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TOPIC 1: MEASUREMENT

H2 Physics Syllabus 9749

SECTION I: Measurement

Measurement

Learning Outcomes
Students should be able to:

Physical
quantities and
Sl units

(a) recall the following base quantities and their SI units: mass (kg), length (m),
time (s), current (A), temperature (K), amount of substance (mol).

(b) express derived units as products or quotients of the base units and use the
named units listed in ‘Summary of Key Quantities, Symbols and Units’ as
appropriate.

(c) use Sl base units to check the homogeneity of physical equations.

(d) show an understanding of and use the conventions for labelling graph axes and
table columns as set out in the ASE publication Signs, Symbols and Systematics:
The ASE Companion to 16-19 Science.8

(e) use the following prefixes and their symbols to indicate decimal sub-multiples or
multiples of both base and derived units: pico (p), nano (n), micro (), milli (m),
centi (c), deci (d), kilo (k), mega (M), giga (G), tera (T).

(f) make reasonable estimates of physical quantities included within the syllabus.

Scalars and
vectors

(g) distinguish between scalar and vector quantities, and give examples of each.
(h) add and subtract coplanar vectors.

(i) represent a vector as two perpendicular components.

Errors and
uncertainties

(j) show an understanding of the distinction between systematic errors (including
zero error) and random errors.

(k) show an understanding of the distinction between precision and accuracy.

(1) assess the uncertainty in a derived quantity by addition of actual, fractional,
percentage uncertainties or by numerical substituion (a rigorous statistical

treatment is not required).

SPECIAL NOTE

This set of notes contains QR codes to direct you to relevant Youtube videos or websites. To make full use of this

feature, please download a free QR code reader app onto your smartphone.

If you are using a desktop, youmay \i_r"isit https://goo.gl/lob7Bp to access the Youtube playlist for this chapter.

You are strongly encouraged to view the videos especially on the worked solutions, and complete the respective

examples.
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1.1 Introduction

Measuring our observations objectively is an important task that differentiates science from the arts. The
scientific method involves making observations that are repeatable by another person. For this reason, the
study of physical quantities and their units is the starting point of our learning of science.

1.2 Physical Quantities and Units

A physical quantity is a physical property that can be measured and/or calculated and expressed in
numbers. For example, "length" is a physical quantity that can be expressed by stating a number of a
measurement unit such as metres or inches, while "beauty” is a property that is difficult to describe with a

number.

Hence the value of a physical quantity is expressed as a numerical value and a unit of measurement.

For example,

the length of a football field = 100 m

T

Physical Numerical Unit
Quantity value

This has a few implications.

1. Using the unit “metre” helps us to define a particular property of the football field — its length. Using
other units could allow us to define other properties (for example, square metres describe the area)
of a football field.

2. We can only compare properties of the same unit. Using the “metre” allows us to compare the
length of one object with another. We cannot compare a “metre” with a “kilogram”.

3. The numerical value of the physical quantity is dependent on the unit it is expressed in. The length
of the football field will have a value of 330 when expressed in the unit “foot”.

Further Reference:

Explore Science Stories on the topic Measurement

(http:i!sciencelearn.org.nzIScience-Stories!Measurement) F
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1.2.1 Base Quantities and Units

Through the centuries, scientists in different parts of the world have used different units at different times to
measure the same physical quantities. However standardised definitions and units are needed in the
modern world.

The current International System of Units®, universally abbreviated Sl (from the French Le Systéme
International d'Unités), is the modern metric system of measurement.

Seven well-defined and independent base quantities are chosen. Their corresponding S| base units are
indicated:

Base Quantity Base Unit

Name Symbol Name Symb?)lm
Mass m kilogram kg
Length / metre m
Time t second - s
Electric current I ampere
Thermodynamic temperature T kelvin
Amount of substance n mole mol

Note:

The units, when written in full, are in small letters. Ampere and Kelvin are names of scientists.
The kilogram is the only Sl unit with a prefix as part of its name and symbol.

Luminous intensity is not in the LO(a) of the Syllabus.

Definitions of the units are not required in the Syllabus but are provided in Appendix | at the end
of the lecture notes for your reference.

e R e

Sl base units were chosen based on their mutual independence. They are the simplest
IMPORTANT ? : :
TO KNOW units that cannot be expressed in terms of other Sl base units.

1.2.2 Derived Quantities and Units

There are a lot of other physical properties that we come across in our daily lives. These quantities and
units used scientifically are included in the SI° as derived quantities and units. Note that these derived units,
such as newton and joule, are also Sl units.

Derived quantities are related to the base quantities through mathematical and

IMPORTANT | scientific equations. Derived units (the units of derived quantities) are defined in terms
TO KNOW of the base units using the same equations.

oA i

One simple  example is the-?g\ ived quantity of area. It is defined using the mathematical equation

area = length x breadth, whéfe-both length and breadth are defined in terms of the base quantity, length.

Hence the unit for area can be written in terms of base units as m?.

3 The S| was established in 1960 by the 11th General Conference on Weights and Measures (CGPM, Conférence
Générale des Poids et Mesures). (http://www.bipm.org/en/sif)
b There are some commonly used units that are not in the SI. Some examples are the minute, hour, day, degree, litre,

tonne, electron-volt, unified atomic mass unit, nautical mile, knot, hectare, bar and angstrom.
L5
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Some derived units have special names and symbols. An example is the newton (symbol N), a unit for
force. We can define this derived quantity - force, using formulae such as F = ma, where F is force, m is
mass and « is acceleration. You may note that acceleration itself is also a derived quantity. Using such an
equation, we can then find the representation of the newton (N) in terms of base units (kg m s7?).

Study the examples in the following table and verify the derive units for the respective quantities.

[ Derived quantities, symbols | Formula Derived units Usual units
Volume, V - m?® -
Density, p p=m/V kg m? -
Velocity, v v=s/t m s =
Acceleration, a a=(v-uMt m s? -
Force, F F=ma kgms? N
Momentum, p p=mv kgms?! Ns
Pressure, p p=FA kgm™s? Pa
Energy, E KE=%mv |kgm?s? J
Power, P P=FEl kg m?s® w
Electric charge, Q Q=Hh As C
Voltage, V V=WwaQ kg m? 3 A" v
Resistance, R R=V/ kg m?s3 AZ Q
Frequency, f f=1T s Hz

5
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Example 1.1

According to Newton's Law of Gravitation. the force F between two point masses M and m separated by

the distance ris given by the formula F = L

5— . where G is the universal gravitational constant.
r

Obtain the Sl base units for G. [m® s?kg'] Wakidsialod worked slution: 2
_ Fe?
e Mm
- f_"_"__'..l i B.M.S'l- M
kg kg k9-k9q

£ W S_—.lkﬁ e

Unitless (or dimensionless) quantities

1. all numbers, e.g. 2, % T, e
2. trigonometrical functions, e.g. sine, cosine, tangent
3 all logarithmic functions, e.g. logso, In
x
4, powers, e.g. 10; , the ratio 2 must be unitless. If x has a unit, then the unit of y must have the

same unit as that of x.

5. Unitless physical constants: e.g. refractive index of glass, relative density of a liquid.

1.2.3 Homogeneity of equations

For an equation to be physically plausible, the equation must be homogenous. This is to say the units on
both sides of the equations must be the same. This is because only quantities with the same units may be
equated, added or subtracted.

Example 1.2
Bernoulli‘'s equation, which applies fo fluid flow states that

P+hpog+%pl =k where P is pressure, h is height, p is density, g is acceleration due to gravity,
v is velocity and k is a constant.

Show the LHS of the equation is homogeneous and state the S unit for k. kg m™ s
Unit of By Nw™ = (kg ms72 () =kgmls-*
MHH' O-F nej e m(_ks M-S\}ghs_z) = kﬁ“‘?hl S__J..

Watch detailed worked solution: = Sgasb
Y y
=

— -"‘2
I

Unit of 'é{vl‘: Ckg wm=3)m ¢-Y) * Zkgwm
Since all tuwme howe Hu SAME unit, Hu LHC of #u equection aﬂmmn'onalfy

consistent (cMowm) .

S| unit of |- |:5 M-ISJ
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Checking of homogeneity of an equation is not only a powerful way of establishing if an equation is
reasonable. It also provides hints for guessing the actual equation.

Example 1.3
Consider the period T of a simple pendulum. The possible factors which may affect it are its length /, its

mass m and the acceleration due to gravity g. Use unit analysis to arrive at a plausible formula for T.

Tt m, g E‘%
Watch detailed worked solution: ﬁ‘.
T: kQ 1 it Bj < ik

units of LHS = s’
wnits of RHS = m? Eﬁl’(ms"Jc
:Mq”kgbs'n
b0
2e=1 3 c=-d
atCz05 a §

T: kQ ﬁj‘é S T= kJ

L=l

may not be correct (see Appendix lll). Ultimately, the validity of an equation can only be verified

While an equation which is not homogeneous must be wrong, an equation which is homogeneous
A through experiments.

Further reference:
_-. [=

MIT OpenCourseWare Video — the Art of Approximation
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7



H2 Physics C1 2016

Prefixes

The rationale for prefixes is simple. While it is alright to write your height as 1.65 m, it will be quite
cumbersome to write the width of your hair as 0.00005 m, or the size of an atom as 0.0000000001 m. In
mathematics, you have learnt the use of standard form. The size of an atom can be rewritten more neatly
as 1 x 107"° m but scientists often use prefixes instead of standard form for values between 107 and 10™.
Prefixes can be used with both base units and derived units.

Factor | Prefix | Symbol | Name Decimal equivalent | Order  of
magnitude

1072 pico p Trillionth 0.000,000,000,001 -12

10 nano |n Billionth 0.000,000,001 -9

10% micro | p Millionth 0.000,001 -6

102 milli m Thousandth 0.001 -3

10 centi |c Hundredth 0.01 -2

10" deci d Tenth 0.1 -1

10° - - One 1

10° kilo k Thousand 1,000

108 mega | M Million 1,000,000

10° giga G Billion 1,000,000,000

102 tera T Trillion 1,000,000,000,000 12

The accepted convention is to use a prefix such that the quantity can be written as a whole number and of
least significant figures (s.f.). For example the wavelength of red light would be written as 650 nm, rather

than 0.65 um. Values larger than the ranges listed in the prefixes above should be written in standard form
(The above list of prefixes are stipulated in LO(e). Do not use the other prefixes listed in Appendix IV).

You may notice that the symbol for the prefix milli (m) is the same as that for the base unit metre (m),
leading to a confusion when we see, for example, “ms™". It could mean “metre per second”, or "per
millisecond". To distinguish the units especially in print, the A-level standard is to use “ms™” for “per
millisecond” and leave a space “m s for the derived unit “metre per second”.

Further reference:

Powers of Ten video

The Scale of the Universe (hitp://htwins.net/scale2/)

1.2.5 Estimation

When was the last time you esfimated something? How much does that shirt at G2000 cost? How long
does it take to fravel by public fransport from Hwa Chong to Suntec City? If your 1-litre water botile were to
leak one drop of water at a time, how much time will it take for the water bottle to empty? There is a myriad
of questions which we can answer by means of measurement and calculation. We could measure the
average speed of a bus and the distance along the bus route and calculate the travelling time. We could
also estimate.

www.KiasuExamPaper.com
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Physicists frequently use “back-of-the-envelope” calculations or “Fermi” problems, named after Physicist
Enrico Fermi who worked on the Manhattan Project during World War |I. Fermi was known for making
approximate calculations with little or no actual data. One well-documented example was his estimate of
the strength of the atomic bomb based on the distance travelled by bits of paper dropped from his hand at
the test blast®.

Estimation in Physics uses simple numbers (1, 2 or 5) with the correct order of magnitude (10% or 10). It is
important to know whether a lecture theatre can sit a few students, tens, hundreds or thousands of students,
but not so important to know that it has a capacity of 327. When the exact answer or values are not known,
assumptions and estimation are used to find a rough answer.

Estimation is also very useful as a check to the answer that we would get from complex calculations.
Examples of “Fermi” problems:

Estimate the total number of hairs on your head.

How many bricks are needed to build a home?

Estimate the efficiency of an electric kettle.

How much paper is used by Hwa Chong Institution for lecture notes in 1 year?

Some important estimates that you should memorize:

«  Typical wavelength of visible light: 107 m (range: 400 to 700 nm)
. Range of wavelengths of other electromagnetic regions

e Size of an atom: 10 m or 1 angstrom (A)
«  Size of a nucleus: 10" m

Estimation problems are also popular interview questions for tech companies.®

Strategy for estimation:
1. ldentify the unknown: Define specifically what you need to estimate
2. ldentify the known: Find your experience that may help you relate to the unknown
3. Find a relationship between the known and the unknown: make a connection between what you
know and what needs to be estimated.

Example 1.4 [N08/1/2]

Which estimate is realistic?

A The kinetic energy of a bus travelling on an expressway is 30 000 J.
B The power of a domestic light is 300 W %
C The temperature of a hot oven is 300 K. Watch detailed warked solution: Rce
D The volume of air in a tyre is 0.03 m°. =
A_ : KE ZJM - = 3
amy _ BiEw-ow 30k =2685°C
hsuwig = 5 (10000 )(M)"'- (s
b;lg WVLb - 6 36 (o] @) , ;:_:_ Y
ot i‘“k‘“;h - !-q'RfU J D i “0 L &F mv = [:r‘.- R!_ TL()J X h

[ (030*)-T (0.20M] %075

:O-W"{'w\;

¢ http://en.wikipedia.org/wiki/Fermi_problem
4 http:/fwww.glassdoor.com/index.htm
10
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1.3  Errors and Uncertainties

No measurement is perfectly accurate or exact®. Uncertainty of measurement is the doubt which exists
about the result of any measurement. You might think that well-made rulers, clocks and thermometers
should be trustworthy, and give the right answers. However, for every measurement - even the most careful
- there is always a margin of doubt.

Many instrumental and human limitations cause measurements fo deviate from the actual or true value of
the physical quantities being measured.

The length of this card could be measured
as 8.5 cm but this is surely not the exact
true value of its length.

The experimental error in measuring a physical quantity can be understood as the difference between the
measured value and the frue value of a physical quantity:

experimental error = measured value - true value

The tricky part of finding the experimental error is that we usually do not know what the true value is! (which
is why we were measuring it in the first place.) While we can try to improve on the measurement process,
we can never eliminate experimental errors entirely. Indeed a measurement is of little use if we do not know
how large its experimental error is.

The true value of a quantity to be measured may never be known. The next best thing a physicist can do in
order to know how close his measured value is to the true value, is to estimate the experimental error in a
measurement by determining the uncertainty of the measurements. The uncertainty in measuring a
physical quantity is reflected by the variation or differences in the measured values during the process of
measurement.

For example, the length of the Ez-link card, /, can be written as / + Al = (8.5 + 0.1) cm because the smallest
division on the scale of the ruler is 0.1 cm.

Any position on the ruler can be read off to a position that is the closest half a division, (within 0.05 cm).
Given that the length of the Ez-link card is in fact the difference in two measurements on the ruler (the left
edge and right edge positiens of the card),

o the largest possible I'en'g'{ﬁ is obtained by taking the largest possible reading of the right edge
position minus the smallest possible reading of the left edge position.
For example, 8.55 cm — (— 0.05) cm = 8.60 cm.

e Reference website; http:/fwww.lhup.edu/~dsimanek/errors.htm
11
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« the smallest possible length is obtained by taking the smallest possible reading of the right edge
position minus the largest possible reading of the left edge position.
- For example, 8.45 cm — 0.05 cm = 8.40 cm

« Therefore, the measurement of length /is stated as:

Physical Quantity Uncertainty Measured Estimated
(length of Ez-link physical quantity uncertainty
card)

The actual (or absolute) uncertainty in this measurement of length is said to be Al =0.1 cm.

There are many ways to estimate the uncertainty. The example concerning the Ez-link card is
one of the simplest method, which is based on the maximum possible range of readings.
However, in ‘A-level written papers, the uncertainty of a particular measurement is usually given
in the question, and you need not estimate it. Always use the given uncertainty values and do not
replace them.

Fractional uncertainty

The fractional uncertainty is the ratio of the actual uncertainty to the measured value.

The fractional uncertainty in a quantity x is € .
X

Al 01
Example: The fractional uncertainty of /, —}z 8_§ =0.012

Percentage uncertainty

The percentage uncertainty is obtained by converting the fractional uncertainty into percentage form by
multiplying by 100%,

The percentage uncertainty in a quantity xis X 100%
X

Example: The percentage uncertainty of /, %—Ix 100% = %—;-x 100% =1.2%.

12
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1.3.1 Significant Figures and Decimal Places

The general rules are:

1. Express uncertainties to 1 s.f.
If the uncertainty in a measurement is estimated to be 0.025 for example, it should be rounded to

0.03.

Remember that an uncertainty is only an estimate of the difference between a measured value of a
quantity and its true value. It makes little sense to place emphasis on the smaller deviations (0.005)
as compared to 0.03.

Note however that fractional and percentage uncertainties should not be rounded off to 1
s.f. They are usually left to 2 or 3 s.f.

2. Express the quantity to the same place value as its uncertainty.
Using the same example, 0.03 has its most significant digit in the second decimal place. Hence the
quantity should be written to exactly two decimal places:
12.10 +0.03
and not 12.1 £ 0.03 or 12.102 + 0.03.

Refer to Appendix V for more useful sig. fig. rules in mathematical operations.

Example 1.5 [J84/1I/1 modified]
A student makes measurements from which he calculates the speed of sound to be 327.66 m s™. He
estimates that the percentage uncertainty is 3%. Round off the speed to an appropriate number of
significant figures. [330 m s7]

AV . Watch detailed worked solution: Ey .
— x (00 (0:‘.3?; 20.08 -
v

Av =0.03%32F66=10me"! ((of)

i =1
VEAVE (330£10)m57 (v roundes] 4 same wlue ac Av)

= 320ms”)

13
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1.3.2 Combining Uncertainties

There are established statistical rules for calculation of consequential uncertainty from individual pieces of
information. The A-level course only requires a simplified version of the statistical treatment.

(i) Adding or Subtracting Measured Quantities

When two measured quantities are added together or one subtracted from another, the actual uncertainty
in the result is equal fo the sum of the actual uncertainty of the two quantities.

We always add up the uncertainties even if the equation involves subfraction because we do not know the
sign of the actual uncertainty and thus need to estimate the largest possible uncertainty in our quantities.

Rule 1: For ¢=a+ b, the actual uncertainty in ¢, Ac = Aa + Ab
For d=a - b, the actual uncertainty in d, Ad= Aa + Ab

(i)  Multiplying or Dividing Measured Quantities

When two measured quantities are multiplied together or one divided by the other, the fractional uncertainty
in the result is equal to the sum of the fractional uncertainties of the two quantities.

Rule 2: For p = ab, the fractional uncertainty in p, Ap ga + -Af
a
For g = E, the fractional uncertainty in g, E{‘i = E +A—b
b g a b

Here, percentage uncertainty can be used interchangeably with fractional uncertainty as they differ only by
a factor of 100 which is multiplied equally to every term in the equation. The percentage uncertainty in p is
equal to the sum of the percentage uncertainties in a and b,

AP 100% = 22 4 100% + 22 x100%.
p a b

Let us use a simple equation to illustrate the analysis of most mathematical or scientific equations we will
encounter. Consider the linear equation y = mx + ¢, where m, x and ¢ are all measurements with their
associated uncertainties. Our experimental result, y, will also have an uncertainty that depends on that of m,

xand c.

A
The addition is simple: Ay = A(mx)+ Ac but for the product mx, A((mx) = -ﬁ+§

. Rearranging,
mx) m X

e - e
m X vy . :? ! m X

14
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Example 1.6

The measuremenits of the dimensions of a particular piece of rectangular cardboard are (18.5 £ 0.5) mm

and (12.5 £ 0.5) mm. Determine the area of the cardboard with its associated uncertainty.
[(2.3 £ 0.2) x 10? mm?]

Area, h= LW = BS X35 =220 25w
Fractiona | uncertainky of g Qwea,

L Watch detailed worked solution: Faitgee

L w AL AA = (230520) pim
A -95 os =(2.3 £¢9.3) x 107 wm"
el o S CA" same place wiue as A4)
AA=I5.Sa20
(iii)  Scaling

Actual uncertainty in a measured quantity is scaled together with the measured quantity.

Rule 3: If r = ka, then Ar=k(Aa) where kis a constant

1 1
E.q. ifr=—b then Ar= —(Ab
g = r 4( )

Think of the above as a special case of Rule 1. Forinstance, r=3u=a+a +a
For the case of dividing measurement by a numerical constant k, think of it as multiplying the inverse, 1/k.

Note that the fractional uncertainty gis equal to »—A—‘l, as the constant k is cancelled out in the ratios.
r a

Example 1.7

The radius of acircle is r = (3.0 £ 0.2) cm. Find the circumference with its uncertainty. [(19 + 1) cm]

(et the Cirtumferenee of civcle be C. O 0]
Watch detailed worked solution: Bl ir %
(= 2ny =220 3.0) = (§.€50em %

AC =22mAY 2 2re(D.2) = - 266m = |om(to IsP)
CEAC= (9513 om (C rovuded fo same F[We wlue as AC)

(iv) Powers

This applies to all exponents {n), both larger and smaller than 1, whether integer or fraction. However if n is
negative, the eror is still considered as positive.

Rule 4: If s =é"', then éi:]nlg
8 a

Eg. Ifs = 5% then 25142
s 2b

15
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Example 1.8

Given a-sphere of radius r = (18.5 £ 0.5) mm, find the volume of the sphere with its associated uncertainty.
[(2.7 £0.2) x 10 mm?]

Watch detailed worked solufion:

V= ’31’4-3: 2663 met”
Fractional wncertainty of v,

a3 (5)

AV 0.5
25 ' e
26522 8-S )

BV = 2000mm® Cto (s})
Tvg V £4V = (23000 £ 2000 ) me’
=Q-H0.2) = 10w’

Example 1.9 [J78/11/2; N81/ll/5 modified]

In an experiment, the external diameter d; and internal diameter d> of a hollow tube are found to be (64 + 2)

mm and (47 + 1) mm respectively. Calculate the thickness of the tube and the associated unceriainty. What

is the corresponding percentage uncertainty? [(9  2) mm; 22 %] —
T

T

Watch detailed worked solution:

TS £ 3 (d, d,) = & (643 8Smm
A ctual uncuhf'rti( M 4 At =

1(8d, ¢ a4,

=3 0% 0 JwmCics)
Hete , £ £ At = (A12)wmwm  Csame place vorlve)
Corvespondivg percentage wicrbrinty in £ = (2(7) x 100 %
0%

16
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Example 1.10

[T
The period of oscillation of a simple pendulum is given by 7' =27 \[— . A student conducts an experiment
g

to find the acceleration of free fall, g. He measures the length of the pendulum, / = 0.23 + 0.01 m and the |
time for 20 oscillations, 7 = 19.24 + 0.01 s. Find g and its associated uncertainty. [(9.8 + 0.4) m s7]

il 42 2 2
3 2 - = {860n R— M )_ -*| Watch detailed worked solution:
¥ fEp S gt i
30 L (19.24%)

ol R R o 90|
9 2 £ , e Ji ot
0.23 (@.2% = 0.0%¢§

AG =0.0445 x 4.3 = 0.%wme (fy [oF)

9 rﬁj = Q,gf o_q,mj-"

(v) Special functions or complicated functions, Z

If measurements are put together with trigonometric functions, exponential functions or other complicated
formulae, use simple numerical substitutions to evaluate the uncertainty directly. The following rule may be
applied.

Rule 5:
Aclual uncertainty of Z = % (maximum possible Z — minimum possible Z)
AZ = Y2 (Zmax — Znin)
Example 1.11

Consider S = x cos 0 for x = (2.0 £ 0.2) cm, 6 = (53 £ 2)°. Find S with its uncertainty. [(1.2 £ 0.2) cm]

S= xcosd T get Swin, Watch detailed worked solution: .,?
§=2.0c05§3° - (.20 (x=pAx)=L3 ?_.T!'é_‘
To aet Swai, (0+40)=5T

X+Ay 2.2 Swin = C1. 8¢ ST°

(B-40)=51° = (.022% eam

Sway = L &S]

= CS”"IR"SMT")/)

=02 (B
Heuce = (1.2 £0.2) tm

=2 845 tm
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Summary of Rules for Consequential Uncertainties of Quantities derived from Measured Values A + AA
and B + AB

1. If R =mA +nB, then AR =|m|AA +|n|4B
AR A4 AB
2.If R= kA™ x B", where k is a numerical constant, then - |m\7 +]n‘§

3. Other functions: e.g. R=sinA, R=InB

Use the general approach: AR = ¥z (Rmax — Rmin)

1.3.3 Precision and Accuracy

These are two terms which we need to understand in our critical approach to measurements.

Precision refers to the closeness of a set of measurements.

Measurements are said to be precise when repeated measurements remain very close to one another. Ifa
certain measurement which is done, repeated several times, produces widely varying readings, the
precision is poor.

For example, three measurements of my height: 1.75 m, 1.76 m, 1.75 m are precise but 1.72 m, 1.78 m,
1.76 m are not precise.

Accuracy refers to the agreement between the measured value and the true or accepted value of a
quantity.

For example, if we are told that an object has a true mass 500 g, a measured value of 400 g is inaccurate.
Similarly, the measurement of the acceleration of free fall, g = 9.40 m s is also inaccurate, compared to g
=970 ms2

18
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Example 1.12 Check your understanding

Watch detailed worked solution: 3
Complete the diagram below.

Target _ Precise Accurate

Further reference:

OF
.

What's the difference between accuracy and precision? - Matt Anticole TED-Ed 3,
5

19
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1.3.4 Systematic and Random Errors

We have asserted that the true and exact value of a physical quantity can never be known. This is because
our measurement of a physical quantity will always be limited by experimental error. The causes of these
experimental errors can be split into two broad categories — systematic errors and random errors.

1.3.4a Random Error

Suppose we take many measurements to determine the diameter of a thin piece of wire using a micrometer
screw gauge and tabulate our measurements in a table.

0.42 4
0.43 6
0.44 10
0.45 7
i 0.46 3
| Total no. of readings 30

The distribution of the measurements can be represented in the plot as shown.
frequency 4

10—

g8 —

6 —

4 —

D —

. Y=y"1"T 3 T & 7 1
0.40 0.41 0.42 0.430.44 0.450.46 047

Thickness/ mm

Random errors occur as a scattering (or spreading) of readings about the average or mean value of the
measurements. The magnitude of random errors is not fixed and each reading has equal chance of being
smaller or larger than the mean value. Random errors occur despite repeating the experiments under the
same conditions. This means that each reading you take will likely be different from the previous one and
you cannot predict what the next reading will be.

Random errors are caused by environmental conditions, irregularity of quantity being measured, and
limitations of the measurement equipment or the observer.

=7
75"
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Reducing Random Error

Repeating measurements

While readings will appear to differ if only two or three readings were taken, the mean value of a large
number of readings will tend to stabilise. This is because statistically over a large number of readings, the
positive random errors tend to cancel out the negative ones hence achieving a stable average value.

Combining measurements

Instead of measuring the diameter of only one thin wire, an improvement in the experimental procedure can
be done by lining up a few thin wires and stick them together side-by-side using scotch tape. We will then
measure the combined diameter.

(
(
E ) ];2.191%].01 mm
(

Now if we use the same micrometer screw gauge, the actual uncertainty of our measurement is still the
same as + 0.01 mm. What about the diameter of cne thin wire? Since we measured the combined diameter

1
of five thin wires, we can write 5d = (2.19 + 0.01) mm. Hence d = g(2.19 +0.01)= (0.438 + 0.002) mm. The

actual uncertainty in our result has decreased tremendously and the diameter can now be expressed to
one more significant figure than before.

The improved procedure seems to yield a better result but there are some limitations to this method as well.
Firstly the apparatus: micrometers are accurate to 0.01 mm but their range is limited to a few centimetres.
Secondly the quantity: real-life wires always suffer discrepancies during manufacturing hence it is of little
meaning if mathematically we can calculate the result to a very small error but in practice differences
between wires or parts of the same wire is much larger.

Graphical method is also very important and widely used because experiments usually demand more than
just measuring one quantity but to investigate and understand relationships between two or more physical
quantities. The simplest way of doing this will be to plot a graph and draw a best-fit line. We will deal more
with graphing during your practical sessions.

21
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Example 1.13: Oscillations of a pendulum
The period of one oscillation of the pendulum T is related to the length of the pendulum L according to the

equation T =2}T\JE, where g = 9.81 m sZ A diagram of the experiment is shown on the right. T is
g

measured for one oscillation with a stop watch and L is measured with a metre ruler held in hand.

T/s Tis c[l]]:"“%
Liem |(1% reading)|(2nd reading) 1B S
22.0 1.16 098 | L
235 1.07 1.23
251 1.15 1.19
25.6 1.30 110
27.3 1.42 1.20 '
28.1 1.38 1.25 T, (_5
Using the given information, C 1

a) identify a random error in this experiment and explain the source of the error
b) suggest an appropriate method to reduce the random error you have identified

Watch detailed worked solution: 2<% getie

Q) e vartation M T for a Pm-ﬁmla» L s very
(e The uncertattnty in T is caused by the vawiortron
M  human J-Aa{gmlm{' of whem to cart avd whem o ctop "I'f””"lj the
oscillitron. Note that e wuwman  reaction  erwr i awund  0.3¢

b) Time dould be tmken fr a lage nywmber of oscillations . T N oscillortions
Wert g ken , the Por.'oo( s caloulated as T=4(N. we Vsuatlly ke N suoh o
toch ¢ reading is wore Hhan 05, so that g porcentane  enoy contributed
by human  yeacton  tiwe epor & less Man 10% (0.2 [30).

22
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1.3.4b Systematic Error

Suppose now we discover that the micrometer screw gauge used has a zero error of +0.02 mm. Every
single measurement is off by 0.02 mm.

The distribution of the readings would look like this:

frequency 4

et . : The entire graph
L i il e is shifted to the

. : _/ right due to the
& ! ZEro error
6 1 % :

i !
4 — X ‘
2— 5 |

= ] ) Thickness/ mm
4 L T ¢ F - T 1T 1 1

0.40 0.41 0.42 0.430.44 0.45 0.46 0.47 0.48 0.49

This shift of values from the real values is the result of a systematic error. Systematic errors are
reproducible errors which cause a set of readings to deviate in a fixed direction from the true value.
Systematic errors are caused by instrumental errors, environmental conditions, and poor experimental
techniques. The source of systematic errors can be determined and eliminated by corrective action.

Question: Distinguish random errors from systematic errors.

Answer: Random errors are deviations of the measured value from the mean value, with varying signs
and magnitudes. Systematic errors are deviations of the measured value from the true value, with same
sign and similar magnitude.

Eliminating Systematic Error

In some cases, systematic error can be accounted for and corrected after it has been detected. The easiest
way to detect systematic error is to note the vertical-intercept of the graph that is plotted. For example the
graph of y = mx + ¢ when plotted gives a y-intercept of b instead of ¢ as shown in the diagram below. The
systematic error of (¢ — b) results in an underestimation of the y- values.

The effects of random errors and of systematic errors appear in graphs as illustrated below.

‘true’ line ‘true’ line ‘best fit' line
y
Random error +
— Systematic error
Random error /-5~ - underestimation of
c T y values

23
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Proper usage of measuring instruments is essential in eliminating systematic error. Measuring instruments
need to be checked before usage. Always ensure balances, callipers, scale pointers, digital devices all read
zero before being used. Calibration of instruments should be cross-checked if possible by comparing a
measurement using two measuring devices.

In many experiments, the most glaring error is the experimenter himself. Carelessness while taking
measurements can result in severe systematic errors and random errors. However, blunders such as
misreading a ruler or calculation mistakes should NOT be quoted as examples of errors in practical reports
or exams!

Examples of Systematic Errors

Descriptions of errors Error Sources Corrections

« zero errors on the scales of Due to apparatus  correct all measured readings by
instruments negating the error accordingly.

e poor calibration of instruments « calibrate the instrument properly

before experiment

« consistent parallax error which affect | Due to poor ¢ adopt the correct way to take
all the readings in the same way, for | experimental reading: ensure that the line of sight
instance, taking readings off a scale | technique is perpendicular to the measuring
from a fixed angle. scale.

« background radiation causes the Due to external Take the external factor(s) into account
count rate of your radioactive factors and adjust all readings appropriately.
sample to be consistently higher For instance,
than the true reading. ¢ Measure the average background

count rate and subtract it from the
measured count rate.

24
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Example 1.14: Oscillation of a pendulum
Refer to the Example 1.13 for the same setup. The graph of T against JL is shown below:

Tis

A Watch detailed worked solution: JEifata

> x
¢ d JL I m?

Using the given information,
c) identify a systematic error in this experiment and explain the source of the error.
d) suggest an appropriate method to eliminate the systematic error you have identified.

O T gaph of T agaimst JL ceould pass thiough Hne origin. For evay value ot T
the (eongty L appews fo % longer fhan it should be.
I The length of #e qulm could be measred wrongly .
2. The vuler wos held in the tomd and

duvive meoisurement

D1 In the ex perimenta] setup diogram, L chould ke weasuned] on|
of mas of te bob, not 4 Hu 2ge of e bob .

2. Te ruler should be MFMM with A retort ctowl . A spirrt lenve| shouid be

used to emsuve +hat the vuler & verdichl (ciice +he P-WdMIMM will alo rest
1.3.4c Summary Table V"“"ﬁ“‘”\{ whew ot ig startrovorwy )

may not be Pamiw{ to te string

y up fo e cesrtn

Type of error Characteristics If this error If this error
exists, will exists, will
precision be accuracy be

affected? affected?
random varying in both magnitude and direction Yes No

about a mean value, can be reduced by
taking average of repeated readings, but not
eliminated.

systematic | varying in fixed direction about a true value, No Yes
CANNOT-be(reduced by taking average of
repeated readings, but may be eliminated by
good experimental technigues.
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1.4 Scalars and Vectors

Physical quantities that have no direction associated with them are known as scalars. Scalars are specified
completely by values and units. Examples of scalars include distance, speed, mass, time, temperature,
energy, gravitational and electric potentials.

Physical quantities that have both a magnitude and a direction are
known as vectors. Examples of vectors include displacement, velocity,
acceleration, force, gravitational and electric field strengths.

i was only a scalar

untll cEme 3
and 9{:: me d}mm !

sight

o

In books, a vector is often denoted in one of the following ways: F,
For f . The magnitude is indicated as |F] or simply F.

The direction of vectors should always be clearly presented. In written form, we can express, for example,
velocity as 5 m s towards the east, or acceleration of free fall as 9.81 m s? downwards. This is somewhat
troublesome to write when we come to diagonal motions.

Diagrams are always helpful in Physics when dealing with vector quantities. Each vector is represented by
an arrow. The arrow is always drawn pointing in the direction of the vector quantity and the length of the
arrow is proportional to the magnitude of the vector quantity. If more than one vector is drawn on a diagram,
the lengths of the different arrows should be representative of the relative magnitudes of the vector
quantities.

For example, a boat's engine can propel the boat to move at 6.0 m s to the east and the current in the
river is flowing at 3.0 m s also to the east. The two vectors can be drawn as shown.

S —>
Velocity of boat Velocity of current
=6.0ms’ =3.0ms’

Note the relative lengths of the arrows: the velocity of the boat is twice that of the current, hence its arrow's
length is also twice as long.

Multiplication of a vector by a scalar simply scales the length of the arrow. Multiplication of a vector by —1
(or a negative sign, "-") reverses the direction in which the vector points.

1.41 Adding and Subtracting Coplanar Vectors

It is obvious that the boat moves down the river faster with the presence of a current than without. In
addition the boat will in fact move slower if it is moving upstream or against the flow of current. Hence there
must be an additive and subtractive effect when there are two of more vector quantities present in one
situation.

------- e . i 3
Velocity of boat flowing Velocity of boat flowing
with current =9.0 m s against current = 3.0 ms”

The sum of two or more vectors-iS)called the resultant vector. The resultant velocity vector of the boat is 9.0
m s when flowing with the cufrent and 3.0 m s when flowing against the current.

As demonstrated in the diagrami above, resultant vectors are always found by connecting one arrow-head
to the tail of the next arrow. The resultant vector is then drawn from the tail of the very first arrow to the
arrow-head of the last arrow. This summation process can be repeated step-by-step for any number of
vectors.

26
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1.4.1a Vectors in 1D

One dimensional vectors lie along a single line (collinear) and can be either pointing along or against that
direction, like the current in a river. In mathematical form, we usually fix one of the directions as positive,
and the opposite direction as negative.

In the direction of travel of the boat, its own velocity v eat = + 6.0 m s'. The velocity of river current v aiong =
+ 3.0 m s when it is flowing in the same direction as the boat's motion. If the river current is against the
motion of the boat, it will be written as a negative quantity: ¥ against = — 3.0 m s7'. These two vectors V aiong
and V against are equal in magnitude but opposite in direction = V against = —V along. The resultant velocity at
which the boat travels is the vector sum of its own velocity and the velocity of the river current.

or v

vrssu.'[ant = Vboa! + Va!ong resultant — vboat > Vagamsr

Vector values in physics
Vector values are most commonly written as numbers with a sign attached to it to indicate the direction.

The direction of the positive-value is predefined with an arrow. For example, the vectors as shown
below may be written as:

G O—" v=3ms"

F=5N
—7+ ’F";N : —+: v=3mg!
v=2ms"
F =5N O
—+ :F=-5N. —5+: V=-2ms
a=4ms”
F =5N O

: +: az-lkms*
/:Fng or /‘ # F-'-'Sl"l oR +&—: a= §ms-2,

27
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1.4.1b Vectors in 2D

Two dimensional vectors lie on the same plane (coplanar) but point in different directions that are not along
a single straight line.

In the diagram below, ¢ and & are two coplanar vectors lying on the plane of the paper but not along a
single straight line.

The tail of each arrow indicates the position where a vector quantity is acting upon. In the diagram above, if
both a and b are forces, they would be acting on the same point, or the same object.

Imagine if you were pulled by two friends, one at each arm, in different directions. In which direction would
you move? Can you possibly move in both directions you are pulled? There only exists one resultant force
that will determine the direction you will move.

Similarly, the resultant vector ¢ is obtained by adding vectors @ and b,or ¢ = a + b .

Addition of vectors: c=a+b
Methods of Determining the Resultant Vector
a) Parallelogram Method: By putting the vectors to be added ‘tail to tail'. Complete the parallelogram.

The resultant vector is the diagonal from the tail of the two vectors to the other vertex of the
parallelogram.

b) Triangle Method: By joining the end of the next arrow onto the tip of the previous one to form a
chain of arrows, the resultant vector is a straight arrow that goes from the tail of the chain directly to
the head. The order of adding the vectors does not affect the resultant.

¢) Component Method: The vectors are resolved into two perpendicular directions and then added.
Please see section 1.4.2. This method is extremely important because it is the most
convenient method to add three or more vectors.

28
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Subtraction of vectors: d=a-b

=y

In Physics, vector subtraction can come about when we want to determine the change in a certain physical
vector quantity.

In general,

A change in a physical quantity = final value — initial value

Mathematically it is written as
AQ=Q— Qi

Physical quantities that are often seen in A-level questions include:
Scalars: change in temperature, change in energy

Vectors: change in velocity, change in momentum

Further reference:

[OF. 30|
Vector Addition and Subtraction ~xmphysics0 (Summary and examples) %
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Example 1.15
(a) In the figure below, for each pair of vectors 4 and B, draw the resultant vector R where R= A4+ B.

1 I
» u 1 ] i
Walch detailed worked solution; [$3 e i i
- I

T

4

o
T

(b)  Two forces act at a point P as shown below. Determine (magnitude and direction of) the resultant
of these two forces. [69 N, 26.6 ° clockwise from the 25 N force]

Fivd  magnitude wstng o rule

] 2
R™ =25+ 402 2% 25 %48 cos 140"
R= 6N

Find angle o us ng) st ule

184 6‘?

0 =26.6°

De vesultant force &5 €N
26.6° clohwise fom the 1IN force |

KE
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(c) An object is moving at 5.0 m s due east. Its direction changes to due south with a speed of
7.5 m s”'. Determine (i) the change in speed. (ii) the change in velocity.
[2.5msT; 9.0 m s 33.7 © west of south]

(3. Change m cheal: +5-5.0=225w[s

(0. Chawge m  velocity

AV-"V-F -V; ?"giﬂ{s (V-F)
lavi= | 5074 352
= 4.0us $-Owls
- = §0N _ v C-vi)
v Tﬁn‘(—%)_gg.} '

T chovge i velocit, & A.0wfs 33.F° west of sty o with bewing of

( . =24° -
Bo+ 33.3 = EifE
1.4.2 Resolution of Vectors EI :

Since two vectors can be added to give a resultant vector, any vector can be broken up (or resolved) into
two vectors or components. We will usually resolve a vector into two mutually-perpendicular components
through the use of trigonometry and Pythagoras theorem. Mutually-perpendicular vectors are independent
of each other.

Practice
For each vector below, draw the two perpendicular components in the direction given by the dotted lines
and state their magnitudes in terms of the respective values and angles.

The examples on the left are done for you. Note that the dotted rectangle is an important working to
account for the exact magnitudes of component vectors.

10 sin 45°

45°

10 cos 45°

Each of the vectors above is resolved into two perpendicular components. A vector can be resolved into
infinite pairs of perpendicular components. The choice of directions depends on the problem at hand.

3
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Example 1.16

(a) An object rests on the plane of an inclined slope as shown. The weight W acts vertically down. Draw
components of the weight

%=
(i) parallel to the slope Watch detailed worked solution: & ¥ ol
(i) perpendicular (normal) to the slope. =&

Label the magnitude of the two components in terms of Wand &,

Wi, =Wsin P

Wi = Wes D)

(b) A force of 50 N acts on a horizontal plank at angle of 60° to the vertical as shown. Draw
components of this force (a) parallel to the plank (b) perpendicular to the plank.

Determine the magnitude of these components.

: Fy a) by = W60z 43.3N

b) F § =%0¢os60’ =25 N
Fh

Example 1.17
Two forces 4 and B act on an object at angles @and f as shown in the diagram. Determine the expression
for the resultant force. '

RX= “Ay 4By = -Acos + B cad p B

Q?=A~’+BT:ASMCL+BsmB Ay %\/ ﬁg‘f
R= J-E_I_ﬂ_ o= 1—._ )1 : ; . 4
R & % (-Acsoct BeosP) ™+ (Asimoct Bein B)

gl{ with N.SPC(,-{' o e honzcm{nj = -{'nn"‘ Acin o+ Bcin B)
-Acos o+ BeosB

-

>N

b
Top view Bx

)

32

www.KiasuExamPaper.com
31




H2 Physics C1 2016

Example 1.18
The diagram shows the top view of three motorboats crossing a river (left bank to right bank). All three

move at the same speed but in different directions, and all experience the same current flowing down
the river.

Construct resultant vectors showing the speed and
direction of the boats. 4 { } \ ] f
\
a. Which boat takes the shortest path to the . / f
opposite shore? a l y
. R
1
1)
b. Which boat reaches the opposite shore P 5 i F
first? Ibl -
-b: ..d- _.L i ' v
v 4 [ r J "N K Y
c.  Which boat provides the fastest ride? A \ ) r\r\ r
C 1 l
Watch detailed worked solution: 1 ;HEI [

=

Further reference:

MIT OpenCourseWare Video - Vectors

33
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Example 1.19 =

The 5 forces shown act on an object. Find the resultant force. Watch dotaied worked solution: & :} :?j
e
Ty DAy
1 90N
27N
A
80N
» X
100N
52N
¢ Resolve the vectors into two mutually perpendicular components:
Vector/N x-component /N (+—) y-component /N (+1)
80
$0cos20° 80 sm20°
90
90sin3g° 90 cos 34°
27
0 27
e ~100cos [0° ~100stu(0°
%2 §2 cos60° - S2sin 60°
Resultant
¢3 i
» Draw vector diagram to show the resultant vector. ’{\

o |
o Compute the magnitude of the resultant vector. [85 N] +

£ 52N

« Indicate the direction with an angle with reference fo a  —
certain direction on the diagram and calculate the angle. R J §324 532 = 8SN
[52 © anticlockwise from +ve x-direction] 1 ey

0 = tom =
The resltont Bree i BEN

="

=0 ) ) .
» Write a complete stafement to specify the magnitude 27 auficlockwise fom Hhe
and direction of the resultant vector WL paxis.
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Further Reading and References

Appendix |  International System of Units (SI)

The seven S| base quantities and units of the International System of Units, universally abbreviated Sl
(from the French Le Systéme International d'Unités), established in 1960 by the 11th General Conference
on Weights and Measures (CGPM, Conférence Générale des Poids et Mesures).

