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71 Quantum Theory of Light

In Form 4, you learned that the electromagnetic spectrum is a continuous spectrum. This
spectrum consists of seven types of waves with different frequencies and wavelengths as
shown in Figure 7.1,
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Flgure 7.1 Fleciromaghetic specirum

All objects emit electromagnetic radiation. Cold objects emit waves with low frequencies,
such as radio waves or microwave, while hot objects emit waves with higher frequency, such as
visible light and ultraviclet radiation. Do humans also emit electromagnetic radiation?

A black body is an idealised body that is able to absorb all ,w
electromagnetic radiation that falls on it. A black body can

also emit thermal radiation depending on its temperature, Thesmal radiation &

‘The radiation emitted forms a continuous spectrum and is Alacimarigoetc cacelion fal

includes visible light and radiation
unaffected by the nature of the black body surface. Thus, an that basfanhyu-nmm

object emitting electromagnetic radiation which is determined ey such as infrared radsation
by its temperature is known as a black body radiator.

v
The rays of kght thad enter the ear cavity will undengo '{- ‘1 F
repeated refiections on the inner walls of the ear cavity. A1 )
pach reflachion, parts of the rays are abisorbed by th inner ""‘ﬁ‘@. &
walls of the ear until &l the rays ane sbsorbed. Thus, the ity d
ear cavity acts ke a black body. &
| S—
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As the temperature of an object rises, the object acts as a black body radiator and emits
thermal radiation of all wavelengths. Figure 7.2 shows a graph of radiation intensity against
wavelengths of three types of black bodies at different temperatures. Usually, every curved graph
of the black body spectrum is narrower on its left, which is an area with short wavelengths and
high frequencies, With increasing temperatures, the wavelength approaching maximum radiation

intensity will also get shorter,
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Ideas that Sparked the Quantum Physics Theory

Light is an electromagnetic wave that is produced from the vibration of an eleciric charge, In
a hot object, electrons vibrate rapidly and randomly in any direction and produce light. As the
object becomes hotter, the vibrations of the electrons become more energetic and maore light will
be emitted, The electrons in a hot object will vibrate in a continuous frequency range, According
1o classical theory, electrons vibrating at the same frequency should have the same energy content,
The vibration frequency of the electrons also has no limits, Ths, the light energy produced by the
vibration of electrons can reach unlimited high values,

However, experimental results involving black-body radiation are inconsistent with classical
physics theory. Based on the graph of radiation intensity against wavelength for black-body radiation,
the light intensity on the left side of the peak does not continue to increase with the increase of
wave frequency as predicted by classical theory, This controversy in the concept of light energy has
sparked the theory of quantum physics,

The particle nature Double-slit Dalton Atomic Discovery of
of light experiment Moddel Electrons

+ Described light as « Conducted double- « Matter consists of + Discovered negatively
a singhe stream of it experiment on basic particles that charged subatomic
particles or corpuscles  light in 1501 and cannot be further particles called electrons
in 1704, showed that light 53 divided called atoms.  in 1897,

+ Unsuccessful in e ) + Same elements hive  + Designed experiment to
explaining the z md""f"“’“?"“‘&" the same type of uudymmhwnr
phenomenan of light Jﬂﬁ“ﬁﬂ“ atoms. dlectrons.
refraction dug to iog » Unable to cxplain « Unable to explain the
failure in comparing the light spectrum line spectrum of light
the speed of light in produced by atoms. produced by stoms,
glass and air.

ot
hitpes L R R /y:npt.'.{i'l'u't.ﬂ'.-'}{'krﬁ e ? bt e e 20 Tind

Figure 7.3 The developrmient of guantiom theery from dascicel theery
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| - Activity &7 s [ cs

Alm: To gather information on the development of quantum theory

Instructions:

L. Carry out a Gallery Walk activity,

2. Obain information from various reading materials and wehsites about the findings of the
following physicists which contribute 1o the development of quantuem theory,

Issac Newion Joshn Dialton Max Planck Niels Baohr
Thomas Young 1. ), Thomsan Alben Einstein Louis de Broglie

3. Present your findings in the form of a mind map.

« Introduced the concept « Introduced the photon « Explained the « Introduced the

af quantum (discrete concepd (n 1905, production of hypothesis on the
encrgy] in 1900 . mlﬂim“@h line spectrum by wave nature of

» The clectromagnetic directly proportional hydrogen atoms, partiches in 1924,
wave emitted by ablack 10 the light waves . The dectrons inan  « Einstein and de
bady is in discrete form “"-“I‘““‘Fﬁlm atom orbit arcund Broglie postulated
known as quantum of ! b "m its nueleus on the idea of the
energy. successful in cxplaining certain shells only,

» The energy in each the characberistics » The transition of duality of light
quantum is directly of the phatodectric electrons from a and all subatoric

proportional o the wave  effect that coubdnot e higher energy level  particles.

frequency. explained by classical shell to a lower
+ The intensity of the theory. energy level shell
radiation & Jow for the emits photons.,

high frequency waves,




Quantum of Energy

The electromagnetic spectrum may be a continuous spectrum
or a line spectrum. Figures 7.4 and 7.5 show examples of a
continuous spectrum and a line spectrum respectively.

