of electrons.
Describe the effect on the maximum kinetic energy and on |the
number of electrons ejected per second for the following changes:
(a) increasing/decreasing the frequency of the incident radiation

(b) increasing/decreasing the intensity of the incident radiatio

(c) changing the metal for one with a greater/smaller work function
(Hint: See "saturation current and stopping voltage")

Quantitative (Calculation) Test
Time for test:35 mins Total Marks:34

Plank's Constaht=6.63x 10% Js
electron massn, =9.1x 103 kg

electron charge= 1.6x 10%°C

Speed of EM in a vacuum= 3.0x 10° ms!

Data:

(1) Calculate the energy of a photon of:

Light of frequency 3x 10°Hz is incident on a metal of woik

function 5.x10° J causing electrons to be emitted with maxinj

kinetic energy 1.4610%J.

(@) Calculate a value for Plank’s constant.

(b) Calculate the threshold frequency for this metal

(c) Calculate the minimum frequency of radiation require
achieve electron kinetic energies abox&@#e].

©)

Laser light of 490nm with a power of *B)?W is incident on &

metal of work function 2 eV.

(&) Calculate the number of photons emitted per second.

(b) If 10% of the photons result in an electron being emi
what current is produced?

(c) Calculate the energy of each photon in electron volts.

(d) (i) Calculate the maximum kinetic energy of the photoelect

in electron volts. (i) What speed would these electrons

(neglect relativistic effects)?

If the incident power is doubled, what will be the effect o

4

()

ted,

rons
have

h (i)

Quantitative Test Answers
(1) (i) E=hf=h(ch) ¥/=(6.6310%Js)(Z10°ms")/(1.2x10°m) v
=1.66x10%) v;
(i) E = hf = (6.6%103%4Js)(2.x10"*Hz) =3.14Jv

) f=E/h = (6810°)(1.6x10%° J)/(6.6%10%4Js)¥ =1.4x1(PHz v/ ;
A = c/f = (3.x10°msY)/(1.45x1(PHz) v = 2.07%10%“m v

(3) (@) by Einstein’s Equation h = W/f + KE/f ¢
= (5.0¢<10%°3)/(3x10"°Hz) + (1.46¢1083)/(3*x10"Hz) v

(i) wavelength 1.2um; (i) frequency 2.810"Hz. =6.5%10%Js ¢/.
= 9 4
(2) Calculate the frequency and wavelength of a photon of energy 60 () t_hreshold4frequencyd:f Wih = (5.0x16°3)/(6.63x163s)/
MeV. = 7.5¢10“Hz v

(c) by Einstein’s Equation; f=W/h + KE/h/=f +KE__/h¢
= 7.5¢104 + (1.46¢10%83)/(6.6310%Js) = 6.8x10°Hz v

um(4) (a) # photons/sec = (emitted power)/(energy per photon)

= Power/(hck ) v
={(7.5%102W)(490x10°m )}/{(6.63%1034Js)(3.x10’ms')} v/
=1.85¢10" st v
(b) Current = (# electrons emitted/sedqcharge on each electron)
= 0.1x(# photons/sec) x &
=0.1(1.8%10" s1)(1.6x10'°C) =3.0mA V'
(c) E =hf=nhck = (6.63«10°%%Js)(3.61Pms?)/(490x10°m)
= 4.06<103 v
As 1leV= 1.6x10%, this corresponds to (4280°J)/(1.6<101°J)
=2.54eVV/
(d) () by Einstein’s Equation; KE =hf-W =E -W
= 2.54 - 2.0 0.54eVV/
(i) KE =% mv? v =V{2(KE __)m}
=v{2(0.54x1.6x10%°J)/( 9.1 103kg)} v =4.3x10ms* v
(e) (i) no changeas energy is independent of Intensify;
(i) doubled, i.e. 3.%10's* ¥ as doubling the intensity doubles

the maximum energy of the emitted electrons; and (ii) the e
number of electrons emitted per second the number of electrons arriving per second and thus also of
(f) Calculate the threshold wavelength for the metal. _the e_lectron.s eTltted per second.
(9) Wil light of 1.5x10"*Hz result in the emission of electron$? (f) W =nhf =h(ch); A,=hc/W
= (6.63x10341s)(310PmsY)/(2x1.6x10%°J) ¥ = 155nm v
_ (@) Nov
Further Reading as this frequency is below the threshold frequency calculated from
* ‘The Quantum World’ by J.C. Polkinghorne published by Pelican ISBN part (f);

0140226532. A good overview of the subject with minimal

f =ch, = (3.0<10°ms?)/(155¢10°m) = 1.%10"Hz v
mathematical content.
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