Base Quantity Sl Base Unit
Name Symbol Definition

length metre m The mefre is the length of the path travelled by light in vacuum
during a time interval of 1/299 792 458 of a second.

mass kilogram kg The kilogram is the unit of mass; it is equal to the mass of the
international prototype of the kilogram. (The prototype is made of
platinum-iridium, is kept at the BIPM under conditions specified by
the 1st CGPM in 1889.)

time second s The second is the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine levels of
the ground state of the caesium 133 atom.

electric current ampere A The ampere is that constant current which, if maintained in two
straight parallel conductors of infinite length, of negligible circular
cross-section, and placed 1 meter apart in vacuum, would produce
between these conductors a force equal to 2 x 107 newton per meter
of length.

thermodynamic kelvin K The kelvin, unit of thermodynamic temperature, is the fraction

temperature 1/273.16 of the thermodynamic temperature of the triple point of
water.

amount of mole mol The mole is the amount of substance of a system which contains as

substance many elementary entities as there are atoms in 0.012 kilogram of
carbon 12.

luminous intensity | candela cd The candela is the luminous intensity, in a given direction; ofa

source that emits monochromatic radiation of frequency 540 x 102
hertz and that has a radiant intensity in that direction of 1/683 watt
per steradian.

Adapted from the National Institute of Standards and Technology (NIST) Reference on Constants, Units and

Uncertainty.
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Appendix Il  Summary of Key Quantity, Symbols and Units
SUMMARY OF KEY QUANTITIES, SYMBOLS AND UNITS

The following list llustrates the symbols and units that will be used in question papers.

Quantity Usual symbols Usual unit
Base Quantities

mass m kg
length i m
time t s
alectric current ! A
thermodynamic temperature T K
amount of substance n mol
Other Quanfities

distance d m
displacement 5% m
area A m’
volume Vv m*
density ] kg m?
speed u v, wc ms™'
velocity U v, wc ms’
acceleration a ms™?
aceeleration of free fall g ms”
force F N
weight w N
momentum P Ns
woark w, W J
energy EUW o
potential energy E, J
kinetic energy Ex J
heating Q J
change of internal energy AU J
power P W
pressure p Pa
torque T Nm
gravitational constant G Nkg®m’
gravitational field strength g Nkg'
gravitational potential 4 Jkg™'
angle f °, rad
angular displacement 7] ° rad
angular speed @ rads™
angular velocity @ rad s
period T s
frequency f Hz
angular frequency @ rad s
wavelength A m
speed of electromagnetic waves c ms’
electric charge Q c
elementary charge e L
electric potential "4 v
electric potential difference v v
electromotive force E Vv
resistance R 0
resistivity P Om
electric field strength E . NG vm!
permittivity of free space & Fm'
magnetic flux @ Wb
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Quantity Usual symbols Usual unit
magnetic flux density B T
pemeability of free space Ho Hm™'
force constant K Nm™’
Celsius temperature ] °C
specific heat capacity c JK kg™
molar gas constant R JK ' mol™
Boltzmann constant k JK
Avogadro constant Ny mofl™
number N, nm

number density (number per unit volume) n m
Planck constant h Js

work function energy @ J

activity of radioactive source A Bq
decay constant A s
half-life t 1z S

relative atomic mass Ar

relative molecular mass M,

atomic mass my kg, u
electron mass me kg, u
neutron mass mp, kg, u
proton mass my kg, u
molar mass M kg

proton number Z

nucleon number A

neutron number N

www.KiasuExamPaper.com
36



H2 Physics C12016

Appendix [l Homogeneous Equation

A physically correct equation must be homogeneous. However, a homogeneous equation need not be
physically correct.

There are two basic reasons:

(1) The value of the coefficient may be incorrect.

eg. E=3mv’ where E = kinetic energy

The coefficient 3 is incorrect. The value should be % instead.
(2) Missing or extra terms that may have the same unit.

eg. E= %m'.,f2 +mgh  where E = kinetic energy

There is an extra term mgh, which happens to have the same base unit as kinetic energy.
This is an extra term.
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Appendix IV Sl Prefixes'

| Prefix | Symbol Decimal Power | Order of
' of ten | magnitude

yocto- |y 0.000000000000000000000001 1072 -24
zepto- | z 0.000000000000000000001 1072 -21
atto- | a 0.000000000000000001 107" | -18
femto- | f 0.000000000000001 1071% | ~-15
pico- |p 0.000000000001 1077 | ~12
nano- | n 0.000000001 10°° -9
micro- | W 0.000001 1078 -6
milli- [ m 0.001 107 =3
centi- | c 0.01 m* |2
deci- |d 0.1 107 =

- - 1 10° 0
deca- | da 10 10 1
hecto- | h 100 102 2
kilo- k 1,000 10° 3
mega- | M 1,000,000 108 6
giga- |G 1,000,000,000 10° |9
tera- | T 1,000,000,000,000 1072 12
peta- | P 1,000,000,000,000,000 10" 15
exa- |E '1,000,000,000,000,000,000 1078 18
zetta- | Z 1,000,000,000,000,000,000,000 104 21
yotta- | Y 1,000,000,000,000,000,000,000,000 | 10%* 24

For use in Information Technology, prefixes for binary multiples have been adopted by the International
Electrotechnical Commission (IEC). —
2]

Please refer to website for more information: http://physics.nist.gov/cuu/Units/binary.html EI

It appears that everyone has been wrong about the kilobyte so you can read for yourself.

f http://en.wikipedia.org/wiki/Order_of_magnitude
39

www.KiasuExamPaper.com
38



H2 Physics C12016

Appendix V Rules of Significant Figures in Mathematical Operations

The following set of rules for significant figures provide us a means to get reliable results from data even
without uncertainty values.

Rule 1: When multiplying or dividing, the number of s.f. in the answer should be the same as the
term with the least numbers of s.f.

e.g. multiplying:
2.61
x 1.2 +— this has the smaller number of s.f. (2 s.f.)
3.132 — rounds offto 3.1 (2s.f)
e.g. dividing: 261+12=22 (rounds off to 2 s.f.)
Practice: 23x10.0=
6.8907 + 1.23=

Rule 2: When adding or subtracting, decimal places (d.p.) in the answer are determined by the term
with the least number of d.p., regardless of the s.f. of any one term.

e.g. adding:
26.46 «—— this has the least number of d.p. (2d.p.)
+(.1234
26.5834 —»rounds off to 26.58 (2 d.p.)

e.g. subtracting:
26.46 - 4.123 =22.34 (to 2d.p.)

Practice: 5.399 - 539 =
103.9+2.10+0.319 =

More practices: http:/lectureonline.cl.msu.edu/~mmp/applist/sigfig/sig.htm (requires Java)

Rule 3: For any logarithm, the number to the left of the decimal point is called the characteristic, and the
number to the right of the decimal point is callec the mantissa. e :

e.g. lg 339 = 2.530

The mantissa has as many significant figures as the number which we took logarithms. The
characteristic is not included when determining the number of significant figures.

eg. Ig(5.43x10')=10.735
lg (2.7 x 10%) =-7.57
In (3.95 x 10°) = 15.189
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Topic 2: Kinematics

H2 Physics C1 2016
H2 Physics Syllabus 9646

Topic 2: Kinematics

Kinematics | Learning Outcomes
Students should be able to:
Rectilinear (a) define and use displacement, speed, velocity and acceleration.
maotion (b) use graphical methods to represent distance, displacement, speed, velocity and
acceleration.

(c) identify and use the physical quantities from the gradients of dis;ﬁlacement—time graphs
and areas under and gradients of velocity-time graphs, including cases of non-uniform
acceleration.

(d) derive, from the definitions of velocity and acceleration, equations which represent
uniformly accelerated motion in a stra ight line.

(e) solve problems using equations which represent uniformly accelerated motion in a
str_aiéht line, ir_\cludihg the motion of bodies falling in a uniform gravitational field without

" air resistance. '

(f) describe qualitatively the motion of bodies falling in a uniform gravitational field with air
resistance.

Projectile (g) describe and explain motion due to a uniform velocity in one direction and a uniform
motion acceleration in a perpendicular direction.
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2.0 Introduction

Kinematics (from Greek kwelv, kinein, to move) is the branch of mechanics that describes the motion of
objects without consideration of the causes leading to the motion. The study of why objects move falls
under the branch of Dynamics.

21 Terminology

2.1.1 Distance vs. Displacement

Distance, x

Distance is the total length travelled by a moving object irrespective of the direction of motion.

Displacement, s

The displacement of an object from a reference point O is the linear distance and direction of the object
from O, '

Note that distance is a scalar quantity whereas displacement is a vector' quantity.

For illustration, in the diagram below, an object travels from point O to point P along the path represented
by the solid line. The distance travelled is represented by the length of the solid line. The displacement is
represented by the length and direction of the dashed line.

= Path taken (distance)} . .

= =b Displacement

2.1.2 Speed vs. Velocity

L4

Speed, v

The speed of an object is defined as the rate of change of distance travelled by an object with respect to
time.

Velocity, v

The velocity of an objectis its rate of ;ihange of displacement with respect to time.

Note that speed is a scalar quantity whereas velocity is a vector quantity.

i Generally, scalar quantities in textbooks are italicised and non-bold, e.g. x, while vector quantities in textbooks are either
represented by an arrow above the quantity, a twiddle (~) below the quantity or italicised and bold, e.g. A, a, or simply A.
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one second. Quantities should always be defined in terms of other quantities and units should

In past examinations, students were given zero marks for defining speed as distance travelled in
A always be defined in terms of other units.

Mathematically, average and instantaneous speed” and velocity can be calculated as follow:

Total distance travelled
Total time taken
Ax

At

Average speed, <v> =

Instantaneous speed, v ;E
t

Total change in displacement
Total time taken

Average velocity, <v >

As
At

ds
dt

1

Instantaneous velocity, v

Example 1

A car travels 3.0 km due east from a point O to a point A for 2.0 minutes where it stops at a traffic light at A
for 4.5 minutes. It then continues 4.0 km due north of A to point B for another 3.5 minutes. Find the
average speed and average velocity of the car.

N
_ B
$ 14.0km
(3.5 min)
@ A
3.0 km Trafﬁc_light o
(2.0 min) (4.5 min) Average - total change in displacement OB
" Ldi led velocity time taken
verage total distance frave o —
i time taken =%—4;}39§
_ 3.0+4.0 -
2.0+4.5+3.5 =0.50 km min~ =e¢.
=0.70 km min" tand = 4
=12ms’ 3
g =53°

Note that as velocity is a vector quantity, it is necessary to find the direction for average velocity.

i It is rare that the speed of an object is constant. When we refer to the speed of the object, we are usually referring to the
instantaneous speed. Similarly when we refer to velocity and acceleration, il is the instantaneous velocity and instantaneous
acceleration that is referred to, unless stated otherwise.

4

www.KiasuExamPaper.com
42



H2 Physics C1 2016

Example 2

A particle moves with an initial velocity of 10 m s in the x-direction for 5.0 s. It then changes its velocity to

30 m s at an angle of 60° to the horizontaland moves for a further 2.0 s. (Figure 2.1)
(i) Calculate the change in speed and velocity of the particle in this interval.
(i) Find the average speed and average velocity of the particle.

= Figure 2.1
Solution
(i) Changeinspeed = final speed — initial speed
=(30-10)m s’
=20ms?

Change in velocity = Viinal — Vinial = Viinal + (— Vinitial)
Magnitude of the change in velocity

Using cosine rule, (5.0s)
Av =[10%+ 302~ 2(10)(30) cos 60°) 10m s
=265ms’

Direction of the change in velocity
Using sine rule,
sin a sin 60°

The change in the velocity is 26.5 m s™* at an angle of 79.1° anticlockwise from the horizontal

(i) ~Average speed = total distance travelled
total time taken
=(10x5.0)+(30x 2.0)
(5.0 +2.0)
= 15.7ms"

Using cosine rule, As = (60?+ 502 2(60)(50) cos 120°) = 95.4 m
Magnitude of the average velocity, [v|=95.4/7.0=136ms"
Using sine rule, g = 33.0°

The average velocity is 13.6 m s™ at 33.0° to the initial velocity.
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2.1.3 Acceleration

Acceleration, a
The acceleration of an object is its rate of change of velocity with respect to time.

Mathematically, average and instantaneous acceleration can be calculated as follow:

Total change in velocity Av
Total time taken At
_ Vi~V

initial

At

Average acceleration, <a> =

dv
dt

1

Instantaneous acceleration, a

- S. |. units of acceleration: m s

- Acceleration is a vector quantity. The direction of acceleration is in the same direction as the vector

representing the change in velocity™

TIPS | Sign Convention

1. For an object moving in one-dimension (rectilinear), there are only two possible directions in which the
object can move. One direction is opposite the other. Hence, for convenience, we define one direction

as positive and the other negatwe
+ve -

2. For vertical motion, we usually defne upward dlrectlon as posntwe I ’[‘ %

3. For horizontal motion, we usually take direction to the right as positive™ —> tve

*But this depends on the problem given, if it is more convenient to define downwards as positive or
leftwards as posmve you may do so. In any case, you should always state clearly the conventlon you

have adopted

iit You will learn in Dynamics that the direction of any object’'s acceleration is determined by the direction of the resultant force acting

on the object (Newton's 2™ Law of Motion).
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Example 3

John drove a car from his home towards the traffic junction. As the traffic light turned red, he stopped and
waited for his turn. He then made a U-turn and drove to a supermarket to buy some groceries. John drove
back to his home after making the stop at the supermarket. The journey is illustrated in the figure below,
where points A, B, C, D and E are located along his journey.

.. C .
ISpeeding up

Slowing down

]
Reference
line

The reference line passes through John’s home, and displacement to the right of it is defined as positive.
Indicate the sign for John's displacement, velocity and acceleration at A, B, C, D and E.

Aiff whm  slowimg dowv

" \
Displacement |- Velocity Acceleration
A (speeding up) 4+ . _' - + + :
B (slowing down) - - _1_,' | -

i ] make veloct
C (speeding up) + _ - — more $ye” ’
D (slowing down) " - ; +
E (slowing down) e T —

www.KiasuExamPaper.com
45




H2 Physics C1 2016
2.2  Describing Motion using Diagrams

221 Ticker tape diagrams

A common way of analyzing the motion of objects in
physics labs is to perform a ticker tape analysis. A long '
tape is attached to a moving object and threaded through
a device that places a tick upon the tape at regular
intervals of time — say every 0.1 second. As the object
moves, it drags the tape through the "ticker," thus leaving
a trail of dots. The trail of dots provides a history of the
object's motion and is therefore a representation of the
object’'s motion.

f—i2Vac.

The distance between dots on a ticker tape represents Htkaifgis
the object's position change during that time interval.

(i) for a fast moving object

(ii) for a slow moving object

The analysis of a ticker tape diagram will also reveal if the object is moving with a constant velocity or with
a changing velocity (accelerating).

Constant i) foran object moving at constant speed

Speed

D 4

(iv) for an object that is accelerating ?‘\ @

Accelerating
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2.2.2 Vector diagrams

Vector diagrams use vector arrows to depict the direction and relative magnitude of a vector quantity.
Vector diagrams can be used to describe the velocity of a moving object during its motion. For example, the
velocity of a car moving down the road could be represented by a vector diagram. In a vector diagram, the
magnitude of the vector is represented by the length of the vector arrow.

Constant ) ) for an object moving at constant velocity
Ylocity | oy Gt G deo o
Accelerating
w L k. ¥ Y
Sy b Sr—  Hir y $

b) for an object that is accelerating. ?:,‘ @

2.2.3 Recording motion using stroboscope™

Multi-flash photo of a bouncing basketball

Multi-flash photographs or stroboscopic photographs are photographs of a subject illuminated with a
flashing light, taken by a camera with an open shutter. By keeping the subject in the dark and then
illuminating the subject only at certain times, the resultant image will show a series of different positions of
the subject. '

Today, by using digital video camera and digital image compositing, a multi-flash photograph can be easily
re-constructed from several video frames. The video camera enables us to record motion conveniently,
even at high speed. A single video camera captures 2-dimensional motion on a plane parallel to the image
plane of the camera. To record complex 3-dimensional mation, many video cameras are used. This
technique is useful for sports biomechanical analysis and character analysis in animated film production.

" http:/fedgerton-digital-collections.org/techniques/multiflash
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2.3  Describing Motion using Graphs

2.3.1 Displacement vs. Time Graph (s-t graph)

SA

(b)
Slope of connecting line
= average velocity between t1 and &2

(a)
Slope of tangent line
= instantaneous velocity at f5

B
»

t

-
=
=
—

&

On an s-t graph,

- The instantaneous velocity is the slope (or gradient) of the tangent line at a given instant of
time.

- Average ve!oc;ty is the slope of the straight line connectmg two points corresponding to a given time
interval.

- If an object moves with constant velocity, its s-t graph will be a stl_'aight' line graph, and the
instantaneous velocity at any instant is equal to the average velocity over the entire time interval.

2.3.2 Velocity vs. Time Graph (v-t graph)

vV A - {a)

Slope of tangent line
|nstantane0u5 accelerallon atfs.

CHE / (©)

Slope of conniecting line / Area under the graph
= average ac?::eleratton = change in displacement
i between th and t - between f« and fs

L b | B
Lg

b f2 s+ f1 s t

On an v-t graph,

L4
The instantaneous acceleration is the slope (or gradient) of the tangent line at a given instant
of time. :

- Average acceleration is-the slope of the straight line connecting two points corresponding to a given
time interval. -

- If an object. moves. with con,sfan't'_-;._'é'éceleration, its v-f graph will be a straight line graph, and the
instantaneous acceleration at any instant is equal to the average acceleration over the entire time
interval.

The area under a v-t graph for a time interval of At gives the change in displacement of the object in
that time interval.

10
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2.3.3 Summary of relations among s-t, v-t and a-t graphs

.
NRTS—— [ DISPLACEMENT, s f As =i o
_ds i
S | Changein ,
i  Velocity = gradient | | displacement=area |
| of s-tgraph ; IP under v-f graph :__
. _- |
VELOCITY, v

I

Rl -

¥ =

Av-_'?adt

Change in velocity =
area under a-t graph

d\" ﬁ

Cdt
Acceleration =
gradient of v-f

graph ! [ACCELERATION a

L

Example 4

What is the expression of the change in displacement, As, of the object from f to £?
If you need to find distance travelled by the object in the same time interval, what would be your answer?

?msd . AS = Aveq A+ (Ato B) thvwea C
Distowce trowelled by the object
the fomwe time Wtenal,

5““3”‘ AX = Aven bt Avea B - fvea C
Area G, - i i : .
0 t ' B *u die”

Example 5

An object is at rest at the origin. If the object undergoes constant acceleration, sketch its a-f, v-f and s-t
graphs.

d
A

11
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Example 6
s A

A student throws a ball vertically upwards at a speed of 20
m s from level A. Neglect air resistance.
i) Sketchthe s-{, v-tand a- tgraphs from the moment

the ball is thrown to the moment it returns to the

1 0
student’s hand. i

ii) Calculate the time it takes for the ball to return to the 4= 20 \
student’s hand.

0

B

-~

A

G= -9.%9]

e L T

! g i

A

(i), gradient= -9.81= C0 -20) (£
t=2.0%;s
time +4aten= 2x2.04
= 2o

www.KiasuExamPaper.com

50

12



H2 Physics C1 2016
2.4 Describing Motion using Equations (for uniform acceleration)

241 Derivation of the Equations of Motion (for uniform acceleration)

In this section, we shall derive the equations of motion for an object moving in a straight line with uniform
acceleration.

Suppose at time =0, the abject is at point O with an initial velocity of u. The object moves at uniform
acceleration of a until time =¢, and has travelled through a displacement of s to arrive at point A with the
final velocity of v.

u Uniform acceleration a —v~%
R
. et X .
0 A
time =0 time =t
Let us look at its velocity-time graph:
velocity A
|:I _=..__
‘ _ 0 : t time
Note: acceleration of object, a is given by the gradient of its v - t graph,
_v-u
t

"

Note: The displacement of abject fram point O, s, is given by the area under its v - f graph from time =0 to
time = ¢,
s= % (u+v)t (2)

Substitute Eqgn (1) into (2), we have
s:%[u+(u+at)}t

= s=u !+~21~a & 3)

FromEqn (1), wehave t=Y"" and substitute into Eqn (2), we have

s:%(u+v)(v;uJ

13
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In summary, the equations of motion are tabulated below.

Graphical Representation

. Case 1 Case 2 Case 3
Equations of (initial velocity is (initial velocity is (initial velocity is
Motion 4 s : ;
zero, acceleration | positive, acceleration negative
positive) positive) acceleration positive)
v
v=u+at va Va 4

Use this equation to .

relate velocity fo

time. 0 ;
v-t graphs are /

straight line graphs.

v

v

s=ut+1a\t2
2

S A A ‘r
Use this equation to )
relate displacement | | .
to time. a _ ) _ ) 0 \-/ ¥
s-t graphs are -
quadratic curves

(The shape is called : |0
a parabola.)

v
Y

vi=u?+2as v4

Use this equation to
relate  velocity to
displacement. '

I

v-s graphs follow-the
shape of a square-
root graph. 3

I
>

L 4

s| O 5

Pause and Think: Why do you think we did not include the graph for s = % (u+v)t here?

Note:
o The equation(s=ut+ % a t*) sets the reference points=0att=0.

o Egq uations of motion can only be used if the acceleration is constant.

o The equations are vector equations. Hence the motion in each dimension is independent of the
other direction. Therefore, variables also have to be analysed along the same dimension. For
example, if we choose to analyse the motion -along the x-direction, then we can only. use quantities
like ux, vxand a,, Acceleration along the y-direction ay will not affect motion along the x-direction.

14
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Example 7: J82/P1/1

A motorist traveling at 13 m s approaches traffic lights, which turn red when he is 25 m away from the
stop line. His reaction time is 0.70 s. If he brakes fully such that the car slows down at a rate of 4.5 m s?,

a) how far from the stop line will he stop?

b) on which side of the stop line will he come to a rest?

2) Oist +ovelled during  the reaction  time duwrtion
= SPeealx fime =(y3x0.30 =% Im
Dist. fonelled dwring braking

(vys= X=u' . 0-137 -jpe,
24 a%Y)

Ttal dist = (8. 49.] 2279w

b Sne will sop (31.9-25.0)= 2:9m affer +he stop line.

2.5 TFree Falling Bodies

The simplest exémple of motion with constant acceleration is a free falling body.

A free falling object is any object moving only under the influence of gravity, i.e. the effects of
resistive forces (i.e. drag forces) and upthrust are negligible. For free falling objects, whether they are
initially thrown upward, downward “or released from rest, they will accelerate downwards at a rate of 9.81
m s2,Y regardless of the objects’ weight, size and shape. Let us illustrate this below.

Consider a mass m under free falling. Since air resistance is negllglb!e the only force acting on the mass is
its own weight. Applying Newton’s 2™ Law,

Fe =ma
mg =ma
a=g
In essence, even though a larger Mass experiences a larger gravitational force, its larger inertia also makes

it harder to accelerate. These two effects cancel out cleanly. This curious coincidence causes a feather to
fall at the same rate as a lead ball.

“You will learn in the topic of Gravitation that the value of g does vary with location on earth. The average value of
9.81 m s is conveniently chosen for general calculations.
15

www.KiasuExamPaper.com
53



H2 Physics C1 2016

Example 8: Are these Objects in Free-Fall?
The following are 2 cases of abjects in motion.

(i) Determine if each of the objects is in free fall.

(i) For each case, if the object is not in free fall, identify the physical quantities that affect the acceleration.

(iii) Hence, explain if the equations of motion can be applied to each scenario.

Case 1: A box sliding down a smooth incline.
Assume that air resistance is negligible.

Solution:
Considering the forces on the box,

Normal contact
force

a is constant

N

sin ¢

(i) Notin free fall

(i) Net force: Component of weight of box
, Pparallel to the slope
Acceleration = g sin ¢
Factors affecting acceleration : gand 8

(iii) Since normal contact force and weight are
constant, the resultant force acling,on the
box is constant. Hence, aceeleration is
constant and equation of motion can be
appliedin case 1. v &

Case 2: A feather falling in vacuum.

Watch this:

ERE
' O

0L

bl

Solution:
Considering the force on the feather,

s

Weight 1

(i} In free fall

(i) Net force: Only weight of feather, W
(W= mieather g)

(iiya=g,
Hence, acceleration is constant and equation
of motion can be applied in case 1.

For both cases, can you visualise the acceleration-time and velocity-time graphs?

16
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2.6 Viscous Drag Force

In fluid dynamics, drag (sometimes called air resistance or fluid resistance) refers to forces that oppose the
relative motion of an object through a fluid (a liquid or gas). When a body moves through a fluid, it has to
push the surrounding fluid molecules away in order to move. Hence it exerts a force on the fluid molecules
and by Newton's Third Law, the molecules exert an equal and opposite force back on the body. Hence
there is resistance to motion.

it follows that drag force depends on the velocity of the body, i.e. the faster the motion of the body through
the fluid, the larger the resistance. It also means that if the body is at rest relative to the fluid, there is no
resistance.

Other factors affecting the magnitude of drag force include the shape and dimension of the body (a more
streamline shape allows a body to experience less drag as it pushes through the fluid) and the type of fluid
(viscosity of the fluid).

When there is no turbulent flow (e.g. small and streamline objects traveling at low speeds) the drag force is
proportional to the speed of the object. The magnitude of drag force can be stated empirically as follows:

Fo : magnitude of drag force

k : a constant that depends on the dimensions of the body and the type of fluid
v: the velocity of the body relative to the fluid

If the fluid flow is turbulent (e.g. objects moving at high speeds through air, such as aircraft, skydiver and
baseball), the drag force is approximately proportional to the square of the speed. The drag force is then
given by: '

F, = kv?

" Fp : magnitude of drag force
k : a constant that depends on the dimensions of the body and the type of fluid
v: the velocity of the body relative to the fluid

A R fisiid

Laminar flow over a sifeamline body Turbulent flow results in higher drag

17
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2.7 Non Free Falling Bodies

In practice, free fall does not happen because of resistive forces. The effects on a diver or bungee jumper
may not be significant, but this is clearly not the case for a parachutist where air resistance is (deliberately)
used to limit the maximum downward velocity of the parachutist.

2.7.1 \Velocity-time graph of object falling through air

Let us now consider the motion of an object, dropped from rest, falling through air. If air resistance is not
negligible, the forces acting on the object are:

Fo
W: Weight of object

Fop : Drag force
w

For ease of analysis, break the motion up into stages as seen below. Let us assume that drag force is
proportlona[ to speed

Time | Forces acting on the body - Motion of the object
t=0s « Objectis initially at rest.
V=0 « The only force acting on the object is the gravitational force
® (weight, W=m g).
By Newton’s 2 Law, /
(1) 2F=ma= mg =ma= a=g¢g
« The body begins to fall with an acceleration of a = g.
W=mg i
: | « As the body gains velocity, air resistance which is dependent
=t S W , gt ‘on the velocity also increases.
o
By Newton’s 2™ Law
kv
v>01 ‘a (1) ZF=ma= mg-kv=ma ﬁa:g—a<g
| ¢« As Fp increases, the net force decreases and hence the
~ acceleration decreases and falls below g.
« The object is nevertheless still accelerating and hence the
speed still increases (just at a decreasing rate), so the air
. resistance continues to increase.
g F =kv « Eventually the air resistance increases to a point where it
> ” balances the weight of the body le. W=Fp
A _ 19 .
X i | S ) By Newton's 2" Law
; A 2F=ma mg-kv =ma = O:.> a=0
v;{]l ) B=g/ > ) = g-
» Resultant force acting on the body is zero. Hence
acceleration of the body is zero.
v « The object then travels at a constant velocity called the
W=mg terminal velocity.

18

www.KiasuExamPaper.com
56




H2 Physics C1 2016

The following graph shows the non-linear velocity change with time for a falling object experiencing air
resistance.

velocity/ ms™
A

terminal velocity -+ =

[
Lt

time/ s

?/ initial gradient
starts at 9.81 m s2

2.7.2 Terminal Velocity

We can now explain why heavier objects fall at a faster rate than light ones in the presence of air resistance.
For simplicity, let us assume air resistance is proportional to speed v, i.e. Fp = kv.

Consider the free body diagram of an object falling at terminal velocity,

O

At terminal velocity, the acceleration is zero and so the net force is zero. Hence,
Fp =W

Assuming air resistance is proportional to speed, therefore Fp = kv -

kv, =mg
' v, :@
‘ k

Based on this equation, we can now conclude:

1. Between two objects of the same dimensions but different densities, the denser one reaches a higher
terminal velocity because it has‘_a_“}atéer m but the same k. '

2. Between two objects of the{-_iéé\rx_i_'e' mass but different shapes, the more streamline one reaches a
higher terminal velocity because it has a smaller k but the same m.

19
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Example 9

A steel ball bearing is released from a height above a deep pool of oil. Taking the drag force
between the ball bearing and oil to be proportional to the relative speed of the ball bearing in oil,
sketch the graph to show the variation of the velocity v of the ball bearing against time f. Indicate
clearly on your diagram, t;, the time when the ball bearing hits the oil.

Solution

Assume that upthrust is negligible.

Stage 1: Released from rest (t = 0 o t, )

Before the ball bearing enters into the onl
= Only the weight acts on it and drag force (due to air) is very small compared to weight.

By Newton's 2"“ Law,

() L F=ma
=% mg =ma
= a=g

Stage 2 : Enters the oil

«  Enters with some initial velocity
«  Drag force due to oil resistance is potentially large compared to the weight,
leading to two possible cases:
Case A: Ball bearing is released at/just above the surface of the oil, entering the
oil at low velocity.
Case B: Ball bearing is released high above the surface of the oil, entering the oil

at high velocity.
v v
A A
> f >
0 t‘i 0 1
Case A: Fgag <mg Case B: Fyag > Mg
» 'Resultant force is downwards > Resultant force is upwards
» The ball bearing aceéle'rates but » The ball bearing decelerates
at a value less than'g., (slows down), v decreases
» As vincreases, degincreases » As vdecreases, Fu.g decreases
until Farag = mg until Farag = mg
» Netforce=0 » Netforce =0
» Terminal velocity is reached » Terminal velocity is reached
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2.8 Two-Dimensional Kinematics

In this part of the chapter, we deal with the kinematics of a parficle moving in a plane, or two-dimensional
motion. Some common examples of motion in a plane are the motion of projectiles, motion of satellites and
the motion of charged particles in an electric field. For the beginning we shall deal with the special case of
motion of an object with a uniform velocity in one direction and a uniform acceleration in a
perpendicular direction.

2.8.1 Projectile Motion
Anyone who has observed a soccer ball in motion (or, for that matter, any object thrown into air) has

observed projectile motion.

Projectile motion refers to the motion of an object launched in the air in the presence of a gravitational
field. In this section, we are interested in the motion of an object projected with an initial velocity at an angle
to the horizontal. To analyze this type of motion, we will start with an idealized model. The assumptions
made in our idealized model are:

(1) the effect of air resistance is negligible.

(2) the acceleration due to gravity g is constant”, acts downwards and has a magnitude equal to
g=981ms?

With the above assumptions, we find that the path of a projectile, which we call its trajectory, is always a
parabola*'.

Key Characteristics of a Parabolic Path:

Ya
» The path of the projectile is symmetrical

about the highest point.

7

e The speed of the projectile is symmetrical
about the highest point.

s The time it takes for the object to go from y
=0 to the highest point

is equal to

v

X the time it takes for the object to go from the
highest point to y=0.

It was Galileo who first accurately described projectile motion. He showed that it could be understood by
analyzing the horizontal and vertical components of the motion separately. He found that:

_ The horizontal and vertical motions of the projectile are independent of each other.

viwe shall restrict ourselves to objects whose distance travelled and maximum height above the Earth are small
compared to the Earth's radius (6400 km) so that g can be considered constant.

vi The proof that trajectory of a projectile is parabolic will be shown in Example 13.
21
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To examine this idea further, let us examine the motion of 2 balls:
(1) Ball 1is a ball released from rest and allowed to fall vertically through a hole on the table, and
(2) Ball 2 is allowed to roll off the end of a table with an initial velocity ux in the horizontal (x) direction.

Both the balls leave the table at the same time. The stroboscopic photograph below depicts the motion of
both balls. Let us examine the vertical and horizontal motion separately.

o Vertical Motion:

Consider the motion of both balls in the vertical direction.
Note,

» The vertical displacement of Ball 2 matches the
vertical displacement of Ball 1.

» The vertical displacement and vertical velocity of Ball
2 are only affected by the vertical acceleration g (as
in Ball 1).

o Horizontal Motion:
Consider the motion of Ball 2. Note that

» The horizontal displacements made by the ball at
equal intervals of time are approximately the same.

» The horizontal velocity remains constant with time.

» The horizontal acceleration is zero.

Consistent with otir assumption that only the weight acts.on Ball 2 and no other forces act in the
horizontal direction. Hence, horizontal acceleration is zero.

» The vertical acceleration hence has no effect on the horizontal velocity and horizontal
displacements.

Hence, we see that horizontal and vertical motions are independent of each other and projectile motion
can be simplified by analysing the vertical and horizontal motions separately. Another result of this analysis,
which Galileo himself predicted, is that an object projected horizontally will reach the ground in the same
time as an object dropped vertically. This is because the vertical motions are the same in both cases.
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2.8.2 Projectile Motion: General Launch Angle

Let us now use our equations of motion for one-dimensional uniform acceleration motion and extend this to
two-dimensional motion.

Recall our-three equations of motion for one-dimensional motion:

v =su+at
vV=u+2as
s=ut+¥at

- Consider an object prOJécted* above the horizontal at an angle of 6 with an initial speed of u, as shown in
figure below. o T

ol

—
+.X

h
=
L

Uy

Analysing our projeélile horizontally and vertically, and choosing our coordinate system as in the diagram,
we have:

Horizontally Vertically
ax i = 0 L aj" = g
Vi = Ux Vy =uUy t+ayt
= Vx = ucos@ (1) = vy =usin@-gt (3)
sx :uxt ’ Sy :ny+yzayf2
=  sx = (ucos6)t (2) = s, =(usin@)t-%gt’ (4)
) vy =u2+2a, sy
= vy =u’sinf0-2gsy

In addition, the resultant velocity v at any “instant of time can be found from the horizontal and vertical
component of the velocities: (

] "'!@'I'égnitude of the velocity, v = Vv, + v,

Direction of the velocity @ can be determined from:

tané’zv—"

Vi

23

www.KiasuExamPaper.com
61




H2 Physics C1 2016

IMPORTANT In exam questions, it is essential to give both the magnitude and direction for any
TO KNOW vector quantity.

From the above equations, we can easily use them to obtain other information of the projectile, like:

e Maximum Height: Maximum vertical displacement with respect to the initial starting point (vertical
velocity, vy, =0 ms™).

» Horizontal Range: Maximum horizontal displacement with respect to the initial starting point.
* Angle of Projection for Maximum Horizontal Range.

o Equation of the trajectory of the projectile.

TIPS | Solving Projectile Motion Problems:

In solving problems involving projectile motion, follow the following procedures:

Read the question carefully.

Draw a careful diagram summarising the given information.

Choose an x-y coordinate system. -

Identify the accelerations in the x and y directions. ..

If you are given the initial velocity, you may want to resolve it into its x and y components.
Analyse the horizontal and vertical motion separately.

Apply the relevant equations. Remember to take sign conventions into consideration.

P B Sa e < o

We shall now work through several examples of projectile motion to familiarize ourselves with the sirategy
and the application of the equations.

Example 10

A long-jumper leaves the ground at an angle of 20° to the horizontal and at a speed of 11 m s7'.
(a) How far does he jump?
(b) What is his maximum height reached?

a) () ag=0, Sx= uxt-’-Qlcos.lO){

LA 5 0= (s 20) ¢+ $ 480"
ay= -9 =-1.8Imfs
Uy = llsh 20" m/s t=0s or €01

(n.&)

b) At o imum, hght,
i i i 5 -‘?.?lm(S'i-"""
Uy = Il sin 20" mfs

Gy = Cl\eoS 10")( U-?‘Lﬁs)

2 —
V\""O V;- :u‘f f:)q‘f‘g\’ 2
3’13? 91 = 0-Qlicin20% = 0.32m

2(-281)

24
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Example 11

A stone is thrown from the top of a building upward at an angle of 30° to the horizontal with an initial speed
of 20 m s7'. If the height of the building is 45 m,

(i) how long is the stone in flight? '

(ii) what is the speed of the stone just before it strikes the ground?

(). Ucimg Sy = Uyt -},a\ftL (if). Using V\fl-“‘ Uf*r 20y Sy
F (~4%5)= (20sin 300 T 1 (F.91)¢ > = v.f’z (2051n 30°) + 2(-2.3 () - %5)
= ‘('.qoftz- lot ~4¢=0 Eitheq V7= -31.‘{‘;«(5 ov VY =3|'-‘{-c~|{5
na)

Eifrer £= ~2.95 or £= %225
(h.a) _

- 2 i

vz :’-r.ﬂm[s

Exercise Where does the stone strike the ground?
Answer “73.0 m from the base of the building.

Example 12

An Alaskan rescue plane drops a package of emergency rations to a stranded party of explorers, as shown
in the figure below. If the plane is travelling horizontally at 40.0 m s™ and is 100 m above a point O on the
ground, how far from the point O does the package sirike the ground?

s e ' _ _ 1 2
¥ . “SM@ SY" q\{{T JQT’&
— 400 m/s

Z100= 0+ 4 (q.st){:z
hﬁ“’\ 't:'cf'-§1>

" . S',‘_'-: ‘{'0(‘!"57’)

100 m ‘\‘ :tg ["I-'i
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Example 13: More about Projectile Motion

v,.= 0 at this point

Consider a projectile projected with an initial velocity u at an angle above the horizontal. (Diagram above)
Assuming that air resistance is negligible and the acceleration of free fall g remains constant, we can
derive using the equations of motion expressions of: )

(i) maximum height H reached by the projectile,

(i) duration of time of flight tagn,

(iii) horizontal range R,

(iv) optimal angle of projection Grax (for maximum range)
{v) equation of the trajectory of the projectile.

Adopt the sign conventions as given in the diagram above.

Solution:
(i) Maximum Height, H

The maximum height reached is the maximum vertical displacement reached by the projectile
(Point P on the diagram above). At the point of maximum height, the vertical component of the

velocity is zero, hence we have

Taking upward direction as positive, consider vertical motion

sy=H
a4, =g
U, = usin@
v, =0
Using VLU s,
= 0= (usin8)’ +2(-g)(H)
-
N o _usin d
2g

26
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(ii)

(ifi)

Duration of Flight, taign: :

The time of flight of the projectile is the time the projectile spends in the air, i.e. the time interval
between the point the projectile leaves the point of projection O to the point where it lands on the
ground Q.

At point Q, the vertical displacement of the projectile from point O is zero. Hence we have
Taking upward direction as positive, consider vertical motion,

s, =0

a,=-g

u,=using

Using s, =u,t +% a, p7

= 0=(using)tyy +%(—9)tm‘gnr2

2usind
= tmgm =—— or

i =0 (at the time of beginning of throw when s, =0)

Horizontal Range, R:

Since there are no horizontal forces acting on the*projectile, the horizontal velocity remains constant during
the time of flight and the horizontal acceleration is zero. Using, the result for the time of flight that we
derived in (ii), hence, we have

Consider horizontal motion,

Using

But

Hence, ¢ R

(iv)

Now,

But

Therefore, the maximum possible range, R, = E-

v, =u, =(ucosf)

a, =0
- 2usind
g
5 =R
1

&, =i, be—a, I
2

= R=(ucos€){2usg"ngj +0

2c0s0sin@ = sin 20

_u’sin26
g

Optimal Angle of Projection &nax (for maximum range):

2 -
R= u“sin26

A< sin20€ 170 C 5 draximum sin 20= 1

u2

This occurs when sin2d =1 = 20=90° = 0 =45°

27
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(v) The Trajectory Equation:

To show that the path followed by any projectile is a parabola, we need to find the y as a function of x by
eliminating t between the vertical motion and the horizontal motion.

We can write following equations for both the horizontal and vertical displacements:

X = Uyt (1)
y=uyt-%igt

From (1), we have t = x/u,, and we substitute it into (2) to obtain,

= (yx (9 x2
=l (2 7 )X

X u,

If we write ux = u cos @ and u, = u sin 6, we can therefore write

- g 2
= (tan@)x —(————)x
y={fang) {2u00529)

We can see that y as a function of x has the form
y=ax —H
This is an equation of a parabola.

examinations, you will NOT be given any credit for simply quoting these results directly

We do NOT recommend you to memorise the formulae derived in this example. During
A without showing derivation.

28
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Challenging Problem: Example 14

A boy aims his slingshot directly at an apple hanging in a tree. At the moment he shoots a pebble, the
apple drops. If pebble hits target, both pebble and target (i.e. the apple) are at SAME location at the SAME
time. Horizontal distance, D, travelled by stone is known. Thus time ¢, time for the pebble to travel the
distance D can be determined. Show that at time ¢, apple is at the same height as pebble.

T ——
Er .

Solution
For apple, vertical displacement from slingshot,

_(i']sﬂm,ehh (u t+/u £
e =h=(0+ 1) 01”)

Seppie == Y5 88" =--(1)

For pebble,
honzontal displaoement from slmgshot [—>)s pebble(x) = 1 COS Oxt=D - (2)

vertlcal displacement from the slingshot, (T) pebble(y)

(T)Spebbfe(}-} =usin@xt —%gzs

- 1 2
—u},f+ 20)1

—3)
(3)/ (2)

S pebblety) = (tani&' /gr fucosé?xt)D
Since h=tan8x D

8 pesbiety) == %gﬁ Srt(4)

Equations (1) and (4) are identical, thus both apple and pebble is at the same height at the same time so
the pebble will hit the apple.

29
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2.8.3 Projectile Motion with Air Resistance

Consider an object projected above the horizontal with an initial speed of v and at angle of 8 with respect to

the horizontal.

Trajectory without air resistance
(parabolic — symmetrical about

Trajectory with air

(Asymmetrical)

Sy
u
e T highest point}
e I
- T '\ 5
o A\ = -
0
’(;‘.f ‘. N
X E resistance
‘\ ‘\
i b
] v N
0

Sx

Suppose that the air resistance experienced by the projectile is not negligible. Then throughout the
motion, the projectile will experience a drag force in opposite direction to its motion (velocity).

Let us further analyse the horizontal motion and vertical motion independently,

Horizontally,

The drag force acts in _0pPosit€  direction to the horizontal velocity.

O

= The horizontal range is reduced (as compared with the case if no air

resistance present).

= The horizontal velocity

redues it time.

Vertically,

| On its flight up,

O

The drag force acts in _ "¢
weight mg.

Spae direction as the

The magnitude of the net acceleration is

jftﬂ‘('!f than g.

= Maximum ‘height reached is lower than if there
were no air resistance present.

On its flight down,

The drag force acts in __¢ E E ite direction to the

weight mg.

The magnitude of the net acceleration is
less

= The final (vertical) speed v, will be

smaller than the initial (vertical} speed
uy (at the point of projection).

than g.

= The average (vertical) speed upwards is

Are atev than the average (vertical) speed
downwards.
Since, distance travelled up = distance to come down
and  Average speed = Total distance / Time taken

= The time taken to travel up is shorter than
the time taken to travel down.