Cimtinuous spectrum

1 AR RIR L B 1
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Wavelength, 2 /nm

Fignre 7.4 Visible light speciriem

Line spectrum

Sk} 450 Sy 550 L] k11 TiH)

Wavelength, 4 /nm
Flgure 7.5 Line spectrim of hot mercury ivpour lmp

The dispersion of white light by a prism produces a continuous spectrum consisting of
seven visible colours, This spectrum has a wavelength range from 400 nm to 750 nm. The visible
light spectrum is said to be continuous because there is no separation gap between each colour
in the spectrum.

The line spectrum produced by an excited atom is a series of coloured lines with unique
wavelengths and frequencies. Each element produces a spectrum with a series of its own
distinctive lines. Therefore, the line spectrum can be used to identify the presence of an element.
Table 7.1 shows the frequency and quantum of energy values of the line spectrum produced by
a mercury vapour lamp,

Table 7.0 Frequeency and energy quaniun valnes of a line spectrim from a mercary sapaur lamp

Frequency, [/ 10" He Energy quantum , E/ 10°" ]

Vialet 741 4591
Blue 6.88 4.56
Green 549 3.65
Yellow-orange 519 344

.,[E-_%@ B
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Alm: To compare the concepts of continuous energy and discrele energy

Instructions:
1. Carry out this activity in groups.
2. Gather information related to the concepts of continuous energy and discrete energy on the
following aspects:
(a) the visible light spectrum
(b} the line spectrum of mercury lamps and other lamps
(c) differences between continuous energy and discrete energy
3. You can obiain information from websites or various reading sources.
4, Present vour findings using 4 graphical map.

Cruantum of energy is discrete energy packet and not a continuous energy. The energy
depends on the frequency of the waves, According to Max Planck and Albert Einstein's quantum
theory, light energy exists in the form of an energy packet known as a photon. Photons are light
energics transferred in quantum of energy. The photon energy is directly proportional to the
frequency of light waves. The higher the frequency of light waves, the higher the energy quantum

of a photon,
o 1@fo CIIETD —

Eef

E=|F!f Light is a type of electmmagnetic
wave. i also behaves as 8 partice.
where E = photon energy Other types of waves in he
h = Planck’s constant (6.63 = 10-™ ] &) elecimmagnetic spectrum can aiso
f = frequency of light waves J behave as panices.

| Compare the energy of a 400 nm and a 750 nm light photons.

Step 1t Step 2: Step 3: Step 4:
Identify the Identify the Identify the Solve the problem
problem information given . formula to be used | numerically
@ Energy of a 400 am photon 5 13 =,'.1_1|f_;h¢n_[=_i_
Energy of a 750 nm photon E=hf= he
¥
@ Planck’s constant, hr = 6,63 = 1009 [ s
Speed of light in vacuum, ¢ = 300 % 10" m 5! O F =663x10" 3.00 x 100 ml]
Wavelength, &, = 400 = 10 m i 400 = 107"
Wavelength, &, = 750 % 10* m =4.97 =10 “lsm it
. E 3
E, =663 x 10°M a0 = 107
= 265 % 1007 )

The shorter the wavelength of light, the higher the photon energy.

B 72 714 gﬂ
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Wave-Particle Duality

Electromagnetic radiation such as light is said to have wave properties because it exhibits
the phenomena of diffraction and interference. Objects like marbles are said to have particle
properties because they possess momentum and kinetic energy and can collide with each other,

] Activity £ o

Aim: To observe the wave properties of a particle and how the de Broglie wavelength changes
with mass and particle velocity
Instructions:
1. Carry out this activity in pairs.
2. Scan the QR code 1o view the simulation of the wave properties
of particles. Based on the simulation, discuss the following:
(a) the wave nature of paricles
(b} the relationship between the de Broglie wavelength and the
mass and velocity of the particle T e L T
3. Present your findings.

In 1924, Louis de Broglie ('de Broy") (1892 - 1987}, a quantum physicist, had put forward a
hypothesis stating that all particles can exhibit wave characteristics. However, it is experimentally
difficult to show the wave characteristics of particles with large masses. Louis de Broglie
predicted that the wave characteristics can be exhibited by light particles, for example electrons.
He stated that the relationship between the momentum of a particle, p and its wavelength, 4 is
as follows:

]
A=—
P
where A = wavelength
h = Planck’s constant
p = momentum of particle
Value of Planck’s constant is 6.63 x 10" ] s.

a

The greater the momentum of the particle, the shorter the wavelength. Since the value
of the momentum of particle can be determined by p = mv, the following formula can also
be obtained.

1=i
L

where m = mass of particle
¥ = velocity of particle

Since the value of b is very small, particles of large masses will have de Broglie wavelengths
which are too short to be detected. Therefore, the wave characteristics cannot be observed,

{'L_g?{g B
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In 1927, the presence of wave properties of electrons was confirmed through electron
diffraction experiments. Photograph 7.2 shows the diffraction pattern of electrons through a
thin layer of graphite, This pattern resembles the light diffraction pattern through an aperture as
shown in Photograph 7.3, This confirmed de Broglie’s hypothesis, 1= i

Phatograph 7.2 [ifrecticn paltern of FPhotagraph 7.3 Dyfrechion paitern of
etectrons throeh o thin laver of grophite reed Teaser fight Horough an aperiune

The de Broglie wavelength of an electron beam is approximately 1000 = 10 000 times
shorter compared 1o the wavelength of light. This property is very important for higher
magnification of electron microscope. A comparison between the images produced by an
optical microscope and an electron microscope is shown in Photograph 7.4.