30
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Furthermore, comparing the vertical motion of the projectile on its flight up and on its flight down, we see
that:

o The (vertical) acceleration experienced by the projectile when it is going up is different from the (vertical)
acceleration experienced by the projectile when it is coming down. (@yup # ay.down)

o For a particular height, the speed of the projectile when it is going up is also different for the speed of
the projectile when it is coming down.

Hence, we can see that the path of the projectile will not be symmetrical about the highest point, i.e.
the path is asymmetrical about the highest point.

In summary,

The key characteristics of a projectile motion with air resistance (compared to if air resistance is
negligible) are:

1. Horizontal range is shorter.
2. Maximum height is lower.

3. The time taken to reach maximum height must be shorter than the time taken to return to the startirig
point. : =

4. Pathis asymmetrical about a vertical line through its highest point.

31
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Further Readings and References

Appendix | : Understanding the Calculus Notations

Although rigorous treatment with calculus is not required in the
A-level syllabus, it is however useful for us to understand the
physical significance of some of the calculus notations as they
are commonly used to define physical quantities.

The Derivative : ay
x
Consider a graph of y vs. x as indicated by the curve in Figure

1 %indicates the gradient of the line joining the 2 points A

and B on the line.

Figure 2 shows that if we move point B closer towards point A,

eventually the 2 points will meet. At this point gradient of the Figure 1. Graph of yvs. x
line AB will be exactly equal to the gradient of the tangent of . F

the curve at A. (as represented by the bold straight Ime)

Mathematically, we say: S
. B
. Ay _ady ;
lim — =——=gradient of the tangent of the y — x graph
Ax—0 Ax :

This physical interpretation is very important in physics as
many physical quantities are expressed in this derivative form.

For example, in‘our study of kinematics, we have : Figure 2. Tangent of the curve at A
Velacity, v = Rate of change of displacement with respect to
time
_ds
Tdt
= Gradient of tangent of the s - f graph
and Y

Acceleration, a = Rate of change of velocity with respect to time

dv
dt

= Gradient of the tangent of the v - t graph
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The Integral: |y dx

The reverse process to taking the derivative is referred to either as integration or finding the anti-derivative.
Graphically, it is equivalent to finding the area under the curve. Let us see why.

Consider a y - x graph as shown in Figure 3. Suppose we wish to find the area under the graph from some
initial x value, Xwa, to some final x value, xma. One way to do so is break the area up into n number of
small little rectangles each of some area, A4.

» X

Lt

Xinitial —» | Xtinal
Ax

Figure 3 Finding the area under a curve. The area of the shaded rectangle is equal to the product of the
width of the rectangle Ax and the y value of the curve at the particular x, yx.

Hence, the area of each small rectangle can be written as : AA = Yo AX
and the total area under the curve can be estimated by summing the area of all these little rectangles, i.e.

Total area A= ¥ y Ax
n

' hw.hé_re the symbol I (upper case Greek sigma) signifies a sum over all terms, i.¢. over all values of n.

For the app'ro'xi'mation of the area to be even better, we can try to divide the area into smaller and smaller
rectangles, by decrease the interval Ax, i.e. we say that we let Ax — 0.

The_reforé,“ = A= lim Yy, Ax
) oo 7 Ax—0 o

This is also written as [ y dx , therefore [ y dx = Areaunder the y — x graph

We now- use the defining equations for acceleration and velocity to illustrate the use of the above concept.

1

The defining eql}ation for acceleration of an object is a =%

Lt
Therefore, the change in velocity of an object is  Vinar - Vinier = [a dt = Area under a - t graph
- Linist

Similarly, velocity of an object is v=%‘3— —

Rearranging the equation, we also have the change in displacement of an object given as

-
Stinal — Sinitial = [V df = Area under v - { graph

fm‘u

33

www.KiasuExamPaper.com
71



Topic 3: Dynamics

H2 Physics C1 2016

Contents
H2 Physics Syllabus 9749...........cccimseninimmcmammeisminiimssnsisssassasssssssssssssssisssesssssnssssonssssanees 3
B0 IEEOTIOHION covcuuvsunmmsnesnemnmmsansnssns oo e ysn s s sk A R AN A A AR RS R A 3
3.0.1 INPER O ERIRIS s e R A T T e e S e T 4
3.0.2 WVBIGRIE i csunniunnmssisisns e o R TR A Y N SR o P S 5
SO Cenie O ETaVIl . s s T S T AR VA ST RN 5
3.0.3 B T Lo o 6
3.0.3.1 NOMAl CONLACE FOTCR.......c.ceeueieieniiiee sttt eeeeeee e e ere e e e s st stensseebesesseeeeeseeesemememseesnnans 6
3.04 RGO ccvsssisues mmvaovatimvamnsen i s oSt e do s S S e s s e i et 6
305 R Y s S S L e e o i b S P T
3 NOVON'SE LaWs OF WIOMION ..o cuiinsimmnitssiausmuismons s s s s e s s s e Sesshsssssaiiaas 8
314 N AR TS M ot e e e T Yo R T e e et 8
3.1.2 R I O I e R R R A e B A s oo 8
333 BT AT i s s o A S T T T S e T P s e e 10
3.1.4 T ——— 12
315 Newton's 27 Jaw for CONSTANE M@SS .........c.oevueeiecriiieecc ettt s en s emenerenasenessen 14
L o e LT 16
Applying Fret = ma to a particle (revision) with forces in 1D..........cccoov v s 17
Applying Fret = ma to a particle with forces in 2D ... 20
3.1.6 T B RSP . 21
3.2 Principle of Conservation of Linear Momentum ...........cooocoiiiriiiineenicssresessssnsessiinns 25
3.2.1 TR SENTBEIYY s o A G S i S R 26
322 T D Ol S TS e i et S T e T T e S O P T S T P st 27
3221 Head:onvs CRnbGing: ColsionS . awns et s s o e e s i 27
3222 Elashc vsnelashic GollISIONS...........owie i lisisiimsmmssis s nmssmms e ssinsnssass ssmmsssnssassabonass 27
3.2.2.3 Relative Speed of Approach/Separation during Elastic Collision..........c..ccccovcrviciinnniinnen. 29
Appendix A: Static and Kinetic Friction ... s senssnn 34
AppEntiy. B: Gontre OF MBS ... ... oomommsiomimmessimmmimissssssnsss s s aemsins S ismeis s sad i a5y 35
Appendix C: Coefficient of Restitution..........ccccccmmmmiimiimcnsnsnscamesesecss S——— 36
Appendix D: Newton’s Law in Car Safety.......cccccmcumimanisssmsiessssissasssssmssssessenssissansussasassossss 36

www.KiasuExamPaper.com
72



H2 Physics C1 2016

H2 Physics Syllabus 9749

Topic 3: Dynamics

(k)

Dynamics | Learning Outcomes
Students should be able to:
Newton's (a) state and apply each of Newton’s laws of motion.
laws of (b) show an understanding that mass is the property of a body which resists change in
motion motion (inertia).
(c) describe and use the concept of weight as the effect of a gravitational field on a
mass.
Linear (d) define and use linear momentum as the product of mass and velocity.
momentum | (e) define and use impulse as the product of force and time of impact.
and its (f) relate resultant force to the rate of change of momentum.
conservation | (g) recall and solve problems using the relationship F=ma, appreciating that resultant
force and accéleration are always in the same direction.
(h) state the principle of conservation of momentum.
(i) apply the principle of conservation of momentum to solve simple problems including
inelastic and (perfectly) elastic interactions between two bodies in one dimension.
(Knowledge of the concept of coefficient of restitution is not required.)
(i) show an understanding that, for a (perfectly) elastic collision between two bodies,

the relative speed of approach is equal to the relative speed of separation.

show an understanding that, whilst the momentum of a closed system is always
conserved in interactions between bodies, some change in kinetic energy usually
takes place.

Topic 4: Forces (Part)

Forces Learning Outcomes

Students should be able to:

Types of (b) describe the forces on a mass, charge and current-carrying conductor in
force v ; o ;
gravitational, electric and magnetic fields, as appropriate.

(c) show a qualitative understanding of normal contact forces, frictional forces and
viscous forces including air resistance. (No treatment of the coefficients of friction
and viscosity is required.)

Centre of (d) “show an undérstanding that the weight of a body may be taken as acting at a single
gravity point Knowt asits centre of gravity.
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Introduction

Mechanics is the branch of Physics concerned with the motion of objects subjected to forces.

3.0.1 Types of Forces

Broadly speaking, forces may be categorized into two kinds: contact forces and non-contact forces.

1. Contact forces
Forces acting between two bodies that are in physical contact.

Contact forces

Description

Friction

Force that resists the relative motion or the tendency for relative motion between two
surfaces that are in contact. S '

Normal Contact
Force

Net electrostatic repulsion between two surfaces that are in contact.

Contact Force

Vector sum of friction and normal contact force, meaning the total contact force.

Spring Force Force exerted by one end of a spring when the spring is extended or compressed
from its natural length.

Tension Force exerted by one end of a string/rope which is being pulled taut.

Upthrust Net upward force exerted by the fluid on a body fully or partially submerged in the

fluid.

Viscous drag
force

Force that resists a body moving relative to a fluid.

Air resistance

Drag force exerted by air on a body moving in air.

2. Non-contact forces
Forces acting between two bodies which are NOT in physical contact (separated by a distance). This
characteristic of the force is described as action-at-a-distance.

Non-contact forces Description Physical property of a

body on which the force

acts on.
Gravitational force Attracthiafﬁti:é_'éierted between masses. Mass
Electric force Atlracliva?féﬁhf’sive force exerted between electrically | Electric charge

charged bodies.

Magnetic force Force exerted between currents Moving charges
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3.0.2 Weight

The weight of a body is due to the body being in the gravitational field of a massive body. The gravitational
force exerted on the body by Earth is called its weight (due to Earth).

Notes:
» \Weight is a force (hence a vector).

« Direction: Weight acts on the centre of gravity of the object towards the centre of mass of the body
producing the gravitational field. For everyday-life problems, the weight of the object is taken to act

m: mass of the body (Sl unit: kg)
g: acceleration of free fall/gravitational field strength at the point (SI unit: m s2)

Distinction between mass and weight

Mass

Weight

A measure of the inertia of a body

A measure of the gravitational pull on its mass

Scalar quantity

Vector quantity

Sl unit: kg

Sl unit: N

Same regardless of location

Varies with gravitational field strength at each
location

Same regardless of the method of measurement.

Some methods of measurement do not measure the
true weight but the apparent weight.

A

3.0.2.1 Centre of Gravity

In everyday language, the terms ‘mass’ and ‘weight’ are used interchangeably, e.g. | “weigh” 70 kg.
In physics, and especially during examinations, such casual usage is not tolerated.

An object of a significant size may have unequal distribution of mass.

The centre of gravity of an object is the point at which the weight of the object appears to act.

Notes:

- The force due to weight is drawn from the centre of gravity of an object.
- The centre of gravity of an object is not necessarily on the object. It may lie outside the object.

- Ina uniform gravitational field, the centre of gravity always coincides with the centre of mass of the object.
For a mathematical definition on centre of mass, refer to Appendix B.
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3.0.3 Contact Force

When two surfaces come into contact, they both experience contact forces arising from electrostatic forces
between atoms of the surfaces. For ease of analysis, this contact force is often resolved into two components:
The component perpendicular to the surfaces is called normal contact force, and the component parallel to
the surfaces is given the name friction.

3.0.3.1 Normal Contact Force

A block is able to rest on a table because its weight is balanced by an upward force the table exerts on it.
This force arises from the electrostatic repulsion between the molecules of the table and the molecules of the
block. It is called the normal contact force since it acts perpendicularly (normal) to the surfaces.

point (e.g. somewhere along the base of the block). A common mistake is a student draws them

f In free body diagrams (see Section 3.5.1 for detail), contact forces must be drawn from a contact
from the centre of gravity. (See diagram below)

Normal
Normal contact force
contact force
0 ) )
Weight Weight

+ By definition, the normal contact force is always directed perpendicular to the surfaces.
* The magnitude depends on how hard the two surfaces are pressed into each other.

3.0.4 Friction

Definition of Friction
Friction is the force that resists relative motion between two sliding surfaces (called kinetic friction), or the
tendency for relative motion between two stationary surfaces (called static friction).

Direction
Friction is always directed in opposite direction to the direction of relative motion.

For example, a block sliding along a rough table is gradually decelerated to rest. It experiences a (kinetic)
friction directed backward because the block’s surface is sliding forward relative to the table's surface.

Normal contact force

Block sliding forward
relative to the table surface

Kinetic friction
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On the other hand, a person is able to walk forward only if he experiences a (static) friction that is directed
forward. The sole of his shoe tends to rub backward relative to the floor’'s surface.

sole rubbing backward

relative to the surface ’; ﬁ

! M gnitude of Friction (Good to know, Not stated in syllabus)

1

‘ T e magnitude of friction between two surfaces follows these empirical rules:

: 1. It is dependent on the nature of the surface. For example, friction between glass and rubber is usually
i larger than friction between glass and wood.
1 2. ltis proportional to the normal contact force between the two surfaces, which in turn depends on how hard

' the two surfaces are pressed against each other.

i 3. Itis independent of the area of contact between the two bodies.

Mathematlcally the magnitude of friction can be expressed as |
f<uN
f. friction

: . coefficient of friction between the two surfaces.

N: normal contact force

It is interesting that the coefficient of friction between two stationary surfaces (tending to have relative motion)
 is always larger than the coefficient of friction of the same surfaces when they are in relative motion. For more
: detail, refer Appendix A.

3.0.5 Tension

In physics, tension refers to the magnitude of the pulling force exerted by a string, rope, cable or chain on the

object tied to its end when it is pulled taut.

- The direction of the force exerted on the object is along the string, directed away from the object.

- The magnitude of the force depends on how much the string is stretched. Once the string is slack, the
tension falls to zero.

- In many situations, we idealise the string, rope, cable, etc to be massless and inextensible in order to
simplify analysis.

- Strings, ropes, etc are often used together with pulleys. Again, in many situations, we idealise a pulley to
be massless and frictionless (at the axle) in order to simplify analysis.

Consider an object which is at rest, is hung vertically by a rope.
> 'y

tension

weight ¢
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3.1 Newton’s Laws of Motion

3.1.1 Newton's 1st Law

Statement of Newton’s 1%t law of motion

A body stays at rest or continues to move with a constant speed in a straight line unless acted upon by a net
external force.

Notes
« Changes in a body's state of motion refer to changes in its velocity. It can be a change in either its
speed or direction (or both).
 An object’s resistance to change its state of motion is called inertia. As such Newton's 1% law is also
referred to as the Law of Inertia.
« An object’s inertia is dependent on its mass: The larger its mass, the larger its inertia.

3.1.2 Linear Momentum

Everyday experience tells us that 2 objects moving at the same velocity can result in very different
consequences. Consider a 3-gram ping pong ball and a 3-ton lorry, both travelling at 5 m s™. Which would
you rather collide with?

In Physics, we define a “quantity of motion” called momentum, p.

Definition of Linear momentum

The linear momentum of a body is the product of its mass and its velocity.
Mathematically, linear momentum, p=mv

Notes
e Momentum is vector quantity. It shares the same direction as the object’s velocity.
« Momentum has the Sl unit: kg m s
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Example 1a
A 110 g billiard ball rebounds off the wall with velocities as shown in the diagram. The ball moves on a

horizontal plane. Evaluate the change in momentum of the ball.
EERRIR R RN

_? ’!E\‘

) _? e ’.- \\
sbs o 7 = @) 45!

= MS 307 30°,
e . = . \
2V = 10" by 52 a2 )e2) os(20 ;
110g
i, 1.2ms"
.-b

Ap = 0.100 x AV
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3.1.3 Newton's 2nd Law

Statement of Newton's 2™ law of motion

The rate of change of linear momentum of a body is directly proportional to the resultant force acting on it
and its direction is in the same direction as this resultant force.

: = dp d(mv)
Mathematically, Net force, Fogt = -
Average net force, <F >= a8 Almv)

At At

S| unit for force is the newton (N).

Definition of the newton

One newton is defined as the amount of force that gives an acceleration of 1 m s to a body with a mass of
1 kilogram. (i.e. 1 N=1kg ms?)

! Strictly speaking, N2L only states that £, o %

g By skt % where k is some constant of proportionality

However, the S unit newton has been defined such that the constant k = 1 (dimensionless).

Example 1b (continued)
The time interval of contact between the billiard ball and the wall is 0.100 s. Find the average net force acting
on the ball during the collision.

Hence, deduce the average net force acting on the wall during

the collision. fr =0:22 kj "V‘/C
by 2 lav |
A g.23
—Z-E = 0’-1_':‘0 =3AN c)"rld‘."(‘('?ﬂ?!'{‘1
1104¢ .
BT » - 1.2ms?
wall by bagll | =
| £omwall by bab [ = E by ot | 223N dieckd  ypuard
—0
=7 U
7S

Note that Newton’s 3™ Law is utilized in solving the above problem. By calculating the magnitude
of the force that A acts on B, we indirectly obtained the magnitude of the force that B acts on A.

10
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Example 2
The motor of a small boat has a propeller which sends back a column of water of cross sectional area 0.030
m? at a speed of 8.0 m s!. Assuming that the boat is held at rest, calculate
(a) the rate (in kg s™') at which the water is propelled backwards

(b) the rate of change of momentum of the water

(¢) the thrust exerted by the motor on the boat

Density of water = 1.0 x 10° kg m™

In |sec,
“Hass = pAL = 240ky

Hass vate %’% Z2%0kgls

_ dp _ Ap _ r_g_‘_’:_“’ - om
WS T e ° & (v-0)
- 2%0(8.0-0)

= 1920 i
[ g w(s> = 120N

Rote of change of momeafum of fe woter (S ﬂ(‘f’uol”}[ o Rvce
exerted o 0 water 9}( Hue wotev

) As 4t wotov propels e worter i+ exevdr a Porce on e woter iy
e backward  Aivection,

BT Newton's  3d  |aw of matio1, watter €Xevly an el aunel opp. Jovee oy
tae wmetor i e foward dveetioy

= & ol
witer o wfor rwmkm

. tyust  on boett (i ‘waawk diveetrom :{‘T‘ﬂ’\}

Note that Newton’s 3 Law is utilized in solving the above problem. By calculating the magnitude
of the force that A acts on B, we indirectly obtained the magnitude of the force that B acts on A.
11
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3.1.4 Impulse

Definition of Impulse

The impulse of a force is the product of the average force and the time interval over which it is applied.

Mathematically, J =Fat

Notes
« Impulse is a vector quantity; its direction is the same as the force .
« The SI units for impulse are N s. They can be shown to be equivalent to kg m s™, the same as the
units of momentum

3.1.4.1 Relation between Impulse and Momentum

From Newton’s 2" Law, Fe

2|5

Rearranging and integrating, we obtain
[Fdt = j dp
The LHS, jﬁ dt, is the impulse of the force.

The RHS, J'dﬁ = p; — B; = Ap, is the total change in momentum.

This result which links impulse to the change in momentum is known as the Impulse-Momentum Theorem.

Statement of Impulse-Momentum Theorem

The change in momentum of a particle during a time interval equals the impulse of the net force that acts on
the particle during that interval.

Mathematically, J = [ Fdt =Ap

For average or constant forces, this simplifies to J = <F>At=Ap

12
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3.1.4.2 Graphical Representation of Impulse

Since J = jﬁdt =Ap, impulse is represented by the area under the force-time graph. The same area also
represents the change in the momentum of the body.

Force

F N

L
shaded area = J = jﬁdt

<F>f-T ~ .
shaded area J =< F > Al

To illustrate further, study the F-t graphs below. Notice even though the two forces have different peak
magnitude, both deliver the same impulses (i.e. same area under each graph). Hence the two forces will
cause the same change in momentum to the object they are applied on.

Force

F 3

Large force acting
for a short time

Small force acting
~.for a longer short

ime

Example 3 (N89/1l/8 modified)

In order to stop a car of mass 1500 kg travelling at 30 m s™, the driver applies his brakes so that F, the total

stopping force, increases steadily to a maximum and then decreases to zero as shown in the figure. Calculate
(a) the momentum of the car when it is travelling at 30 m s™

(b) the impulse due to the braking force Stopping
(c) the magnitude of the average stopping force, <F> fOFCF:'LF
(d) the value of Fanax

Fmax ===~ :
Q) ISWx30= 45 (T kgwmfs i +Hue forward divectton :

b) fy =2, = ((590)(0-30) = 4¢3 ( kg ws i ,

"P?"‘""'_‘) +e cars wothm 10 20 time/s

C) (T-‘-> b{a: &Pcay‘

= AP_mr = ~45
f

| <Es] 22 X N/

d) APU‘Y; A gnoler 'F-»(*, ,ﬂiﬂf'h
%ﬂlﬂg; i F“"‘h& (30)

F ek = 4500N 13
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3.1.5 Newton’s 2™ law for constant mass

_dp _d(mv)
From N2L, F
e o
For constant mass, !Ene, = m%
F e = Ma

F.., = ma is not a complete representation of Newton's 2™ Law. It only represents a special case of
Newton's 2™ law for constant mass.

The product ma represents the resultant of all the actual physical forces acting on a body. It is not
a new or additional physical force. As such, we do not draw ma as a separate force in free body
diagrams.

Be clear about which is the cause (Fne), and which is the effect (acceleration).

o A non-zero Fre results in acceleration (change in speed or direction), or

o If acceleration is detected, it implies Fret is non-zero. It does not result in a new force.

TIPS | Solving F.ee = ma Problems

ep 0 [llustrate if no diagram is provided.
p 1 Consider the expected direction of acceleration and resultant force.

(This is to facilitate setting up the F,,, = ma equation.)

p2 Draw the FBD for the body(ies) of interest.
p3 Establish the coordinate system, with one axis parallel to the expected acceleration, and a mutually

perpendicular axis if necessary.

p4 Resolve the forces into components parallel to your chosen axis/axes.
ep5 Apply F,,; =ma and solve for all unknowns.

(You need as many independent equations as there are unknowns to solve them uniquely)

3.1.5.1 Free Body Diagram

A free body diagram (FBD) is a simple representation of an object and a vector representation of all the forces
(including all contact and non-contact forces) acting on the object.

TIPS | Drawing Free Body Diagram

b e

&

Draw a simplified diagram if one is not provided.

Identify and isolate the body / bodies (or system) of interest.

Draw all the forces acting on the body/ bodies (or system) using labelled arrows.

The forces must be drawn from the point of application of the forces.

Draw forces to appropriate Ietng‘thsxsmce the relative lengths of the arrows represent the relative

magnitude of the forces.. ~=~

For two-dimensional probleyd& {é‘golv:ng forces into two mutually perpendicular directions can
significantly simplify analysis” <

- E.g. horizontal and vertical direction

- E.g. parallel and perpendicular to a slope.

Note: the resolved components must be drawn in dotted lines so as to distinguish them from the actual
physical force.

Label the arrows clearly with words or defined symbols.
14
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In this section, you will learn how to construct a free-body diagram correctly.

In Exercise 1, draw the free-body diagram for a skier going downhill at constant speed. Assume air
resistance is negligible. (This is done for you except 1c). Indicate the external forces acting on the body or
system as RED arrows at the suitable places.

1a. A snapshot or photo of the system of
interest.
Draw the diagram if it is not provided.

b. Identify and isolate the body / bodies of
interest by drawing a boundary around it

c. Draw the external forces acting on the body,
as labelled arrows starting from the point of
application of force.

a. the contact forces wherever the
boundary touches another external
body

b. the non-contact force (weight, electric
or magnetic force)

Ensure the lengths of the arrows are
proportional to the magnitude of the force

15
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Net force vector
In this section, we will construct the net force vector acting on a bady by recognising the change in velocity.
The vector sum of external forces acting on the body is the net force acting on the body.

When the velocity is changing, a net force is required. What is the direction of the net force vector?

Tn net foce is in e olifetfon of the occelowrtion / chomoe in vl ooty .

In exercises 2 to 3,

a) draw the net force vector as a GREEN arrow with correct length.
b) draw a vector diagram to show the relationship between the external forces (in red) and the net

force (in green)

You will need to approximate the skier as a single particle (black dot) at the centre of mass.
2. a) Draw the net force vector for the skier speeding b) vector diagram with the net force
up
N
£
BT N3,
Sf=mg
..y
N +.£
3. a) Draw the net force vector for the skier slowing b) vector diagram with the net force
down
N wil\
5 K B\’ N2 L-).'
N
-[- E-F = na
> = 7
Ntwate= =~
wg

i6
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Applying Fnet = ma to a particle (revision) with forces in 1D
In Examples 4 to 6 we will apply the simplified form of Newton’s 2™ law (Frer = ma) to write down the
equation for the forces acting on a particle in 1D.

Example 4

A crane lifts a concrete block (m= 500 kg). The concrete
block increases in speed at a uniform rate of 5.0 m sZ after it Crane
leaves the ground. Assume air resistance is negligible. Find
the tension in the steel cable.

cable

Q
Steel_..!: /\
[
[l
[l

Concrete
block B ]
T s,

a) Draw the free-body diagram for the concrete block (m) after it leaves the ground.

? a Tonsion, T

Waight w9
o block

b) Write down the equation for the forces acting on m, and determine the tension in the steel cable.

By N2L,
U\*) Fnet = ma
T-mg=ma
T:wgrw‘l
=m(g+2)

1)

Wo(qﬂ + §“_0,3 )
F400

18]

[7400 N]

17
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Example 5

5. A crane iifts a concrete block. The concrete block slows
down at a uniform rate of 5.0 m s2 as it approaches the top of
the building. Assume air resistance is negligible. Find the
tension in the steel cable.

(@

[\

DDDD>

24

a) Draw the free-body diagram for the concrete block (m) as it approaches the top of the building.

Ya

b) Write down the equation for the forces acting en m and determine the tension in the steel cable.

By N)L;

W Fret = ma

mg+ (-T)=wa
Ty e
= ¢o0C4. ¥ - 5.00)

Z 2¥%00 N

[2400 N]

18
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Now, try to do Example 6 on your own. Assume air resistance is negligible.

Example 6

A 1000-kg helicopter accelerates upwards at 2.5 m s2. Determine the upwards thrust, T, generated by
the helicopter blades.

a) Draw the free-body diagram for the helicopter.

b) Write down the equation for the forces acting on the helicopter to determine the upwards thrust.

[12000 N]
a) T
*a
i
L) (,r\+) SF “ma
T+ (-mg) = M4
T= m(a+tg)
= (00 (2-54.9 )
= (2000N
19
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Applying Fnet = ma to a particle with forces in 2D

Example 7 |

We revisit the downhill skier and apply Fret = ma on a particle in two perpendicular
directions. The 75-kg skier is accelerating at 2.6 m s2 down a slope at an angle 6 = 30°.
Find the friction f and the normal contact force N acting on the skier.

a) Draw the free-body diagram of the skier (already drawn for you).

~i~ N, normal
1 contact
< force

mg, weight

b) Translate the force vectors such that they all act from a single point which is the centre
of mass of the skier (at the black dot).

mg 1959 "D gsind

b) Write down the equations for the forces acting on the skier.

I

+ XF =may
mg sing@ + (-f)=4
-F=Mqﬁh9 —ma
= T{-t;(q_?l sfw?ﬂa-—)-é)
(1N (™)
/+ LF = ma,
@) | F i

N‘.. mg wsB =0
Nz p.,ﬁcose
=3¢ (4.5) 0c307

= 633N () [173 N, 637 N]
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3.1.6 Newton’s 3 Law

Statement of Newton’s 3™ law

If body A exerts a force on body B, then body B will exert an equal and opposite force on body A.

Force on A Forceon B
(due to B), (due to A),
Fas Fea
A ) ) B
F AB ~ = BA

It is easy to confuse action-reaction pairs with force pairs that happen to have “equal-but-opposite” forces.
Performing the following “mental checklist” may hep to detect “impostors”.

For two forces to be Action-Reaction Pair, the two forces must be

[J Equal in magnitude

[ Opposite in direction

[l Acting on different bodies

[0 Of the same nature. (e.g. grav-grav, friction-friction, tension-tension)

To illustrate, consider the forces when a person is standing in an elevator.

Forces acting on the person 1% action-reaction pair 2" action-reaction pair

21
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Example 8 (Man-in-the-elevator problem)

A 70.0-kg man stands inside an elevator that travels from the ground floor to the 30" floor. A weighing
scale is put under the man so that the normal contact force on his feet is measured.

The elevator is programmed to change its speed only at a rate of 7.85 m s whenever it starts or stops.
The elevator travels at a constant speed between the 5™ and the 25" floor. The movement of the elevator
is divided into six stages as shown. For each stage, find the reading on the weighing scale.

i a) between 1st and 5" floor.

Normal contact force, N Increasing upwards

¢) velocity.
Net force upwards

— I@a

Weight, mg

O O O O

N2L s
&{ N-mg=ma

—_— , ? XF = ma
n .
:
i
h N-70.0(9.81)=70.0(7.85)
i

N=1240N (1)
b) between 5" and 25™ floor.
: b)
: [ No change in
! : Normal contact force, N velocity.
Net force=0
' R B
: ———— Weight, mg
: s | Y sF=0
: . =. 1
; : N-mg=0
Elevator is going u
RS ? | N =mg =70.009.81)
] : N=687N (1)
2) ¢) between 25" and 30™ floor.
|:| Decreasing upwards
Normal contact force, N velocity.
Net force downwards
A= Weight, mg
A= } SF=ma
mg - N =ma
70.0(9.81) - N=70.0(7.85)
N=137N

22
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e d) between 25" and 30™ floor.
D ——|
d)
oo
[]
O =
Elevator is i
coming :
| 133N
dou:rn v e) between 5 and 25" floor.
e)
E bgF N
] 1!' f) between 1st and 5% floor.
| f)
L]
[]
772
o N
23
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Example 9
Two blocks A and B, of masses 2M and 4M respectively are pushed along a smooth horizontal surface by

a force of F as shown in the diagram.
What is the magnitude of the force exerted by block A on block B during the acceleration?

3\{ N2L ZFzwma

B o
F= @M+4M)
5’ iﬂ _ _F -
= I
By N2L, F - 44 4
FA.ﬁI B Y 4 Aom B=
B N E
i j "4’” (—_6_;‘)
= 2B
3
Example 10

A 9.0 kg block is placed on a frictionless inclined plane and connected to a 4.0 kg block as shown in the
diagram. If the angle 6 is 35°, what would be the acceleration of the 9.0 kg block?

S FowA
E\; NOL, "l.Oggiw5’5°-+ (;_4.,% - (T 19

a2
a= 0.8%MS

:

vV 9045i03S c\__@#@q %09

24
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3.2 Principle of Conservation of Linear Momentum

Momentum is an important concept because under certain circumstances, momentum is a conserved
quantity. Consider, for example, the head-on collision of two billiard balls, A and B.

Fas [—\m . Faa
(Force exerted ™ 4 J  (Force exerted
on A by B) . on B by A)
A B

Assuming no external forces, the only forces experienced by the two bodies A and B during the collision
will be the mutual normal contact forces, Fas and Faa.

By Newton's 3™ law, the two forces must be equal but opposite:

FAB=_F3A

Since the entire interaction is simultaneous and over the same duration, the impulses of the two forces must
also be equal but opposite:

[Fug dt = [~ Fpy dt

JAB = _JBA

It follows that the momentum exchanged between A & B must also be equal but opposite:
(‘&p)ﬂ = (Ap)s

If we see the two billiard balls as making up one system, then the total momentum of the system does not
change after the collision:

ZAp= (Aﬁ)ﬂ + (535)3
= (‘315);4 re= (Aﬁ)ﬂ.
ZAp=0
The above derivation can be extended to include any number of interacting objects in three-dimensional

space, involving forces of any nature (magnetic, electric, gravitational, etc), as long as the condition of no
resultant external force holds. The logic is surprisingly straight-forward:

YF=0 > %J=0 = XAp=0

Thus the general statement of the principle of conservation of momentum is

Statement of the Principle of Conservation of Linear Momentum

The total linear momentum of a system is conserved if no nef external force acts on the system.

Mathematically, >m,d, =Ym.v,

The principleis NOT rest\ﬁi’:\téa:fb collisions!
A Every year, many students get zero mark during examinations when asked to state the principle of

conservation of momentum because they wrote about momentum before and after collisions and
stuff.

25
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Notes:

* By a system, we mean a set of objects that we choose.

¢ Some textbooks refer to the system as being isolated. An isolated system is one in which the only
(significant) forces are those between the objects in the system. The sum of all these “internal” forces
within the system will be zero because of Newton's 3 Law.

¢ If there ARE external forces — then the total momentum of the system will NOT be conserved. E.g., if
we take as our system a rock falling under gravity, the momentum of this system is NOT conserved
because an EXTERNAL force, the gravitational pull by the Earth is acting on it. However, if we include
the Earth in the system, the total momentum of rock plus Earth IS conserved.

3.21 Two-body System

For a two-body system, the principle of conservation of momentum can be mathematically simplified as

follows:
(4p), = - (4p)s
(ﬁf "ﬁ,‘),q e @f —E’.—)s
My(Vy—Uy)=mg(lg —Vg)
Myl +Mglig =MV, +MgVg
Example 11

A marksman holds a rifle of mass M = 3.00 kg loosely in his hands, so as to let it recoil freely when fired. He
fires a bullet of mass m = 5.00 g horizontally with a velocity of vs = 300 m s'. What is the recoil velocity vg, of
the rifle?

Takthg 40 Hhe vight o5 4ve

J

A‘r[’lqiwﬁ PloLM :
zPi =2 P

0= e ¥ H('Vn )

% (0. bl&:
R TR 1 PP
M 2. 00

M weoil veloity F  Hy rifle 0-SV0mfs towavdls  tne \ft,
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3.2.2 Types of Collisions

A collision is an isolated event in which two or more colliding bodies exert relatively strong forces on each
other for a relatively short time. Note that the two bodies do not necessarily have to be in any physical contact,
as interaction may involve a force at a distance.

32241 Head-on vs Glancing Collisions
Head-on Collision (1-D) Glancing Collision (2-D)
Vi
I P £ after
before after before N
5 K‘ V2

A head-on collision is one in which the directions of motion before and after the collision are along the same
line of motion.

3.22.2 Elastic vs Inelastic Collisions

The total kinetic energy of the colliding bodies is NOT necessarily conserved during a collision. (This is unlike
the total momentum, which is ALWAYS conserved during a collision) Some kinetic energy is usually
converted to heat, sound and deformation energy. How much of the original kinetic energy is conserved after
the collision depends on the elasticity ! of the collision.

« An elastic collision is one where 100% of the kinetic energy is conserved. E.g. two diamonds
bouncing off each other. Note that during the collision, some of the kinetic energy can be temporarily
be converted to potential energy.

« Aninelastic collision is one that is NOT elastic, i.e. some or all of the KE is converted into heat, sound,
deformation energy, etc.

» A perfectly inelastic collision is one where the 2 objects coalesce (stick together) and move with
common velocity after the collision. E.g. two lumps of clay that don't bounce at all, but stick together
after the collision. This represents the maximum possible loss of kinetic energy without violating the
principle of conservation of energy. It does NOT necessarily mean all the KE is lost.

1 Refer to Appendix B if you want to know how the elasticity is measured by the coefficient of restitution.

27
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Example 12 (Perfectly Inelastic collision)
A car of mass 1000 kg moving at 20.0 m s collides with a car of mass 1200 kg, moving at 5.0 m s™ in the
same direction.
(a) If the collision is perfectly inelastic, determine their final velocity after the collision.
(b) Calculate also the ratio of _total final KE
total initial KE

20ms?

b
L

a) qPPH{nﬁ PcoLm: (T”;’> z P-=ZP.5'.
1000 (20)+ 1200 (5.0) = (1000 +1200) V

V=11 R

Y Tl CE= 2C100009) 7+ 3 (1200)05)"

=2 Stoo J

an[: 3"_[_1).00)(”_5’] )2

= (53423. 9 3
Tl final EE . (S} 23 71
Tl iitiel e

= 0. H (25f)
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3.2.2.3 Relative Speed of Approach/Separation during Elastic Collision

Consider a two-body elastic head-on collision.

u uz | Vi V2
> @O
before after
By PCOM: myu, + My, = MV, +m,v,
Rearranging, we get my(uy —v,) =my(vy —U,) (1)
Since KE is conserved during an elastic collision:
1 2 1 2 1 2 1 2
Em1u1 + "2‘m2u2 = Em1v1 + Emzvz
: 2 2 2 2
Rearranging, we get m,(u," =v, ) =my(v," —u,")
= my(Uy =V ) (U +Vy) = My(vy — U, ) (v, +Us) (2)
When (2) / (1)
e’ (uy+vy)=(v, +u,)
Rearranging (b =)= (Vo= Vq),
or equivalently, (ty—uy)=—(vy—v,)

The (u, —u,) term represents the speed of body 1 relative to body 2 before the collision.
The (v, —v,) term represents the speed of body 1 relative to body 2 after the collision.

We thus come to the following conclusion:

Statement of Relative Speed of Approach/Separation

For elastic collisions, relative speed of approach is equal to the relative speed of separation.

Mathematically, u;—u, =v,-v,

This result can only be applied for (2 body) elastic collision. During examinations, the above
statement must be made before it can be applied mathematically in solving problems.

29
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Example 13 -
Assuming the following are head-on elastic collisions, solve for the unknown velocity, v in each case. Note
that the masses of the objects are not (necessarily) equal.

Siuce  colligon  ove  elastic .
! Re| spd of apprach= Rel spd of sepaveriion
— > i —> — Jxlp= v 2 5 ¥E Swifs =)

after UP P‘ di"'\’(ﬁuh)'. A’ P -p

6 —1=3+V P vz 2wmfs C&')

E — 6‘1:3’-“/ = -—)M/S Cé-")

6ms! 1ms! v 3ms!
before after

came diveiiye
OpprAching (b ehind —Ront)
. . Se‘nmﬁwg (front —behnnd |

—_—
st 1ms’ vV 8ms!
before after

a,-il = :} - \-_".,
3-(-4) = Vy-2
TIPS | Solving Collision Problems 4
3t Ll" =) 3 - P
Step 0 Illustrate if no diagram is provided. 1=Vy-2
e

Step 1 Set up the PCOM equation, choosing an appropriate positive direction. IF coliision is perfectly
inelastic, use one variable to represent the final velocities of both bodies (i.e. make v, =v, =v)

Step 2 IF collision is elastic, set up the Relative Speed of Approach/Separation equation.

Step 4 Solve for the unknowns, e.g. mass, initial or final velocities.
(you need as many independent equations as there are unknowns to solve them uniquely)
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Total Momentum is ALWAYS conserved

Zero Increasing loss of KE Maximum Possible

Loss of KE s —— Loss of KE

F 3

S~
Inelastic collision v
(Perfectly) Perfectly
Elastic Collision Inelastic Collision
-tz = -(V1-V2) Vi=Va

Example 14 (Elastic collision)

Two spheres, A and B, of mass 4.0 kg and 6.0 kg respectively, collide head-on. Their initial velocities are 5.0
ms'and 7.0 m s in opposite directions, as shown in the diagram.

Assuming the collision is elastic, determine their final velocities.

50ms! 70ms?!
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3.2.2.4 Elastic Collision, One Body Initially at Rest (Good to know, not stated in syllabus)

Let's study a head-on elastic collision between two bodies, one of which is initially at rest.

u ViV
@ b >
before after
By PCOM: Ml =MV + MV, =eeemeeeeee ~(1)

For elastic collision, relative speed of approach = relative speed of separation:
u-0=v,-v,

Substitute v, =u+v, into (1):  myu =my, +myu+m,v,
my—m
v, =———2u
m,+m,

Substitute v, =v, —u into (1):  m,u=myVv, —mu+m,v,
2m,

¥y =
m, +m,

u

Case1:my=m;

vy=0,v,=u

E.g. During a billiard shot, the cue ball comes to a complete rest after hitting the target ball (of the same
mass), passing all the momentum to the target ball.

Case 2: my << m;

A TR

E.g. A ping pong ball lands on the table and bounces back with the same speed as before.

Case 3: my>>m;

v xu,v, %2 :
E.g. After hitting a bowling pin, the bowling ball continues with no noticeable drop in speed, while the pin was

'
1l
'

sent flying forward at about twice the ball's speed.

at rest. During examinations, you are NOT allowed to quote and use these results without derivation. |

5 f Obviously, these results are only valid for head-on elastic collision between two bodies, one initially
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Example 15 (N06/I/5 [modified])
Two spheres of unknown masses collide, with one sphere initially stationary and the other initially moving at
6 m s, Examine the options in the diagram, then answer the following questions.

(a) Which of the following could represent an elastic collision(s)?
(b) Which of the following represents an elastic collision of equal masses?
(c) Consider case D. Determine the ratio of mi/ma.

(d) What does case C represent?

= |
A) before collision Ems 0
s
—
after collision 0 B
-1
B) before collision 6ms 0
—_—
after collision 5 e old o
A
C) before collision 6ms 0
—
after collision 3 met C—
-1
D) before colision ~~ ©MS$ 0
—_—
after collision - —
. -1 o &
E) before collision tmeO 0
after collision - il et
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Appendix A: Static and Kinetic Friction

Static Friction
The magnitude of static friction between two surfaces can be expressed as
fo < uN

where psis the coefficient of static friction between the two surfaces in question and
N is the magnitude of the normal contact force between the two surfaces.

Static friction thus has a maximum magnitude called the limiting friction £, = #,N.

Kinetic Friction (or sliding friction or dynamic friction)

The magnitude of static friction between two surfaces can be expressed as
fo =N

where pis the coefficient of kinetic friction between the two surfaces in question and
N is the magnitude of the normal contact force between the two surfaces.

Unlike the static friction, kinetic friction is a constant value. It is also independent of the relative speed of
motion.

Both s and pxare empirically found to be always less than 1 (friction is always less than normal contact force).
uxis found to be always less than ps (kinetic friction is always smaller than the limiting static friction).

To better understand the two, consider the results of the following experiment.

Normal contact force

external for

friction

An external force is applied on the block and is increased very gradually until the block starts moving and
continues to move at a constant speed. Since the block is always either at static equilibrium or constant
speed motion, the magnitude of frictional force can be inferred from the applied force as measured by the
force sensor.

The graph of the applied force against time is shown below in relation to the magnitudes of friction, both static
and kinetic:
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No applied force, Applied force slowly Applied force reaches Applied force maintains
block at rest. increases, block the point that block just  to allow the block to slide
No friction: =0 remains at rest. about to slide. at constant speed.

Static friction: fs < s N Static friction: = ps N Kinetic friction: fx = px N

A
Applied force / /
TIN « N
-

T ~
(170 T

{20 I L

]
1,
[
1
1
1
1

s e o ]

tls

Appendix B: Centre of Mass

Centre of Mass (Good to know, Not stated in syllabus)

If a mechanical system can be reduced to a set of particles of known mass and spatial separation, then the
centre of mass for the original rigid body can be calculated by summing the moments for each particle about
any line we choose, and then calculating the distance from the line for a particle equal in mass to the total
mass such that the moment of the particle of total mass is the same as the sum of the moments for all the
particles. The sum of moments must account for a specified rotational sense with respect to the chosen line.

Suppose we have several particles, with masses mi, m:; and so on. Let the coordinates of m+ be (x4, y1) and
those of m: be (x2, y2) and so on.

The centre of mass of the system is the point (Xcm, Yem) Where

X, +myx, +mx, 4 ?’mfxi
o my+my +my 4 M
my, tmy, tmyy; +-- ?m"y"
.V-mz =
* ny oy, e M

M denotes the total mass 71 T 7T of the particles.
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Appendix C: Coefficient of Restitution

The elasticity of a collision is quantified by a number called the coefficient of restitution, & defined as the ratio
of the speed of separation to the speed of approach:

A perfectly elastic collision has a coefficient of restitution of 1. Example: two diamonds bouncing off each
other. A perfectly plastic, or inelastic, collision has £= 0. Example: two lumps of clay that don't bounce at all,
but stick together. So the coefficient of restitution will always be between zero and one.