fa) bmage of red Blood fb} brnge of red Moad

cetlls ender an cells uricler an

aptical microscnpe clechnon microsoope

Phatograph 7.4 A contpariian betieen the images produced 5
iy an apticel microscope and an eleciron microscope
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Electrons are said to have wave-particle duality because they exhibit the properties of both
particles and waves, Light also possesses both wave and particle properties. Therefore, light and
electrons are said to have wave-particle duality. This duality is also found in all kinds of radiation
in the electromagnetic wave spectrum as well as in subatomic particles like protons and neutrons,

Light energy, E is transmitted in energy packets known as photons
E=hf
where h = Planck’s constant
[ = frequency of light waves
For electromagnetic waves, the relationship between the wave speed, ¢ with the
melength,ﬂ.is:=ﬁt,thm_f=-%,and

i

Problem Solving for Photon Energy and Power

Energy for one photon, E = hf
Assuming that n photons are being emitted per second, then photons power, P which is the
total energy transfer per second is

P=th=%

Exampie [}

A 50 W lamp emits red light with a wavelength, 4 = 7.0 x 107" m.
What is the number of photons emitted per second?

P Solutiog]

D HegP
Step 1z Step 2 Step X Step 4
Identify the Identify the Identify the Selve the problem
problem information given | | formula to be used | numerically
@ Number of photons emitted per second, i p =il
@R %
E Then, =5
@ Wavelength, A = 7.0 x 107 m "= e
Power, P = 50'W i
Planck’s constant, b = 6.63 = 10°4 | On= #0 % 7.0 % 10

6G.63 x 10K = 3,00 = 107

Speed of light in vacuum, ¢ = 3.00 x 10° m = 176 % 100 g1

[_LE:’Q B 714 715
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\ A red laser pen emits light with a wavelength of 670 nm. If the number of photons emitted
is 3,37 » 10" per second, what is the output power of the laser pen?

Wavelength, A = 670 nm
=67 x 107 m
Mumber of photons emitted per second, 1 = 3.37 = 105
Planck’s constant, i = 6.63 x 107 | 5
Speed of light in vacuum, ¢ = 3.00 % 10" m s*

Output power of the laser pointer, P = ﬁ%’ﬁ

_ (337 » 10")(6.63 x 10-*)(3.00 x 10°)
6.7 x 107

= L.00wW

Assuming that 10% of the output power of a 100 W bulb is used to emit 2.92 = 10" photons
per second, what is the average wavelength of the light in nm?

Output power of photons emitted, P = 10% x 100W

=10W
Mumber of photons emitted per second, n = 292 « 107 &
Planck’s constant, b = 6,63 x 107" |
Speed of light in vacuum, ¢ = 3.00 x 10" m s
Average wavelength of light, & = EF-&E

_ 292 x 10™)(6.63 x 10-*){3.00 x 10%)
1]

=581 % 100" m
=581 nm

Formative Pragtice: 7.1

1. What is the frequency and energy of a photon with a wavelength of 10 nm?
2, How many photons are emitted per second by a 50 W green light lamp?
[Frequency of green light, f= 5.4% « 10" Hz|

3. Given that the mass of an electron is 9,01 = 107" kg:
{a) what is the de Broglie wavelength of an electron beam with 50 ¢V kinetic energy? &8
[1eV = 160 x 107 ]

(b} name a phenomenon that shows the wave properties of electrons.

B s gﬂ
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72 Photoelectric Effect

When a metal surface is illuminated by a beam of
light at a certain frequency, electrons can be emitted

from the metal. This phenomenon is known as
photoelectric effect.

14

Light

e e T ‘{kumm
A ./ emitied

Metal surface

Figure 7.8 Photodlectric effect

I55 J ICS

Aim: To study photoclectric effect

Instructions:

1. Carry out this activity in pairs.

2. Scan the QR code 1o waitch a simulation on
photoclectric effect.

3. Based on the simulation, study photoelectric effect.

4. Present vour findings,

The characteristics of photoelectric effect can be studied by
arranging a photocell in the circuit as shown in Figure 7.7.

| When a light sensitive metal surface
{cathode} is illuminated with a certain
light beam, electrons will be emitted
from the metal surface. These electrons
are called photoelectrons.

The emitted photoelectrons are attracted
1o the anode which has positive potential,

| The movement of the photoelectrons
- from the cathode to the anode

produces o current inside the circuit.
The milliammeter shows the value of
the current.

i e N S

Fhotocedl

Figure 7.7 Apparatus to show photeclectric effect
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Formulae such as E = hif and 4 = Bt involve Planck's constant, . How can the value of this
constant, it be determined in the laboratory?

o Activity ST

I Adm: To determine the value of Manck’s constant using the Planck's constant kit

Apparatus: Planck’s constant kit (9 'V battery, 1 kL2 potentiometer, LEDs of different colours,
milliammeter and voltmeter)

Instruetions:

1. Using the red LED, connect the Planck's
constant kit as shown in Figure 7.8,

2, Scon the QR code 1o print Table 7.2,

3. Adjust the knob on the potentiomeler 1o
obtain the vollage, V= 0.2 V. Record the
milliammeter reading in Table 7.2,

4. Repeat step 3 for Ve 04V 06V, 08 YV, ..,

Jnv.

Draw a graph of current against vollage.