¢is determined by several factors like the material of the colliding bodies, and assumed to be independent of
speed.

Appendix D: Newton'’s Law in Car Safety

Using Newton's laws, discuss how each of the following features in vehicles increases the safety of its
passengers:

a) Seat Belts

b) Head restraints

c) Air Bags

a) Seat belt exerts a retardation force on the passenger, without which he would have continued in his state
of uniform motion in a straight line into the windscreen. (N1L)

(The vehicle is able to decelerate rapidly because the braking system leads to a frictional force between the
road surface and the tyres. Unfortunately, this frictional force acts on the vehicle, not the passenger. Without
the seat belt, the only retardation force would be the frictional force between the seat and the passenger’'s
bum. But this force is limited. If the vehicle decelerates too fast, the frictional force is not large enough to
decelerate the passenger at the same rate as the vehicle)

(Be very clear that when passengers crash into the wind screen, it was due to their inertia. It was not due to
some mysterious “forward force”)

b) If the car is hit from the rear, the head restraint provides a forward force on the passenger's head so that
the head is accelerated at the same rate as the rest of his body, so that he does not suffer from whiplash
(some kind of neck injury).

¢) Airbags exerts a relatively small force over a relatively long duration of time, safely bringing the passenger
to rest by reducing the passenger's momentum at a relatively slower rate. (N2L)
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H2 Physics Syllabus 9749

Topic 4: Forces
Content

e Types of force

e Equilibrium of forces

e Centre of gravity

« Turning effects of forces

Learning Outcomes
Candidates should be able to:

(a) recall and apply Hooke's law (F = kx, where k is the force constant) to new situations or to solve related
problems.

(b) describe the forces on a mass, charge and current-carrying conductor in gravitational, electric and
magnetic fields, as appropriate. (covered later in relevant chapters.)

(c) show a qualitative understanding of normal contact forces, frictional forces and viscous forces including
air resistance. (No treatment of the coefficients of friction and viscosity is required.) (partly covered in
Kinematics.)

(d) show an understanding that the weight of a body may be taken as acting at a single point known as its
centre of gravity. (covered in Dynamics.)

(e) define and apply the moment of a force and the torque of a couple.
(f) show an 'under'sianding that a co"uple_ is a pair of forces which tends to produce rotation only.-
(9) ap"piy'the principle of moments to new situations or to solve related problems.

(h) show an understanding that, when there is no resultant force and no resultant torque, a system is in
equilibrium.

(i) use a vector triangle to represent forcés in equilibrium.

(i) derive, from the definitions of pressure aﬁd dénsity, the equation p = pgh.

(k) solve problems using the equation p = pgh.

(I) show an understanding of the origin of the upthrust acting on a body in a fluid.

(m)state that upthrust is equal to the weight of the fluid displaced by a submergeq or floating object.
(n) calculate the upthrust in terms of the weight of the displaced fluid. -

(o) recall and apply the princip}":e'_:.ihé't, for an object floating in equilibrium, the upthrust is equal to the weight
of the object to new situations or to solve related problems.
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4.1 Hooke's Law

In 1676, Robert Hooke stated an empirical law bearing his name.

Hooke's Law states that the magnitude of force F exerted by a spring on a body attached to the spring is
proportional to the extension x of the spring from equilibrium provided the proportional limit of the spring

is not exceeded.
F=kx

k = constant of proportionality (called force constant or spring constant or stiffness of spring)

Example 1 (N94/1/23)

A spring, obeying Hooke's Law, has an unstretched length of 50 mm and a spring constant of 400 N m.
What is the tension in the spring when its overall length is 70 mm?

Fz 400 % (F0-50)x[07
Z8O0N

4.2  Upthrust or Buoyant Force

Before we discuss upthrust, we must first familiarize ourselves with pressure exerted by a fluid.

4.21 Pressure due to Fluid

Pressure due to fluid is the_fqrcé acting per unit area by the fluid.

Examples are water pressure (hydrostatic pressure) and atmospheric pressure. Water pressure exists in a
vertical column of water because water at any depth has to support the weight of column of water above.
This pressure increases with depth because the weight of column of water to be supported increases with
depth. In fact any fluid in a gravitational field including the atmosphere will exert a pressure that increases

with depth in the fluid. = - .

4.2.2 Derivation of formula for Pressure due to Fluid

Fluid pressure p -
acting on the
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Consider the forces acting on a column of fluid as shown in the diagram.
Let  p(Greek letter rho) = density of the fluid,

A = surface area of the bottom of the column,

h = depth from the surface of the fluid,

m = mass of the fluid column

By Newton's Laws, the net force acting on the column of fluid is zero because the column is stationary (it is
part of a uniform incompressible fluid which is also stationary). Thus, the fluid force F acting on the bottom
surface is equal to the weight of the column of fluid, mg.

F=mg

Since the fluid force F= pA
mass of fluid m = pAh
(Recall that density p is mass m per unit volume V, hence m = pV = pAh)

Hence, PA = pAhg
p = phg

The pressure p due to fluid is given by p = phg

where p = density of fluid
g =gravitational acceleration _
h = vertical depth from the surface of the fluid.

Because a fluid can flow in all directions, the pressure due to the fluid acts in all directions, as depicted by
the diagram below.

If the surface of the fluid experiences an external pressure p, (e.g. atmospheric pressure), the total pressure
in a fluid is the sum of the pressure due to the fluid and the external pressure p, acting on the surface of the
fluid.

pngh+po

www.KiasuExamPaper.com
109



H2 Physics C1 2016

"Example 2

The diagram on the right shows a mercury manometer connected to a

gas container. The atmospheric pressure is 760 mm Hg and the point X

is at the bottom of the U-tube.

a) Whatis the pressure of the point X in mm Hg?

b) What is the pressure of the gas in mm Hg?

¢) Ifthe manometer is disconnected from the gas container, what will
be the vertical heights of the mercury levels from the point X in the
limbs A and B?

“?"H'x,, P= P, + 3.40m Ho ¥ Faas:h, 1. bowttd

A Fmm g 23 HmmHY
. 3
b= Joo T = 105 Fo Pz = LozPo
= 1.06%(0% Py .03 %0’ Pa

(P 210(x (o’ Fa)

L rmmHey 7 Pa

360

Gas
?L{}w"" )

A
o] ¢

L) .-I-)TL ZQ_EW

=2.bow -

D-bom

[ §£0-8
1.4-08%
bot Bt siclts
setle at sane

final 1eigief.

42,3 Upthrust

The variation of pressure with depth implies that the forces exerted by a fluid on a body fully or partially
immersed in the fluid vary with the vertical height of the body in the fluid. This results in a net upward force

on the body by the fluid, which is called an upthrust.

Definition of Upthrust

The net upward force exerted by a fluid on a body fully or partially submerged in the fluid. ‘

Fluid force F;
- acting on the
bottom surface

By considering the fluid forces acting on a cube fully immersed in the fluid as shown in the diagram, we can
generalise the result to find the upthrust experienced by any body immersed in the fluid.

www.KiasuExamPaper.com
110




H2 Physics C1 2016

Let  p=density of the fluid,
A = surface area of a face of the cube,
Ah = hy - hz = length of a side of the cube.

The fluid forces acting on the side faces of the cube are equal in magnitude and in opposite directions, thus
resulting in zero net horizontal force.

The fluid force Fy acting on the bottom surface is F, = pgh,A
The fluid force F; acting on the top surface is F, = pgh,A
Thus, the net vertical force is F1 — F2 = pgh,A - pgh, A
= pgA(h; - h,)
PgA Ah
pgV , where volume of the cube V= A Ah
pVg
= (mass of fluid displaced) x g
= weight of fluid displaced.

Archimedes’ Principle
For a body submerged in a fluid, the upthrust acting on the body is equal to the weight of fluid displaced.

T=plg

where U = upthrust, p = density of fluid, V=volume of fluid displaced by the body, g =gravitational
acceleration

In free body diagrams, upthrust must be drawn from the centre of gravity of the fluid displaced.
UpthrustT

Principle of Fl Dtatlon
Fora body ﬂoatlng in a fluid, the weight of the fluid dlsplaced by the body is equal to the weight of the body.

For example, since the ice cube floats on water, the weight of the water displaced

lce
cube by the ice cube must be equal to the weight of the ice cube.
' When thﬁ;ce cube melts, what happens to the water level?
water >
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Example 3
Icebergs are often a danger to ships since most of an ice-berg’s volume lies beneath the surface of tha water.
One can only see the “tip of the iceberg”. Find the percentage of the iceberg that is submerged.
(density of ice, p=0.917 g cm™, density of sea-water, p, = 1.025 g cm™)
Teebom Hoarting
7 Uptvwst on it = weght of i+
% V..a wa = Vip.
g Fﬂ (i 3 to 5% aloe water
:>-:;‘i Bl B g rU.?;qq/
Py ™ R15F bedow worter

e ’@

w;.,, o 1(@.

woken

4.3  Translational Equilibrium

By Newton's Laws of Motion, when the net external force acting on a body is zero, the acceleration will be
zero. The centre of mass of this body will be observed to be either stationary or moving at constant velocity.
This body is then said fo be in translational equilibrium.

Condition for Translational Equilibrium:

The net external force acting on a body is zero, i.e. ZF,, =0N.
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Example 4 (Resolution of forces into component method)
Four forces act on a particle as shown below such that it is in equilibrium. Find the magnitude and direction
of the unknown force F that maintains the equilibrium.
- >3 T = i " o
e ZF= F +F, <R+ &-0az‘Fx-oj 5, =0 11.0N
sl 8. 2.2 .7 . t
By Zh= B e L6 R v 8 =
. =
=0+ (35 e 45°) +(F.0cwé0?) + £, =0
-3
FE T -25104N 60° 45°
4a
N A B 2 <
GT) TH = Fur Byt Ryt Fy=o s
= QLY (-85 qnes®) # (F.0sme0)+ Fo . 70N 8.5N
= =1.0ReN
By =103

IRl = J5, g .. 2
;0;2‘?(

B =t (2—) =217 (3. clockwie F ~x dimecion)

e o
Example 5 (J85/1/2) (vector triangle method) B
In the diagram below, a body S of weight W hangs vertically by a thread tied at Q to the string PQR. If the
system is in equilibrium, what is the tension in the section PQ?

NES

0 TR
p T3 Tys B - W
p—i 3% o 30

44 Moment of a Force

Besides translational motion, objects also exhibit rotational motion, Forces applied on a rigid body" can also -
cause or change its rotational motion, other than transiational motion, that we are quite familiar with. The
quantitative measure of the extent to which a force can cause or change the rotational motion of a rigid body
is called the moment of the force, 7 (Greek letter tau). The moment of a force is also called the torque.

~{)

...........................................................................................

as particles. This means we ignore the size of the object and treat it like a point-like :

‘lin physics, we sometimes idealise objects
: body. A particle has no spatial dimensions, but can have mass. It follows that particles are capable of translational motion only,

: Obviously we cannot treat objects as particles if we were to analyse their rotational motion. Neglecting that a real-world body may !
i deform (e.g. stretch, bend, twist, etc) we assume that the body has a perfactly definite and unchanging shape and size. We call this '

; idealized model a rlgldhody____ R e s
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Definition of Moment of a Force
The moment of a force about a point is the product of the (magnitude of the) force
and the perpendicular distance of the line of action of the force to the point.

c=F(r,)

To illustrate the concept of perpendicular distance and line of action, let us consider the example of a
spanner being used to loosen a balt. A force F is applied at an acute angle @with the length of the spanner
and at a distance r away from the pivot O as shown in the diagram below.

The line of action of a force is the line along which the force acts. The
perpendicular distance d is the length of the line that joins the pivot O
o<_9 to the line of action perpendicularly. Using simple trigonometry, it can
~  be deduced that d = r sinf. The torque of the force F about the pivot
0y O can then be calculated as
,,’ Lineof v =(F)r.)=(F)(rsin@)=Frsing

~{> action

/ Method 1: Finding the perpendicular distance

it
d ~o

perpendicular
distance z

Method 2: Finding the perpendicular component of force

Another method is to resolve the force intd two components:
perpendicular and parallel to the spanner length. Only the
perpendicular component F siné produces the turning effect. The line
of action of the parallel component F siné passes through the pivot
and produces no turning effect. The torque of the force F about the
pivot O is defined as

=(r)(F.)=(r)(Fsing)=Frsing.

Since both approaches lead to the formulae r = Fr sin @, one could treat the equation as either
1. magnitude of force x perpendicular distance (between the pivot point and line of action),
or
2.  distance (from pivot point to point of application of force) x perpendicular component of the force.

Example 6 j kwie as +ve
Find the resultant moment about point O. Takimg cloc 4
3FL FC
(a) I %o s % —q:’%’ ‘i_"an-’nc{
oL _ 3R
B =2 2B
% -
Q 28 5m3S" % —:‘F=
(b) 2F 7 L eL
kol e -
O 35°

] 0. 23 FL clockwi®

Ok W
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4.5  Rotational Equilibrium and Principle of Moments

Condition for Rotational Equilibrium:
The net moment on the body about any point is zero. £r =0 Nm.

When all lines of action of the forces are in the same plane (co-planar forces), the condition for rotational
equilibrium is simplified to the principle of moments.

Principle of moments states that for a body to be in rotational equilibrium, sum of clockwise moments about
any point equals sum of anticlockwise moments about that same point.

Example 7
Find the unknown force F in each of the following situations required to maintain rotational equilibrium.
(a)
0 Fll
[ - ®
A - 3.3 N
Emmnn P 21— >
L/4 L/4 L2
(b) F
35°
o) ——; 1 122N
<—'--->€——-->l - : ;
L4 L4 N

4.6 Static Equilibrium

Equmbrlum is a concept to describe the state of a body that is at rest or at constant velomty Static equilibrium
is when the body is at rest.

Conditions for (Static) Equilibrium:
The net external force acting on the body is zero. =F,, =0N.
The net torque on the body about any point is zero. Tr =0Nm.

TIPS | Solving Static Equilibrium problems

1. Isolatethe bedy of interest—>(
2. Draw the free-body diagram<and identify all forces acting on the body.
3. Set up the torque equation {condition for rotational equilibrium)
¢ Choose a “good” pivot point.
» A"good” pivot point is a point which lies on the lines of action of one or more of the unknown forces,
thereby reducing the number of unknown terms in the equation.
+ Apply the condition Zz =0 Nm.
Summation of clockwise moments = Summation of anti-clockwise moments

10
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4. Set up the two force equations (x and y components) (conditions for translational equilibrium)
» Choose two perpendicular directions x and y.
s Resolve all forces into x and y components.
* Apply the condition £F, =0 N.
Summation of leftward forces = Summation of rightward forces
= Apply the condition £F, =0N.

Summation of upward forces = Summation of downward forces
5.  Solve the equations to find the unknown forces.

Example 8 (J35/I/5)
A heavy uniform beam of length L and mass M is supported by two vertical cords as shown in the diagram.

o . .
What is the ratio T—‘ of the tensions in these cords?
2

T&.Uhﬁ womeats alout Pm'vrl; 0/
(r)(53Y)= (B) (5L
i I.I- = _g:-!t:) :,.,J_
T2 L—iL) 3

4.7 Three-Force Systems

Example 9 _
A uniform beam balance of length L is hinged to a wall and is supported by a rope as shown. Show the

direction of the force exerted by the hinge (attached to the wall) on the beam.

11
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Example 10 (N84/1l/1
A ladder PQ, resting on a rough floor and leaning against a rough wall, is on the point of slipping. It is of
weight W and the contact forces exerted on the ladder by the wall and floor are X and Y respectively. Which
one of the following diagrams correctly shows the directions of these forces?
Q X
Y
y: w L4
P A P D
€
4.8 Couple
Definition of a Couple

‘| A pair of forces, which are equal in magnitude but opposite in direction, whose lines of action do not
coincide. e - ' o

Couples produce only rotation but no translation.

An example of a couple is shown in the figure below.

F

Taking moments about the centre of mass,
Torque due to the couple = [% x]F + {.;. x]F

K

= xF (in the clockwise direction)

In fact, taking moments about én\y point would produce the same result.

Torque of a couple is the product of the perpendicular distance between the lines of action of the forces and
the magnitude of one of the forces.

12
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Example 11

A

l20N

I20N

/c 20N
1

L

20 NI

The following diagrams show forces acting on uniform rulers placed on a horizontal smooth tabletop. Which
of the following diagram/s does not show a couple? Assume all forces are parallel to each other.

lzou
] |

13
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Appendix

Why are whales so huge?

On land, an animal is a prisoner of its own weight. The larger an animal gets, the more difficult it becomes to
support itself. For example, imagine two whales, one twice the size of the other. As the measurements show,
the larger whale is twice as long, twice as wide and twice as thick as the smaller whale. As you may have

expected, the mass of the bigger whale is actually about eight times that of the smaller one, instead of twice.
B

Volume 2% 2B~ 32
On land, this extra weight can pose a big problem. If an elephant doubles in size, its bones cannot just double
in strength — they need to get eight times as strong to support its own weight. As land animals get larger and
larger, supporting body weight becomes a bigger and bigger concern. This is why the biggest land animals —
such as elephants and hippos — have such thick bones.

Volipme txdzd -8

In water, however, weight is not much of a problem. Objects submerged in water are supported by the
"buoyant force (upthrust) due to water. The bulk of a whale’s mass is made up of water (can you recall the
percentage by mass of water in human?) and has similar average density to water. As a whale gets bigger,
its weight gets large, and the buoyant force exerted on it increases too. Hence, a whale experiences some
kind of weightlessness in water. This allows them to grow to enormous sizes without the need to develop

extremely strong bones.

Buoyancy of a submarine

A submarine or a ship can float because the weight of water that it displaces is equal to the weight of the
ship. This displacement of water creates an upward force called the buoyant force (upthrust) and acts
“opposite to gravity, which would pull the-ship down. Unlike a ship, a submarine can control its buoyancy, thus
allowing it to sink and surface at will.

To control its buoyancy, the submarine has ballast tanks and auxiliary, or trim tanks, that can be filled with
water or air. When the submarine is on the surface, the ballast tanks are filled with air and the submarine's
overall density is less than that of the surrounding water. As the submarine dives, the ballast tanks are flooded
with water and the air in the ballast tanks is vented from the submarine until its overall density is greater than
the surrounding water and the submarine begins to sink. A supply of compressed air is maintained aboard
the submarine in air flasks for life support and for use with the ballast tanks. '

In addition, the submarine has movable sets of short "wings" called hydroplanes on the stern (back) and bow
(front) that help to control the angle of the dive. At the start of the dive the back hydroplanes are rotated
upwards so that the stem of the boat is forced upwards. The front hydroplanes are rotated downwards, thus
forcing the bow of the boat down. During the dive the back hydroplanes are moved to the neutral position
and the dive angle is controlled with the front hydroplanes only. Close to the required depth, the back
hydroplanes are rotated down and the front hydroplanes up to level off the boat. At slow speeds the depth of
the boat is maintained by the front hydroplanes only.
O

14
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To keep the submarine level at any set depth, the submarine maintains a balance of air and water in the trim
tanks so that its overall density is equal to the surrounding water. When the submarine reaches its cruising
depth, the hydroplanes are leveled so that the submarine travels level through the water. The submarine can
steer in the water by using the tail rudder to turn starboard (right) or port (left) and the hydroplanes to control
the front-back angle of the submarine. In addition, some submarines are equipped with a retractable
secondary propulsion motor that can swivel 360 degrees.

i

Opaning

When the submarine surfaces, compressed air flows from the air flasks into the ballast tanks and the water
is forced out of the submarine until its overall density is less than the surrounding water and the submarine
rises. The hydroplanes are angled so that the submarine is angled upward. In an emergency, the ballast
tanks can be filled quickly with high-pressure air to take the submarine to the surface very rapidly.

‘What keeps airplanes in the air? i

p L Low Pressure
Bernoulli's principle states that the pressure of a High Velocity

. : : - Upper Streamline

moving gas decreases as its velocity increases. \

. : . Longer Distance
When air flows over a wing having a curve_d upper -~
surface and a flat lower surface, the flow is faster High Pressire i
across the curved surface than across the plane one; o bgweloeity - “

thus a greater pressure is exerted in the upward
direction. The overall effect is the presence of a net
upward force acting on the wing, known as lift.

Cross sectional view of the wing of a plane ﬂying to the left.

Lift is a mechanical force

generated by a solid object
The magnitude of the lift depends on the difference Mg froush & fud
between the pressure on the upper side and lower side
of the wing. The faster the forward motion, the greater will
be the difference in the pressure. The object needs to
travel at high speeds for the lift force to be significant. The
wings of aeroplanes are designed to maximise the lift in

order to support its weight and hence able to stay in flight.

15
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Wings on Race Cars

In the early days of race car design, the principal aerodynamic goal was to have a design that minimized drag
in order to maximize top speed. Over the years, however, as race cars started to become faster and more
powerful, the need for traction, or adhesive friction between the tires and road surface, during high-speed
corners began to become a pressing issue.

The easiest and most effective solution to this problem came in the form of wings or aerofoils similar to those
found on airplanes, which, however, would be now designed to generate, instead of lift, “downforce," i.e.
effectively negative lift. These wings would be mounted to the chassis of a race car to transfer the force
generated to the chassis itself and through this to the car axles and wheels. This increases the downward
pressure in the contact area between the tire and the road surface, thus also increasing the adhesive friction
between these two surfaces. A typical race car wing arrangement is illustrated in Fig. 1 under the labels “A”
and “B”, “A” being the front wing integrated into the body of the car, and "B” the rear wing element.

Figure 1, A Porsche 911 GT3 Racecar with front and rear wings.

Itis worth noting that due to the physical constraints on the dimensions of the wings in a car, usable downforce
is only generated when the race car is traveling at high speed. Due to the importance of wings in providing
better traction, cornering and overall performance for race cars, much attention and research is focused on
their design and implementation on the car body.

16
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Topic 5: Work, Energy and Power
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H2 Physics Syllabus 9749

Topic &: Work, Energy and Power
Content -

® Work

. Energy conversion and conservation
. Potential energy and kinetic energy
. Power

Learning Outcomes
Candidates should be able to:

(a) show an understanding of the concept of work in terms of the product of a force and displacement in the
direction of the force.

(b) calculate the work done in a number of situations including the work done by a gas which is expanding
against a constant external pressure: W= pAV. (to be covered later in chapter on Thermal Physics.)

(c) give examples of energy in different forms, its conversion and conservation, and apply the principle of
energy conservation.

(d) show an appreciation for the implications of energy losses in practical devices and use the concept of
efficiency to solve problems.

(e) derive, from the equations for uniformly accelerated motion in a straight line, the equation E = ¥ mv2.
(f) recall and use the equation Ex = ¥ mv2.
(g) distinguish between gravitational potential energy, electric potential energy and elastic potential energy.

(h) deduce that the elastic potential energy in a deformed material is related to the area under the force-
extension graph.

(i) show an understanding of and use the relationship between force and potential energy in a uniform field
to solve problems. (in Appendix to be covered in later chapters.)

(i) derive, from the definition of work done by a force, the equation E, = mgh for gravitational potential energy
changes near the Earth's surface.

(k) recall and use the equation £, = mgh for gravitational potential energy changes near the Earth’s surface.

() define power as work done per unit time and derive power as the product of a force and velocity in the
direction of the force.

www.KiasuExamPaper.com
122



H2 Physics C1 2016
5.1 Work

The meaning of ‘work’ in physics differs from everyday usage. In Physics, it has a specific meaning that is
clearly defined. It describes an effect that occurs when a force interacts with a body that undergoes
displacement. It is about the transfer and transformation of energy between one body and another.

A person holding a heavy book at rest may say that he is doing hard work (in the physiciogical and
psychological sense) but he is doing no work at all in the eyes of a physicist. There is no contradiction here.
The physicists refer to the work done by a force that is exerted by the person on the book. The physicist is
concerned strictly with' the cause' (a particular force) and its effect (work done) on a particular body.

5.1.1 Work done by a constant force

When a force acts through a distance, we say “the force does work”. In the simplest case, consider a constant
force F acting on a body which undergoes displacement s in the direction of the force.

Stationary

—

The work done BY the force ON the body is defined as the product of the magnitude of the force F and
the displacement s in the direction of the force.

Stationary Moving

For the general case when the displacement is not in the direction of the constant force, we can also
determine the work done by the force as the product of the displacement and the component of the force in
the direction of the displacement. As can be seen below, both lead to the same mathematical expression.

W=Fsy=F (scos 6)

Alternatively W=Fys=(Fcos@)s

where F is the magnitude of constant force
s is the displacement,
4 is the angle between the force and displacement
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Notes:

+ Work is a scalar quantity. The unit of work is the joule (J).

« The force F acts on a particular point on the object. The displacement in this expression refers to the
displasement of this point alone. This point is sometimes called the point of application of the force.

« Itis assumed that the object is not rotating, or changing shape (i.e. itis rigid), so all parts of the object
move with the same displacement. The physics of rotating or non-rigid bodies are beyond the A-level
syllabus.

¢ Where there are more than one force acting on a body, work done by the individual forces can be
calculated separately.

Concept Check 1
(a) When a man is standing and holding a heavy load, is he doing mechanical work on the load? Explain.
{b) As the man is walking around at a constant speed and holding up the load, is any mechanical work

being done on the load? Explain why.
a) No. Thewe iS5 we oh'f.pmcwwf.

N, FkS ame &

Wty F) = Fs cos 90
o .

Concept Check 2
Under what circumstance is the work done by a force negative?

W=Fsces @ 2. Dip MT
whew 230° >0 »40°, (os @ [y —ve.

whenw @ =1 %0°, cos@=-)

Example 1
A lawn mower is pushed by a force P of 20.0 N at 30" to the horizontal, against a horizontal resistive force D

of 8.0 N. It moves a horizontal distance of 10.0 m. Calculate

(i) the work done by the force P on the lawn mower.

(i)  the work done by the resistive force D. _
(i)  the work done by the normal contact force from the ground and the weight of the lawn mower.
(iv)  the change in kinetic energy of the mower.

4. W\, = P oo@= 20.0x10.0 X €08 20 =337

W. Wyz D cos® =30%x10.0% ca|®o” 2 -$UT

Gi). NL¢ and Wls 30 0 wvk olone Ly o

(0. Nt k) dome_pp e |awn mover (s

A

AR 206, ¢ N, - 3+ (-) =927
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5.1.2 Work done by a variable force

Suppose an object is being displaced along the x-axis under the action of a force F; that acts in the x direction
and varies with position. The object is displaced in the direction of increasing x from x = x, to x = x, In order
to calculate work done by the variable fofce Fx, we first need to know how the force applied F; varEec! v\:rith
displacement. Let's imagine we were able to use a force sensor and a data logger to measure this variation
and that we were able to get the plot shown below.

Variable
force, F;

Xi Xr

Area = AA=F, Ax
E, . 5

1 Fx Work

Ax

The total displacement x can be regarded as the sum of many very small steps Ax. During each small step,
the force is practically constant.

The total work done = sum of work done for each step
W=aAW + AWL + AWs + ...
= FiAx + FoAX + FsAX + ...

As the width of the small steps, Ax, gets really small, the sum of area of these strips will just be the area
under the graph of F, against x.

W=]{Fx6b(

In other words, the work done by a variable force acting on an object that undergoes a displacement
is equal to the area under the force—displacement graph.
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5.2 Energy

In principle, you can solve problems regarding the motion of an object by applying Newton’s three laws of
motion using vectorial methods. But some problems aren't as simple as they look. How would you determine
the speed of a pinball launched by a compressed spring that applies a varying force? How would you
determine the motion of one particular molecule in a volume of gas with billions of molecules in random
motion? The simple vectorial method that you have learned earlier does not present easy solution where
variable forces are involved or where 3 or more bodies are interacting in a system.

The concept of energy provides an alternative method for dealing with problems in mechanics. It unifies
every area of physics even though it is difficult to define just what energy is. Although it is often convenient
to classify energy as being chemical or electrical or thermal etc., there are fundamentally only two types of
energy — kinetic energy and potential energy from the view point of mechanic.

A body, which is capable of doing work, is said to possess energy. The amount of energy that a body has is
equal to the amount of work that it can do.

Hence, the energy of a system is a measure of its capacity of to do work.

5.3  Mechanical Energy

The total mechanical energy of a system is the sum of all types of kinetic energy and potential energy of
the system.

5.3.1 Kinetic energy (Derivation of £ =%mv2}

Kinetic energy of a body is a measure of the energy possessed by the body by virtue of its motion.
Supposc -~ object is being displaced along the x-axis under the action of a constant force,

U=0 |V ——""

we can infer the formula for kinetic energy from the amount of work that is done by an external force to bring
a body from rest to its state of motion. :

Ei; =Fs
By Newton's second law: Ex=(ma)s
Using the equations of motion for uniform acceleration:

E, = ma(ug 1at’)
= ma(+at®)
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Example 2
In the earlier derivation of Ek = % mv”, we conveniently assumed the body was initially at rest. Can you show

that in general, work done by a constant force is the gain in kinetic energy of the body?

z
wz= Fs = ém(va—ul): E_vaz-"' ";L_M

7. wovk doue = am’n in KE

5.3.2 Potential energy

An object can have energy by virtue of its position or the arrangement of the system that it is part of. The
potential energy of a system represents a form of stored energy, which can be fully recovered and converted
into kinetic energy.

Potential energy of a body can be defined as the amount of work that was done on it to give it that position.

There are three kinds of potential energy. They are summarized in the table below.

Elastic PE Gravitational PE Electrical PE

Interaction between charges on Interaction between masses Interaction between charges
atoms and molecules

Involves attractive and repulsive Involves only attractive forces Involves attractive and repulsive
forces forces

5.4  Gravitational Potential Energy

To move obijects around near the surface of the earth we need to use forces to overcome the Earth's attraction.
The work done by exerting forces to overcome this attraction and place objects in positions further and further
from the surface of the earth manifests itself as an increasing gravitational potential energy associated with
that object.

The gravitational potential energy (G.P.E) of a body is a measure of the energy it possesses by virtue of
its position in a gravitational field.
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Fe}d

Fe=mg

We can infer the formula for G.P.E. from the amount of work that is done by an external force F.x to lift a
body through a vertical distance of h at constant speed.

W =F_s
To just overcome the gravitational pull, Fexx = mg.
= (mg }(h)
= mgh
Hence, gain in G.P.E =mgh
Note:
This - =tion applies only to objects that stay near to the surface of the Earth during the motion, and h is

smal! = ziive to the diameter of the Earth so that the gravitational pull on the body (i.e. its weight mg) is
pracncally constant during the motion.

Example 3
A mass of weight 5.0 N is lifted by a vertical force of 7.0 N through a vertical distance of 2.0 m.

(a) Calculate the work done by the lifting force.
(b) Calculate the change in Gravitational Potential Energy, assuming it was initially at rest.

(c) Calculate the final speed of the mass.

.5_,—7-;.5?‘01\\ I a) Work olove = Wﬁ/
Jﬁ A /

Lhal 3onnaw: 14T
C.ON
) & G.P-E = wmgh
= Sxr2
=107
&) Wark dgne - AKF + A6PE
M= $x Egxvt +10
vz 4.0m]s
|
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5.5  Elastic Potential Energy

Forces need to be exerted to alter the shape (length) of a spring. Hence for each particular extension of the
spring, there is an associated elastic potential energy value. For any particular displacement, this depends
on the stiffness of the spring. A stiffer spring requires larger forces tc deform it so that you will end up having
done more work to attain a particular extension and hence will have a larger elastic potential energy
associated with that extension.

The external force which is required to change the position of an object near the earth's surface is always
equal to the weight of the object and hence constant. Changing the length of a spring, however, requires
an external force that increases in proportion to the extension.

frictionless surface

X
external
force Fext = -F spring = kx
Fexf _________ /
1
4: - Eefastic = (?IZ)I{XQ
5
13 5 ;
0 . 2> extension

Let a light spring be stretched through an extension x, very slowly (at practically zero velocity) by applying an
external force Fex.

If the spring obeys Hooke’s law, the spring force Fspring is proportional to its extension x, i.e. F=—kx,
where k is the spring constant. To just overcome the spring force, the external force Fe«t= - Fspring-

X
W= _[ Ft dX = Area under the force-extension graph
0

=% Fx
- (x)
\ Eelastic = 2 kxz
Hence, elastic potential energy E,pq =1FX =1k(’
Example 4 (J99/1/23)

A sample is placed in a tensile testing machine. It is extended by known amounts and the tension is
measured. What is the work done on the sample when it is given a total extension of 9.0 mm?

tensioni
p B —— e ——— - —
=) H
7 vt L (S |
L & = L i | 1
0 : L&.g j 40 ! H
| :
=] | 1
] ;
4] T B | S T
01 2 3 4 5 6 7 8 810
extension/mm
g
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5.5.1 Work done by External Force on a Deformed Material

An elastic material (e.g. a wire) usually obey Hooke's Law closely unless the deformation is excessively large.
If the material is stretched beyond its proportionality limit, it will no longer obey Hooke’s Law and the force-
extension graph will not be a straight line from that point onwards. If an elastic material (e.g. a wire) is
stretched further beyond its elastic limit (also known as yield point), it will suffer a permanent deformation
and not snap back to its original length when the external force is removed. If the wire is stretched even
further, it will eventually hit fracture point and the wire will simply snap. The force-extension graph will look
like the one shown in the figure below.

proportionality
limit

-

external elastic limit

- \ fracture point

e B I o S

> extension

0 b3

In such cases, to determine work done by external force on wire, one cannot simply use the equation £ =%
kx2 since Hookes's Law is no longer obeyed. Instead, the work done can simply be worked out by calculating
the area under the force-extension graph (shaded area).

When the wire is stretched beyond its elastic limit and the external force is subsequently removed, the
extension is only partially recovered. Work done by external force on wire will be more than the elastic
potential energy. Energy is therefore lost as heat and this phenomenon is known as hysteresis.

proportionality
limit
external elastic limit

force Y \\(

fracture point

2 > extension
o)
oa—.»-

permané"qt"‘f '
deformation

Try this out | The effect of hysteresis is usually very small for metals, but is noticeable for polythene, glass
and rubber. You can easily investigate this using a rubber band. By simply stretching it and then holding it

against your lips you can detect a rise in temperature!
10
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5.6  Principle of Conservation of Energy

The importance of the energy idea stems from the principle of conservation of energy:

Energy can be converted from one form to another but cannot be created or destroyed.

Example 5
A motorcyclist leaps across a canyon by driving horizontally off a cliff at a speed of 38.0 m s™. Ignoring air

resistance, find the speed with which the cycle strikes the ground on the other side.

%ywl:' 35 xp1 x 4.0

hi=70m e e
Im:asm v =k m(;
Example 6 53 3m

5
A car of mass 800 kg moving at 30 km (1‘1 along a horizontal road is brought to rest by a constant retarding
force of 5000 N. Calculate the distance the car moves before coming to rest.

K-E Iu,f\bw-f Work done 91 N‘i’ﬁrﬂliw@ ‘{:J"(‘&:

T w4 (e -0

Sz ')‘GM

ke aftes

Example 7
A block of mass 4.0 kg is released at point P on a curved frictionless track as shown. The block slides down

a vertical distance of 80 cm and enters a sand pit. Determine the distance the block can move along the sand
pit before coming 1o rest if the friction acting on the block is 85 N.

p Prtential eueray
\

80 cm \ kimetic avens

v

sand pit Trfewal ewersy

2 =

PEL‘T T Work dovie # 01 e biock by Bictan=0
PE by < 2.342)
W —Fe ___ Lo ST s

s= 3Fam 11
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5.7 Power

The same amount of work is done in raising a given body through a given height, regardiess whether it takes
one segond or one year to do so. However, the rate at which work is done is greater for the former than that

for the latter.

Power is defined as the rate at which work is done.

Instantaneous power, P = d_;:f
Average power, <P > = AT:I‘E

Notes:
« The Sl unit of power is the watt (W). Power is a scalar quantity.
« Work can also be expressed in units of (power x time). This is the origin of the term kilowatt-hour.
One kilo-watt hour is the work done in 1 hour by an agent working at a constant rate of 1 kW.

Example 8
A 1.10 x 10? kg car, starting from rest, accelerates for .00 s. The magnitude of the acceleration is a = 4.60

m s2. Determine the average power generated by the net force that accelerates the vehicle.

W= KE - =
'!:fmr\ !Efmi'ﬁaj = kE{:'m‘

K - 'l‘w-lz -1— . =
E-F’rqu\ 2 3wy E Tmat) = 2709507

290 950

p= “4 e x[0Tw

5.7.1 Relationship between Power, Force and Velocity

Consider a force F that acts on a body for a small time interval At. The body moves a small displacement Ax
in the direction of the force.

Work done by the force F during At, AW = F Ax

Power delivered by that force F during P = AW/AL

the time interval At = (FAx) /Al
= F(Ax/AY)
= Fv

where vis the instantanedﬁ&j{éil@ity of the body.

When a force F acts on a body that is moving with velocity v, in the direction of the force, it delivers power
to the body at the rate given b;{P =

12
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Notes:
« A force Fthat acts in the direction of the displacement Ax, does positive work on the body. it
transfers energy to the body at a rate proportional to the speed of the body.
« If For v varies with time, then P may not be constant. However, the product Fv &t any moment will
gives the instantaneous power of F at that instant.
« Where F acts against the motion of the body, it does negative work on the body. It extracts energy
out of the body at a rate equal to the magnitude of Fv.

-

caris ing with a constant velocity of 20.0 m s along a straight horizontal road. The total resistive forces
acting on the car is 2000 N. What is the power developed by the engine of the car?

i v 4 Resistance , £
b= Fv =toox(0TW rrend = b

& Y Uotive 'P"c(/}:

5.8.2 Efficiency (of energy conversion), 7

No practical engine can transform energy from one form to another without some energy going to internal
energy and other non-useful forms of energy.

The efficiency of any energy conversion process is the ratio of

« the useful energy output to the total energy input, or
« the useful power output to the power input

effciency = useful energy output . Em =P output
total energy input Ei Pl

Note:
n (Greek small letter, Eta) is a ratio between two quantities of the same type. It has no unit.

Example 10
A small motor is used to raise a weight of 2.0 N at constant speed through a vertical height of 80 cm in

4.0 s. The efficiency of the motor is 20 %. What is the electrical power supplied to the motor?

Usefy | &an\( output Eau-fr.,{» =4§ain in GPE
Eo%f"fz 20 % 050 =( 47

Vlsz{hl @Y power ;/nq-ﬁr ot P _
S T
P u\#‘{"’u*\- = U-Lf"ovd

n = Pﬂ'ﬁf"w{' f’ P inrur{'
Piuput =2 QW 13
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Appendix 1:
Relationship between field force and potential energy (to be covered in later chapters)

We have seen that in general, potential energy is a function of position such that the difference between its
value at an initial and final position is always equal to the work done in moving an object between these
positions. We will use this concept to arrive at a general rule far the relationship between a potential energy
function (how the potential energy varies with displacement) and the size of the force generated by the field.
We shall for simplicity's sake consider a uniform gravitational field.

U . g field
1

~
e

Ar

m ¥

i,

IF=mg

Consider a mass that falls freely under the pull of gravity £, through a vertical distance Ar in the direction of
F.

Work done by the gravitational force, W= F Ar

Work done = Difference in Potential Energy = —-AU (Decrease in P.E.)

- F Ar=-AU Gt
Ar

This concept can be generalised for any conservative field in which energy is not lost. A force is conservative
if the work it does on an object moving between two points is independent of the path taken between the
points. Examples of conservative forces are gravitational force, electrostatic force and force of a spring.

Conservative fields can have a potential energy function associated with it. Work done in bringing an object
from one point to another is simply the difference in the potential energy between those two points.

In any conservative and uniform field, the force exerted by the field is related to the potential energy U of
the system by

F=--"=
Ar
The magnitude of the field force at a point in the field is given by the potential energy gradient at that

point.

The direction of the field force is in the direction of decreasing potential energy.

In general, the concept can begeneralised to include non-uniform fields:

du

- dr
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Topic 6: Circular Motion
H2 Physics C1 2016

Chapter 6: MOTION IN A CIRCLE

H2 Physics Syllabus 9749

Content

« Kinematics of uniform circular motion
» Centripetal acceleration
= Centripetal force

Learning Outcomes
Candidates should be able to:

(a) Express angular displacement in radians.

(b) Show an understanding of and use the concept of angular velocity to solve problems.

(c) Recall and use v = rw to solve problems.

(d) Describe qualitatively motion in a curved path due to a perpendicular force, and understand the centripetal
acceleration in the case of uniform motion in a circle.

(e) Recall and use centripetal acceleration a = rw? a = ViIr to solve problems.

(f) Recall and use centripetal force F= mrw?, F = mvAr to solve problems.

Further Readings / References

1) University Physics with Modern Physics, 11" Ed., Young & Freedman, Chapter 5, Pg 181.
2) Advanced Level Physics, 6" Ed., Nelkon & Parker, Chapter 2, Pg 48.
3) College Physics, 8" Ed., Young & Geller, Chapter 6, Pg 161.
4) Physics for Scientists and Engineers with Modern Physics, 6" Ed., Serway Jewett-Chapter 6, Pg 150.
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6.1 Introduction

Circular motion is a type of motion we often come across in our dalily lives,
e.g. Cars navigating a bend, the capsules of a Ferris wheel, children on a
merry-go-round, clothes in a spindryer.

On a larger scale, in astronomy, we know that the moon circles the Earth,
which circles the Sun, which circles the centre of the Milky Way.
Have you ever wondered?
e Why must a cyclist lean into a tumn?
« Why must an airplane {ilt when executing a turn?
« Why people in a roller coaster don't fall out at the top of the loop? (No,
it is not because of the belts)

The exploration of the fascinating world of circular motion begins here.

A Short Revision on basic ideas of Newton's Laws of Motion
Newton's 1st law:

Describes the motion of any object not subjected to a net external force, specifically that
e an object at rest remains at rest, or
= an object continues with constant speed in a straight line.

In the presence of a net external force, a constant mass experiences an acceleration governed by Newton's
2nd Law:

F

net
m

a=

Note:
« Forces which are parallel to the motion of an object result in its motion either speeding up or slowing
down, with the direction of motion remaining along the original axis.
« Forces which are perpendicular to the motion of the object cannot affect its speed, but instead will
‘change its direction of mation.
« Forces which are neither wholly parallel nor perpendicular to the direction of motion will affect both
the speed and direction of the object upon which the force acts. (Consider projectile motion). |

In this-chapter you will learn that objects will move in circular paths when they experience a force or
forces that always act perpendicularly to their motion.
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6.2 Kinematics of Circular Motion

When an extended object such as the wheel of a bicycle is rotating, different parts of the wheel will travel
different distances in the same time. The outer parts of the wheel will travel larger distances and hence will
have higher speeds than the inner parts of the wheel. However all parts of the wheel will pass through the
same angle in a given time. Hence the speed of rotation of a wheel is better expressed as an angular speed
as this is the same for all parts of the wheel.

6.2.1 How angle is measured

The S.1. unit for angles is not the degree but the radian. Angle measured in radian is actually the ratio of two
lengths: arc length and radius. The arc length s is the distance travelled along the circular path, and the angle
@ is said to subtend the arc length at the circle centre (Fig. 1).

; v
Hence, note that 8 is actually a dimensionless quantity since it is a ratio of 2 lengths.
: arclength s ‘ LY
9(1nrad}=—_-q-=— \ O W !
radius r \ ;
s=r6 Hog
Figure 1

One radian is the angle subtended at the centre of the circle by an arc equal in length to the radius of the
circle.

If circumference of a circle s = 2mr, G=s/r=2m rad.
Since for a complete circle, the angle subtended is 360°,

360° =2m rad
We can deduce that 1 radian = (%}": 57.3°
Conversion between degrees and radians:

180° =Trad

m ;
Z (d =ZX— dians
(degrees) 180 (radians)

6.2.2 Angular Displacement (A6)

Angular displacement A@ is the angle an object turns about a fixed point. In circular motion, the fixed point is
taken to be the centre of the circle (Fig. 2).