Based on the graph intercept value on

the voltage axis, determine the sctivation

voltage, ¥V, of the red LED,

6. Repeat steps 3 1o 5 using orange, green and blue LEDs.

5

¥

Ruesults:
Talle 7.2
LED colour -
20
A0
.60

ot B e FVUC

Data analysis:
1. Based on the value of the aclivation voliage that is obtained from the graph of curment, f against
voltage, V for each LED colour, complete Table 73.

e

LED Colour Wavelength, & / nm Activation voltage, V_/ ¥ 5 T

Gireen 367

Blue 467

15 JEES] [.E_Eﬂ




2. Based on Table 7.3, plot the graph of V. against %

3. Based on the graph plotted, determine the gradient, s of the
graph and calculime Planck's constant. fr. Given

h= ZE, where e = charge of an electron (1.60 % 107 )
¢ =speed of light in vacuum (300 < 107 m 57')

hegpes i B S 3 Ay

Discossion:
Whait is the refationship between the sctivation voltage and the LED light wavelength?

The activation voltage, V, can be obtained through V-intercept from the graph of I against
V as shown in Figure 7.9. The activation voltage, V, has a linear relationship with jl: as shown in

Figure 7.10, Gradient of a graph of V', against -i—,m is equal 1o the value i:bf!:% Therefore, the valwe

of Planck's constant can be determined as %.

nE

=
L
L

E

Va
Figure 7.9 Graph of | ogainss V Figure 7,10 Gruph of ugﬂﬂur-i-

The Characteristics of the Photoelectric Effect

By e e
Alm: To gather information on the four characteristics of the photoelectric effect
Instructions:
1. Carry out a Gallery Walk activity.
2, Obtain information from vafous reading materials and websites on the following four
chamcteristics of the photoelectric effect:
(i) the effect of frequency on the photoelectric effect
(b the existence of a threshold frequency
{c) the effect of the intensity of light on the kinctic cnergy of photoelectron
(dy the instantaneous emission of photoclectrons when light shines on it
3. Present vour findings.

3
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Photoelectric effect occurs when light strikes the surface of a metal. The electrons in the metal
absorb energy from the light and escape from the metal surface. According to classical theory,
light in wave form is a spectrum with continuous energy and photoelectric effect should be able
to occur at any light wave frequency. Bright light which has high energy should be able to emit
electrons quickly. Dim light has low energy so the electrons need a longer time to absorb enough
energy o escape from the metal surface,

However, the results of the photoelectric effect experiments show that the emission of
photoclectrons only apply to light waves with frequencies that exceed a certain valee without
being affected by the intensity of the light. Photoglectrons are also emitted instantaneously at those
light frequencies even at low light intensities,

@ The higher the frequency of the photon @ Photoclectrons are emitted instantancously
of light, the higher the kinctic energy when o metal surface is illuminated by light.
of the photoelectrons emitted from the i
metal surface, Light

T ’ o

—'f R

8 The minimum frequency of light needed Mctal Bt

for o metal to emit clectrons ks known as L ."

the threshold frequency, f, for that metal. S e
Themmfonie enissbon b Metal

» The emission of » The emission of
€ The kinetic energy of photoclecirons does electrons from a electrons from a
not depend on the intensity of light. An metal surface by metal surface by
increase in the light intensity does not thermionic emissbon photoclectric effect
produce photoelectrons with a higher may take some time. is instantaneous.
kinetic energy. « Y

Figure .01 The characteristics of photoelectric effect

The threshold frequency, [ is the minimum frequency required to produce photoelectric
effect on a metal.

1. What is meant by photoelectric effect?

| 2, Will a bright light emit more photoelectrons from a metal surface compared 1o a dim light
of the same frequency?

3. State four characteristics of photoelectric effect that are obtained experimentally.

4. Why are photoelectrons emitted instantaneously from a metal surface when it is illuminated
by a light of certain frequency? &

5. [Moes an increase in the light intensity increase the kinetic energy of the
photoelectrons? Why? &8

B 7z Lg;g




73 Einstein’s Photoelectric Theory

In 1905, Albert Einstein introduced a photoelectric theory that successfully explained all the
characteristics of photoelectric effect in related experiments, He was awarded the Nobel Prize in
1921 for this achievement. This theory is named Einstein’s Photoelectric Theory,

Einstein applied Max Planck’s idea of energy quantum. He suggested that energy is carried by
light particles called photons, The energy of each photon is directly proportional to the frequency
of light, fand can be determined by the following equation.

E=hf
where h = Planck’s constant (6.63 = 10°* ] 5)

Each quantum of light is a discrete packet of energy. There are many energy packets in a
beam of light that shines on the metal surface. When a photon arrives at a metal surface, the
photon energy will be fully absorbed by an electron in the metal, This energy is used to release the
electron from the metal and the extra energy will become the kinetic energy of the photoelectron,
Usually, the ¢lectrons on a metal surface will acquire maximum kinetic energy compared to the
electrons inside the metal,

For the electrons on the metal surface,
minimum energy . maximum
photon energy = | required to release  * | kinetic energy of
a photoelectron a photoelectron
E=W+K__
W= W4 Imil,
FMV, =~ W

Einstein's Photoelectric Equation is in accordance with the Principle of Conservation
of Energy.

At the threshold frequency, f, photoelectrons are emitted without any kinetic
mergy.%mv’m=ﬂ
Then, 0=hf,- W
W= hf,
Substitute W = hf, into 2 mv?,, = hf - W
1
v, = b1,
1
Ay, =hif-1)

F[ijg Dfl 7.3



Work Function and Threshold Frequency for Photoelectric Effect

The minimum energy required for a photoelectron to be emitted from a metal surface is
known as work function. The minimum frequency for a light photon to produce photoelectric
effect is called threshold frequency.

The relationship between the maximum kinetic energy of photoelectrons, K| and the light
frequency, fis shown by the graph in Figure 7.12. The graph is a straight line with a positive
gradient and not passing through the origin. The threshold frequency, £ is the value of the
intercept on the frequency axis.

No phisochectric!
effect i Phatoclectric effect exists
K
4™
; >/
[ £

Flgure 702 Graph of K_ ageinst |

The relationship between work function and threshold frequency of a metal can be
determined by the relationship W = . Photoelectrons will acquire kinetic encrgy when light
frequency exceeds threshold frequency. The higher the threshold frequency of a metal, the higher
the work function. This means the minimum energy required for photoelectric effect 1o occur is
higher. Different metals have different threshold frequencies as shown in Figure 7.13.

Metal A4 B [

Ciraphs wilh the
same grodient
*

Hha far S

Figare 7.13 Gragths of K_ agains | for different types of menils
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Adm: To observe threshold frequencies of different metals

Instructions:

1. Carry out this activity in pairs.

2. Scan the QR code o observe computer simulations using violet,
blue, green, yellow, orange and red lights 1o understand that
different metals have different threshold frequencics.

3. Gather information on the types of metal and the threshold J
frequencies for each colour of light observed. Iittp Bty IS GYEPM

4. Present your findings.

Aim: To determine work function of metals using a formula
Instructions:

1. Carry out this activity in pairs.

2. Examine the following equations:

Using Einstein's equation, K__ = if - W
K _ =0andf=f

W,-W=0

then, W = hf,
-

3. Determing work function for each type of metal and complete Table 7.4,
Table 7.4

T 1.03
Mo L
Al 1.23
Pd 1.24
Ir 1.27
M 1.36

g@ B 732 733



Problem Solving Using Einstein's Photoelectric Equation

A blue light with a frequency of 6.67 x 10" Hz is shone on a clean
caesium metal surface. What is the maximum kinetic energy of

photoelectrons emitted?

[Work function of caesium = 3.43 x 10-" |, Planck’s constant = 6.63 x 10~ ] 5]

Step 11 Step 1: Step 3 Step 4:
Identify the Identify the Identify the Solve the problem
problem information given | formala to be used | numerically
@ Maximum kinetic energy of the O hf=W+K_
photoelectron, K.

@ Frequency, f = 667 = 10" Hz
Waork function, W =343 = 10"]
Planck’s constant, i = 6,63 = 10" | 5

Figure 7.14 shows the change in kinetic encrgy of
photoelectrons released from lithium for different light
frequencies. Determine the threshold frequency from
the graph and calculate the work function of lithium.
[Planck's constant, b = 6,63 x 107 | 5]

Threshold frequency, f = 5.6 = 10" Hz

Planck’s constant, b = 6.63 x 107" | 5

Work function, W = hif,
= (6.63 x 10°™) (5.6 = 10")
=371 x 10"]

O (663 x 10 )(6.67 % 10M) = 343 % 10" + K
K, =442%10" - 343 % 10"
=992 10%]

KieV

204
1.3
LTS
14
124
1.0
084
0.6
0.4 1
02+

o

I 23 4.3 6 T 8% 910
f 10" Ha

Figure 7.014



What is the maximum velocity of the photoelectron emitted when a monochromatic light
(4 = 550 nm) is shone on a metal which has a work function of 2.00 ¢V?

[Given he = 1.243 = 10" ¢V nm, 1 eV = 1.60 x 10-" ], mass of dlectron, m = 9.11 x 10" kg]
Wavelength, A = 550 nm

e = 1.243 = 10" ¢V nm

1 eV = 160 = 10-7]
Mass of electron, m = 9.11 x 107" kg

E= "T‘ Then %mﬂm = 2.26 - 2.00
_ 1.243 % 10" ¢V nm =10.26 ¢V
~ 550nm Ly =026% 160 % 1077]
=2.26¢V 2 =416 % 10
. o [Zxdi6x 10"
me = 7911 x 10

= 302 = 10° m 5!
exampie ]
When a photocell is shone on with a red light (4 = 750 nm) and then with a blue light
(4, = 460 nm), the maximum kinetic energy of the photoelectron emitted by the blue
light is two times that of the red light.
(a) What is the work function of the photoelectric
material in the photocell?

(k) What is the threshold wavelength of the
photoelectric material?

D Solution

Wavelength of the red light, 4, = 750 x 10-* m
Wavelength of the blue light, 4, = 460 x 10" m
Maximum kinetic energy of the photoelectron of the red light, K|
Maximum kinetic energy of the photoelectron of the blue light, K, = 2K,
Work function = W

Planck’s constant, i = 6.63 x 10 | 5

Speed of light in vacuum, ¢ = 3.00 x 10° m 5

(a) th= W+ K (b he _ W,
%:H"-FK l"
oo A, =663 x 107 x (300 10°)
-M ! = "
6.63 x 107 x W}I—HHK. = 2,03 x 10* m

265x 1077 = W+ K ---—- (1)

6.63 x 10 x 3000} w o

432 % 107" = W+ 2K - i2)
(1) =2 - (2%
265% 107 x 2~ 432 10" = (2W - W) + (2K, - 2K)
W= 980 x 10 ]
[L%@ B 734
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Generating Photoelectric Current in a Gilass be — "\~ Light
Photocell Circuit / ="
Figure 7.15 shows a photocell circuit consisting of a glass Lathads ‘-i 3 i
vacuum tube. The semi-cylindrical cathode is coated with a Vacunm —.— | |
light-sensitive metal and connected to the negative potential. ‘d