— O, S
JaE w00 I!ﬂ

If 6,=0, then A8 =6. :' AN )

: X 0 r |

S.1. unit of A@: radian (rad) ’,"
Figure 2
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6.2.3 Angular Velocity (w)

The description of circular motion in angular form is analogous to the description of linear motion. Angular
velocity w (pronounced as omega) is defined as the rate of change of angular displacement.

Average angular velocity, w = Angular displacement
@ Elapsed time
- 08-8; B
w= s —
t—1, At

The instantaneous angular velocity w is the angular velocity that exists at any given instant. Analogous to
instantaneous linear velocity,

de

Instantaneous angular velocity, w Py

If an object has a constant angular velocity, the instantaneous value and the average value are the same
(e w=w).

Note:
* Magnitude of the instantaneous angular velocity is called the instantaneous angular speed.
e Sl unitofw:rads’

6.24 Relationship between Tangential Speed v and Angular Speed & -«

A particle moving in a circle has an instantaneous velocity tangential fo its circular path. For a constant
angular speed, the particle’s orbital or tangential speed v is also constant. (v is also known as linear

speed.)
w v
7 .

Figure 3

Since s=r8=rwf). Thus s = rwt
The arc length, or distance, s is also given by s = vt

Thus,
tangential speed, v = rw
Altemnatively, s=rf
’ g e i . ds df
Taking derivative with respect to time, T = ra - v=Erw

Unit of linear/orbital speed: m s™
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6.2.5 Period (7) and Frequency (f)

Period (T) is the time it takes for an object in circular motion to make one complete revolution, or cycle.

Frequency (f) is the number of revolutions, or cycles, made per unit time. The unit of frequency is s, which
is called the hertz (Hz) in the SI.

- 1
frequency, f =—
q Y T

Since an angular displacement of 21 rad is travelled in 1 period,

angular velocity, w = ETE =2uf : ‘

Example 1 . :zo:«, = 60w =0.0 60w
A Compact Disc player is spinning a standard CD (120 mm diameter) at 300 revolutions per minute (RPM),
Determine

i) the frequency of the rotation (in revolutions per second) Z

i) the period of the rotation 200

iii) the angular speed e e

200wy 200 vev
(). =2 — = —— =%.00
f { w1 6O Sec e

. | ! el
: o s ez
). T + i 2005

Gii). w=2nf 22w (5.00) = 304 "W{_(S
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Example 2

| Dishes are placed on a Lazy Susan at a reunion dinner during Chinese New Year. When the Lazy Susan
is spun around to serve the guests, what can be said about the dishes in the inner circle compared to
thase in the outer circle in terms of their speed and angular velocity?

Slower s?eeo{, but e same  angular vefocity

V= vw

Y

Stme  angular vzlcci’(?r

6.3 Uniform Circular Motion

Uniform circular motion is the motion of an object travelling at a
constant (uniform) speed in a circular path.

An object moving in a uniform circular motion (Fig. 4) has a constant
angular velocity (w). The magnitude of the velocity vector (or the linear
speed, v) is constant but the direction of the velocity vector is
changing. Thus, the linear velocity vector is continuously changing (v+,
vz & v3) as the object moves around the circle. Since there is a change
in the velocity vector with respect to time, the object should be under
acceleration.

Figure 4
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Derivation of the equation of centripetal acceleration:

In this derivation we only consider the kinematics of uniform circular //—‘ ““'\
motion to arrive at a general expression for the acceleration an object / N
is experiencing when it moves in a circle at constant speed. / 3
Consider a particle moving in a circle of radius r with uniform angular i \
speed (Fig. 5a). At ope instant the particle is at A, and its instantaneous l g |
velocity is v in the difection AA’. \ f‘}\‘ /

g },
A very short time later 6t later, the particle has moved to B, a distance \ _!f‘-"a’\\ ; ¥ n
rd0 along the arc, where 00 is a small angle and its velocity is v in the \8 '
direction BB’ at this time. 1 MEA i 4!

With reference to the vector triangle in Fig. 5b, the arc length can be
approximated to a chord.

For small angle 86, Figure 5a
8v =~ vob
Svist =~ voo/dt
ov_,d6
dt dt
a, =vw
Similarly, a, = (rw)w = rw’
2
a, = V(E) o= Figure 5b
e -

As 8t (or 56) (Fig. 5b) becomes smaller, the angle between 3v and either v, or v will tend to 90°. Since either
v or vp are the tangents to the circular path, this means &v will point towards the centre of the circular path.
Similarly, its acceleration will point towards the centre of the circular path because 6v and its acceleraticn are
in the same direction. This type of acceleration in uniform circular motion is called centripetal acceleration,

The centripetal acceleration is directed radially inward towards the centre of the circular path. The
direction of the centripetal acceleration is continuously changing.

For an object in uniform circular motion, there is no acceleration component in the tangential direction
(i.e. angular acceleration), or else the magnitude of the velocity vector (tangential or linear speed) would
change. :

Hence,

2
. ; v
Centripetal acceleration, a, = — =mw? =vw
r

Conceptual Questions:

(a) Is an object travelling at non-uniform speed accelerating?
Yes, acceleration involves any change in velocity (magnitude and/or direction), and the speed is
changing in this case.

(b) Can an object traveiliﬁg-_épﬁééﬁstant speed be accelerating?
Yes, although its speed may be constant, its direction of motion, thus its velocity, may change, hence
there must be an acceleration.
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Centripetal Force (F)

In the last secticn we discovered both the magnitude and direction of the acceleration associated with circular
motion. We now move into the dynamics of circular motion, quantifying and identifying forces that can
constrain objects to adhere to such circular paths.

To provide acceleration, there must be a net force. Thus to produce a centripetal (inward) acceleration, there
must be a resultant force towards the centre of the circular motion. As the resultant force is centre-seeking,
we call it the centripetal force. -

From Newton's second law ( > F = ma),

2

my 8 . ; ;
Fe =mar.= — = mrw? = mvw, and it is always directed toward the centre of the circle.
r

Note: In general, when a force is continuously applied at an angle of 90° to the direction of motion (as is
centripetal force), only the direction of the velocity changes.

Conceptual Question: Is there work done by a centripetal force?

A centripetal force does no work because there is no displacement in the direction of the centripetal force.
The centripetal force is always perpendicular to the direction of motion (displacement).

Note: For uniform circular motion,
e Centripetal force does not denote a new and separate force created by nature.
» Centripetal force is provided by the net force pointing toward the centre of the circular path, and this
net force is the vector sum of ail the force components that point along the radial direction.

Centripetal force is not a new type of force. “Centripetal” is just an adjective employed to describe
the action of a force that is causing circular motion. E.g. the force of friction acting between the tires
of a car and the road can provide a force which will allow the car to be steered around a bend. In this
case it would be legitimate to call the friction a centripetal force because it acts in such a way as to
cause circular motion. Friction is also the force that exists between the brake disc attached to the
wheels of a car and the brake pads attached to the car itself which slow the car down when required.
The friction is now acting in such a way as to cause linear deceleration of the car and could now be
better described as a braking or resistive force but definitely not a centripetal force. Moreover the
term “centripetal force” should never appear in a Free Body Diagram of an object in circular motion.

6.4 Problem solving for Circular Motion
6.4.1 General strategy for solving circular motion problems

1. Identify the object undergoing circular motion (and the relevant known quantities such as m, v, r, w...).

2. Draw a free body diagram of the object, carefully identifying the individual forces experienced by the
object.

3. Resolve forces into relevant perpendicular “directions” or use triangle of forces to arrive at a net force
acting on the object.

2
4. Equate this netforce to -%’-—,.to;.ascertain any unknown.
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6.4.2 Horizontal Circular Motion

Example 3 - Conical pendulum

In a conical pendulum system, a small pendulum bob of mass 0.50 kg is rotating in a fixed horizontal plane.
The string is 30 ¢cm long and makes an angle of 15° to the vertical.
Calculate the (a) tension in the string,

(b) linear speed of the bob- and

(c) period of oscillation of the bob.

i,
P,
T owmaoov F o
W:Wﬂ _
a) T cos 15°= w9
1"&"’": :’:—F - mA9 1 & to-m)C‘i-h) C-) verw
_— . V oy
sre = o 1o Bgen e
Tcos®—mg=0 N - =0. 1
- Tl e T Y QTMIS_'
[cos © = M9 —0 N
o : - 2 2 - v b
0:p Lol =2 g2 TR0 Tw0:-(2) £0ng)
T-Cﬂcg Py 2 » - 5
tan & = }Z;_ T'C"ﬂ() + (mg)

Example 4

Explain with the aid of a diagram, why the mass at the end of a light inelastic string cannot be whirled in
uniform circular motion in such a way that the string is horizontal.

R TP 9=90" Chovizovial chving), me & no verhal
Component of tie e ?povia{go{ 9, e shvive, 4o
W= coumtract 4, wﬁgh-{- of +a lob tms e Lob

Covmot remain [n 4ot position with @ =90

Tcos 6 =mog
A © =907,

cos © -—‘»U/

thus T &

10
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Example 5 - Car going around a bend

(a) A bend in the road has a 50 m radius of curvature. A car of mass 600 kg takes the bend at 45 km h'.
i) What is the centripetal acceleration of the car?
ii) What is the centripetal force experienced by the car and what provides it?

at which the car can turn this bend safely? (Recall: frictional force = piN)

iii) If the coefficient of friction, p1, between the tires and the road is 0.50, what is the maximum speed '

Zry oy

ontaf

iv) What will happen to the car if the driver decided to take the bend at 60 km h™' instead? pormg| d
= Va' - t'\ .Fg,as,
(). a= -, W
= 23 Centre of circular path Hictm | O %
= b4
=225 ) \)
= . Looo - ”
23 m|s (v, 60kmfh = = 7on= eight,
a = i
Go), FC £ hﬂ: tf?«'—}m{s o
= m@.(27) o fl*G,, )
s ma
=(875
900N
Ty will cked off e wad
(1) +e— : TF=wa
2
- v
=
= ._“.‘*_,V’-
N =
pav?
M'm'?)" g
v.650(4.R1) = Zv=(6m(s

(b) When the car negotiatgg a corner on horizontal ground, the frictional force between the tyres and the
ground is the only force providing the centripetal force. As there is a limit to this frictional force for a

particular road surface, there is a maximum speed which the car can make the turn safely, above which
skidding will occur.

Hence, some corners (especially at race-tracks) have raised embankments to increase the maximum
speed at which a vehicle can take the corner than if on a level road. It does so by making the normal
contact force contribute a component to the centripetal force.

which the normal contact force is able to m_ rovide
‘centripetalforcexi.e. no fnctmnal force required).

t4&EramPammey/ _
- Centre of circular path
+
A Neos®—w =0
Nes € cmg — ©
. NSwo v
Y -0 Nese® —=;'§—-——~ 1

fm O

2
£—|
9

7 e g PR =5 =2 s
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Example 6 - Aircraft banking turn

When an airplane flies, it's the flow of air around the wings that generates a force (also known as lift), which
is assumed to be perpendicular to the wings. If the plane flies level at constant speed, then the forces

acting on it are:
Lift

Weight

When an airplane executes a tum, it tilts its wings, so that the lift makes
an angle 8 with the vertical (known as the banking angle), and now has

a component in the horizontal direction, that helps the plane to tum. h 4

This maneuver is known as banking. Centre of
' ¥ circular pat]

Express 6 in terms of the linear speed of the aircraft v and the radius weA 5"‘+

of the tum r.

|

N.B. Lift on the plane is always perpendicular to the wings.

7+ Z_F:w,q

. o= Mmv2
Lsn0 =20 —@

+
T t Leos @ =0
Lco.f.'@:ma —Q
@.’@ _ vz
8 o =,

12
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~6.4.2 Vertical Circular Motion

When objects travel along a vertical circular path, the speed of the objects is often not constant due to the
influence of gravity, resulting in non-uniform circular motion. If, at each point of the motion, we resolve the
netforce into its tangential and centripetal components, then the former changes only the speed of the motion,

the latter changes only the direction of the motion. Calculations-wise, the equation for centripetal acceleration
2

is still K—, just that centripetal acceleration must now vary as the speed changes. The principle of
r

conservation of energy provides the mostconvenient method to determine the speed at any position.

Example 7 - Rolier coaster

Some roller coasters have several loops along the track. The picture on the right illustrates such a coaster
executing a loop-the-loop. e ma

wal| Copfact —

{
Fovee) “—% -

s

(a) If a passenger car for a roller coaster enters a loop of radius 19 m at position 1 with a speed of 33 m s,
determine the normal contact force the track exerts on it at
i) the bottom (position 1) and
ii) the top (position 2) of the loop.

(b) Find the minimum speed at which the passenger car must travel at while it is at the top of the loop in
order to clear the loop safely.

Assume the total mass of the vehicle and its passengers to be 170 kg and no friction.

2 Rossasr )
= N ; v %

v « !( i }ﬂma —~ ma N

ww‘2 * < £ mo = VY,
N= "% + g 2" UF
2 " g8y ==

) t(FO(T.R0)= .1 10N
V= (3. Fum[s =Vy

ke -+ GPE
Loss in KE = gain v GPIz

~-mg 5_'lmvz‘- :}lm L = mgh

( vy
<
=130 (12 ~oca. 21) 3692 4u = 13 x9)

13
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Example 8 — String and bob
A stone of mass 800 g is tied to one end of a string and is whirled in a vertical circle. The string is
inextensible and of length 1.2 m. The stone is projected with a certain speed va as shown below.
(i) Determine the minimum speed the stone must have at the top of the
circular motion if the string is to be taut at the top. _
(i) Hence, show that the stone can complete a vertical circular motion if 12m
va=9.0ms™. :
- - = b \\ . -
i P %a ; :vhem +Hac g
s (s = = - e -
i'n-\.rm«j‘ %@T Gremsom)  — ( x—v‘ R S e - R
:\k r=l.2m .raung_ ot Hawe Va
\“\-._" i — = N
i £ f"“"(,
T=0
; =m ;
ty:mat T qz G, Loss m KE =gain in GPE
mg < oy 4% 0w
1.8 '*Vvk 2, < vt T mgh
’ T g ERVEL W 3N
[ 2VA ER ; )= TS (ox1.2)
V—.g.*fiwf,s Va :?.6-?».;3
Since 4t stoul Travels ok Vg =%.0m/s
whith exceeols 4ag winpmwm Va ¢+ will
he able o  omplete 4t verticarl civtntar

wmaotlov.
In some other instances of vertical circular motion, the speeds of the objects are made constant
(e.g. Ferris wheel). In these cases, the objects are undergoing uniform circular motion. You will
encounter some of these applications in the tutorial.

14
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Chapter 7: Gravitational Field

H2 Physics Syllabus 9748

Content

Gravitational field

Gravitational force between point masses
Gravitational field of a point mass

Gravitational field near to the surface of the Earth
Gravitational potential

Circular orbits

Learning Outcomes

Candidates should be able to:

(@)

(b)

()

A

(€)

()

(9)

(h)

U

0]

show an understanding of the concept of a gravitational field as an example of field of force and
define the gravitational field strength at a point as the gravitational force exerted per unit mass placed
at that point.

recognize the analogy between certain qualitative and quantitative aspects of gravitational and electric
fields (will be done in the chapter on electric fields).

Gm,m,
r 2

recall and use Newton'’s law of gravitation in the form F =

from Newton's law of gravitation and the definition of gravitational field strength, the equation

g= —EE for the gravitational field strength of a point mass.
r

. GM -~ ) .
recall and apply the equation g =—— for the gravitational field strength of a point mass to new
¥

situations or to solve related problems.

show an appreciation that near the surface of the Earth g is approximately constant and equal to the
acceleration of free fall.

define the gravitational potential at a point as the work done per unit mass in bringing a small test
mass from infinity to the point.

; : GM ; :
solve problems by using the equation ¢ =——— for the gravitational potential in the field of a point
r

mass.

analyse ‘circular orbits in -thef_.in’_igﬁrée square law fields by relating the gravitational force to the
centripetal acceleration it causes.; N

show an understanding of geostationary orbits and their application.
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71 Newton’s Law of Universal Gravitation

Newton's Law of Universal Gravitation states that:

Every particle attracts every other particle with a force that is directly proportional to the product of their
masses and inversely proportional to the square of the distance between them.

-—

Consider two particles (point masses) of masses m; and m; separated by a distance r. Each will exert a
force F on the other, given by -

F=G-L-2 mlmz
2
where F : gravitational farce between the two particles.
my, my : masses of the two particles.
r . distance between the two particles.
G : gravitational constant.
F 4 g
my \ st r

The two forces form an action-reaction pair and have the following characteristics,

e are equal in magnitude,

e are opposite in direction,

¢ act on different bodies

o are of the same type (gravitational force).

G is called the gravitational constant (or constant of universal gravitation), which has been measured
experimentally to be: G =6.67 x 107" N m? kg,

Important points to note about Newton’s Law of Gravitation

1. Newton's Law of Gravitation is a universal law. It applies everywhere in the universe.

2. Attractive nature of gravitational force: Note that the particles in this case are always attracted to
each other.

3. The gravitational force is a field force that always exists between two point masses regardless of the
medium that separates them. In fact, it would still exist if there were no medium between them.

4. Inverse-square law: -
Newton’s Law of Gravitafior_is'an exampie of an inverse-square law, i.e., the force is inversely
proportional'to the square/of the separation of the particles.

Fcu:i

r?

5. Newton’s Law of gravitation force can be applied to spherical bodies as though they were point
masses with all their mass concentrated at their geometrical centres.
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69012 fople we ‘?\ Disiance
\:‘fe’?_ N here hppie waighs
By £ IN rere

/ 4/ T \ Iéravf?chomt force ~ L T

Example 1: Does the Earth fall towards the apple?

Suppose an apple drops from a tree and moves towards the ground.
Estimate the acceleration of the Earth towards the apple.

(You may assume that mass of Earth to be ~ 10 kg.)

Solution:

Since both the apple and Earth have mass, they obey Newton's Law of
Gravitation.

« The apple is attracted towards the Earth, i.e. Earth exerts a gravitational force on the apple.
» By Newton's 3" Law, the apple will exert an equal and opposite gravitational force on the Earth:

|Feamnl = |Fapprel
= Weight of the apple
=mg =(0.1kg) (981 ms?) =0981N=1N

Assuming that no other forces act on the Earth, then the gravitational force acting on the Earth will cause
the Earth to accelerate.

By Newton's 2™ Law,
Resultant force acting on Earth

Mass of the Earth

The acceleration of Earth, a =

F,

=2 earth

Moarin

(1 N)/(10% kg)

=10 ms?

What is the physical significance of th|s calculation?

Although both the apple and the' Earth expenence the same magnitude of force, the mass of Earth is much
larger. Hence, acceleration a of the Earth is so small that its motion is negligible.
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Example 2: Finding Resultant Gravitational Force (Serway and Vuille. p209. Example 7.10)

If several particles are present, each pair will experience a mutual
gravitational attraction. The resultant gravitational force on a given
particle is the vector sum of the separate attractive forces acting on
the particle due to individual particles interacting with it.

Three 0.300 kg billiard balls are placed on a table at the comers.of a
right triangle.

Prove that the resultant gravitational force on the cue ball m;, resulting
from the other two balls is 7.65 x 107" N, 29.3° anticlockwise from
positive x-axis.

(e ?

s P
Solution: %
HJHII.
=T =23 x(0"N
1=
_ M;Mf - _n
1:;‘ = (:——;-:': = LA4F%(0 N
16
F2 fr e, = F4s 207N
t:l
tan 0= =
1)

0:=29.3" 4« Ha e x-axs
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Example 3: Discovering the Inverse Square Relationship (Coletta, P140)

Before Newton, Kepler had made a study of the motion of planets about the sun and had devised three
laws based on his observations of the planets about the sun.

Kepler's Third Law states that:

Thezsquare of the time of revolution of a planet (i.e. its periodic times T) about the sun is proportional to
the cube of its mean distances (1) from it, j.e. T2 « /°.

Itis said that Newton could have discovered the inverse square relationship in the Law of Gravitation from
Kepler's Third Law. Can you show that Kepler's 3" Law reveals this inverse square relationship?

Solution:

Consider a planet of mass m revolving around the Sun of mass M in a circle
of radius .

As, the planet revolves, its velocity keeps changing as the direction of motion -
keeps changing. Hence, the planet is accelerating. From Newton's 2nd Law, J
we know that a resultant force must be providing this centripetal acceleration.

The gravitational aftraction of the sun on the planet keeps the planet in orbit
..e. the gravitational force acting on the planet (by the sun) provides for |
the centripetal force required for the planet to maintain circular orbit .
about the sun. ;

By Newton's G Law, Fgrawtatiortar = MAcentripetal
- 2
= Fnra\ntaﬁonai = m(f’w)
(22Y  4ximr
A Foravitationat = 17| —} =

Kepler's 3rd Law states that: T? «r® = T2=kr® where kis a constant.

= F gravitational — ——5— = o

Az mr 4}1':1111'_(43'2 m
y i ket k)

m
= E gravitational % —
o

Hence, the gravitational force exerted by the sun on a planet is proportional to the mass of the
planet and inversely proportional to the square of the distance between the planet and the sun.

= Obeys an inverse square relationship!
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Example 4: How do you ‘weigh’ the Earth? The Cavendish Experiment - Sixty Symbols

When Newton first discovered his Law of Gravitation, he had neither the value of G nor the mass of the Sun.

In 1798, a hundred and twenty-one years after Newton proposed the Universal Law of Gravitation, Henry
Cavendish' conducted the first experiment to measure the force of gravity between masses in the laboratory,
and obtained accurate values for the gravitational constant, G and the mass density of the Earth.

With the value of G, it was possible to obtain a value for the mass of the Earth.

By considering the motion of the moon about the Earth, show that the mass of the Earth m. is approximately
6 x 10 kg. You may assume that distance between Earth and the moon r=4.0 x 10° m.

Solution:

The gravitational force acting on the moon by the Earth's
gravitational field provides for the centripetal force required by
the moon to move in orbit about the Earth.

By Newton's 2™ Law,

Fy=mya,

Substituting for G, r, and since we know that the moon takes approximately about 1 month to make one
complete revolution around the Earth,

47° 47 (4x10° m)’ - »
M= ——5 = —-=564x%x 10 kg ~6 x 10" k
- ¢ G T G (30x24x60x60s) 2 4

Hence, we have found the mass of the Earth!

' https://en wikipedia.org/wiki/Cavendish_experiment
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7.1.1 Geostationary Satellites

Geostationary satellites are satellites with orbits in which the satellites are always positioned over the same
geographical spot on Earth.? They appear stationary when seen from Earth.

Key Features of Geostationary Satellites:

1. Period
o 24 hours.

2. Direction of rotation i
o same direction as the rotation of the Earth, i.e. from west to east.

3. Plane of rotation
o The plane that contains the orbit of the geostationary satellite as well as the equator.

The gravitational force on the satellite is always directed towards the centre of the Earth and so any
circular orbit must have its centre at the centre of the Earth. If the orbit is not in the equatorial
plane, the satellite will sometimes be over the northern hemisphere and sometimes over the
southern hemisphere and so will not be geostationary.

3

North Pale Non-geostationary satellite
1

South Pole

Figure not to scale

Advantages of Geostationary Satellites

1. As they remain stationary above the same point on Earth, they are ideal for use as communication
satellites as they require no tracking to receive signals from Earth. This is why there is no need to
keep adjusting the satellite dis(ﬂ grg\x?ceive TV signals from a particular geostationary satellite.

|

Al

are

2. As geostationary satellites ioned at such a high altitude (see Example 5 for its height above
the Earth's surface), they ¢an-view almost the whole Earth disk below them, rather than a small
subsection. Hence, they are ideal for meteorological applications and remote imaging.

? Besides the geostationary orbits, sateflites can have other orbits as well. Check out the following sites for different types of
satellites, orbits and functions.

http://earthobservatory.nasa.gov/Features/OrbitsCataloa/

http:/iwww satellites. spacesim.org/english/engineer/copyfindex.him!
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Disadvantages of Geostationary Satellites

1. As geostationary satellites are positioned at such a high altitude, the spatial resolution (ie. the
amount of detail shown) of their images tends to be not as good as satellites which are much closer

to Earth. g

2. Another problem with geostationary satellites is that since they are positioned above the equator,
they cannot see the north or south poles and are of limited use for latitudes greater than 60-70

degrees north or south.

Example 5: Geostationary Satellite

A communications satellite of mass m is placed in a circular geostationary orbit.

Find its height above the Earth’s surface.
(Take radius of the Earth to be 6.38 x 10° m and the mass of the Earth to be 5.98 x 10** kg).

Solution:

N2l s Fg = wac

C-,,ﬂ-:.. :mkwl
R " 2
2
:mR,(_-?)
y 3 Bt >
Re-awvongig , = T

For 5eag+m+f%v7 sorfel | tes, T=2¢%h
R = :‘J (6.6%xc0 ') (5.98 xro“’)(z’;txﬁgxbo)z
B 3

4T

= 3% (DT m

H..."Sh'{’ abowe e eavth’s curface,

].
h= R- padius of eavin= &23x (0 - 6FRx(0°=2 SFre(0
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7.2  Gravitational Field Strength

The gravitational field is a region of space where a mass will experience a gravitational force.

Consider a particle of mass m placed at a point in a gravitational field (due to another mass M).

Fq
e ) 7]

The particle would experience a gravitational force, Fg, in the gravitational field, given by:

Fg=mg

Definition: Gravitational Field Strength, g

_The gravitational field strength g at a point is the gravitational force per unit mass acting on a small mass
placed at the point.

F
-
4 m

where gravitational field strength at that point
gravitational force acting on mass m placed at that point in

the gravitational field.

e

Notes:
1. S.l.unitofg: Nkg'orms™.

2. gis a vector quantity. Its direction is determined by the gravitational force acting on a mass m
placed at the point in the gravitational field.

3. Mass m is a particle that is placed in the gravitational field. It is not the mass that is creating the
gravitational field. Hence, mass m is often known as the test mass. The mass M that is creating the
gravitational field is known as the source mass. The presence of the test mass is not necessary for
the field to be present.

4. gis also commonly known as the acceleration due to gravity or gravitational acceleration.
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7.2.1 Gravitational Field of a Point Mass
If a particle of mass M is placed at some point in space, it will set up a gravitational field around itself.

Suppose we wish to determine the gravitational field strength g at a distance r away from this point mass M.
We need to place a test mass m at the distance raway from this source mass M.

F
M @ e I

The test mass would experience a gravitational force F as it is in the gravitational field created by M.
By Newton's Law of Gravitation,
= The magnitude of the gravitational force acting on m due to the gravitational field set up by M,

F:GM_T
F

From the definition of gravitational field strength,
= The magnitude of gravitational field strength due to M at a distance r away from M,

_ Magnitude of Gravitational force acting on test mass m
Mass of test mass m

F 1
= g/ NKkg
i i
G Mm 9.81 ) inverse square relationship: g o« 1/
m i
M 1
=G5 Re “rim

Gravitational Field Strength due to a Point Mass

M ..-—""'

The magnitude of the gravitational field strength at a point due to a patticle of mass M at a distance r away
from the mass is given by:

g= Gif_
=07

~ Note:

The equation is also for valid for gravitational field strength outside spherical body of uniferm density or
spherical shells of uniform density, where its whole mass is concentrated at its geometric centre,” r would
then represent the distance between the test mass and the geometric centre of the source mass.

® Read about Newton’s Shell Theorem in Appendix A and gravitational field outside and within a sphere in Appendix B,
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7.2.2 Representation of Gravitational Field

Besides using arrows to represent the gravitational field, another way to visualize the gravitational field in a
region of space is to model it using field lines. The gravitational field lines are related to the gravitational
field in the following manner:

1. Direction =
The direction of the gravitational field strength g is tangent to the gravitational field line at each point
in space. E

2. Magnitude =

The magnitude of the gravitational field strength is proportional to the number of lines per unit area
through a surface perpendicular to the lines.
Therefore, g is large when the lines are close together and small when they are far apart.

Gravitational Field Line Diagram
for a point mass for Earth (spherical mass)

Area perpendicular

/ to the field lines

Ciose to the surface of the Earth, the field lines
look like:

« The gravitational field in the vicinity of a point
mass is always directed radially towards the
point mass.

» The magnitude of the gravitational field is
inversely proportional to the square of the
distance from the point mass. Therefore, the

number of field lines per unit area decreases .

the further away one is from the point mass,
indicating the diminishing strength of the
field.

= The field is really 3-dimensional, but on

paper, we can only take a 2-dime

slice of it. Thisis a radial or sbl?ﬁ ical field.

Note that />

1. Field lines do not start or stop in empty
space. They end on a mass and extend
back all the way to infinity.

2. Field lines never cross.

* https://en wikipedia.org/wiki/Gravity_of Earth

The field lines are directed downwards (the
direction in which a body near the Earth’s
surface would feel a gravitational force).

The field lines are parallel and equidistant
indicating that the field is constant, or
uniform.

The number of field lines per unit area is
approximately constant for about 10 km in
height from the Earth surface. Thus the field
strength is approximately 9.81 m s “ (See
Example 6 next page)
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Example 6: Gravitational Field Strength near the Surface of the Earth
Assume that the Earth is not rotating and is a perfect sphere of uniform density.

(i) Calculate the gravitational field strength of the Earth at its surface. =

(i) Given that Mount Everest is 8.85 km high, compute the gravitational field strength of Earth at the
peak of Mount Everest.

(iii) Comment on your values computed above.

You are given the following information:
e Mass of the Earth, m: = 5.98 x 10* kg
« Average radius of Earth, r= = 6.37 x 10° m

Solution: h =8.85 km +

() The gravitational field strength at the surface of the Earth,

24
Me - (667 x 10" Nm2kg?) | 238x107kg | _ g g3 me2
s

Osurface = G
e (6.37 x10° my?

(i) . The gravitational field strength at the peak of Mount Everest,

T 24
Geversst = G—TE__= (6,67 x 10" N m?kg?) | il 1 =9.80ms?
(. +h) | (6.37x10° m + 8.85 x10° m)’

(i) Comparing the values computed in (i) and (ii), we see that
®  Gsutace > evorsst DY ONly approx. 0.03 m s (about 0.3%).
¢ Hence, for the purpose of calculations, g may be taken to be constant near the Earth surface.

Furthermore, for heights h near the surface of the Earth such that h << rx, the value of ¢ may be
taken to be constant.
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7.2.3 Gravitational Field Strength (Acceleration due to Gravity)

If the only force acting on a mass m is the gravitational force, which is given by mg, where g is the
gravitational field strength at the point, then applying Newton’s second law,

mg=ma
a=g

Hence the mass will have an acceleration equal to the gravitational field strength g. Thus the gravitational
field strength g is also known as acceleration due to gravity.

Note: There is a subtle difference between acceleration due to gravity and acceleration of free fall. Refer
to Tutorial 7A D10(e).

7.2.4 Measurement of acceleration of free fall

One method of measuring the gravitational acceleration g is to examine the acceleration of an object when
it is allowed to fall through a distance. Below is a description of the experiment.

electromagnet electric

~] | stop-clock
/-% ' \

steel ball-—
bearing

h
232
g%

lock

two-way swiich | operating:
I small s
impactxswitch ! miagnet 12 Va.c.
\ I
o ‘ - — adjustable
M i e terminal

% N
hinge ‘trap door’
In this experiment, a steel ball-bearing is made to fall a known distance, s, from rest and the time taken to
fall this distance is measured using an electric stop-clock.

When the two-switch is changed to the ‘down’ position, the electromagnet releases the ball and
simultaneously the clock starts. At the end of its fall, the ball opens the ‘trap door’ of the impact switch and
the clock stops

Assuming air resistance is negligible and applying the equations of motion,

s=ut+ %atz = g= L where t is the time taken to fall the distance s.
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7.2.5 Variation of g

However, when we try to measure the value of g at various regions on Earth, the value of g varies. At the
poles, g is 9.83 m s? while at the equator the value is 9.78 m s (In Singapore, itis about 9.79 m s7?).

What accounts for this variation? There are mainly three factors affecting the value of ¢ measured.

_

(1) The Earth is not a perfect sphere

North pole

Earth is approximately an ellipsoid, flattened at the poles and bulging at the equator. Its equatorial radius is
greater than its polar radius by 21 km. Thus a point at the poles is closer to the dense core of the Earth
than a point on the equator. This is one reason the gravitational field strength increases as one proceeds,
at sea level, from the equator towards the poles.

(2) The density of the Earth is not uniform

The density of the Earth varies from region to region over the Earth’s surface. The northern hemisphere, for
instance, has far more land area than the southern hemisphere. Accurate measurements of the
gravitational pull are used to identify different densities of materials beneath the Earth's surface. These
measurements are used in prospecting for oil, coal and other minerals.

(3) The Earth is rotating

The Earth rotates about an axis passing through the poles. Because of the Earth’s rotation, the gravitational
pull on a body at the equator has to also provide the body with a centripetal acceleration required for
rotation. Therefore, the measured gravitational acceleration is smaller at the equator.
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W

Example 7: How Earth’s rotation affects the weight measured

Consider a crate of mass m resting on a weighing machine at the equator.

Take the Earth to be a uniform sphere of mass M and radius R,
spinning on its axis.

(a) On the diagram, draw all the forces acting on the crate.

(b) Write down an expression for the reading of the weighing
machine supporting this mass,

(c) Write down an expression for the ‘apparent’ gravitational
acceleration indicated by the weighing machine.

Solution:

B\l NZL/ F5,. N = nmGc

N=Fy - M.

B\{ N;L} mmﬂ_ g.F N}: Mag o-FN

N’:rg-mac
)
= s z
) . Wpowt o K. FePR N o gen D oom
G appanent P ” = = ~fe

%
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7.2.6 Weightlessness

There are two types of weightlessness — true weightlessness and apparent weightlessness.

True Weightlessness =

An object is truly weightiess when there is no net gravitational force acting on it, such as when it is at
an infinite distance away from any other body, or when it experiences opposing grawfatlonal forces that
exactly cancel one another out.

Apparent Weightlessness

An astronaut orbiting the Earth in a space vehicle with its thrusters off is often said to be ‘weightless’ as well.
To understand why, let us try to ‘weigh’ this astronaut in the space vehicle.
Suppose an astronaut is standing on a weighing balance in a space vehicle orbiting the Earth.

Let us first consider the space vehicle, astronaut and weighing balance as a single system.

X The only force acting on this system is the gravitational force

Space S
due to the Earth's gravitational field, F,.

vehicle

| e Since the space vehicle is in a circular orbit around the Earth,
~ = Fg4 provides for the centripetal acceleration required for the
space vehicle to move in a circular orbit.

! N By Newton's 2nd Law,

r . i
g oL
1

r i

T . But Fg=Msys g

\ ! >M g=M a

. 4 Sy
RS . Therefore, a=g

el = The space vehicle, the man and the weighing machine all have
the same acceleration of g.

Now consider forces acting only on the astronaut at position X in the orbit

By Newton's 2nd Law,

N, Force on astronaut by weighing
balance mg—-N=ma

7N where m is the mass of the astronaut and a is
\l( { = the acceleration of the astronaut.

However, from above, a = g.

Therefore, mg—N=mg

Gravitational Force on astronaut by

the Earth's grawtabonal field , mg = N=0

Therefore, we see that the weighing balance
does not exert a support force en the astronaut.

By Newton's 3rd Law, the astronaut does not exert a force on its support, the weighing machine. The
reading indicated on the weighing machine is zero. The astronaut thus experiences the sensation of

‘weightlessness’.
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Hence, an object is considered to be (apparently) weightless when it exerts no contact force on its
support. This happens when the object is accelerating with an acceleration of g, e.g. an object in free fall
or an object orbiting around the Earth.

Summing up,

Weightlessness

- / Apparent

True Weightlessness
Weightlessness

| !

‘Weight' is perceived to be what a bathroom scale reads.

Weight is defined to be the gravitational force "Weight' is the force required to suppori the body.

acting on a mass placed in a gravitational field.

W=mg i
l lrztgpzr@!: =N=0
T#=0 when g = 0 No support is exertad on the body

Object is truly weightiess when it experiences no gravitational field o thebody doss et exartay Serces ol e sRpRod.

R 1

a =
o An object placed at a particular point Example . g
Al infinite distance between the Earth and moon where '/ w:mpge
away from any body the gravitational fields due to the

Object in free fall

Earth and moon cancels each other. Astronaut orbiting

rocund Earth
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7.3  Gravitational Potential and Gravitational Potential Energy

7.3.1 Gravitational Potential Energy
Consider a region of space in which a gravitational field, exerted by source mass M, is present.

m
i, _

Consider a mass m placed in this gravitational field. If we apply an external force to this mass to move it
between two points, from A to B, without any changes in its kinetic energy. By conservation of energy,
whatever work is done by the external force would be equal to the change in gravitational potential energy
of the mass m, i.e.

work done by an external force to move m from A to B in the gravitational field,
W=AU_,=U,~-U,

where AUgs : Change in gravitational potential energy of the particle as it moves
fromAto B
Uy : Gravitational potential energy at A
Us : Gravitational potential energy at B

Choosing point A to be at an infinite distance from M, then the gravitational field strength due to M would be
zero there. If we set the gravitational potential energy to be zero at that point (U, = U, = 0), then

W=AU,=U,~U,=U,

i.e. the work done by an external force to move a mass m from A (at infinity) to a point B without a change
in kinetic energy is the gravitational potential energy of the mass at B.

Definition: Gravitational Potential Energy, U

The gravitational potential energy of a mass at a point in a gravitational field is the work done by an
external force in bringing that mass from infinity to that point, without any change in kinetic energy.

Following the definition, the gravitational potential energy U of a system of two point masses M and m

_.G,i‘f’" dr. It can be shown that

separated by a distance ris given bf L:

i i

* A more rigorous derivation of the Gravitational Potential Energy (GPE) between 2 point masses and the gravitational potential of a
point mass can be found in Appendix C. Although it is not in the syllabus, the derivation helps you associate fo the definition of
gravitational potential.
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Note:
1. S.L unit for U: joule (J).

2. The gravitational potential energy is actually a property of the system of two masses rather
than of either mass alone. There is no way-to divide this energy and say that so much belongs to
one mass and so much to another. Therefore, it is more appropriate to say that it is the
gravitational potential energy of the system of M and m.

Nevertheless, if M >> m, as for the-case of the Earth and the apple, we often use the phrase “the
potential energy of the apple”. This is because when an apple moves in the vicinity of Earth,
changes in the potential energy of the Earth-apple system appear almost entirely as changes in
kinetic energy of the apple, since the changes in the kinetic energy of the Earth is negligible.

(78]

Uls a scalar quantity. Note that it can be positive or negative in value. In fact, gravitational potential
energy is always negative. However, the negative sign has nothing to do with direction.

4. Why is U negative and what is the significance of the negative sign?

Gravitational force is attractive in nature. To bring a mass from infinity to the point in the field without
changing its kinetic energy, an external force opposite to the gravitational force needs to be applied.
Since the external force and displacement of the mass are in opposite directions, the external force
does negative work on the mass in the process. As GPE at infinity is taken as zero, the GPE at any
point must be negative.

GAMlym

e —

fl.. !.'

Example 8: Gravitational Potential Energy of a System of 3 Masses

A system consists of three particles, each of mass m located at the comers of an equilateral triangle of side
x. Determine the gravitational potential energy of the system.
Solution:

The total gravitational potential energy of the system is the sum over all pairs of particles.
Gravitational potential energy obeys the superposition principle.

U =U12+U13+U23

total

Ko 14 =l

Sincemi=m;=mz=mand =z§ﬁ3= X

2
the gravitational potential energy of the system U = —367-
X

The absolute value of U w1 represents the work needed to separate the particles by an infinite distance.
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Example 9: Gravitational Potential Energy Changes near the Earth’s Surface

. A . :
Show that the expression U = — Gﬂ can be reduced to the expression mgAh for calculations of changes
-
in gravitational potential energy near the Earth’s surface, i.e. for h << radius of the Earth Re.

-—

Solution - i
= _(2_,:2__ & Gf"'“‘}'
a4 surfee  GPE of wass Ko an >
i =22 F
= = Ghw [ — - L 1
At hugwt 1 abor surfad, £ . Al
= = GM Z GHMwm ”..-J-=-—-=—-—-—--RE the R :|
M{_ Rg 4h L Ry (Rg+h)

y
= Ghm( Re CRpth)

-4
When h<< Rg, Rg CRg ~h) 2 Re
AY = L’f-f"ui Al (‘,Hw["ab;;_)S %ﬁmh Zmgh (shoym

Tnowee i GVE -t[r was,

Example 10: Escape Speed

The minimum speed with which a mass should be projected from the Earth's surface in order to escape
Earth’s gravitational field is known as the escape speed of the body from Earth.

Show that the escape speed of the mass m placed at the surface of the Earih is\,f?.gRE , given that the
radius of the Earth is Re and gravitational field strength at the Earth’s surface is given by g.

Solution: J‘S-W“F(—"‘ A—

COE : Total emergiy o syt Totol vy of ortwtas phuse
at surfde of earth ) Sysf@w ot infincly . Earth 5 Vet
sFimhg b+
S
o PE, + KEg = GPEn* KEL s own At

£ -
"“"Ti'; t ymed = 0 %0

. L e =
e —\tl o T Jogte Gmwr)
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Example 11: Mechanical Energies of a Satellite in Orbit

A satellite of mass m orbits Earth of mass M in a circular path. The satellite has speed v and the radius of
its orbit about Earth is R.

(a) Derive an expression for the KE and the total energy of the satellite in terms of G, M, m and R.
(b) Plot a graptr showing how each of the following physical quantities associated with the satellite
varies with distance from the centre of Earth:
(i) kinetic energy;
(ii) gravitational potential energy;
(iii) total energy.

As the satellite orbits Earth, it loses energy due to air resistance.

Solution:

(c) State whether the total energy £; of the satellite becomesor less negative.
(d) Hence state and explain the effect of this change on
(i) the radius of the orbit; |,

(i) the speed of the sateliite. T 1 dmp ooy Wy K, GPE oly Iy X, KE Wcwan byx .

Energy, E

Yri\ KE
" —— —

{ f/’ (

f ﬁ:’:

(GPE (

(

C M

%) GPE= - —¢

Gravitortimal fuce o eonth o0 ortel(te Fq P.—ovﬁ@; fov comtipetal
foce T for sotelffe 4o ynoluop unifori clveulow  viotion

GHm Y. 1.2 7p.
Flﬁ:. Fe ﬁ(,“’;:‘) LWN_ 'E= GPE +KE
GHn_ - v cre GMw B L““"ff%?
K ” g LR KM
e 2%
GHKH - W\f: TEF )_2\
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7.3.2 Gravitational Potential

Whenever a field is present in a region, we can always define a scalar property of the field at each point in
the region. This property is called the potential of the field. This poiential of a field is associated with the
potential energy per unit mass that a test mass will possess when it is placed at the point in the field.

Definition: Gravitational Potential, ¢

The gravitational potential at a point in a gravitational field is the work done per unit mass, by an external
force, in bringing a small test mass from infinity to that point, without any change in kinetic energy.

Notes:
1. S.I. unit of gravitational potential ¢ J kg™
2. The gravitational potential is a scalar quantity.
3. The gravitational potential at infinity is taken to be zero.

Comparing the definition of gravitational potential, ¢ at a point in a gravitational field and gravitational
potential energy, U of a mass, m placed at the same point in the gravitational field, we see that:

¢=U

m

Together with the expression on p. 25: U = —G@ , we deduce:
T

Gravitational Potential due to a Point Mass :

The gravitational potential ¢ at a point a distance r away from a source point mass M is given by:

=

!

Note:

1. The equation is also valid for any point outside masses of radial symmetry. This means that, for
instance, we can assume the whole mass of the Earth to be concentrated at the Earth’s centre. The
gravitational potential beyond the Earth’s radius can then be calculated using the formula given
above.