The anode is a metal rod fixed at the axis of the semi-cylindrical |
cathode and connected to the positive potential. When the
photocell is illuminated by light, the production of photoelectric

current is produced in the circuit. Table 7.5 are two examples of
commaon photocells. Figure 7.15 A photocell cireuit

Table 7.5 Production of photeclectric current Iy photocells conted with cocesium aod lifium

Lithium
Light /_
Anude
@
Work function of caesium, W = 2,14 eV Work function of lithium, W = 250 eV
Threshold frequency, ) = 5.16 = 10" Hz Thireshold frequency, f, = 6,03 = 10" Hz
Maximum wavelength to produce Maximum wavelength to produce
photoelectric current, 4 = 579 nm photoelectric current, 4 = 496 nm

On the whole, the higher the work function, the shorter the maximum wavelength required
to produce photoelectric current. As the light intensity increases, the photoelectric current in the
photocell circuit also increases.

& d

R Activity £T]

Aim: To ohserve how photoelectric current is produced in a photocells coated with coesium
through computer animations

Instructions:

L. Carry out this activity in pairs.

2, Scan the QR code 1o view @ simulation relsted w the
production of phitoelectric curnent in photocells coated
with caesium.

3. Based on the simulation, explain how the photoelectric curment
is produced in a phitocell coated with caesium.

4. Present your findings.

B 735




Photoelectric Effect Applications
Figure 7.16 shows some examples of applications of photoelectric effect,

LED lamps along the road which
are powered by solar cells are
energy efficient and environmentally
friendly. In daylight, the
photoelectric effect of solar cells
enables electrical energy to be stored
iy thee battery. At night, the LED
lamgs will light up with the power
from the battery.

The Noor Complex Solar Power
Plant located in the Sahara Desert
Is the world’s largest concentrated
solar power plant. This station is
expected to be completed in 2020
and is capable of producing 580
MW capacity for use by 1 million
residents.

Applications of Photoclectric Effect

Light detectors at the sutomatic
doors e infrared beam and
photocells as switches. When the
light path is disturbed, photoclectric
current in the photocell circuit will
be disconnected and the door will

remain open.

7/

Figuere 706 Evvmples of applications of phofoclectric ffect
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The image sensor ks 4 maln component

resolution cameras, This component is
ﬁ comvert light into electrical signals

processed to form digital images.

The operation of the 155 (International Space Station])
depends on the source of electrical energy generated
from solar panels. The 155 has 16 wings of solar panels
and each wing which measures 35 m x 12 m has

13 thousand solar cells. These panels are capable of
generating 84 - 120 kW of electricity,

Aim: To gather information on the applications of photoelectric effect

J Instructisns:

L. Carry out a Round Table sctivity.

2. You can oblain information from reading matenals or website about other applications of
photoclectric effect.

3. Present your findings in a mind map,

Formative =17.3}

1. (a) State Einstein's Photoelectric Equation.
(b} State the meaning of:
(i) work function
(i) threshold frequency
(iii} the relationship between work function and threshold frequency

2. (a) Sketch a graph to show the relationship between the maximum kinetic energy of
photoelectrons and the frequency of light shone on a metal.
(b} What are the physical quantities represented by the gradient and the imercepts of the
graph sketched in 2{a)?
3. When a metal with a work function of 4.32 = 107 | is shone on by a violet light
(A =4 = 107 m), what is the maximum kinetic energy of an emitted photoelectron?
[Manck’s constant, Jt = 6,63 x 107 | 5, speed of light in vacuum, ¢ = 3.00 = 10° m 57| &

B s .[L.%ﬂ
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1. New things [ have learnt in the chapter on "‘Quantum
Physics’ are 2 S B IO EA
2. The most interesting thing [ have learnt in this chapter

is
3. The things 1 still do not fully understand are £ i
4. My performance in this chapter.
Poor @ 1 2 3 4 5 % Very good

5. I need to 2 o improve my performance in this chapter.

Suommative Praclico .

Values that can be used in solution:

Planck’s constant, h = 6.63 = 100* [ s

Speed of light in vacuum, ¢ = 3.00 = 10* m 57
Mass of electron, m_ = 9.11 = 10" kg

1.00 eV = 160 % 1007 |

1. State the meaning of the following terms:
{a) black body
(b) quantum of energy

2, The minimum ¢nergy required for the photoelectron to escape from the sodivm metal
surface is .28 eV,
(a) Will sedium show photoelectric effect for a red light with a wavelength of 680 nm shone |
on it?
(b) What is the threshold wavelength of sodium? &8
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Wavelength of the yellow line of the sodium spectrum is 590 nm. How much kinetic energy
does one electron have when its de Broglie wavelength is equal 1o the vellow line of the
sodium spectrum?

A laser light beam with a wavelength of nm and a power of 5.00 mW is aimed at an
object without any light reflected. Calculate: &8

{a) the momentum of a photon in the laser beam

(b} the number of photons per second in the laser light beam hitting the object

The de Broglic wavelength of an electron is 1.00 nm.

{a) State Louis de Broglie's hypothesis of the wave properties of electrons,
(b) Cabculate the momentum of the clectron, @

() Caleulate the velocity of the electron, &8

(d) Cabculate the kinetic energy of the electron. &

{a) Why is a large cavity with a small hole able to act as a black body?