¢ A
0

Y

- r The gravitational potential at a point in the
A field is the work done per unit mass in
L ETE bringing a test mass from infinity to that point.

7 Since the gravitational field is attractive and
zero potential is at infinity, the gravitational
potential is always negative.

www.KiasuExamPaper.com
169




"—MM-‘_"“M

/

/
/

/grav. potential taking the Earth

H2 Physics C1 2016

2. All points at the same distance from the centre of the Earth will have the same gravitational potential.
Points of the same potential are known as points of equipotential. We ignore the deviations from
spherical symmetry due to mountains, seas and such.

Equipotential lines/surfaces join points of equal potential. They are very simple in the cases of
uniform fields (near the surface of the Earth) and radial fields (for point and spherical masses):

_—

i Sig Equipotential surfaces:  wsmeemmsmrrssaenens

e ~ grav. potential
N -43MJkg"  taking potential at
.. infinity to be zero

surface potential to be zero.

49.0 JIKG vaverserniins
30.2 JIKG «renrennennranees
2G4 JIKG «-semneneererans
19.8 JIKg sxssssrssencises
9.8 JIkg serevemreneenile & LU T LN
0 Jikg
uniform field
X (close to the surface of the Earth) 7 ",
T TR et
N
~
"
e O
S
e S 2

— —_

Equipotentials are always perpendicular to field lines. Diagrams of equipotential lines give us
information about the gravitational field in much the same way as contour maps give us information
about geographical heights (See next section).
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7.3.3 Relationship between Potential and Field Strength

Consider a mass M fixed in space. Suppose we move a mass m from point P to point P’ in the gravitational
_ field of M by applying an external force Fe,; such that there is no change in the kinetic energy of m. Then

= Fext = —Fg
where F, : gravitational force acting on m. (Note that f. and F, vary with r.)

The change in gravitational potential energy of m, AU, is due to the work done W, by external force Fey in
moving a mass m from point P to point P’ (without an increase in kinetic energy) i.e.,

= Wexf = AU

exi

But I, =[P, dr
P

= [ Fuudr=aU
= F.w = d_U
=
i
=% F = —E
i dr

Relationship between Gravitational Force F, and Gravitational Potential Energy U

U
£ dr

Dividing both sides of F, =—{;—U by m, we obtain:
r

Relationship between Gravitational Field Strength g and Gravitational Potential ¢

dg
=—— 4
g ¢4 ,
;l;l:nﬁai L] r
Notes: L
¢ A
1. =~ is known as the potentialgradient. A i
r =7 L _ d¢
e 9" o
2. The magnitude of the potentiat gradient at a point in :
the gravitational field gives the magnitude of the
gravitational field strength at the point.

3. The gravitational field strength points in the direction of
decreasing 4.
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Example 12: Gravitational Potential between 2 Masses (Mod TYS Pg 91 Qn 38 N93/1/5: N2000/1/7)

The diagram (not to scale) represents the relative positions of the Earth and the Moon.

Farth Qx “““““““““““““ — Moon

= Figure 21

The line XY joins the surface of the Earth to the surface of the Moon.
(a) Sketch on the same axes graphs representing
(i) the gravitational potential due to the Earth between X and Y
(ii) the gravitational potential due to the Moon between X and Y:
(iii) the resultant gravitational potential between X and Y.
(b) Sketch the corresponding variation of gravitational field strength with distance on the axis below.

Solution:

Earth

dIMIkg" 1

.

v

e e L o T Sy § it (S
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Appendices:

Appendix A: Gravitational Field due to a Uniform Spherical Shell®
(Adapted from Lieherherr, Martin. The Physics Teacher. Vol. 42. January 2004. “Gravitational Field Due fo a Sphere:
A Geomelrical Argument.” p5.) -

From the statement of Newton's law of gravitation, we see that it applies only to point masses. This is a
good approximation when the sizes of the objects are small compared to the distance between them, e g.
the Moon and the Earth.

Can Newton'’s law of gravitation be applied to an apple resting on the Earth's surface? From the pﬁint of
view of the apple, the broad and level Earth, stretching out to the horizon beneath the apple, certainly does
not look like a particle.

Newton solved this problem by using his law of universal gravitation and calculus to establish two theorems
that apply to the gravitational force exerted by a thin spherical shell of uniform density.

Shell Theorem 1:

A uniform spherical shell of matter attracts a particle that is outside the shell as if all the shell's
mass were concentrated at its centre.

Shell Theorem 2:
A uniform shell of matter exerts no net gravitational force on a particle located inside it.

Let us now examine each shell theorem in more detail:

e Shell Theorem 1:

From Shell Theorem 1, we can see that any solid spherical object can be treated as many nested
spherical thin shells with each of their centre of mass coinciding at the centre of the sphere.

The gravitational field at P due to each spherical shell
is as if all the shell's mass were concentrated at the
P centre.

Since the centre of each spherical shell is common, the
gravitational field at P, due to each shell, is directed
towards the centre of the solid sphere.

Hence the magnitude of the resultant gravitational field at P can also be written as :

g =g;+gztgst..tgy where g; : gravitational field strength due to the ith shell.
However, g;i= G%" where m; : mass of the ith shell.
r

My
2
r

Therefore, g = G%‘+Gm—j+...+G = Ez(m1 il bl )
r Fr F

G
= 3 (mass of the sphere)

We can also conclude that=—~" -

A sphere of uniform com’bosﬁion attracts a particle that is outside the sphere as if the entire
sphere’s mass were concentrated at its centre.

® Proof of %peil theorems requires techniques of integral calculus. If you are interested, refer to Resnick, Halliday and Krane.
Physics -5 Edition. Proof of Shell Theorems. pp 306 — 307.
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¢ Shell Theorem 2:

Although Newton proved both his theorems using calculus, we will present a simplistic geometrical proof
below which makes use of the concepts of similarity.

Consider an arbitrary point P inside a thin spherical shell with-homogeneous mass distribution.

Let o be the mass per unit area of this spherical shell.

“Let Point P be at the centre of a double cone which
cuts out two circular areas Ay and A; on the spherical
shell.

We can therefore see that the gravitational field due to
A; at P is directed towards centre of A, and the
gravitational field due to A, at P is directed towards
centre of A;, i.e. their directions are opposite to each

other.
(; mass of A, o4,
gduetoA, _ o _u AR
gductoA, . mass ?fA. O'_ffj An
n N

Since the two circular subtends the same angle, the cones are similar to each other.

A 5 f
Therefore, — —t=(1)’= r‘—j
A 2 7, o

gdueto A, _ 4, rf B r-z2 Aoy

gduetoA, A4 rg2 .ar-l2 f'zl

Hence,

i.e. the magnitude of the gravitational field due to A; = the magnitude of the gravitational field due to A,.

Since the gravitational field due to A; is equal in magnitude and opposite in direction to the gravitational
field due to A,, the resultant gravitational field at P is zero.

Hence, any test mass placed at P will experience no gravitational force acting on it due to the spherical
shell.

Furthermore, since P is arbitrarily chosen, we can also conclude that:

erical shell will not experience any gravitational force due to
the shell. J,

www.KiasuExamPaper.com
174



H2 Physics C12016

Appendix B: Variation of the Gravitational Field Strength above and below the Earth’s Surface

Consider the Earth to be a non-rotating spherical planet of uniform density p. Take the radius of the Earth
to be rz; and the mass of the Earth to be mg.

To determine the variation of g with respect to the distance from the centre of the Earth r, the following
results (followed from Appendix A) are useful:

Result 1: The acceleration due to gravity outside a spherical body of uniform density is the same as if
the entire mass of the body were concentrated at its centre.

Result 2: The acceleration due to gravity at all points inside a spherical shell of uniform density is zero.

With these results, we are able to obtain expressions for the acceleration due to gravity both above and
below the Earth’s surface.

Gravitational Field Strength above the Earth’s surface (r>rg)

m,

It follows from Result 1 that for r>rz, g= G£: and atr=re, g= G
=

e

Since G and mg are constants, g « Lz
#

Gravitational Field Strength below the Earth’s surface (r < re)’

Consider a point P below the Earth’s surface and at a distance r away from the centre of the Earth.
The gravitational field at P,

g =g at P due to spherical shell A + g at P due to spherical mass B

By Result 2,

Gravitation field at P due to shell A = 0, and
By Result 1,

Gravitation field at P due to spherical mass B
— gﬂf{a

—= where Mg is the mass of the spherical mass B
r

"The gravitational field strength below the Earth's surface is not explicitly required in the syllabus, it is only introduced
here for completeness.
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3

)

4 i
But Mz = p (Volume of spherical mass B) = p( ?;

Hence the gravitational field at P (with r < radius of the Earth) is:

G Am’p. 4xG
= (T By (TP,
= 3 3
Since il is a constant, we see thatforr<rg g r.

A sketch of g against ris shown in below.

g
e g (surface of earth)
assuming uniform /.
density inside
carth ;
u! ) -, O(/)‘
t \5‘/0
I &
& : _inverse-square
| & : low
% :
: Q
O e =
)
_(:':}," ./
—F 4P\
N\ \>
7>
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Appendix C: Derivation of the Gravitational Potential Energy and Gravitational Potential

Consider a particle of mass m moving between two points A and B in the gravitational field exerted by
another particle M. To find an expression for the gravitational potential energy of this system, we need to
first find the work done by an external force in moving the mass m between the two points without a change
in kinetic energy of m. -

Suppose we set up the coordinate system as below.

By Newton’s Law of Gravitation, the gravitational force® F acting on the mass m at a distance x away from
M,

Mm

2
X

FQ':_G

The negative sign here indicates that the gravitational force is pointing in the negative x direction.
For the kinetic energy of m to remain constant, we must move m at a constant velocity (acceleration = 0).
Therefore, the external force F., acting on m is opposite in direction and equal in magnitude to F.

Mm

2

X

- Foi= G

Since Fex is not constant but varies with distance x away from M, to find the work done by this external
force from maoving the test mass m between A and B,

a ry Tz
W = [F,dx= IG% BT L T (B
r - A X1, L

By conservation of energy, since there is no increase in the kinetic energy of the system,
W = Change in gravitatiocnal potential energy of the system, AU
Therefore, W=A4AU=Ug—Us = —GMm[l—l] = [— G@]—[—G@}
r I,
Suppose we choose the reference poir_jt,A for gravitational potential energy U to be zero at ry = o5, i.€.
' _. -_i),\ =U,= [—Gﬂ] =0

T4

Then, Ug—Uy=Ug= —G@
Ty

® Note that is gravitational force is an internal force to the system of M and m. To consider work done on m, we must always treat
M and m as a single system, as m only experiences a force due to the gravitational field exerted by M.
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Therefore, the gravitational potential of a test mass m placed at a distance of r away from the source mass
M, is given by

fi= _GE‘E(E B

From the definition of the potential energy at a point, the potential at a point at a distance r away from the
source mass M, -
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Appendix D: Discovery of Neptuné

In 1687, Sir Isaac Newton published Principia, which hypothesizes the inverse-square law of universal
gravitation. In his own words, "l deduced that the forces which keep the planets in their orbs must be
reciprocally as the squares of their distances from the centres about which they revolve; and thereby
compared the force requisite to keep the Moon in her orb-with the force of gravity at the surface of the Earth;
and found them answer pretty nearly.” '

Newton's theory enjoyed its greatest success when it was used to predict the
existence of Neptune based on motions of Uranus that could not be
accounted by the actions of the other planets. We illustrate the situation
schematically in the diagram on the right. The dominant interaction between
Uranus and the Sun is indicated with the heavy line, but some perturbations
associated with other masses are indicated by thin lines. Calculations by
John Couch Adams and Urbain Le Verrier both predicted the general position
of the new planet, and Le Verrier's calculations are what led Johann Gottfried
Galle to the discovery of Neptune in 1846 within hours of turning his
telescope on the region of the sky implicated by the calculations.

Years later, it was another discrepancy in a planet's orbit that showed Newton's theory to be inaccurate. By
the end of the 19th century, it was known that the orbit of Mercury could not be accounted for entirely under
Newtonian gravity, and all searches for ancther perturbing body (such as a planet orbiting the Sun even
closer than Mercury) have been fruitless. This issue was resolved in 1915 by Albert Einstein's new general
theory of relativity, which accounted for the discrepancy in Mercury's orbit.

Although Newton's theory has been superseded, most modern non-relativistic gravitational calculations still
use it because it is much easier to work with and is sufficiently accurate for most applications.

(Adapted from https://en.wikipedia.org/wiki/History_of_gravitational_theory &
http://csep10.phys.utk.edu/astr161/lect/history/perturbations html)
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Oscillations

Candidates should be able to:
(a) describe simple examples of free oscillations.
(b) investigate the motion of an oscillator, using experimental and graphical methods.

(c) understand and use the terms amplitude, period, frequency, angular frequency and phase difference and
express the period in terms of both frequency and angular frequency.

(d) recall and use the equation a = -w’x as the defining equation of simple harmonic motion.
(e) recognise and use x = x.sinwt as a solution to the equation a = -w?x.
(f) recognise and use

V = Vpcos wi

v =twix, - x?

(g) describe, with graphical illustrations, the changes in displacement, velocity and acceleration during
simple harmonic motion.

(h) describe the interchange between kinetic energy and potential energy during simple harmonic motion.

(i) describe practical examples of damped oscillations with particular reference to the effects of the degree
of damping and the importance of critical damping in cases such as a car suspension system.

(j) describe practical examples of forced oscillations and resonance.

(k) describe graphically how the amplitude of a forced oscillation changes with frequency near to the natural
frequency of the system, and understand qualitatively the factors which determine the frequency
response and sharpness of the resonance.

(I) show an appreciation that there are some circumstances in which resonance is useful and other
circumstances in which resonance should be avoided.

RELEVANT E-LEARNING WEBSITES

—

) “Vibration and Waves" free downloadable textbook hitp://www.lightandmatter.com/area1book3.him!

2) Wikipedia: htip:/fen wikipedia.org/wiki/Oscillation, http://en.wikipedia.org/wiki/Simple harmonic_motion

(%)

) University of Salford Online Lessons: hitp://www.acoustics. salford.ac.uk/feschools/waves/shm. him#motion

)  PHYSCLIP Online Lessons
a. Mechanics: SHM (htip://www.animations.physics.unsw.edu.au/mechanics/chapterd simpleharmonicmotion.html)
b. Waves and Sound: Oscillations (http:/www.animations.physics.unsw.edu.au/waves-sound/oscillations/)

5) Useful physics interactive applets http://nasir.netfirms.com/englishVersion.htm#mechanics

6) Interactive tutorial http.//www.physics.uoguelph.ca/tutorials/shm/Q shm htm|

=y
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8.0 Introduction

Oscillations occur when a system is disturbed from a position of stable equilibrium. This displacement from
equilibrium changes periodically over time. Thus, oscillations are said to be periodic and display periodic
motion. Oscillations are very common in everyday life with familiar examples such as the motion of a clock
pendulum or the vibrations of strings on musical instruments. Even atoms in a lattice vibrate. Oscillations are
also important in many mechanical systems in the real world such as car suspension. It is thus very important
to be able to understand these mechanical systems in order to control them in critical situations.

What is a periodic motion?

e Periodic motion refers to any motion that repeats itself at equal intervals of time.

Example 8.1: Periodic Motion

Which of the following cases are periodic oscillations?

A
Fig. 8.1

B
Fig. 8.2

Cc
Viibration of the cone of the loudspeaker Fig. 8.3
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8.1 Simple Harmonic Motion
For this topic, we are interested in periodic oscillations —in which an object moves about a fixed point such
that the time it takes to complete one to-and-fro motion is the same.

One of the simplest oscillations we shall concern ourselves with is known as the simple harmonic motion
(SHM). Common examples of SHM include oscillations of a simple pendulum and a spring-mass system
(assuming no loss of energy, se that the oscillations go on forever).

SHM provides a basis for the characterization of more complicated motions.

Simple Pendulum Spring-Mass System

>
1 LIS
A G i
<> m 1
! m
T'=2r |— : T=2n[|—
g : k
where T = period of oscillation where T = period of oscillation
! = length of the string m = mass of the oscillating mass
: g = gravitational acceleration k = spring constant

(Refer to Appendix 1 for proof of formula)
In general, SHM is isochronous (the period and frequency are independent of the amplitude).

Let us take a closer look at a spring-mass system and learn the terms that describe the motion.

To study the motion we can attach a pen to the mass in such a way that it tracks the motion on a long vertical
sheet of graph paper that is pulled to the left at a constant rate behind the system. This produces a trace on
the graph paper which shows us how the displacement of the mass from its equilibrium position changes with
time.

Paper pulled in this direction at constant speed
—

. displacement

mass M
oscillating up
and down

/ i,

[
pen fracking the variation of

» time

equilibrium position displacement with time.

Fig. 8.4. Tracking the oscillation of a vertical spring-mass system
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8.1.1 Terms used to describe SHM (with reference to Fig 8.4) .

Terms Definitions
Equilibrium We often measure the displacement of the oscillator from the equilibrium position. Hence,
(x=0) the displacement x = 0 is designated at the equilibrium, i.e., the position at which the net

force on the oscillator is zero.

Displacement, x

The displacement x is the linear distance of the oscillator from its equilibrium position (x
= 0) in a specified direction.

It is a vector; the + / — sign tells the direction of displacement from equilibrium.

If you set the direction for displacement above equilibrium to be positive, then
displacement below the equilibrium would be negative.

Amplitude, X, It is the magnitude of the maximum displacement of the oscillator from the equilibrium
position. Itis a scalar.
Period, T It is the time taken for an oscillator to make one complete cycle of oscillation.

S.1. unit: second.

Frequency, f

It is the number of cycles made by the oscillator per unit time:

1
f= ;
S.1. unit: hertz (Hz). 1 Hz=1s".

Angular
frequency, w

It is the rate of change of the phase angle with respect to time: @ = ?
t

Since frequency is a fixed value for an SHM oscillator, and a complete cycle of oscillation
is represented by a phase angle of 2z rad,

w= E =2xf
T
S.|. unit: rads™.

Note: this is also the familiar equation that we encountered in circular motion where w is
the angular velocity of an object moving in a circle.
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8.1.2 SHM - Displacement-time (x-t) relationship

From Fig. 8.4, we see that the variation of the oscillations of a vertical spring-mass system follows a
sinusoidal' pattern. All SHMs follow a sinusoidal motion.

Consider the spring-mass system in Fig. 8.4. Suppose at t = 0, the mass is at equilibrium (x = 0) and will next
move in the positive direction, the displacement-time graph of the oscillatory system will look like:

X

Xo*

- Xy

/ \ g
/4 I,\T;’é / T

Fig. 85. A possible displacement-time graph of a simple harmenic oscillator

From the graph, we can see that the relationship between x and f is given by

x=x,sinof

27 . o .
where w= —TEIS the angular frequency and x, is the amplitude of the oscillation.

Depending on the initial condition, i.e., when you start the timing, there are also other possible solutions. The
following table lists some other possible solutions.

Initial conditions:
(when t=0)

Displacement-time (x- f) Graph

Displacement-time Equation

Oscillation starts from rest at
amplitude (v =0)

X = Xp cOs wi

where x, is the amplitude.

Oscillation starts at positive.
displacement X’ with initial
positive velocity v

X = Xo sin (wt + ¢)

or

X = Xo COS (Wt + ¢)

where ¢ is the initial phase angle

(not in syllabus)

A Note: wfisin radila{rf.j\_gé'fnember to set your calculator to RADIAN mode before calculation!

1 Sinusoidal is used to describe the shape of any sine or cosine curve regardless of whether it is shifted by some

arbitrary horizontal amount.
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8.1.3 SHM - Velocity-time (v-) relationship and acceleration-time (a-f) relationship

From the topic of kinematics, we know that from the
displacement-time relationship of an object, we can obtain
its corresponding velocity-time and acceleration-time
relationship by differentiating the equations or analysing
the gradients of the tangents at the various points on the
graphs accordingly (see Fig. 8.6).

G{"‘dph Disp[acement-_'ﬁh;_le EQ!F?’.’EGF’F

. dx

Gradient v=—
A dr

We can similarly do so for SHM. dniihice L
i
The table below illustrates two examples.
t = 0 (initial L . : S =
conditions) Example 1: x=0, v is at maximum value | Example 2: x =x,, v=0
X
Xo A
x-t graph
t >t
/4 7 3T/4 T 1
- Xo - Xo o
Equation X = X, sinwt
v-t graph v, x
XO&J---\ / Xo®@ / \
2 it
T4 Tz T4 T t T/4 £ 3774 T
= Xo B b
- xaa;,.. ................. n&)
equation V = oX, cos ot vV =—oX, sinot
a ; an
a-t graph Xo P Xot? / \
t
BE XDa)z-.........,..,._.. o Xn&)z_
equations a=-w’x, sinot a=-w’x,cos ot
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Giventhat —1<sind <1 and -1 < coséd <1, we can also see that:

(1) Maximum value of velocity, ve:

(2) Maximum value of acceleration, a,:

where wis the angular frequency and x. is the amplitude of the oscillation.

Example 8.2 : Describing SHM in terms of time
The pendulum bob in a particular clock oscillates so that its displacement from a fixed point is as shown.

adisplacement/m

/ #
\f 3 - time /s
0 /2

(a) By taking the necessary readings from the graph, determine
(i) the amplitude x, 0.12
(i)  the angular frequency, w '% T

(i)  the maximum velocity voand v, = WXy 038 wis
(iv)  the maximum accelerationa, w?x = (205 *

for this simple harmonic oscillator.

(b) Hence, write down the equation that describes the displacement-time relationship. % = 0. [2sin3.{ £
(c) Sketch labelled graphs, illustrating the corresponding variation of the oscillator's
(i)  velocity,
(i)  acceleration
with respect to time.
N

0,
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Example 8.3: Displacement-time Relationship for SHM

The displacement x (in m) of a body moving in SHM is given by the equation
x=3.5sin 4.0t

a) What is the amplitude of the motion?

b) What is the angular frequency?

c) What will be the displacement 0.20 s after oscillation has begun?

d) Determine the velocity at time t = 0.50 s.

&) Xp= 3§
b w 4 o vad/(S
) x= 3.5 sivk0l0.20) =2.5m

A) v= 2,5 (%0) cos 40t = l4es F.0 ¢

£=0.505, v= 4o 4o (0-50) = - 5.8u/s
8.1.4 Definition of SHM - relationship between acceleration and displacement

Returning to the table on page 8 and comparing the x-t and a-f refationship for both the examples, we see
that @ = —w*x . This is the defining equation for SHM!

Definition of Simple Harmonic Motion
Simple harmonic motion is a periodic motion in which the acceleration of the oscillator

s is directly proportional to the displacement from its equilibrium point, and
« is always in opposite direction to the displacement.

2
a=-—mx

where wis the angular frequency and x is the displacement from the equilibrium point.

Notes:

(1) The negative sign in the equation indicates that the acceleration in SHM is always in the direction
opposite to the displacement from the equilibrium point; in other words, the acceleration is always
directed towards the equilibrium point.

d’x 2
(2) This is a 2nd order differential equation. Since a = ? we can write % =-p'x.
%
x=x, sin(et +¢) is a general solution of this differential equation, where ¢ depends on the starting
position of the oscillator: )

You are not required to know how to solve differential equations for the A-level Physics syllabus.
2

However, by differentiating the expression x =x, sin(at +¢) twice you can show that % =—@'x.
t

10
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SHM of Spring-mass System Explained using Dynamics "

Let us consider the oscillation of a mass oscillating at the end of a horizontal spring. Ideally, the mass of the
spring is negligible, the mass slides without friction (undamped) on the horizontal surface and the spring
obeys Hooke's Law. O is the equilibrium position, where the spring is unstretched.

7

Let us look at how the restoring force of the spring on the mass varies
with displacement x;

(a) when x is stretched to the right, the resultant restoring force is 7
7
towards the left.
(b) when x is zero (unstretched), the resultant restoring force is _ Wernonnn F =0
Zero. Z ; _E 3 )
WWW/////%

(c) When x is compressed to the left, the resultant restoring force is
towards the right.

Hence, we see that
1. the resultant restoring force is always towards the equilibrium position.

2. The direction of this resultant force is always opposite to that of its displacement at all points,
except at equilibrium position, where a = x = 0.

3. According to Hooke's Law, F=—kx, where k is the spring constant. The restoring force, F, is proportional
to the displacement, x, but directed opposite to it (as indicated by the negative sign).

By Newfon's2¥ Law, Fnet =ma

Since Fpet is provided by the restoring force of the spring, a 4
ma  =-kx N 1
k ':
a =-—x ;
m L 1 .
I 1 rx
Hence, the acceleration is - Xo Exo
o opposite in direcﬂod_;té‘:ﬁﬁie displacement and E
o proportional to the:ﬂiﬁ'ﬁlacement, with proportionality constant -k/im. A

which is the definition of SHM! In short, for mechanical oscillation to be possible, there must be a
restoring force opposite to the displacement.
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v K e m
4. Comparing the expression above with the SHM equation a = - w'x: w =—=T=—= 2er;
m aw
This is the expression we quoted for the period of the spring-mass system on page 5. Appendix 2 (pg.
29) provides the derivation of the period of a vertical spring-mass system, arriving at the same

expression.

For a different SHM system, the angular frequency o (and hence the natural frequency fand period T)
will depend on different physical quantities, but the relationship a = ~o’x always holds.

Example 8.4: Relationship between acceleration and displacement for SHM

The graph represents the motion of a particle. '

Find

(@) the amplitude of oscillation,

(b) the angular frequency of oscillation,

(c) the period of oscillation.

= Q) Xo = 30w

by —w*z g
w = f-&,oquaf{s

iR _
¢) T: = '_[‘7:;‘5

Example 8.5: Relationship between acceleration and displacement for SHM

For each box in the table below, indicate whether the direction of the displacement x, velocity v and
acceleration a of each point on the displacement time graph is "+", "-" or "0".
X

F'y
XO Sl
B
A
c > f
T/4 1/ 31/4 /1"
D
M H D
=z
KD c D E
x + S} - =
+ = — —
a = - 0 3 +
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8.1.5 Simple Harmonic Motion: velocity-displacement (v-x) relationship

The velocity-displacement (v-x) relationship for SHM is given by

v=+w

' =x)

Note:

1) The equation is provided in the A-level Physics formulae list. It is applicable whichever position the
oscillation starts from.

2) The “+" sign implies that the body in SHM always passes through each position back and forth with
the same speed.

3) Atthe amplitude positions, v = 0. At the equilibrium position (x = 0), the speed is maximum, Vo = wWXo.
4) The v-x graph is an ellipse as shown.

-X, v X
1\ > i _/‘1 _______ T
/ P

"’Xo 0 XO
-X, -V ! | i + X, -V
: = WXy )
o «

Derivation of the relationship between velocity and displacement (not in syllabus)
Consider X=XoSin{et+¢) ... )

| Differentiate (1) w.r.t. x: vzgzwxn oS(@+¢) o (2)

' Given that sin® 0 +cos’ @ =1, cos=++/1-sin’6
' Substitute into equation (2): v=ax, [id] —sin’(wf + gé)]

3 | =P v= inxgz ~x,” sin’ (ot + @)

13
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Example 8.6: Relationship between velocity and displacement for SHM

0001 0.002 0903
- displacémentim

B NG

5

10,03 -0.002 -0.001 0

& °

(i) Explain why there are two values of velocity for zero displacement.
(i) Explain why there are two values of displacement for zero velocity.
(i) Write down the equation which describes the graph.

G). Tae object [ womemtavly ot veet ot bt e e s

- o =~0.002
Ka =0.003%

(.“l)' VU = wxo :d‘q

Vo= ~WX, =-09

———e
Gir). v= fw] - n?

; 0.4 r————
- B 0.003 0.00,%x

Example 8.7: Relationship between velocity and displacement for SHM
An object moving with simple harmonic motion has an amplitude of 0.020 m and a frequency of 20 Hz.
Calculate

a) the period of oscillation.
b) the velocities at the equilibrium point and the position of maximum negative displacement.

Solution:
a) T =% =0.050s

e &

20
b) Atequilibrium, x=0m

VE iw,/xé =X = toxg=$niX,

= +27(20)(0.020) Z+25Tm s™

At negative amplitude, x =-0.020 m

v =270 X2 x> =0ms
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8.2 Relationship between Simple Harmonic Motion and Uniform Circular Motion

The experimental setup below illustrates how SHM is closely associated with circular motion. As the peg
rotates on the turntable with constant angular velocity w, its shadow on the screen moves back and forth in

SHM.
shadow (projection) screen ?
of the peg ; : |
\ X0 :O’ i !
AAA44444444: |
peg [/ ;i il i PP PG
: # rotating tumtable

parallel light rays from a distant source
Some observations

1) The motion is symmetrical about the fixed point, O’ on the screen.

2) The time taken to complete one oscillation (period) is the same as the time taken to complete one
cycle. Thus frequency of SHM = frequency of the circular motion.

3) The distance from the fixed point O’ to the extremity (amplitude) is equal to the radius of the circle.

4) When the peg is shifted nearer to the centre of the turntable, the amplitude of the SHM decreases,
but the period or frequency remains unchanged.

5) The shadow reaches maximum speed as it passes O’ and is momentarily at rest at the extreme
positions.

6) Variation of displacement of peg shadow with time

peg x, displacement of shadow

= Y T

top view of turntabie

OA is the projection of OP (tjjé:dfsplaoement of the peg shadow) onto the vertical.
Applying trigonometry on AOAP
£ Xx=xosing (OP = xp)
Since ¢ = X, X = Xp Sin af which is a typical SHM displacement-time equation.

15
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Phase & Phase Difference

In SHM, the angle ¢ is called the phase (angle) of oscillation, analogous to the angular displacement in
circular motion.

Thus the angular frequency win simple harmonic motion is interpreted as the rate of change of phase angle
of a simple harmonic oscillation.

The idea of phase is useful for comparing two oscillators of the same frequency (and therefore period) that
are not moving in step with each other due to a delay or advance at the start of the oscillations with respect
to each other.

1. The difference in phase between two oscillations is called phase difference Ag.

2. Two oscillations are said to be in phase when they are in step, i.e., {hey reach their respective
maximum displacements in the same direction at the same time. It does not matter what their
respective amplitudes are.

y
N i
(4 \ / b

The phase difference A¢ = 0 or any integer multiple of 2= rad.

3. Two oscillations are said to be in anti-phase when they are completely out of step, i.e., one oscillation
reaches maximum displacement in a given direction at the same instant as the other oscillation
reaches maximum displacement in the opposite direction.

JaVAVAVANS
N A

The phase difference A¢ = n rad or any odd integer multiple of = rad.

4. Of course the two oscillations may'not be in phase or in anti-phase but at some mtennedlate phase
difference. In such a case, the phase difference can be calculated by the following: A.gb == x 2m.

-
Y 7 L t
: \ ‘ \
H \ 'd
g, ’

Access the following épbiet to leamn more about phase difference between 2 oscillators.
http:/ingsir.netfirms.com/englishhtm/phase.htm.

You will learn more about phase difference in the next chapter on Waves.
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8.3 Energy in SHM

For a body moving in SHM, the total mechanical energy Er is conserved. As the mass oscillates back and
forth, the energy continuously transforms between potential energy £, and kinetic energy Ex.

8.3.1 Variation of Energy-displacement (E-x) graphs for a simple harmonic oscillator

The sketch of the graphs can be deduced by observing the energy changes in a swinging pendulum or
oscillating mass on a spring.

¢ As the oscillator passes through its equilibrium position, x=0:
= its speed and hence its kinetic energy are maximum.

+ At the extreme positions, x = + x,,
=> the speed and hence the kinetic energy are both zero.

= Assuming that there is no energy loss (e.g. no friction or air drag), the total energy Er of the
oscillator must remain constant.

= The potential energy will be maximum.

s —
;. : 4 4 Tota

Xo

T -
g = = e

o

Note:
(1)  Variation of Ex with displacement x:

For SHM, the velocity is given by v =ta,/x,> -x* =  E, =—mv* = —ma*(x,’ - X*)

E =%ma)2(x02 -x?)

= _ Quadratic equa*t"lpﬂ!:‘_ﬁ:oefﬁcient of x2is —ve.

=  Graphis an inverted parabola (see figure above).

17
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(2)  Variation of Er with displacement x:

o Total energy is constant. = Graph of Ervs. x is a horizontal straight line graph.

o Now, Er=max Ex = %muﬂxo2 (when x = 0)

1
Er= Emwzxoz

o The total eneray Er of SHM is proportional to the square of the amplitude, i.e., Er o x,°

(3)  Variation of E, with displacement x:
Total Energy Er= Ep + Ex

1 1 1
= E=Er-E-= Enm:uzxﬂ2 —Emwz(xoz —X2):§ma)2x2

il
F = —maw*x*

=4 Quadratic equation! Coefficient of x? is +ve.

=5 Graph is a parabola (see figure above).

Example 8.8: Relationship between Energies and Displacement
A mass, m = 0.50 kg, connected to a light spring with spring constant k = 20 N m™' oscillates on a

: k
frictionless horizontal surface. Given that angular frequency a)z\{: , calculate the
m

(a) total energy of the system if the amplitude of the motion is 3.0 cm.
(b) (i) kinetic energy of the system when the displacement is 2.0 cm and
(ii) potential energy of the system when the displacement is 2.0 cm.

L a
a) (5= thwxol :ét)(o
=3 (29)(0.030)
. 'T-O)C(DH33
2o dmw’ (X% %)

b‘) (I)-Ek '_'-)imv .
e kerso) 22 Y (0.03%0-027)
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8.3.2 Variation of Energy with time graphs for a simple harmonic oscillator

The energy-time graphs depend on how the oscillation is started (initial conditions).

Again, without the actual equations, the shapes of the energy-time graphs can be deduced by observing a
swinging pendulum or oscillating mass-spring.

Consider an oscillator started at its equilibrium position (f =0, x = 0, v = Vo).

= X = Xo Sin(wf) and v = v, cos(at),

Nofe:

(1) When the oscillatory motion has completed one cycle in one period, both kinetic and potential
energies have gone through two cycles.

(2)  Variation of total energy Er with time ¢ .

o Total energy is constant. = Graph is constant at £ = ;‘mUJZXQZ

(3)  Variation of kinetic energy Ex with time £ :
1
o E,=—mv’=(=mx a")cos’ wt
2 >
= Graph is a cos? graph (it follows the shape of the v*-t graph).
4) Variation of potential energy Ep with time £ :
o E, =11";mz)«:2 = (lm(ozxf)sinzai
2 2
= Graph s a sin? graph (it follows the shape of the x*t graph).

www.KiasuExamPaper.com
197

19



H2 Physics C12016

Example 8.9: Relationships between Energies and time
Sketch the Ert Ext Est graphs for an oscillator released from rest from its extreme position

(t=0, x=x, v=0).
N E'WJQ{

=
.

m /) g, -~_.¥\__/‘ \\ ﬂ\‘ \ 7 \‘ _,“/ = To"{'ofl MY
\ \/ . 1]‘ \/

\/ Y

8.4 Damped Oscillations, Forced Oscillations and Resonance

8.4.1 Free oscillations
Some examples of free oscillations

(the arrows indicate motion, not forces)

When a system is disturbed from its equilibrium
position, such that it oscillates about this position
with no resistive forces acting, the oscillation is said
to be a free oscillation.

s1tigrii
_r

b) Mass on a spring
o hlow

The frequency at which it oscillates is known as the
natural frequency of the system. This frequency is
characteristic of the system.

1 meue or more

The simple harmonic motions that we have seen so
far for the pendulum and spring-mass systems are
ideal free oscillations in which no friction or any
forms of resistance to motion exist. The oscillations
would in theory continue forever.

g} Rolling marbie
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8.4.2 Damped oscillations

In an ideal oscillating system, there is no friction and the total mechanical energy is constant. The system in
simple harmonic motion continues forever, with no decrease in amplitude.

Real-world sysiems experience inevitable friction and the mechanical energy of oscillations decreases with
time due to the work done against friction. For instance, a simple pendulum gradually decreases in amplitude
and stops eventually due to air resistance and friction at the support.

The progressive decrease in amplitude of any oscillatory motion caused by dissipative forces is called
damping. Such an oscillatory motion is known as a damped oscillation. Due to damping, pendulum clocks
require energy (wound up spring or batteries) to replenish energy loss in order for their amplitude to remain
constant.

There are situations in which damping is introduced to reduce the amplitude of oscillation or bring the
oscillation to rest.

Commonly used damping methods:

-

-

=
1

(a) (b) (c)

(a) Using air resistance, e.g., to bring an oscillating spring-mass system to rest faster, attach a piece of
cardboard of negligible mass but large surface area to the base of the mass. The increase in air resistance
increases damping during the oscillation.

(b) Using fluid viscosity, e.g., damping can be increased by submersing the mass of a spring-mass system
in a fluid that is more viscous than air, such as oil.

(c) Using eddy currents, e.g., when a copper plate swinging freely passes through a magnetic field, eddy
currents induced in the plate will oppose the motion and bring the plate to a stop (further discussed in
Electromagnetic Induction in year 2). .

Extent of damping

Damping changes the behaviour of SHM systems.

displacement gmrv{dt: 4 displacement | displacement

4=

_(X\':
equilibrium
pasition {e.p of >
T }T : - > Bep.
time time
{1) light damping (2} critical damping (3) heavy damping
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(1) Light Damping (underdamped system)

o In a lightly damped system, the total energy of the system decreases with time as energy is
dissipated when the system oscillates against resistive forces.

o The amplitude of the system decreases exponentially with time.

1 displacement

Ay > A4; > A3 > Ay > As

Note: It can be shown that the period in damped oscillations is slightly longer than the ‘undamped’ value by
solving the differential equation involving the forces on the system. (This is not in the A-level syllabus - refer
to Appendix 3 for details.)

(2) Critical Damping (critically damped system)

o If we are able to gradually increase the resistive force acting on an oscillatory system, damping
increases till a point such that when displaced, the system returns to the equilibrium position
in the shortest possible time without oscillating at all. The system is said to be critically
damped.

o Critical damping is deliberately introduced into some systems to prevent continuous oscillations.
For example, in analogue instruments such as balances, ammeters and voltmeters, the pointer is
critically damped so that it stops in the shortest possible time to indicate the reading, instead of
oscillating about the reading (underdamped) or take an unnecessarily long time to crawl to the
reading (overdamped).

o Critical damping is also employed in car suspension systems to ensure a smooth ride when the
car moves on a bumpy road. The shock absorbers in the suspension system have hydraulic
pistons to prevent the car from bouncing up and down excessively after hitting a bump. The
damping of a car can be tested by pushing down the car with your weight and then releasing it;
the car should rapidly return to its normal height with negligible overshoot.

(@) A shock absorber consists of a piston oscillating in a

, Shock absorber chamber filled with oil. As the piston oscillates, the ol is

C. ; squeezed through holes between the piston and the
04 chamber, causing a damping of the piston’s oscillations.

o oK (b) One type of car suspension system, in which a shock

ﬂﬁ:’;ms absorber is placed inside a coiled spring at each wheel.

(b
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(3) Heavy Damping (overdamped system)

o When the damping force is increased beyond the point of critical damping, we say that the system
is overdamped or that it experiences heavy damping. Once displaced from equilibrium, the
oscillator takes a very long time to return to its equilibrium position.

o Anexample would be of certain doors which are so heavily damped that they take foreverto close.

8.4.3 Forced oscillations and resonance
Forced oscillations

As mentioned earlier, most real systems will experience some form of damping and will eventually stop
oscillating. To keep them oscillating, one needs to periodically put in energy to the systems to make up for
the energy lost. In other words, one needs to apply a periodic force to the systems.

o An oscillation under the influence of an external periodic force is called a forced oscillation.
o The external force that is used to sustain (or drive) the oscillations is known as the driving force.

o The frequency with which the periodic force is applied is called the forced frequency or driver
frequency.

One example of forced oscillation is pushing a child on a swing at the playground; one needs to continually
give the swing a push at the right moment to sustain its oscillation.

Resonance

Consider the above example of a child on a swing. We have mentioned that because of damping, the
oscillations will eventually die off. However, we can sustain the oscillations by periodically applying a driving
force.

If the frequency of the driving force matches the natural frequency of the oscillatory motion of the child-swing
system, an interesting phenomenon happens - the final amplitude of the oscillation would be the greatest
compared to the amplitudes of oscillation for other frequencies of driving force. This phenomenon is known
as resonarnce.

Resonance is a phenomenon in which an oscillatory system responds with maximum amplitude to an extemal
periodic driving force, when the frequency of the driving force (driver frequency) equals the natural frequency
of the driven system.

Note:
(1) The frequency at which resonance occurs is known as the resonant frequency.

(2) Under ideal conditions, i.e., if no resistive forces are present (there is no damping), the amplitude will
build up to an infinitely large value.

(3) However, in real case's_-,"_t_iamping occurs. So, whilst putting energy into the system in each cycle,
energy is also taken away by camping and the amplitude will not build to infinity.

4) Resonance represents the point where the (driving) energy is transferred most efficiently into the
oscillatory system.

23
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Graph (a) shows the child's x-t graph as
one periodically transfers a fixed
amount of energy into the swinging

motion.

Graph (b) shows the vanation of driving

“ " force with time.
Investigating Resonance in the Lab
Setup:
copper
Signal generator wire
Amplitude 4

Experiment 1

natural Driving =
frequency frequency

The above set-up may be used to investigate the phenomenon of resonance in the lab.

(1 The system under study is a spring-mass system that is driven to oscillate by a metre rule which is in
tum driven to vibrate by a vibration generator. To vary the frequency of vibration, the vibration
generator is connected to a signal generator.

(2)  Tovary the amount of:dam"giﬁg experienced by the spring-mass system, a light paper card is attached
to the mass. By varyigg’j_t!:gé*area of the paper card attached, the damping is varied. The larger the
paper card, the greater the damping.

(3) To measure the amplitude of vibration, a motion sensor is placed directly below the paper card.
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(4) For each frequency of vibration, we can then measure and record the amplitude of vibration of the
spring-mass system. We start off with a driving frequency that is much lower than the natural
frequency of the spring-mass system and slowly increase this frequency till beyond the natural
frequency.

(5) The graph above shows the typical results obtained from the experiment for one area of card.

6)  The experiment is then repeated for different areas of cards — to produce different amounts of
damping.
(7)  The data points for each area can then be plotted on the same pair of axes for comparison.

The figure below shows the amplitude vs. driving frequency graphs that will be obtained.

Amplitude of forced
oscillations
A

S i ! No damping (theoretically, the

resonance peak reaches infinity)
Light damping

Greater
damping

A 4

A Driver Frequency
natural frequency of the oscillator

Note:

1) The amplitude of a lightly damped system is very large at resonance and the peak is sharp. The
amplitude drops off rapidly when the driver frequency differs from the natural frequency of the system.

2) When the driver frequency approaches zero, the amplitude of the forced oscillations will be the same
as the amplitude of the driver.

3) As the system experiences greater damping,
o the amplitude of the oscillation decreases.
o the resonance peak becomes broader.

o the resonance peak shifts slightly to the left to a slightly lower value of frequency.

From the graphs, it is evident that damping is a useful way to reduce the effects of resonance. Another way
to avoid resonance is to ensur;e"_'_t_h_a'it the frequency of the periodic external force differs from the natural
frequency of the driven system >
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8.4.4 Examples of Destructive and Usaful Resonance

Resonance is an important physical phenomenon that can appear in many different situations.
Examples of destructive resonance

1) Collapse of buildings in earthquakes

An earthquake consists of many low-frequency vibrations ranging from 1 to 10 Hz. During an earthquake,
when the frequencies of the vibration match the natural frequencies of buildings, resonance may occur
and result in serious damages. That also explains why some buildings collapse while others stand almost
unaffected. In regions of the world where earthquakes happen regularly, buildings may be built on
foundations that absorb the energy of the shock waves. In this way, the vibrations are damped and the
amplitude of the oscillations cannot reach a dangerous level.

2) Shattering glass with voice

When an opera singer projects a high-pitched note whose frequency matches the
natural frequency of a wine glass, the resonance may cause the glass to vibrate
at so large an amplitude that it breaks.