{b) The temperature of a black body is 4 500 K and it looks orange-vellow, Describe
the colour changes in the black body as the body is heated to a temperature of
9 (W) B -

Photograph 1 shows a communication satellite in outer space. A quantum communication
attempt was performed with a laser pulse of 60 mW and a wavelength of 800 nm,

Photogragph |

{2) What is the momentum of one photon from the laser pulse? &

(b) How much energy does one photon carry? @
() What is the number of photons per secomnd? &8
{d) What is the total momentum transferred by the laser pulse per second? &8
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8. Complete Table | with information on the wavelength and photon energy for several |
components of waves in the electromagnetic spectrum. &8 i
Table 1
[ Wavelength Photon encrgy | Region in the clectromagnetic spectrum i
5K} nm
50 eV |
| 50x107] |

9. Figure | shows a photocell constructed using semiconductor material that can be activated
by a light with a maximum wavelength of 1 110 nm.

Cilass pubee Light
Cathode ————F| Ande
Semiconductonr | ]_l

=

Figure I
{a}) What is the threshold frequency and work function of the semiconductor? &
{b) Why does the semiconductor look opague at room temperature? &8

10. Muthu conducted an experiment on a grain of sand falling through a small hole. Given
the mass of the grain of sand is 5 = 107" kg, the diameter of the sand is 0.07 mm, the
velocity of the sand falling through the hele is 0.4 m s and the size of the hole is | mm:

(a} Estimate the de Broglie wavelength of the sand, &

(b) Will the falling sand produce a diffraction pattern when passing through the small
hole? Explain your answer. &8

11. When a photodiode is shone on with a red light (4 = 700 nm) and a blue light
{4 = 400 nm}, the maximum kinetic energy of the photoelectrons emitted by the
blue light is two times that of the red light.

{a) What is the work function of the photodiode?
{b) What is the threshold wavelength of the photodiode?

{c) What is the de Broglie wavelength of the photoelectron emitted by UV light
(4 = 131 nm) from the photodiode? &



2ist Century Challenge

12. Amin conducted an experiment to determine the work function and threshold wavelength
for a material X, The arrangement of the apparatus is as shown in Figure 2,

Cilnss albwe — s Light

Cothode ——81 Anide
i materzal X} r  P——

s
"

Figuire 2
When the cathode coated with material X is illuminated by a light beam of wavelength, 4,
the emitted photoclectrons will move towards the anode and give a reading in milliammeter.
If the connection to the power supply is reversed, the potential difference at the anode is set
to negative and that will prevent the arrival of the negatively charged photoelectrons, If the
potential divider, P is adjusted umil the stopping potential, V, results in a zero milllammeter
reading, then V' is a measure of the maximum kinetic energy, K__ of the photoelectrans
emitted, of which K = eV Table 2 shows the experimental results for the values of A and
the corresponding values of V',

Tabde 2
135 7.53
172 5.59
227 398
278 292
333 2,06
400 1.43

(a) Based on Einstein's Photoelectric Equation, derive an equation that relates 4 and V,
{b) Plot a suitable graph 1o determine the Planck’s constant, work function and threshold
wavelength for material X. &

(e} Caleulate the wavelength of light for the production of a 10.0 eV photoelectron using
the work function in (b). &8

(d) What is the de Broglie wavelength for the 1000 ¢V photoelectron? @8

{e) Why is material X a critical component in a night vision device? 88

&



‘Answers
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ONLY SELECTED ANSWERS ARE FROVIDED HERE

1. Therefome, worker ¥ has 1o apply 8 force that
makes an angle of RE5E* with the direction of
the foece from worker X,

L. dah F = 188 N at an ongle of 33° with the
direction of the force applied by P,

i) — Advamages: The tee will fall in the
direction of the resuliam force. A larger
angle will ensisre thal thene is a large space
between P and . The tree will fall on w0
ihe ground withowt endangening P ond (.

= Dsadvantage: The lorge angle betwoen ithe
durections af the forces prodeces a resaliant
force with n smaller magnitude.

{ch The threction of the residian force makes

a smaller angle with the direction of ik
force by °. The tree will fall nearer o
Therelone, P has 1o be more carelul.

3 5436 Nm!

A, The resulesnt force of the twa foroes has the
largest magnitesde when the Forces uct on an
object in the same direction,

If the force 17 M and the force 13 N e in the
same dinection, resulinnl force = 17 « 13

=MN

The: resultant fonce of the two forces has the
amalbest magnitide when the forces ane in
opposite directions.

If the force 1T M and the force 13 N are in

pposite dirccls Jeant force = 17 + (=13}

=4 N
Therefore, the resultant forces of 17 Nand 13 N
has magmitude between 4 N and 30 N,

5 Supe I Beudant force =0 N
Suge Il Resullant force = 450 N w the Fast
Seage N1 Besuliant force = 00N

6. {a) Hogizostnl component = 983 N
Vertscal component = H8R N
(b} The borizonts! component maves the keife
farward.
The venical component pushes the knile
domnarnd.

1. Fedil N
S=601 N

arena v Prarfirar

2. da) A and B ore o ibe same level in o siionary
liguid.
) 9T kg m*

4. da) Pressure at point X = aimospheric pressure

Pressure ub point ¥ = 0

(b} Singe poimt X and point & e af ihe same level,
Pressure ot point X = pressure ob point £
Prissune at point X = atmospherse pressune. and
Pressure ot poini £ = pressure dus 0 mercury
column +
Armeospheric pressiane = pressune due 4o
mercury column
Therefone, the height of the merciry colamn, i
is 0 measure of pimosphenic pressune,

{ch 100 862 Pa

6. (a) HOO N om®
(b} Pascal’s principle
{eh Cross-sectional arca of slave cylinder

=481 e’
Braking force = 3 928 N

7. Mass of wooden block = 2.98 kg
Weight of wooden blogk = 2023 N
Buoyant fome = 3178 N
Busyant foree > weight of Block
There is o resultant force upwands
The block moves ap with an sccelertion

(o




Srrirrmative Praciice

1o = The fitament lamps require high resistance o

produce light.