3) Violent vibrations in vehicles and machines

If the panel in a bus rattles violently when the bus is travelling at a certain speed, it is likely that a resonant
vibration is occurring. A washing machine with a load which has natural frequency matching the spinning
frequency will get violent vibrations as resonance occurs.
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Examples of useful resonance

1) Radio receptions

Resonance not only occurs in mechanical oscillations but also in electric circuits. A radio receiver works
on the principle of resonance. Our air is filled with radio waves of many different frequencies which the
aerial picks up. The tuner can be adjusted so that the frequency of the electrical oscillations in the circuits
is the same as that of the radio wave transmitted from a particular station we desire. The effect of

resonance amplifies the signals contained in this wave while the radio waves of other frequencies are
diminished.

3) Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is increasingly used in medical diagnosis to produce images similar
to those produced by X-rays. Strong, electromagnetic fields of varying radio frequencies are used to
cause oscillations in atomic nuclei. When resonance occurs, energy is absorbed by the molecules. By
analysing the pattern of energy absorption, a computer-generated image can be produced. The

advantage of MRI scanners is that no ionising radiation (as in the process of producing X-ray images) is
involved.

27
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Appendix 1 Period of a Simple Pendulum

Restoring Force F = —mg sin 8

(—ve sign as it is in the opposite direction to the displacement)

Arc length x=1L8
= 8=xL
When the angular displacement #is small,
sinf =4

= Fz—mgsinf}:,—mg%

From Newton's 2nd law:ma ~ — mg%

ie,a=-a’x where =%

Hence, motion of a simple pendulum bob attached to a light inextensible string oscillating with a small angular
displacement of ~ 10° or smaller is, to a good approximation, a linear SHM with period, T, given by

in L
Te=—=2r|—
w g

1)  Other assumptions made are that the string is massless, the radius of the bob is small compared with the
length of the string and air resistance is negligible.

Note:

2) The period T is independent of the amplitude of the oscillation.
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Appendix 2 Period of Oscillating Mass on Vertical Spring -

A mass m attached to the end of a spiral spring exerts a downward force on it and stretches it by an amount e as shown
in the diagram.

Original
length /

- Equilibrium position, O

+ve

If the spring obeys Hooke's law, then the extension e is directly proportional to the extending tension, Fs,

ie., Fs = -ke where k is a constant.

Since the mass is in equilibrium, the net force on it is zero (X F = 0).
Thus mg + (- ke) =0

== mg = ke

Suppose the mass is now pulled down a further distance x below its equilibrium position, then the tension in the spring
is increased to —k{e + x). Thus the resultant force on the mass is given by

F =mg—kie+x)

=ke-kie+x) (since mg = ke)

= -
i.e., the resultant force is acting upwards, with the direction opposite to that of the displacement.
By Newton's 2nd law, ma = —kx

_ k

= a | =-—X
m

Since k and m are fixed, the oscillation of a mass on spring is simple harmonic.

The angular frequency w is given by «f = K
m

= T:E:ZH\/E
1) k

29
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Appendix 3 Equations of motion for damped simple harmonic oscillations

In an oscillatory system, the decrease in amplitude caused by dissipative forces is called damping and the corresponding
motion is called damped oscillation. The simplest case to analyse is a simple harmonic oscillator under damping, where
its dissipative force is directly proportional to its velocity. This behaviour occurs in friction involving the flow of viscous
fluid, such as in shock absorbers or sliding between oil-lubricated surfaces. The additional force on the body due to

viscous drag is [ = —bV, where b is a constant.

With a viscous drag, the net force on the body is (- kx — hv ).

Applying Newton's 27 second law,

d’x Ry -
m—— =—kx—bv e ¢ oty = b=0.1km
dt” : o " b= 04km
d’x ,dx
m—+b—+hkx=0
de  dt Sl
This is a second order linear differential equation with 0 ﬂ [\ I

constant coefficients.

If b < 2vkm , the system is under light damping and the

e S

: o [ Greater damping (lacger b): Z
equation of motion is { * Amplitude decreases more rapidly |
' | (shown by dashed curves) f

55 T !
) "['27”‘} k b° -1 | « Period T increases ‘
A L I e | (Ty = period with zero damping) |

;PI

Its amplitude (xue_t "/ is not a constant, but decreases with time because of the decaying exponential factor. In
addition, the larger the value of b, the faster the decrease in the amplitude.

k¥ k
Its angular frequencye’ =, /—— PRy is smaller than that without damping, @ = ,/— , and therefore the period is
m m- m

slightly larger.

{Lf}
Ifb=2vkm , then x = xpe 2m ) The system is in criical damping, where it no longer oscillates but returns to its
equilibrium position without overshooting the equilibrium position.

Ifb > 2y km , then the system is heavily damped. Again, there is no oscillation, but the return to its equilibrium takes
longer than in the case of critical damping. Its solutions are in the form of x = C]e"“" + Cze"'If , Where Cl and C’2 are

constants determined by initial conditions and @, and a, are constants determined by m, k and 5.

)
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Appendix 4 Demonstration of Forced Oscillation and Resonance - Barton’s pendulums
Barton's pendulums consist of several pendulums of different lengths hung from a horizontal string. Each has its own
natural frequency of oscillation. The 'driver’ pendulum at the end has a large mass and its length is equal to that of

pendulum R, When the driver is set swinging, its vibrations are transferred through the common support string to the
other pendulums and start the forced oscillations.

Observations show that:
1. All the pendulums vibrate with the same frequency as the driver.

2. Pendulum R whose length matches that of the driver pendulum (therefore has the same natural frequency as
the driver) has the largest amplitude. It is said to be resonating with the driver.

Note: the lengths of the pendulums are

measured from the beam

common support string

heavy driving pendulum

A

Explanation:

All the pendulums are coupled together by the suspension. As the driver swings, it moves the suspension, which in
turn moves the other pendulums. The matching pendulum is being pushed slightly once each oscillation, and the
amplitude gradually builds up to maximum. The other pendulums are being pushed at a frequency that does not
match their natural frequency and they therefore oscillate with smaller amplitudes.
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Topic 9: Waves

Syllabus 9749

Content

Progressive Waves

Transverse and Longitudinal Waves
Polarisation

Determination of Frequency and Wavelength

Learning Outcomes

Candidates should be able to:

@
(k)

show an understanding and use the terms displacement, amplitude, phase difference, period,
frequency, wavelength and speed.

deduce, from the definitions of speed, frequency and wavelength, the equation v=f4.

recall and use the equation v= fA4.
show an understanding that energy is transferred due to a progressive wave.

recall and use the relationship, intensity « (amplitude)?.

show an understanding of and apply the concept that wave from a point source and travelling
without loss of energy obeys an inverse square law to solve problems.

analyse and interpret graphical representations of traverse and longitudinal waves.
show an understanding that polarisation is a phenomenon associated with transverse waves.

recall and use Malus’s law (intensity o cos®8) to calculate the amplitude and intensit'y ofa
plane polarised electromagnetic wave after transmission through a polarising filter.

determine the frequency of sound using a calibrated oscilloscope.

determine the wavelength of sound using stationary waves.
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9.1 Introduction

So far in our study of Physics, we have been focusing very
much on particle systems (i.e. a bulk concentration of mass).
However, the concept of waves is another important concept in
Physics.

So, what is a wave?

Consider a rope that is held under tension. If we give the left of
the rope a small wiggle, the wiggle (which we call the
waveform) will travel along the length of the rope. (Fig. 9.1.1)

When the waveform travels down the rope, there is transfer of
energy and momentum, however each section of the rope
only vibrates up and down about an equilibrium position, but no
section of the rope actually travels from one end to the other.

Hence,

Fig. 9.1.1. Wave pulse travelling down the rope

A wave is disturbance (or perturbation) that is able to transmit energy or momentum from a
source to its surroundings. However, points in the system that carry the wave do not actually move

from the source through the region the wave moves through.

9.2 Different Classifications of Waves

Waves can be categorised by three broad properties (Fig. 9.2.1):

(i the nature of the wave,
(i) maode of vibration of the points on the wave, and

(i)  the motion of the wave.

=

Transverse Wave )

. Longitudinal Wave )

Progresdive Wave *
{Travelling Wave) )

Stationary Wave
{Standing Wave

Fig. 9.2.1. Different Classifications of Waves

A
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Mechanical, Electromagnetic and Matter Waves

e  Mechanical Waves

o Sound waves, waves in ropes, water waves and seismic waves are all examples of
mechanical waves.

o All mechanical waves require a medium for propagation.' The speed of wave propagation
depends on the medium.

¢ Electromagnetic (EM) waves.

o Electromagnetic (EM) waves consist of mutually perpendicular time-varying electric field ( E )
and magnetic field (B ) oscillating perpendicularly to the direction of wave travel. (Fig. 9.2.2)

&= Wavelangtn fialc

Fig. 9.2.2. The electromagnetic wave. The E-field and B-field are mutually perpendicular to each other and both
fields are also perpendicular to the direction of wave travel.

o Note that both the E-field and the B-field of the EM wave vibrate at the same frequency.

o Characteristics of EM Waves:

* All EM waves are transverse in nature, i.e. the plane of oscillation is perpendicular to the
direction of motion.

= All EM waves do not require a medium to propagate. They can move through vacuum.
= In vacuum, all EM waves travel at the same speed ¢ known as the speed of light:
c=300x10®ms" (Speed of Light)
o The Electromagnetic Spectrum

= Common examples of electromagnetic waves include visible light, ultraviolet light, radio
wave, microwaves and x-rays. Fig. 9.2.3 shows the electromagnetic spectrum and relative
positions of these EM waves on the spectrum.

Wavelengths inm
¢ Ul L
i 1

w1t 2

Frequencies in Hz

©ORANGE YRILOW  cRITN. -

Fig. 9.2.3. The electromagnetic spectrum.

! Propagation of mechanical waves is possible due to the restoring forces produced upon deformation; Sound waves, which rely on
oscillations of molecules of the medium resulting in pressure variation, obviously cannot be propagated through a vacuum.
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o Typical Types of EM waves

The following table shows the typical types of EM waves and their corresponding
wavelengths and frequencies that you are expected to know.

Type Wavelength (1) Frequency Typical sources, uses and
. Effects '
Gamma Rays (v) ~10"m ~10%Hz | From radioactive materials. Used
(Size of the nucleus) to destroy cancer cells.
X-Rays ~10"m ~ 10" Hz | From electrons stopped rapidly in
(Size of an atom) X-ray tube. Causes ionization and
fluorescence.
Used for X-ray photography.
Ultraviolet (u-v) ~10%m ~ 10" Hz | From very hot objects, ionizes
light ' atoms. Causes fluorescence in
some chemicals. Kills germs and
causes suntan.

Visible light ~ 400 nm to 700 nm ~ 10" Hz | Only form of radiation visible to
the human eyes.

Infrared light ~100 umto 0.1 nm | ~10?Hz | From hot objects. Used for
heating. Also used for very short
range transmission of information
(between laptops, printers, mobile
phones.)

Microwaves ~10%Zm ~ 10" Hz | From electrons oscillating in

(Grids of microwave magnetrt_)n. .Used o
oven) communication ( e.g. by cellular
mobile phones), radar and
cooking.
Radio waves ~1m ~10%Hz | From electrons oscillating in

aerial. Used for global
communication.

= A useful mnemonic to remember for visible light :

Red :
Orange .
Yellow:
Green:
Blue:
Iindigo:
Violet:

=Vair

Richard
of

York
Gained the
Battle

In

(700 nm)

(400 nm)

= The electromagfietic spectrum is a continuous spectrum i.e. there is no gaps and no

frequencies anywhere in the range which do not exist. There are also actually no sharp
boundaries between one type of radiation and next. For example, the wavelengths of y-

rays and x-rays overlay. Their key difference is in their mechanism of production.

e Matter Waves will be discussed in the topic of quantum physics.

3.
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Transverse and Longitudinal Waves

A transverse wave is a wave in which the points of disturbance oscillate about their equilibrium
positions perpendicular to the direction of wave travel.

; vy : . P o

i ] - . /,;-}a\ A
oy I : /’ \ p,['z’_ WM _______‘~:,]:ff \'\

" i L Ty i W

. —w T / /‘:/% S W r;{: i \\3 ; (a"f W
" . 1 ‘II 7 _f_-,_{f? ‘{x_ ;_'_.-1 -‘-..\ ) ,;:_,a T
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i == ’ /—-“"\:}l \“:_-é"f;1 N

e, St & 3 e B
'hﬁz%‘_\\kh—#_«‘ 11 \115 R ,;‘- 5 ngi ...... i B i

o tdy &

fig 224 Fig. 9.2.5

Transverse Wave Pulse Transverse Wave Train

Examples of transverse waves are waves in a rope and electromagnetic waves. Fig. 9.2.4 and Fig. 9.2.5
show a transverse waves pulse and a continuous transverse wave train on a rope respectively.

direction of oscillation
£

I # direction of travel Fig. 9.2.6

Direction of oscillation of a point compared with
direction of travel for a transverse wave,

A longitudinal wave is a wave in which the points of disturbance oscillate about their equilibrium
position in a direction parallel to the direction of wave travel/energy propagation.

« Fig. 9.2.7 shows a longitudinal wave set up on a slinky. Sound wave is an example of a longitudinal
wave.

* In a longitudinal wave, the regions in which the points or particles are closest together are known as
regions of "compression". The regions in which the point or particles are farthest apart are known
as regions of "rarefaction".

Ll
|
Compressio
o . direction of vioration
ARSI AN — =
e L i o WY E r—a—e % —%—2
Rarefaction Rarefaction —_— -
| < wavelength e ] direction of energy transpon

Fig. 9.2.7. A lengitudinal wave train on a slinky. The direction of oscillation of a point on longitudinal is parallel to the direction of the
wave travel and energy transport.

Note:

*» Longitudinal waves cannot be polarised but transverse waves can be polarised.’

e

 Not all waves can be pfaas;ﬁed distinctively as transverse or longitudinal wave. Some waves
such 'as' seismic 'wavés and surface water wave exhibit both transverse and longitudinal
displacements.

? We will talk more about polarisation later in the chapter.

s

www.KiasuExamPaper.com
215



H2 Physics C1 2016
Progressive Waves and Stationary Waves

o Progressive Waves are also known as travelling waves.

o Progressive waves are waves in which the wave profile moves away from the source and
causes energy to be transferred away from the source to other regions.

o Fig. 9.2.8 below shows a progressive transverse wave pulse that is generated in a string.

T
{d}
(el
Fig. 9.2.8 Fig. 929
Progressive wave pulse moving along a string A standing wave on a string

. Stationary waves are also known as standing waves.

o A stationary wave is actually formed by the overlapping of 2 progressive waves having the
same amplitude, same frequency and travelling in the same speed but moving in opposite
directions in the same region of space at the same time.

o For a stationary wave, there seems to be no progression of the wave profile in either
directions (Fig. 9.2.8) and there are points on the wave (known as nodes, N) which are
permanently at rest.

o As there is no progression of the waveform, there is no transfer of energy. Energy is said to
be trapped in the waves and does not propagate. The energy is said to be localised.

3 We will further elaborate on stationary waves and its applications in music when we have covered Principle of Superposition
for waves in the next chapter.

5.
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9.3 Basic Terminology used in Waves

1-D, 2-D and 3-D Waves

o The waves that we encounter may be one-dimensional, two-dimensional or three-dimensional.

o Waves on string and slinky are examples of one-dimensional waves, i.e. the waves are
travelling only in one dimension. A water wave that is produced by a raindrop that is striking the
surface of a lake is an example of a two-dimensional wave. (Fig. 9.3.1) A sound wave in air is

an example of a three-dimensional longitudinal wave. It consists of compressions and
rarefactions of air molecules spreading out in all directions

(@) (b)

Fig. 9.3.1. (a) and (b) Two-dimensional water wave (¢) Three-dimensional sound waves propagating from a
speaker

Sinusoidal Waves

o Basic waveform that we will be studying is sinusoidal waves*.

o In a sinusoidal wave, every point on a wave is oscillating in simple harmonic motion.

e S — P SEC e |
2N 7N,
//-\\\ p . S T
= e 7 £ 1 2 ' i 7 '. iy &
\ ¥ \ T , P b it Ak 3 F=4
i \L-/ \‘n__/' \\s.../ ¥ Q._.\/f}. . : i ;
s P A e T
- Stuare ==

& /ﬁ‘t:f\ 1
& N 2" “L
P S ©
Fig. 9.3.2. Different types of Periodic Waves. All Fig. 9.3.3. As the wave progresses from left
periodic waves can be formed-f combination of to right. (see arrow) A point (P) on a wave
sinusoidal wa oscillates simple harmonically.

* Any periodic wave can be represented by a combination of sinusoidal waves and hence it will be worth our attention.

The technique for combining sinusoidal waves to form different waveforms is known as Fourier Transformation which you
may pursue further in university.

6-
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We will use a transverse sinusoidal wave setup on the string to illustrate some basic terminology used in
waves.

Suppose we set the free end of a string in simple harmonic motion. A transverse wave will be set up
along the string and propagate down the string.

Fig. 9.3.4. A sinusoidal wave setup on rope. The figure shows a snapshot of the wave on the rope at
an instant of time.

Displacement (y) :

The displacement of a particular point on the wave refers to the distance and the direction of the point
from its equilibrium position.

Before the wave is setup, the rope lies along the x-axis. When the wave is setup in the rope, some
points on the rope are being displaced from their equilibrium positions.

e« Points P and Q are displaced at a distance of y; from their equilibrium position in the positive
direction (as defined by the y-axis). Hence, their displacements are both y = +yx.

« Point U is displaced at a distance of y, from its equilibrium position in the negative direction. Hence
its displacement is y = -yo.

Amplitude (A or vo) :

The amplitude of a wave is the magnitude of the maximum displacement of a point on the wave.

e (Fig. 9.3.4). Points S, T and U are at the amplitudes of the wave.

« Note: Amplitude is always positive.

Wavelength (4) :
The wavelength of a wave is the distance between two adjacent points which are oscillating in phase.®

Note:

» For a transverse wave, the distance between 2 successive crests or 2 successive troughs
correspond to a single-wavelength.

» For a longitudinal wavg;’f"l"gjie"' distance between 2 successive compressions or rarefactions also
corresponds to a single wavelength.

5 This refers to two points in the same state of oscillation. The concept of phase associated with oscillations will be dealt with
further down the chapter.

2.3
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Example 9.3.1;

Consider the snapshot of the wave shown below. Other than the distance between the 2 successive crests
or troughs,

(i) identify another point (B') that pairs with B to form a single wavelength.
(if) Choose another pair of points on the wave that correspond to one wavelength.

A A’ Direction of wave Havel

(i) What do you notice about the pairs of points that represent one wavelength?

Same disrlacehanﬁ same  dicechon  of wetron.

From Fig. 9.3.3, you can also see that in the time for a point on a wave to make one complete oscillation,
the waveform advances by a length of a wavelength. Hence,

Period (T} :

Itis the time taken for a point on the wave to complete one oscillation cycle.

* ltis also the time taken for the wave to advance by a distance of one wavelength.

* The period is also the time taken for 2 consecutive crests/compressions or troughs (rarefactions) fo
pass through a certain point

Frequency (f):

Itis the number of oscillations per unit time made by a point on a wave.

= ltis also conveniently the no. of crests/compressions or troughs/rarefactions that pass through a
point along the path of wave travel in a unit time.

= §.I. unit of frequency is given by s or Hz (heriz).

" The relationship between frequency f to period T'is given by : f =%

8-
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Wavefronts:

« The wavefront (of a 2-dimensional or 3-dimensional wave) is an imaginary line or curve which joins )
points on the wave which are oscillating in phase.

« Therefore, all points on a wavefront are at the same part of the cycle of their vibration.
= By convention, when we represent waves in a diagram, the distance between consecutive
wavefronts is one wavelength apart.
gin ap wGuRonts
The direction of propagation of the waves perpendicular to the direction—oftravel-ofthe wave and
are indicated by arrows (—) known as rays.

Fig. 9.3.5. Wavefront of a wave.

¥ Point
| SOUCE

L3
Rays
Source
&:}f . iﬁ Wave fronts Wave fronts
Wave
fronts (b) {C)
(a) 2-dimensional representation of waves from a 2-dimensional representation of waves
3-dimensional waves that spread out point source. from a planar source.
uniformly in all directions from a point
source.
Fig. 9.3.6. Wave representations using wave fronts and rays.
Wave Speed, v :
The speed of a wave is the distance that the wave profile appears to be moving per unit time.
Note:
There are actually two motions associated with waves.
» One’is thatiof the motit sociated with the oscillation of the individual points on the wave, the

points always oscill t the equilibrium position.

e The other is that of the motion associated with the propagation of waveform of the wave. This is
the one that defines the wave speed.

9-
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Derivation of Relationship between Frequency, Speed and Wavelength:
The time taken for a wave to move a distance of one wavelength 1 is one period T

ist i A
By definition of wave speed: Speed of the wave, v= s =—

Time Taken i

Now, [ =-;— = e where f is the frequency of the wave.

Example 9.3.2 : (Sinusoidal wave)

The diagram below shows an instantaneous position of a string as a transverse wave travels along it from
left to right. A

Fig. 9.3.8.

(a) Taking upwards to be positive, for each of the points 1, 2, and 3 on the string,
(i) state whether the displacement of each point is positive or negative.

Pt lotve PEO: —ve Pt oneitr (20 dcs placerment)

(if) What are the directions of the velocities of the points?

P+ 1: down P+ 3 MS'MH‘RMG"S{'?‘ ot vest Pt 3. down

(iii) Of the three points, which one has the largest speed?
Each poit (s wmoving Sy verticatly
Pt 3 18 at Hu equilibvivn , pume (agert specel
(b) Mark on the string 2 point A with zero velocity.

(c) What is the direction of acceleration of point A?

az -wiy sihe x e o is -ve

-10-
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Example 9.3.3: Wavelength of Longitudinal Wave

Fig. 9.3.11 shows a 'snapshot' of a horizontal slinky spring when it is (a) at rest and (b) carrying \a
longitudinal wave moving from left to right.

ddj ot Fes

th ! pwrving & wave

11

I T T T 07]

Y- FA

Fig. 9.3.11

State and explain whether each of the statement is true or false.

Statement A : The distance between X and Y is one wavelength.
False. XY i ditane b(w certe  of (o pre 5 (0h C & rawfacyon R .- |
Hemee 5 0-5 2

Statement B : The amplitude of oscillation of Y is greater than the amplitude of oscillation of X.
False. Cue wo gy s dic o pafed, awp lifecle of osci(lertrov for ayj)

pimts & R swe & a (D pwgresiive saw. Heme amplidtuole of X =
amplitwde  of V.

Statement C : The displacement of X at this instant is zero.
Teue, X is ot ff3 eobuu'lr'bmm Fog\'-h-o:a_ Hewe ¢ a{!krlﬁfamé*}-l- at +h
stant s ©.

Example 9.3.4: Speed of a Wave

A fisherman notices that wave crests passes the bow of his anchored boat every 6.0 s. He measures the
distance between the two crests to be 15 m. How fast are the waves travelling?

Answer:

Time taken for a crest to travel by 1 wavelength, T=6.0s
Distance between 2 crests, A =15 m

pe f=t e DBy
T 60s

Example 9.3.5
Calculate the frequency of a green light of wavelength 0.60 zm.

J

&

Answer:

Speed of light, ¢ =3.0x10¥ m s

v 3.00x108 m S-l 14
i il WURRIU NS g ho 00 B
Usingv=fh = 1= = 060x10° msT

. -
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9.4 Graphical Representation of Waves

Consider a transverse water wave travelling from left to right as shown in the diagram below.

Velocity of wave
—_——

Fig. 9.4.1. A progressive transverse wave moving towards the right.

As the wave moves through this region of space, we note the following:

* At a particular instant of time, the displacement of each point on the wave varies with the

distance it is located from the source.

» For a particular point on the wave e.g. at P, the displacement of the point also varies with time.

Therefore, to completely represent the wave, we need 2 graphs:

1 Graph of displacement (y) vs. the position (x) of the points on a wave (at a particular instant

of time.)
Fixtime{ — Graphof yvs. x.

2 Graph of displacement (y) varies with time (f) for a particular point (at a particular

equilibrium position).
Fix position x = Graph of y vs. t.

Graph of Displacement (y) vs. Position (x)

Consider a snapshot of a wave on a rope. (Fig. 9.4.2) By superimposing a pair of x and y axes on the
snapshot, we can describe how the displacement of each point on the rope varies with position.

This graph of displacement vs. position at a particular instant of time (v vs. x) gives the wave profile at

an instant of time.

,V;P

Fig. 9.4.2. Displacement-position graph of a wave on a rope.
Note : A
o +vel y: displacement'-'qué_-_ﬁéint on the wave when it is above its equilibrium position
o -ve y displacement 63‘ a point on the wave when it is below its equilibrium position
o xaxis (y =0): equilibrium position of points when there is no disturbance

= Wavelength (1) of the wave can also be obtained from the graph.

12~
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Example 9.4.1 : Displacement-Position Graph for a Longitudinal Wave

A displacement-position graph can also be drawn for a longitudinal wave. Consider the following
displacement-position graph for the air molecules along a line when a sound wave passes through a

region of space.

(i) Complete the corresponding snapshot of the longitudinal wave that is represented by the y-x graph.

(i.e. indicate the positions of the air molecules). Take displacement to the right to be positive.

Sketch the corresponding pressure variation of this region.

_‘.AI f § ¥ ' | i i ' 1 [
f { | h i ) i [} 1 ' i [
Rarefa(tron T L N oy e b il
L N L (CmpresEin { ion
N ANy L e ko m{fﬂ
1 N T T T i 1 1 T T T T i X
f ' P ) i ' i ' i ' 1 i t '
] b ! i 1 1 | H ' [l ] 1 ] 1
I ' | I i i ' 1 i i ' !
f i 1 3 ] i 1 i S i ' 1 i !
¥ i [ 1 1 f | | ] ] (] 1 4 1‘ " -
£ 3§ 1 3 ¥ & 3 L% & 1 i 1 Note: The intersection
R S T S . e A 4 L R between the dotted lines
] 3 4 ] - -
o4 F 1 8 & 0§ S B A and horizontal axis
- . " [ ' ¥ i 1 1 ] 1 1 1 ! - . i A
E,OHE‘SPOFLdiL‘ng“MW__ :_',_ "fw'.' o | ...__.,..m . 5\,. s ‘I_| = "’___:__...: _¢_ o ;.‘ : ‘I,.._._A mdlvc?'te the ethb'rlm
Longitudinal : ! : i : : i e | ' : positions of the points
wave &: i) bk 'h . § bt 7 S on the longitudinal
Pressure Y i > b ! Lo { ! wave before the
e k= & i 1 1 ] (] [} 5
. vooog ctbn | disturbance was set up.
; i i : )
1} 1 1 )
P(me : : IF : .
1 1 ] ¥ X
1] ] ] ]
i (] 1 1
3 1 ] 1
i i 1
t ] 1 ]
i 1 '
v 5

Note: Points of compression and rarefactions comesponds to points where displacements of air molecules are zero.

-13-

www.KiasuExamPaper.com
224




H2 Physics C1 2016
Graph of Displacement (y) vs. Time {f)

Consider a point P on a rope. As a wave propagates through the rope (Fig.
9.4.3), the displacement of this point varies sinusoidally with respect to time
(as shown in Fig. 9.4.4).

NIA
\-/:r

¥

Fig. 9.4.4. i s “S

The graph of the variation of the
displacement of a particular point on a wave (at a fixed position x) with
respect to time.

= The period (7) associated with the wave can be obtained from this
graph.

X Py Py
N TN, Y
v A ONCS N
o i =
7 AN RN
T s
/i ,
\\\\.' / t\'\,;/r
7, =,
¥ '\t_\ ’_:_’_ﬂ + W ;II_./ %
W e o
= Nl R4

Fig. 9.4.3. A sinusoidal wave

travelling on along a rope.

In summary, two graphs are needed to fully depict a wave

o The graph of displacement vs. position (wave profile of a wave at a certain instant of time),

= Wavelength, A, may be obtained

o From the graph of displacement vs. time (Motion of a particular point on a wave w.r.t. time)

= Period, T, of the waves may be obtained.

-14-
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Example 9.4.2: Determining speed of wave

A vibrating bar makes waves in a ripple tank. Fig. 9.4.5(a) shows the displacement of the wave as it travels
out from the bar. The position of the floating cork in the tank varies with time as shown in Fig. 9.4.5(b).

— —

ym pm T

7

x/mm

(a) ' (b)

Fig. 9.45

From the above two graphs, determine the speed of the wave.

A= § ww \"—‘F%-

— n-40 = =

T__Dq's ﬂ.lf'
= 0wmm

Example 9.4.3
The following graph shows a displacement vs. position graph of a progressive transverse wave at t = 0. For
the point Q on the wave, sketch the corresponding displacement vs. time graph, given that the wave is

moving in the positive x direction at a speed of 1.0m s™.

y/m
s
03
024 ¢
0
! | | | Lxy'm
i 2 ! 5 7 0
0.1
0
o
4t
y/my
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> /s
72 $om
V-.-—F’:{, ""‘7"/T
Loz%o/ T
T:-‘tU;
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9.5 Phase and Phase Difference

We have constantly referred to the term "phase” in both our study of simple harmonic motion and waves,
however we have not formally introduced it. For this section, we will introduce phase by first revisiting
simple harmonic motion. Then we will look at the concept of phase with respect to describing wave
motion.

9.5.1 Concept of Phase and Phase Difference in Oscillation

When an object is oscillating simple harmonically, the displacement x of the object from its equilibrium
position varies sinusoidally with time ¢. One of the equations that describe this displacement is:

X=X, st
where X, is the amplitude of oscillation and w is the angular frequency of the oscillation

Representing this graphically we have:

L

57/4 \

Fig. 9.5.1
i
Comparing with v = Asin¢ graph:
X
r'y
Xo T
¢
g 450° \ i
Fig. 9.5.2
_xa e

Comparing the two graphs, we note the following
= one cycle of the oscillation (period of T) corresponds to an angle of ¢ = 360° or 2 in radians.

= 2 points of oscillation at an arbitrary time interval of At apart would correspond to an angle difference
Ag apart.

Hence, we can further write the following: T =27 and At = A¢
T 2z
o ¢ is known as the phase (angle) associated with the state of oscillation of the parlicle at a

particular £,

o Adis known as the phase difference between the 2 states of oscillation of the particle separated
by a time interval of AL

-16-
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o In Phase:

When the phase difference between the 2 states of oscillation corresponds to
A¢ = 0, 2% 4r, 6x, ...

the 2 states are in phase.

o In Antiphase:
When the phase difference between the 2 states of oscillation corresponds to

Ag = & 37 5=z, ...,
the 2 states are in anti-phase.
In summary,
o the phase of an oscillation s a state of oscillation of a particle that is represented by an angle
known as the phase angle, where 360° (27 radians) is used to represent a complete cycle, and
o the phase difference A¢ between 2 points of oscillations in a time interval of At is given
by: '
& o9
T 2x

Note that in our study, the absolute phase of an oscillation is often not important. Rather, we are
interested in the phase difference between two points of comparison.

9.5.2 Phase Differences in Waves:

In general, for the phase differences in waves, we are interested in describing:

» the phase difference between two different states of oscillations for a point on a wave
» the phase difference between two points on a wave, and
« the phase difference between two waves.

Phase difference between States of Oscillation from a Displacement vs. Time Graph

For a sinusoidal progressive wave, every point on the wave oscillates simple harmonically. Hence, the
phase difference between two different states of oscillation for a point on a wave that are at an interval of

At apart from displacement vs. time graph is given by:

A Ny
T 2z
Ya
=40
¢=0
(in rad)
Fig. 953
-17-
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Phase difference between Two points on a Wave — From Displacement vs. Position Graph

Borrowing the idea developed above, we can also represent one complete wavelength by a phase angle
of 360° or 2 radians.

Therefore, the phase difference A¢ between two points on a wave separated by a distance Ax is
given by:

Ax  Ag
A 2z
(a0
.
Y i P
L i »
1, L o
x=0 22 i 342 2
=0 2x 37 4r
(in rad)

Fig. 9.5.4

Phase difference between Two points on a Wave from the Displacement vs. Time Graphs
of the Two points

The displacement vs. time graph of the two points on a wave can also be used to compare the state of
oscillation on the wave.

Suppose we consider the two points on the wave shown in Fig. 9.5.4 and we plot their variation of
displacement vs. time graphs for the two points (one graph for each point), if the wave is progressing in
the positive x direction we will get the following graphs for the points at x; and x2:

A At

X1

X2

Fig. 9.5.5

From the graphs above, we Qaﬁ_-:{slearly see that, the oscillation of the point at xz always lags behind the
oscillation of the point at x; by@a time interval of Af, and hence point at x» lags behind point at x; by a

phase angle of A¢ where

Ar _A¢
T 2z
18-
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Phase difference between Two Waves

We can also compare the phase between two waves by comparing the oscillations of every point on a
wave at a particular instant.

Consider two waves P and Q having the same wavelength and velocity moving towards the right as
shown in the diagram below.

J A v

Fig. 9.5.6

Notice that the Wave P always leads Wave Q by a constant distance of Ax. If the wave Q shifts a
distance towards the right by Ax then every point on Wave Q will be in the same phase of oscillation on
points on wave P at this moment.

Therefore, we say that
o Wave Q lags Wave P by a phase difference of A¢ , and

. . Ax A
o the phase difference between the two waves is A¢ can be found from : 7: E‘é
7
Note :
y Waves P and Va Wave P
I Q overlap e
/\ - \M/\./ -
(a) (b) Wave O
- Fig. 9.5.7. (a) Wave P is in phase with Wave Q (b) Wave P is in antiphase with Wave Q

1. The two waves are said to be in phase if every peint on Wave P is at the same state of oscillation
as the corresponding point of the same position in Wave Q at the same time.

o Notice that when the 2 waves are in phase, their "crests” will correspond and their "troughs” will
also correspond. The 2 waveforms overlap.

2. When the phase difference between the 2 waves are A¢ =z, 3z, 57, ....., we say that the two waves
are in antiphase.

o When the 2 waves are in antiphase, every particle in Wave P is in antiphase with the
corresponding point.

o Note that the waveforms seem like a reflection of one another.

<F0
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Example 9.5.1 :

(@)  The following graph shows the displacement vs. position of 2 waves P and Q at a particular
instant of time, what is the phase difference between the two waves P and Q7

e

— e, —

Fig. 9.5.9

(b) Is it possible to compare the phase difference between two waves of different waveiengths?
What is the phase difference between the two waves shown below?

F
¥ /1\ G B
1 T R F

Fig. 9.5.10

R

Q leods b by g rad
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Twe fl'!ase. deff 5{“‘ e+
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9.6 Energy Transmitted by a Wave

As a wave propagates, it transports energy from one place to another. Consider a sinusoidal wave
moving through a string shown in Fig. 9.6.1, the source of energy is some external agent at the end of
the string which does work in producing the oscillations.

I MumarPaer e

As the external agent performs work on the string, it transfers energy to the string in the form of kinetic
energy and (elastic) potential energy to each part of the string.

From Chapter 8 Oscillations, we know that the total energy £ of a simple harmonic oscillator is given by

1 ' o g .
E= ;mmzA ? . Since every part of the string is in simple harmonic motion

Energy transmitted by a wave to a point is proportional to the square of the amplitude of the
oscillator at that point.

Energy o (Amplitude)’

Intensity of a Wave

Waves on a string carry energy in ene dimension of space (along the direction of the string). But most of
the waves that we commonly encounter like the sound waves in air and seismic waves in the body of the
earth carry energy along all three dimensions of space. As the wave spreads out in space, the power
received per unit area along the path of the wave diminishes as the distance from the source of the
wave increases.

o Power of a Wave:
The amount of energy transported per unit time by a wave is called the power of a wave.
The Sl unit is joules per second (J s™') or watts (W).

o Intensity:

Wave Intensity, | :

The intensity of a wave is the rate at which energy is transported by the wave, per unit area, across a
surface perpendicular to the direction of propagation i.e. it is the power per unit area.
Power O

Intensity, [ =

Area />

e  S.I unitof intensity : W m?

A=
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« Since the energy transmitted by a wave is proportional to the square of the amplitude of the wave, so
similarly, we have :

I_ntensi‘[y o (A»‘SgIl'llZ)ﬁtl_[dC)2

Intensity of a Wave from Point Source or Spherical Source

In the special case where the source is point source or spherical

source, and the propagation is isofropic (i.e. the same in all directions), _{j:;if‘r":f‘:jr'i’j‘;w
then the wavefronts of the waves are spherical in shape. The wave Tiostyl;| | overd reaterares
itself is said to be a spherical wave. My
The energy spreads out over the wavefront as the wave propagates, \% é
hence, the intensity 7 at a particular point a distance r from the source
is given by : ‘?ﬁqé
S Bt
—— Power P
ntensity, [ = =
Area 4;;;-2

Source of waves |
where P is the time rate of energy delivered by the wave to a distance miasiamdeis
of r away from the source.

Therefore, we see that the intensity / at any distance r is therefore inversely proportional to

Joc— (For constant P)

2
r

Note:
» This relationship is called the inverse-square law for intensity.

e This relationship is only valid for point sources / spherical sources and is based on the
assumption that the power of the wave does not diminish as it spreads out.

Example 9.6.1 : (N94/1/10 — modified)
A sound wave of amplitude 0.20 mm has an intensity of 3.0 W m™.

(a) What will be the intensity of a sound wave of the same frequency which has an amplitude of 0.40
mm?

(b) How will the intensity-change if the frequency of the source of wave is doubled but the amplitude

remains unchanged?
Asttime ,Pthyrftw{ Souv @ b) Sourre b q siwp‘,[e harmont  oscillatoy
X b '
7) -j_:L e M Siwe Eoc w
KA =0 Bof7
2
3. Exanid T T2 (Reqll : T x E)
Ty 047 o
T = 2w T+
I £°
T e Lf"l[
99
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Example 9.6.2 :

If the intensity of an earthquake P--wave is 1.0 x 10° W m at 100 km from the source, what is the intensity
of the wave 400 km from the source? [Ans: 63 x 10 W m?]

Assuvie q lm“'{ souv(re

B s
= 4 hq_-rcfl
<X

Simee P L seuyce 3 convbmt TX P2
2 -
5, (2)°, (1) o) ¢ wat

it e
-I'. > 200

i

9.7 Polarisation of Waves

Ones characteristic that distinguishes transverse waves and longitudinal waves is polarisation®.
Plane Polarisation

Polarisation is a phenomenon whereby vibrations in a transverse wave are restricted to only one direction,
in the plane normal to the direction of energy transfer.

To polarise a wave, we often use a polarising filter, or polariser, that permits only waves with a certain
polarisation direction to pass through

Consider waves set up on a string. A slot as shown in Fig. 9.7.1 can be used to limit the string’s plane of
propagation to the x-y plane and the oscillation to the y-axis. Consider waves set up on a string. A slot as
shown in Fig. 9.7.1 can be used to limit the string's plane of propagation o the x-y plane and the
oscillation to the y-axis.

o Polarising Axis or Transmission Axis
The polarisation direction of the polariser is also known as the polarising axis or transmission axis.
Only components of the waves parallel to the polarising axis are allowed to pass through.

&1

Fig. 9.7.1 A vertical slot is used to Fig. 9.7.2 A wave on a string polarised to oscillate in the x-y plane (a)
polarise the wave on fhie ‘string_so-thiab and x-z plane (b). For each case, what is the polarizing axis on the
oscillations are limited to.a vertic:'tf?a/reéj polarizer?

7S

% For A-level syllabus, we will consider only plane polarisation, where we limit the oscillations to a plane. If you are
interested in Circular Polarisation or Elliptical Polarisation, you may refer to Young and Freedman (1 th Edition) Chapter 33.5
Pg 1268.
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Why Longitudinal Waves cannot be polarised

Polarisation does not occur for longitudinal waves because oscillations of the points on the wave are -
along the direction of wave propagation. Restricting the direction of oscillation will in turn restrict the
direction of wave propagation.

Therefore,
Longitudinal waves cannot be polarised.

Fig. 9.7.3 Longitudinal wave on a slinky cannot be polarised as the direction of oscillation of the elements on the slinky in
parallel to the direction of propagation of the longitudinal wave. Limiling the direction of escillation will therefore also
limit the motion of the wave.

In summary,

1. Only transverse waves can be polarised. Longitudinal waves cannot be polarised.
2. Only the component of the wave that is parallel to the polarising axis of the polariser will pass
through the polarisers.

9.7.1 Polarisation of Light

Light waves are electromagnetic (EM) waves which censist of mutually perpendicular time varying
electric field (E ) and magnetic field (B ) oscillating perpendicularly to the direction of wave fravel.

EM wave is commonly represented by just the electric field (E). The amows indicate the plane of
oscillation of the E-field.

= Fig. 9.7.4 shows an EM wave travelling perpendicular to the plane of this paper and its plane of
oscillation of the E-field is also perpendicular to the paper.

= Fig. 9.7.5 shows two ways to represent unpolarised EM wave which is travelling perpendicular to the
plane of the paper. There are multiple planes of oscillation in an unpolarised EM wave, all of which
are perpendicular to the plane of the paper as well.

x -+

Fig. 9.7.4. Representation of a polarised EM Fig. 9.7.5. Representation of an unpolarised EM wave whose planes
wave whose oscillation | is vertical and of oscillation is perpendicular to the plane of the paper.
perpendicular to the plane of thepaper.

An ideal polariser passes 100% of the incident light that is plane-polarised along its polarisation direction
and 0% of the light that is 90° to its polarisation direction. Since unpolarised light is a mix of all possible
polarisations, an ideal polariser transmits only 50% of the incident unpolfarised light intensity.

Sk
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Light Passing Through Two Polarisers

By using two polarisers, we can also control the intensity of light.

Unpolarized P
light Polarizer Q
_ Analyzer

Polarising Axis Polarized
light

Fig. 9.7.6. Using two polarisers to control intensity of light.

Fig. 9.7.6 shows the typical setup used to control the intensity of light. An unpolarised light beam is
incident on two polarisers P and Q with their polarising axes angle an angle of ¢ with each other.

 In such a setup, the second polariser is often known as an analyser.

= After passing through the first polariser P, the light is polarised along the polarising axis of
polariser P. Suppose the light then has an amplitude of E, and an associated maximum intensity
of /.

« |If this polarised light then falls on a second polariser Q, then the component of E, perpendicular
to the analyser axis is completely absorbed, while only the component parallel to polarising axis
is allowed to transmit through Q.

= Since the nlane of oscillation of the electric field of this light is oriented at an angle of @ to the
polarising axis of Q, therefore, amplitude of vibration of the light after passing through the

polariser C is given by E, cos 6.

 Since the intensity of a wave is directly proportional to the square of the amplitude of vibration.
Therefore, we can see that

Intensity of Light after passing through the analyserQ ] (Eo cos 0)2

Intensity of Light after passing through the polariser P il " E

a

= I=1 cos*@

Hence the intensity of light that passes through two polarisers that are aligned with an angle between
their polarisation directions is

I=1 cos’@

where [, is the maximum iﬁiens}ty of light transmitted when the two polarisers are aligned along the
same direction of polarisation. The above equation is known as the law of Malus after its discoverer
Etienne Louis Malus, who first observed this effect experimentally in 1809.

I35
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Historically polarization studies were made to investigate the nature of light. Today the procedure is
reversed and we deduce something about the nature of an object from the polarization state of the light
emitted by, or scattered from, that object. Polarisation studies have shown that Satum's rings consist of
ice crystals. The size and shape of virus particles can be determined by the polarization of UV light
scattered from them. Much useful information about the structure of atoms and nuclei is gained from
polarization studies of their emitted radiations in all parts of the EM spectrum. Thus we have a useful
research technique for structures ranging in size from a galaxy (~10% m) to a nucleus (~107° m).
Polarised light also has many practical applications in industry and in engineering science.

| Some applications of polarised lightare:

1. Polarised sunglasses — Glare is usually due to light reflected off a horizontal ground (e.g. Snow | |

surface, car roof). As light gets reflected off a horizontal surface, it will be polarized horlzontally
Poiarlsed lenses contain a special filter which block off the reflected light from the ground, whlch
reduces the glare.