= The cotled filament causes the wire length 1o
imcrease,

= The resistance is directly proportional to the
bemgih of the wine.

— The lomger the Alument wire, the higher the
resislanoe.

— The higher the resistande, the brighter the lamp.

{mh (1} 454
(i) 133 A
(i} 399 Y

(b)) Hulb X is the brighiest compared 1o bulb ¥
and bulb Z, Bulb ¥ and bulb Z have the same
hrighiness.

(e (i} 6852
(i 10A
(iiip 3%

{d} Bulb X and bulb ¥ glow with cqual brighiness.
Bulb & does not light up.

3. (n) The electromative force, emd, is the energy
transfemmed o work dose by a source of
electrical energy o move one coulomb of
charge in a complete circul.

o

Sermative Praclice

2, Fore finger: Direction of magnetic Geld
Middle finger: Direction of current
Thumb: Dhrection of fonce

Force/ Maotion

A ia) Indvced current §s the cument produced in
a conductor when there is relative  motion
between the conductor and a magnet ihat causes

the combuctor o il magnetic ficld lines,

(h) X: nonh pole
¥: south pode

{eh Figure (a): Direction of motion of magnet to
the left
Figure (b Direction of mation of magnet 1o
the right

(d}y Increase the number turms of the solenold
Incrense the speed of motion of the magnet

4. L=T2A
The lass of energy from the imnsdonmer can be
neglected, that is the iminsfommer is ideal,

T (md 25 A
(b} The transformer is ideal

K. 60.00 %
= Use lamanated woft iron cone
— The secondary coil is wound on top.of the
primmary coil

Sermmathve Practice
1. fa) —Ii—H_

&

(b} The bulb does not light up because the diode is
i reverse brased ste.

2. fn}

Kew:
— Postive cycle
—-----Be Negative cycle

feh Hall-wave rectification will occur



A (b Under bright conditions, LDR resistance

bepomes low, Therefione, the voliage nomss
LI decreases but the vollage across B is
inercased. The I is low and the transistor is
tamed off. The £ will be low and the LED will
hot light up.

(el the LED with an alarm, the resistor with a
thermistor and the LI with a resistor,

L5

.

- @) A mdicsctive decay is a mndom asd

spomaneous process by which an unstable
nucleus will decay by emitting radioactive
radistion 1o become a more stable niclews.,

(tsp The half life, T, is the time aken for a sample
of mdicactive nuclei 1o decay to half of its
initial mumber.

i) Muclear energy is the energy produced by
reactions i atomic nucler.

. (@) X is the helivm nucleus or o-panicle. ¥ is Fay.

(hy 3 c-particles and 2 fparticles are releasad,

L fm) 112
(b= 5§
s aller 5?’:. oaly 3.125% of the sample remains,
. (a) A s the older sample. The mtio of uranium-238

1o plumbaum- 206 s smaller.

by Suppose that during the rock formation, only
urmminm- 238 was tmpped. The oldest vk
formed on Faril is about -0.28 Billion years. The
half-life of urinium-238 is 4.5 hillion years,
Therelore, the decay process of uranium-238
inn mck sample has gone through less than
one hall-life. Hence, less than halfl of the
uranium-238 nuclei in the sumple of rock hod
decaved o form lead-206 nucles. 5o the number
of lewd- 200 nuclel canneot be more than the
remaining urmmium-238 pucled,

fa) Muclear [usion

‘H+ |H = {He + Jn + energy
(b} 282 = 106 )

{a) The chain reaction resulling (rom neatmon
howmbardment on the urmnism-235 nuclei
produces a large amownt of nuclear energy in
the reactor,

(b Heat energy boils the cold water. The high
pressune stenm produced is cnpable of rotating
a turbine at extremely high speed.

() The rowmtion of a wrbhine switch on a dynamo
which will generate clectrical energy I
electromagnetic induction.

- ) A hlack body is an ideal body that is able o

absord all the electromagnetic rys that fall
o il

(b) Quantum of energy is a discrete packet of
cnergy amd nol @ comineos encngy.

. ) Work Tunction of sodivm metal

=168« 107

Plvton energy of the red Tight

=201« 1007

Photoelectric effect does not oocur because of
the photon energy of the red light is lower than
wik function of sodium metal.

by 545 nm

. 693 x 107)

Ldal LI x 10 kg ms”

(bp 1bhose 100 &

. (@) Lowis de Broglie by pothesized that panicles

such ns clectrons could have wave properies,
de Broglie wivelength, 4 = %
v b5 the electron momentm

(b 241 = 10070

. {a) The rays of light that enter the large cavity will

undergo repeated rellections on ihe inner walls
of the cavity, At each reflection, pant of the mys
are absorbed by the inner walls of the cavity.
Reflections continue to ocour until all the my=
are absorbed amd nooe of them can leave the
cavity, Thus. the cavity acts like o Mack body,

L fa) B x 10 kg m st

(b 249 x 10X
(o) 241 = 107 5!