2. Stress Analysis - Certain plastic materials under stress will affect the plane of polarization of hght

through them. This can be used to study stress in various structures.

3. 3-D films — Two images are projected through polarising filters onto a screen. The viewer will have to :

wear a pair of glasses which has 2 different polarising filters for each lens, so that the movie appnars
to be three dimensional. (see Appendix A 3-D films and Polarisation)

Example 9.7
The figure below shows a beam of initially unpolarized light passing through two polarizing filters P and P».

The polarizing axis of Py is fixed at 40" with respect to the vertical axis. P2 can be set with its polarizing axis
at a variable angle ¢ to that of P+. For what value of & do intensity minima of the emergent light occur?

P, For infemsity mihimq v oceour (40
-wv!‘evgbﬂ?{" light) the 2 Pelﬁw‘z,:‘wﬁ
axes wurt b b H each o

R ithte P, #ru G0° (w wyt P

& =%+ 20° =(30”

B 8 =340" (a0’ %u°) =2(0°

Rttt P; #ru 40°  Alw w.rd ]

B
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Example 9.8 _ _ _ ‘ 2
Two polarising sheets have their polarizing directions parallel so that the intensity /, of the transmitted

light is a maximum. Through what angle must either sheet be tumed if the intensity is to drop by one-
half?

Frow Malus's Uiw we haw: T=T, 0s"8

r

& 2
E:-::& = cos "D
2y ¢!

T

[«
cOSJB: (.TF)
= (%)
0 =us*
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Appendices

Appendix A: 3-D films and Polarization

3-D films such as Avatar (by 20" Century Fox), G-Force (by Walt Disney Pictures) and Cloudy With A
Chance of Meatballs (by Sony Pictures Animation) have been a hit with the cinema these days. in fact,
3-D films have existed in some forms since 1950s. There are various techniques to produce 3-D films.
Current methods include interference filter technology, for example Dolby 3D and polarization systems,
for example RealD. We will look at the latter in detail.

For 3-D films which are shown using polarization systems, the viewers will have to wear 3-D glasses to
view the polarized image on the screen. The image will be blurry when viewed without the special
glasses. There are two types of polarization systems: linear polarization and circular polarization.

For the linear polarization system, two images are superimposed onto the same screen through two
polarizing filters which are at 90 degree angles of each other (orthogonal). The silver screen is specially
constructed such that it is non-depolarizing to compensate for light loss and to preserve the polarization.
The viewer wears a pair of glasses which is made of a pair of orthogonal polarizing filters. Each filter
only allows light from the image which is polarized in the same plane to pass through and blocks the
orthogonally polarized light, each eye will only see one of the images. The 3-D effect is then achieved.

Fig. A1. Two pairs of 3-D glasses showing the polarizing effect.
Picture adapted from hitp:/len.wikipedia.org/wiki/File:Realdglassses jpg

Similarly, for a circular polarization system, two images polarized differently are superimposed onto the
same screen. However, unlike linear polarization system, the two images pass through circular
polarizing filter of opposite handedness. The viewer wears a pair of glasses made of a pair of circular
polarizer mounted in reverse handedness. Hence, each eye will only see one of the images and the 3-D
effect is achieved. RealD Cinema is a digital stereoscopic projection technology which uses similar
techniques as a circular poianzatmn system; except that it only needs one projector. A circularly
polarizing liquid crystal filteewhi t:h can switch polarity is placed in front of the projector fens, so that the
left and right images are dtsplayed altemnately.

Information adapted from:
http:/fen inment. howstuffworks com/digital-3d 1 htm

httpJ/fen.wikipedia. org/wiki/RealD_Cinema
http/fen.wikipedia.orgfwiki/3-D_film
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Appendix B: Polarisation by Absorption’

Most light sources e.g. filament lamp, sun etc produce light that are unpolarised. However, there are
ways to polarise light that is initially unpolarised, or to change the direction of polarisation of polarised
light. The most common method to produce polarised light waves is by using a polariser which is known
as a polaroid. (E.H. Land, 1928).

When light is incident on a polariod sheet, ideally,

« ifthe lightis polarised with its electric field E parallel to the polarising axis of the polariod,
it will be completely transmitted,

e if the light is polarised with its electric field E perpendicular to the polarising axis of the
polariod, it will be completely absorbed.

* ifthe lightis linearly polarised at some angle ¢ relative to the polarising axis, the light will be
partially absorbed and partially transmitted - only the component of the electric field E
parallel to the polarising axis will be transmitted.

() Incident light polarized
aloag transmission axis

T TR G R asis

th) Incident light polirized
perpendicuiar 1o iransmission

HIEH

No fight i

(¢} Incidemt light polarized at
an angle & with transmission
axis

Ruduced mensiy

Fig. A2. The effect of a Polaroid sheet on initially polarized light depends on the direction of the initial
polarisation relative to the direction of the sheet's transmission axis. (Source : Coletta, p748, Fig.

26.36.)
{.v
/"ﬂ_};
Ey
|

=

Fig. A3. The figure on the left shows what happens when
polarised EM wave falls on a polariser with a vertical polaring
axis. The electric field £ of the EM wave makes an angle #with
the polarisation axis. The vertical component of E has
magnitude E, = E cos # and is transmitted. The horizontal
component £, = E sin @is absorbed. As a result of polarization,
the amplitude of light that passes through has decreased. Hence,
the intensity of the light is reduced.

M__\_m;;’

"1t is also possible to polarise light through reflection. You may read more about it from our e-textbook "Physics
Fundamentals" by Coletta, p750.
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Syllabus 9749

Content

s & 8 & = @8

Principle of Superposition
Interference

Two-source interference pattems
Diffraction

Single slit and multiple slits diffraction
Stationary Waves

Learning Outcomes

Candidates should be able to:

(@)
(b)
©

(d

(€

@)

t)

)

(k)
()

(m)

explain and use the principle of superposition in simple applications.
show an understanding of the terms interference, coherence, phase difference and path difference.

show an understanding of experiments which demonstrate stationary waves using
microwaves, stretched strings and air columns

explain the formation of a stationary wave using a graphical method, and identify nodes
and antinodes. §

explain the meaning of the term diffraction.

show an understanding of experiments which demonstrate diffraction including the
diffraction of water waves in a ripple tank with both a wide gap and a narmow gap.

show an understanding of experiments which demonstrate two-source interference using
water waves, sound waves, light and microwaves..

show an understanding of the conditions required if two-source interference fringes are to be
observed. .

recall and solve problems using the equations 2 =a x/ D for double slit interference using light.

recall and use the equation sin # = 1/b to locate the position of the first minima for single slit
diffraction.

recall and use the Rayleigh criterion 8 == 1/b for the resolving power of a single aperture.

recall and solve problems by using the formula d sin 8 =n A to locate the positions of the principal maxima
produced by a diffraction grating.

describe the use of a diffraction grating to determine the wavelength of light. (The structure and use of the
spectrometer are not required.) |
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10.1 Introduction

In your secondary schools, you have seen that all waves exhibit reflection and refraction.

For the A-evels, we extend our understanding of waves by looking at two other phenomena that are
exhibited by waves: interference and diffraction, and also look at their applications in Young's double slit
experiment, the measurement of wavelengths of light and sound, and the formation of musical notes in
string and woodwind instruments through the formation of stationary waves.

10.2 Principle of Superposition

imagine throwing two pebbles into a still pond. Each pebble makes its own ripples and as the ripples spread
out. they kind of averlap. What determines the resultant “ripple” that we see? The displacement of the
resultant wave is determined by the Principle of Superposition:

Principle of Superposition:

The principle of superposition states that when two or more waves of the same kind oirerlap, the
resultant displacement at any point at any instant is given by the vector sum of the. mdmduaf
displacements that each individual wave would cause at that point at that instant.

VYreesutant = Y1t Yo+ Ya+ ..+ ¥n

where yresuranis the displacement of the resultant wave and y, ys, ..., ynare the individual dis-placémen_té.-
of the waves at the point of consideration. - S

The statement of the Principle of Superposition is a popular exam questioh. Be careful to use the word
“displacement” and not “amplitude” in your statement

Fig. 10.2.1 and 10.2.2 are pictorial representations of the superposition of two wave pulses, y; and y.,
travelling in opposite directions. When the waves begin to overlap, the resultant displacement of the
waveform on the string at every point at any time is given by y; + ya.

o

Fig. 10.2.1. Conshuctive interféfenc of two wave pulses. Fig. 10.2.2. Destructive interference of two wave pulses.

Two pulses travelling on a stretched string in opposite directions pass through each other. When the pulses
overiap the net displacement of the string is equal to the sum of the displacements produced by each pulse.

4
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Note that when the two pulses separate, they will continue to move in their original directions as if nothing
has happened. From this illustration, we also see that;

After two travelling waves passed through each other, the pulse shapes remained unchanged after the
interaction, as if the two pulses had never met.

10.3 Interference

This combination of separate waves in the same region of space at the same time to produce a resultant
wave is called interference:

Interference

Interference is the superposing or overlapping of two or more waves to give a resultant wave whose
displacement is given by the Principle of Superposition, which states that displacement of the resultant
wave at any pomt is the vector sum of the dlspiacemenh of the individual waves at that pomt

Constructwe lnterference

Constructive !nterference occurs at a point ! when two waves meet in phase at that pomt The resultant
amplltude of the esculatlon at that poznt is therefore 2 maximum. ol

Phase dlfference between the two waves at that pomt =0, 2:: 47, ..

e Resu!tant amplitude AR A1 +Az

Constructive Interference of Transverse Waves Constructive Interference of Longitudinal Waves
» Amplitude = A, ;
f\ ~ RE\SL:IEM Amplitude = A, + A,
“’L'“*'" 7 T A
= E ,I | i
. Amplitudeé = A,
AN

Fos

Fig. 10.3.2. Two longitudinal waves in phase undergo
constructive interference at every point to produce a wave of
Fig. 10.3.1. Two transverse waves in phase undergo  increased intensity. In this case, since the amplitudes of the 2
constructive interference at every poml fo produce a wave of  longitudinal waves are the same, the resultant amplitude will be
maximum. double that of each individual wave.

nestructwe interference

An erenoe occurs at a pemt when two waves meet in antlphase {phase difference of 1800)
_The resuitant amplitude oitheﬁscjlatlon at that pomt is therefore a minimum.

Phase dlfference g’eﬁeen the twe waves atthat pomt =7 3?: Sfr
Resultant amphtude Ar = A; A _ e
fthe waves have the same ampiltude then the resu]tant ampi:tude would be zero
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Destructive Interference of Transverse Waves Destructive Interference of Longitudinal Waves
Amplitude 4,
B
FEh Resultant Amplitude = |A; — Aql
‘\-_/'Ir 7t |- ¥

Fig. 10.3.3 Two identical fransverse waves that are out of  Fig. 10.3.4. Two identical longitudinal waves that are out of
phase undergo destructive interference at every point when  phase undergo destructive interference at every point when they
they superimposed are superimposed

Note that when interference is neither fully constructive nor fully destructive, it is called infermediate
interference or partially destructive interference. The amplitude of the resultant waveform will be between
the maximum and minimum amplitudes possible (not inclusive).

Example 10.3.1

Two pulses are travelling toward each other, at 10 cm s on a long string, as shown in the figure below.
Sketch the shape of the string at {=0.6 s.

| em
=
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10.4 Interference of Two Wave Sources

10.4.1 interference of Two Wave Sources that are in Phase

Consider two identical sources of monaochromatic waves S; and S, as shown in Fig. 10.4.1. The two
sources produce waves of same amplitude, same frequency and are permanently oscillating in phase. Both
waves have the same speed.

Crests

Fig. 10.4.1. Interference pattern of 2 waves sources oscillating in phase. Solid
lines represent the crests while dotted lines represent the troughs of the waves
produced by the two sources

Path Difference between the Two Wave Sources

Before we derive the general conditions for a constructive interference and destructive interference to be
observed at any point P, we first define what we mean by path difference:

Path difference § between the two Waves,
]

i}

|Distance travelled by wave from S, to P— Distance travelled by wave from S, to s

ISP~ S,P|

T

Fig. 10.4.2. Path difference between waves from S; and S; is the difference between the distances travelled by wave from S,
and wave from S,.
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Conditions for Constructive Interference

Consider the lines Ao, As, A2 and Aa.

Along these lines, the crests of the wave from Sy (See Fig. 10.4 1) will always meet with crests from Sa.
Similarly the troughs of the wave from Sy will meet with the troughs from S..

From the Principle of Superposition, at the points where a crest meets ancther crest, we will get a resultant
-crest that is twice as high of that of the component waves. Similarly, at the points where a trough meets
another trough, the resultant wave will have a trough that is twice as low as that of each component wave.

Therefore along the lines Ao, A1, Az and As the waves will always meet in phase and hence constructive
interference occurs. Ao, A4, Az and A; are also known as the antinodal lines.

For a point P on the antinodal line A,, two waves from S, and S; travel to P over the same distance,
therefore they meet in phase. We see that for all points on line A,

Phase difference between the 2 waves at P: Ag=0
Path difference between the 2 waves at P: o= |S,P-5,P| =

If P lies on the antinodal line A+, we see that the path (distance) travelled by one wave to P is always
longer than the other wave by one wavelength.

Phase difference between the 2 waves at P: Ap=2r
Path difference between the 2 waves, §=[S,P-S,P| =1

Similarly for antinodal lines Ay, for all points P on the line, the path travelled by one wave is always
longer than the other wave by two wavelengths.,

Phase difference between the 2 waves at P: Ag=4r
Path difference between the 2 waves, = ’S]P -S,P| =22

In general,

Cohd'iﬁbns'for Constructive Interferef'\ce'
For two waves sources Si and S, that are oscillating i Il'l phase _
.o Phase d;ffemnce between the two waves meetmg at point P is therefore gwen byﬁ.'. :
BTG A$=0,27,4r,6x,...=2mn e
« Path difference between the two waves travelling from the sources to the point P s s o
GE TS = 04K —md

where' m=0,1,23,.. and A is the wavelength of the individual waves.

Note:

1. The points of constructive mterference are also known as points of maxima.
2. mis also commaonly MOmsgthe order.
= The central maximum |§/ knﬁwn as the zeroth order maximum. (m = 0)

=  The two maxima on either side of the zeroth order maximum are known as the 1st order maxima
(m=1). The next maxima further away are then known as the 2nd order maxima and so on.

= Note that sometimes, we assign signs (+ or - ) to distinguish the "directions" of the order e.g. the
orders observed to the right of the zeroth order may be given a positive sign (+) and therefore
those orders observed to left of the zeroth order may be given a negative (-) sign.

8
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— Antinodal lines

Destructive Interference

Fig. 10.4.3. Two wave sources interfere with each other to produce
points of constructive and destructive interference in a two dimension
area. Point b is a point where constructive interference may be
observed. Point ¢ is a point where destructive interference is
observed. The antinodal lines (lines that join points of constructive
interference of the same order) are indicated as well with the value of
the order m shown. Here orders which lie above the zeroth order
maximum are given a (+) sign and orders which lie below the zeroth
order maximum are given a (-) sign.

Consider each point along lines Ny, N2, and N; (See Fig 10.4.1). We notice that, along these lines, the
crest of a wave from S¢ will always meet with a trough from S..

Hence, the two waves will always meet in antiphase and therefore destructive interference occurs. N,,

N4, N2 and N3 are also known as nodal lines.

We follow the same procedure to derive the general condition for a destructive interference to be observed
at any point P from the two sources by examining the nodal lines.

Now if P is a point on N,
Path difference between the 2 waves,

5= |8,P-S,P| =i;—

If P is a point on Na,

Path difference between the 2 waves,

34
5= |5,P-5,P| = =

Fig. 10.4.4
For a particular nodal line N, , the wave from S, fravels one-half of Finally, if P is a point on N,
a wavelength ( A/2) more than the wave from S; to P, so if initially Path difference between the 2 waves,
the waves were produced at the source to be in phase (phase 54
difference is 0) , this additional A/2 will cause an equivalent phase 6= |S,P-S,P| = —2—

difference of 180° and hence the two waves will meet in anti-phase.

Therefore a destructive interference will be observed at P.
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Conditions for Destructive Interference:
Consider two waves sources S and S that are oscillating in phase.
For destructive interference to occur at a point P, a certain distance away frorh_ S1_ and .S..g,

'« Phase difference between the two waves meeting at point P is therefore given by: i - : -

A¢=r, 37, Sz, Tr,...=(m —%) 2z

« Path difference between the two waves traveliing from the sources to the point P :°

where the order, m=1,2,3,... and 4 is the wavelength of the individual waves. -

Note :
1. The points of destructive interference are also known as points of minima.
2. Notice that because there is no destructive interference in the central line, there is no zeroth

order minimum observed.

Question:

The conditions for constructive and destructive interference stated above are for the case that the sources
started out in phase. |f the original sources are 180° out of phase (i.e. in anti-phase or equivalent to an

additional path difference of 2 ), will the conditions for path difference change and why?
2

Answer:

(The phase difference between the 2 wave trains arriving at P)

= (Phase difference at the source) + (Phase difference due to the equivalent path difference)
All the points where the waves meet in phase previously, the waves will now meet in antiphase.
All the points where the waves meet in antiphase previously, the waves will now meet in phase.
Hence, the conditions for constructive and destructive interference are interchanged.

For Constructive Interference :

For Destructive Interference :

Path difference btwn the 2 waves trains arriving at P,

Path difference btwn the 2 wave trains arriving at P

g =fgpegpled B 2 6= |S,P-8,P| =0, 4,2}, 3A-...
2 2 2 2
=mi wherem=0,1,2 3,4.,...
= (m-112)h ‘where-m-=12, 3, 4,...
m: mth order maxima Vi \,/S:

m. mth order minima

Note : In this case, the zeroth order is a minimum and there is no zeroth order maximum.

10
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Example 10.4.1: Two Source Interference

The figure (Fig. 10.4.5) shows two sources X and Y which emit identical sound waves of wavelength
2.0 m. The two sources emit in phase, and the waves emitted have equal amplitudes, each A. :

What is the amplitude of the sound wave
(a) atR,
(b) atQ?

Suppose the source X is 180° out of phase with
source Y. What does an observer hear

(c) atR,
(d) atQr

(Ans: (a) 2A (b) 0 (c) 0 (d) 24)

2) A+ R,
forth difforeme § =XR-Yg. g
Thmen , Constructie  inteferene  ocoyy ¢
= A rsutiont = At A =2

) At e,
Msiwj P\f_magow Teonem

Q= [6*% Gigopofs 45w
Y@ =m=-}€m
Path dilf, §ovyqovg =1Om: 052

Tl WaRS oot M aquti ph 132

7 destructive  vrterferone ok @
= Rasuttairt awd e = 4 -A =0

T0m

6.0m ’
Q
fion
R
Fig. 10.4.5
O M R,

Path diff, § = ¥R-YK>0

- oltshuckive terforence

occurs &t R

2 Bt A

hear wo soum(

4) At Q, L waves af

Q@ will mett in PW’U“-
instead  us
Conshuchive fw‘f‘ﬁ"f:‘f"""@

otcws at Q .

-3 A- YQ_I;HH"\W(‘ “-"‘A"'('A"'H'ZA
=2 A olgewves will hear

11
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10.5 Diffraction of Waves

What is diffraction?

Diffraction is the spreading of waves, after passing through small apertures or opemngs lnto thelr
"geometrical” shadows; or the spreading of waves round an obstacle.

Diffraction effects become more apparent when the width of the opening is about the same size as the
wavelength.

10.5.1 Diffraction of water waves

When waves meets a barrier in which there is an opening, if the width of the opening is much larger than
the wavelength of the waves, the wave emerging from the opening continues 1o move in a straight line
(apart from some small spreading at the edge). If the width of the opening is comparable or smaller than
the wavelength, then the bending is a lot more obvious, and emergent wave becomes more circular.

i [

Fig 10.5.1 Waves of identical wavelengths meet gaps of different widths. When the width of the gap is comparable
to the wavelength, diffraction effects are more obvious.

What is meant by “"Geometrical Shadow"
Consider a series of particles projected (diagram below) separately into an aperture and obstacle.

At Aperture: At Obstacle:

Fig. 10.5.2

b
As the particles are blocked b{fh/e barriers, there will be a sharp ‘shadow’ region where the particles do
not reach. This shadow is known as the "geometrical shadow" of the barriers.

12
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Diffraction is also observed for waves meeting an obstacle in its path. Again, the relative size of the
obstacle to the wavelength will determine the effect of diffraction as shown in the figure 10.5.3. It is
found that in order for the waves to spread around the edges of the obstacle to extend into the geometric
shadow of the obstacle, the width of the obstacle should be approximately the size of the wavelength.

i3 v 1V ST

. X T

= Shadow
rsehg?'ig?:w e_ 3 . ’ === Fegion

= S
Tl \"-—s____
e e

——T e e T

———

Fig. 10.5.3 The waves will bend if the length of the obstacle is smaller than the wavelength of the waves.

Since light and sound demonstrate diffraction effects. They are said to behave like waves. This diffraction
effect cannot be explained by particle theory (i.e. diffraction effect is unique to waves).

10.5.2 Single Slit Diffraction Pattern

Diffraction Pattern of a Single Slit

We might expect that light passing through a small opening would simply result in a broad region of light
on a screen, due to the spreading of the light as it passes through the opening. We actually find something
more interesting. A diffraction pattern consisting of light and dark areas is observed, somewhat similar to
the interference pattern discussed earlier.

For example, when a narrow slit is placed between a distant light source and a screen, the light produces
a diffraction pattern shown in Figure 10.5.3. The pattern consists of a broad intense central band (called
the central maximum), flanked by a series of alternating bright and dark bands. Figure 10.5.4 shows a
diffraction pattern associated with light passing by the edge of an object. Again, we see the bright and dark
fringes, similar to an interference pattern.

Viewing
screen

Opagque object
Cel"ltl'al — €200 Thamaon - BrogkaCole
bright band 2\
Fig. 10.5.3 2O R Fig. 10.5.4
13

www.KiasuExamPaper.com
252



H2 Physics C1 2016

Single-slit Diffraction of light

Incoming
wave

Viewing screen

Fig. 10.5.5

In a single slit diffraction, light waves of wavelength A passing through a single slit of width b undergoes
diffraction to produce a broad intense central band with an intensity profile that is maximum at the centre,
and tapers off towards both sides as shown in Figure 10.5.5.

Christiaan Huygens, a Dutch scientist, developed a geometrical mode! of wave propagation (known as
Huygens’ principle, see Appendix A) which helps in explaining the above observation. According to
Huygens', the slit is made up of whole row of secondary point sources, radiating wavelets. Hence, light
from one of these secondary sources can interfere with light from another secondary source. This
diffraction pattern observed is actually the interference pattem produced by the many secondary light
sources within the slit!

The first minimum intensity of the single slit diffraction pattern occurs at angle & from the central
maximum where

sin =

=2l =

This angle @ is important because it tells us the angular spread (2) which contains most of the energy of

the wave. It can be seen from this that @ gets larger and the pattern spreads out as b (the slit width) is
reduced. The pattern also gets dimmer as less light energy passes through a small slit. A more
complete analysis of the diffraction pattern can be found in Appendix B.

Width of the single slit pattern

e [ —

o r-. . = =
For small angles the angulkii-@;@‘_,e):d of the diffraction pattern is inversely proportional to the slit width
b or, more precisely, to the raf‘lc_:;bf b to the wavelength A. Figure 10.5.6 shows graphs of intensity / as a
function of the angle for three values of the ratio & /4.

14
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I the siit width is equal to or narrower than the
wavelength, only one broad maximum forms,

1(0 .
[ | | 1 9
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() b=>5L (© b=8A
The wider the slit {or the shorter the
- wavelength], the narrower and sharper
I+ is the central peak. .
s Iﬂ

7

20°

- 100 00 200 s 200 i 100 GO j gﬂ

10°

=20°

Fig. 10.5.6 The single slit diffraction pattern depends on the ratio of the slit width 5 to the wavelength A.

2.0 m away?

sngle nanew sk

Fig. 10.5.7

Example 10.5.1: Single slit diffraction

The figure (Fig. 10.5.7a) shows light from a He-Ne laser of 633 nm is incident on a 2.0 x 104 m wide slit
and the resulting diffraction pattern on the screen as shown in Fig 10.5.7b. What is the width of the
central maxima (the distance between the dark fringes on either side of the central maxima) on a screen

Using  sin = /Io
:633)(10-‘:[ /J'UK(U'Q
@=0.|123°

s ks
fan 0= —

N= 29 fan fO.[?;g‘)
widt F e cenfg| W(wa,
11—_ 0-01231 = (2. F wwm

15
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10.5.3 Resolving Power

The resolving power of an optical instrument is the ability of the instrument to differentiate clearly between
the images of two close objects, i.e., the two images are seen as two distinct images. As most images are
viewed through an aperture as in the case of microscopes and telescopes, it is identical to viewing the
diffraction pattern produced. Hence the diffraction of light affects greatly or limits the resolving power of an

optical instrument.
To understand this limitation, let us consider two light sources far away from a narrow slit of slit width b.

The two sources can be incoherent, such as two distant stars.

- .
3 S
i 2 4 £ &=
Slit width, 5> ) g
s e "\ o
c;"l‘
L3 3 T
\'\x
A
5
Shit Viewing screen Viewing screen

(a) Little overlap of diffraction patterns (b) Significant overiap of diffraction patterns

If no interference occurs between the two light passing through the slit, then each light source will
produce a diffraction pattern on the screen. What is observed on the screen will be the summation of
two diffraction patterns, one from each source. If the sources are close together, their diffraction patterns
overlap; if they are close enough, their diffraction patterns overlaps almost completely and cannot be

distinguished.

i

i e e e

Fig 10.5.7

Individual diffraction patterns of
two point sources (solid curves)
and the resultant patterns
(dashed curves) for various
separation of sources as light
passes through a circular
aperture. In each case, the
dashed curve is a summation of

A Cagrit, M Trancm, and J € Thisy

(a) sources are far
apart and patterns
are well resolved.

(a> gnm)

To determine if the two imagéé are resolved, we use the Rayleigh criterion (named after Lord Rayleigh
who suggested this rule) which states that when the central maximum of one image falls on the first

(b) The sources are
closer together and
the patterns are just
resolved.

(c) the sources are
so close that the
patterns are not
resolved.

(a< emi.n}

@\ Oir)

the two solid curves.

minimum of the second image, the images are said to be just resolved.
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Hence according to the Rayleigh criterion, when two images are just resolved, the angular
separation between the two sources, ¢ is (approximately) equal to the angle Gi. between the central
maximum and the first minimum of one of the images.(See Fig. 10.5.8) This is because the central
maximum of one of the image falls on the first minimum of the second image.

From the previous section (i.e. diffraction pattern of a single slit), the first minimum in a single slit

diffraction occurs at an angle for which sing,,, :-;i where b is the slit width. When 6., is small, we can

* use the approximation sinéd . ~6_.

Therefore, the Rayleigh criteria for the resolving power of a single aperture is given by

0 =

min

|

where b is the slit width and G.:x is in radians.

Intensities

o= merr
\!Cl
N Source 2
Source 1 2

Fig. 10.5.8
(Image from
hitp://enx. org/contents/9ANhisih@ 5/Limits-of-
Resolution-The-Rayle)

T

Hence we can also say that the angle subtended by the two
sources, @ must be greater than % if the images are to be

resolved.

Note:

1. The resolving power of a telescope can be improved by
using an objective lens of wide aperture (i.e. large diameter).
Besides reducing the diffraction effects, more light is also
transmitted through the telescope and a brighter image is
observed. - o

2. In microscopes, the resolving power is improved by using
radiation of much smaller wavelengths than visible light, such
as ultra-violet. In electron microscopes, the wavelength of the
electron beam is 10° times smaller than visible light, resulting
in much higher resolution in the images. The wavelength
associated with the electron beam will be covered in Chapter
17 Quantum Physics.

17
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Example 10.5.3.1

The resolving power of the eye may be determined by drawing two
parallel lines at a distance of say 2 mm apart on a piece of card.
The card is slowly moved away from the eye until the eye just
cannot see the two lines as separate lines. The distance of the card
from the eye is measured. Suppose for a particular person, the
distance of the card from his eye is 5 m when his eye just fail to
see the two lines distinctly.

(a) Determine the angle subtended at the eye by the two lines.

(b) By approximating the wavelength of the visible light to be
500 nm, estimate the aperture of the pupil of the eye.

zxm”

W) Y= =/

0= &4%(04 rad

b) 9.‘;;1 = -E'-« &
4 $OOXI0
0.kox ™ = L

-3
= [.Lg X(0 ™

S 125 mm

18
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10.6 Interference of Light Waves - Young's Double Slit Experiment

The interference pattern produced by two water waves of the same wavelength can be readily seen in a
ripple tank’. Interference pattern is not easily observable when two light waves overlap, giving notion that
light does not possess wave properties.

The conditions for interference to occur are:

Conditions for Interference to occur at a point:
1. Waves must be of the same kind.

2. The waves m_ust'_overlap i.e. the waves must be at the same place at the same time.

So can light waves interfere with each other?

We now know that when two independent light sources are placed side by side, no interference pattern is
observed because the light waves emitted by each of the sources are not coherent, i.e. they do not
maintain a constant phase relationship with each other over the time of observation. Light from an
ordinary source undergoes random phase change about once every 10°s. Therefore, conditions for
constructive interference, destructive interference, or some intermediate state last for times of the order of
10®s. The result is that no interference pattern is observed since the eye cannot follow such short-term
changes.

x —

Conditions for Permanent and Observable Interference Pattern

Generally, for the interferenbe between any 2 similar waves to be observable :

1. The sources must be coherent; i.e. they must maintain a constant phase difference WIth respect to
each other

2. The two wave sources must also emit waves of roughly the same amplitude.

3. For transverse waves, they must be unpolarised, or share a common direction of polarisation.

Note:

1 These are the conditions for distinct (good contrast) and observable interference pattern. If the
conditions are not satisfied the waves still interfere i.e. the waves sfill obey the Principle of
Superposition. However the interference pattern is not sufficiently pronounced or permanent enough
for the observer to see.

2 Coherence:

Two waves are said to be coherent if they have a constant phase difference between them.

» When two sources are coherent, it does not necessarily imply that they are in phase with each
other.

¢ The constant phasé d?ffereh ce may be non-zero.

o Therefore, if 2 'solifeés are coherent, this necessarily implies that the frequencies and
wavelengths (and hence speeds) of the waves emitted must be the same.

! Read more about the Ripple Tank in Appendix C (Pg. 47).
19
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10.6.1 Description on Young's Double Slit Experiment

it was Thomas Young who first demonstrated that light can also interfere with each other to produce an
interference pattern as predicted by wave theory and hence demonstrating that light was a wave. A
schematic diagram of the apparatus that Young used is shown in Fig. 10.6.1.

Incident
Wave

Card with two slits

monochromatic
point source

=20}

£ ? Max

gl 2 Max
A b3 (48

Fig. 10.6.1 Setup for Young's Double Slit Experiment

« To produce light sources which are coherent in Young's interference experiment, a point source of
monochromatic light is incident on 2 slits. As light reaches the two slits, it is diffracted by slits S; and
Sz, which then act as 2 point sources. Since there is only one primary point source, therefore the light
waves emerging from S and S; are always coherent. If Sy and S, are equidistance from Sy, then the 2
sources are in phase.

e The light waves travelling from S; and S overlap and undergo interference, forming an interference
pattemn of maxima and minima.

~* 0On the screen points of visible bright rows called bright bands, bright fringes, or maxima are formed.
The dark regions are called dark bands, dark fringes, or minima.

* The pattem of bright and dark fringes on the screen is called an interference pattern. (Fig.10.6.2)

¢ A point source is obtained usually by placing another slit S between the double-slit and an extended
light source.
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Conditions for Maxima and Minima Phiste of interaretics

pattern

Viewing screen

P
(=) i
Fig. 10.6.2 Intensity
2004 Thomson - Braoks/Cose Not to Scale Distribution

Let us now derive the conditions for the positions of the maxima and minima of the Young's Double Slit
experiment.

In Fig. 10.6.2 a screen is placed at a perpendicular distance L from the double-slits. The double slits are

separated by a slit separation of d. Because the wave through S, originate from the same wavefront as
the wave through S, the two waves at S; and S; are always in phase.

Consider an arbitrary point P on the viewing screen,

o For a maximum to be observed at P, the wave from S1 needs to constructively interfere with

the wave from S.. Hence, the path difference §between the two waves when they meet at P needs
to be:

0 =|r1 —r2| =0,4.24,34,...=mA where m : order (m=0,1,2.3,...)

o Similarly, for a minimum to be observed at P, the wave from S; needs to destructively interfere

with the wave from S,. Hence, the path difference &§ between the two waves when they meet at P
needs to be:

4 24 ﬁ,zz(rn—l)/l where m: order (m=1,2.3....)
2 2 2 2

However, for the experiment, the separation between the slits d is often negligible compared to the
distance L between the screen and the slits, i.e. L >> d. Therefore the rays from Sy and S, to P are
almost parallel to each other. (Fig. 10.6.3)

Point to Note: What are the typical orders of magnitude for slit separation, d, slit widths Sy and S; and
distance L for Young's doubieslits experiment with light?
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Therefore, the path difference 6 may be approximated by:

d=dsind / 4
‘where d is the separation between the slits, and 6 is the angular 5~
displacement of the position of interference fringe observed from the
principal axis QO ?

The conditions that defines whether bright or dark fringes are observed at
point P is thus given by 3 - =dsin @

Fig. 10.6.3

Condition for Constructive Interference (Maxima or Bright Fringes): B syt
dsin@=mA where m : order number { m= 0,1..2.,3,;..,5 .

Condition for Destructive Interference (Minima or Dark Fringes):

dsing =(m—5))u where m : order number (m=1,2,3,...) -

The assumption made during the derivation of these two equations is L >> d

Note:
ii Similar to the fwo source interference introduced earlier, m is called the order number.
o m =0 corresponds to #= 0. In this case, a central bright fringe is observed and hence it is

known as the zeroth order maximum. The first maximum on either side is called the first-order
maximum, and so forth.

o Sometimes a sign is assigned to the order to help distinguish the positions of the maxima or
minima. For example in this case, maxima located at one side (suppose above) of the zeroth
order maximum may have values of m = 1, 2, 3, 4.... while maxima located at the other side
(below) the zeroth order maximum may have values of m=-1, -2, -3, 4, ...

2 Positions y of Bright and Dark Fringes

It is often useful to obtain expressions for the positions y along the screen of the fringes measured
vertically from O to P.

In a typical Young's Double Slit experiment, constructive interference occurs when

dsin 8= m)q::» sin @=mlld
I s

Given small values of m, the value of 8 would be very small if 4 <<d,

hence we can use small angle approximation (sin 6~ tan 6) to arrive at tan 6= mA/d

From triangle’OPQ (Fig=16(6.2), we have tanf =%

ma
sy m
d

=

2 The principal axis is a line joining the midpoint of the two slits perpendicularly to the viewing screen.
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Hence,
oA s " AL
Positions of Bright Fringes: Vhright = mj (m=0,£1,42, 43, ..)
P TR Se 1 AL -
Positions of Dark Fringes: =(m ——)— (m =41, 42 43, ..)
The assumptions made during derivation of the above 2 equations are:
o 8 is small. (Applies for low values of m where mi<<d)
o L>=d
3 Fringe width or Fringe Separation, Ay:

The fringe width or fringe separation is defined to be the distance between 2 consecutive bright
fringes or the distance between 2 consecutive dark fringes.

Hence, Fringe separation

Ay = Position of (m+1)" order bright fringe — Position of m" order bright fringe
= _Vm+1 = Ym
d d
AL
i.e Ay=—
S

where A is wavelength of light;
L is the distance of screen from slits;

d is the slit separation.

Notice that on the right hand side of the equation, 4, L and d are constants, hence we can make the
following conclusion:

For a two-source interference, where d << L and A << d, the fringe separations close to the
central maximum (8is small) is approximately constant.

= _)

This conclusion is furtheg conflrmed by the photo in Fig. 10.6.2, which captures the fringe pattern
formed on the viewing screen during an experiment. The corresponding plot of the intensity
distribution is also given.
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Example 10.6.1 : Determination of wavelength of light using Young’s Double Slit

A screen is separated from the double-slit source by 1.2 m. The distance between the two slits is 0.03 cm.
The second-order bright fringe (m = 2) is measured to be 4.5 mm from the centre line

(i) Determine the wavelength of light.
(i) What is the fringe separation between 2 neighbouring bright fringes formed on the screen?

(). Using dT—— & w\ﬂ;

Az N . (¢5%07) 0o3%(07)
ml s _—_')"63,,%0'"1‘“1
2042)

(in. Fringe sefarati=,
+ é
Y is B/asye i) - 225 % (07 m

(093 % (0~)
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Effects of Diffraction on Double Slit

The slits used in the double slit experiment in practice cannot be considered as point sources. As a result,
each slit produces a diffraction pattern as shown in Figure 10.5.5. Figure 10.6.4 illustrates the interference
pattern of two slits superposed on the intensity pattern of a single slit. The interference fringe pattem due
to the double slit gets moderated by the diffraction pattem.

Fig. 10.6.4

This can sometimes result in missing orders in the interference fringe pattemn. When the minima of the
diffraction envelope coincide with the maxima of the interference pattern the "maxima" of the
interference pattern go missing.
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10.7 Diffraction Grating

We have seen that the Young's double-slit experiment is able to allow us to determine the wavelength of
light. However, a more commonly used tool is the diffraction grating. A diffraction grating has many fine,
parallel, closely spaced and equidistant slits/rulings inscribed on a sheet of glass or metal. A typical
diffraction grating has several hundreds to thousands of slits per mm.

Incoming plane
wave of light
! F First-order
ki

(m=1)

Central or
zerath-order
Cmaximom
fau=0)

First-order

i
(im=1%

© 200G Thomsos - Books Cole d=dsing
Fig. 10.7.1.

To see how a diffraction grating pattern differs from a Young's double-slit pattern and why it is so useful,
we will analyse the diffraction pattern for various number of slits of the same slits-separation d.
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1 slit

2 slits ;
- Single
;mﬁ'x afit :

3 slits N

e AN I\ R A
i N i\ S\ A\ /N
4 slits By k YELVARY & V259

i i

i & 8
i £ # [
¢ s i

— Wxémaimmmm&gi_l&ﬁk

4 slits
t ; : | Diffraction
§% ﬂ g .~ envelope
: 3 Pt I § '*': £
e Jilead -ii,,ﬂ_ﬁf_qw e
_ ; , ; Narow and
» & .} i - -
{1 t; 2 4~ brght fringes
10 slifs !

Fig 10.7.2. This shows the diffraction pattern of one slit, then two, then three, four, five, six, and more. When
there are many slits, we call it a diffraction grating. The more slits, the narrower the pattern becomes. The
pictures (a) above were taken with monochromatic light.

From the Fig. 10.7.2(a) above, we make the following observations:

b
e For the same slits separation d, the positions of the maxima( r)emain the same.
] As the number of slits increase, the maxima become narrower, i.e. the fringes become sharper on
the screen.
e As the pumber of slits increase, the intensity of the maxima increases.

Therefore, we can infer that for a grating (no. of slits — ) the fringe pattern will have very good confrast
(narrower and brighter maxima separated by broad regions of dark minima).
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Condition for Maxima for a Diffraction Grating

. From the above observations of the diffraction patterns of various slits, we can therefore infer the
equation that determines the positions of the maxima for a diffraction grating pattemn.

. For same value of d, the positions of the maxima (bright fringes) of a grating coincide with
the positions of the maxima for a double slit : '

Condition for Constructive Interference (Maxima) for a Diffraction Grating

For the nth order maxima,

dsin@ = ni

where d : separation between the slits
0 : angular position of the bright fringe from the principle axis
n : order number (n=0, 1, 2, 3,...)
A : wavelength of light passing through the grating

Commercially available gratings are labelled by the no. of lines per unit length, N. The relationship between
N and d are given by :

1
N=—
d
Note :
1 In this case, we do not define the conditions for destructive interference as the width of the region
between the bright fringes is very large.
2 For most of the gratings in the laboratory, the slit separations are much smaller than that of the

double slits. Hence, you will notice that the positions of the first and higher orders of the bright
fringes lie much further away from the central bright fiinge and hence small angle approximation
does not hold. Therefore, in most questions for diffraction grating it is not meaningful to talk about
the fringe separation as the angular separation between consecutive fringes are not constant, in
fact they increase as the order increases.

Although the formula for constructive interference for the double slit and the diffraction

AL
grating is the same, the formula for fringe separation for double slits, Ay_z_j, CANNOT

be used in a grating, unless the fringes are shown to be regularly spaced.

3 Grating vs. Young's Double Slit

The grating is often the preferred choice over the double-slit for the following reasons. For a
diffraction grating, = L
o Fringes are s'harﬁer and positions are more precisely determined. There is therefore less
uncertainty in measuring the position of the fringes, and less uncertainty in the computation
of wavelength.

o Typically the angular displacements are large, so percentage uncertainty in measuring the
angular displacement becomes relatively lower. This translates to a relatively lower
percentage uncertainty in measuring wavelength as well.
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4 Determination of Wavelength Using Grating®

o Advantages and disadvantages of using the higher orders to determine the wavelength
as compared to first order:

Using dsin@ = mA , if we know the value of the slits separation d, we can generally determine

the wavelength of the light used by measuring the value of @ for a particular order of fringe.
There are both advantages and disadvantages in using the higher orders to determine this
wavelength. :

¢ Advantages:

o angular displacement & is larger, therefore there is less percentage uncertainty in
measuring the angle.

« Disadvantages :
o May not be as bright as the first order bright fringe.

Example 10.7.1 : Diffraction Grating
White light from a source passes through a filter which transmits only wavelengths of 400 nm to 600 nm.
When the filtered light falls normally on a diffraction grating, light of wavelength 600 nm in one order of the

spectrum is diffracted at the same angle, 30°, as the 400 nm light in the adjacent order. Find the number
of lines per mm for the grating. [Ans 417 lines per mm|]

Let  600nm [tg”r{' be the n ordey. Triewm (n+0tH ovoley & fHa HOo0m 1w
lrgh-{'.
d sing= ni
asmd = (Mt A,

Sinte g & P & f some,
ﬁﬂ’t: (nt )
I
T’-'IGM( Cubrfiike  n=) into d sM® =un

d:’ o & J-CGWX(O"‘)
gin@ g

2.6X(6" O
$iq ¢g°

NZd= g 0" Imes porme 4% fines per wm

* The spectrometer is a piece of equipment that is commonly used with the grating to determine the wavelength of light.
Do read more about it in Appendix D (Pg. 48),
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Example 10.7.2 : Maximum no. of Fringes Observable.

A monochromatic source of 485 nm is incident normally on a diffraction grating which has 500 lines per
mm. How many diffraction lines can be observed on the screen? [Ans:9]

Strategy: The maximum angular deviation from the principle axis is 90°. Using this condition, we can
determine the maximum order and hence find the theoretical maximum number of fringes observable on
the screen.

Moax  Meoreticn| avqufar d kefoxement pEsivle & 70"
dsimo= "L
dcin 90’ = N pmn
Man. pbsenalle oveler,

|
h = _d_ - = L‘_G;'(' = L"'
MAN T (e ot A SR(0™D)

Hone, wan . wo. of- diffachon lues observbde  ov
the  Scwen

=2U) « 1=
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Consider two identical wave trains moving in opposite directions overlapping in the same region of space.
Figure 10.8.1 shows wave P moving towards the right and wave Q moving towards the left. By applying
the principle of superposition, we know that during the time the two waves overlap, the resultant
displacements is given by the vector sum of the displacements of the primary waves at that location.

travelling waves
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E ‘\\/' ‘Misiam:;
=3 b —
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= 1 B ! ' % -
= \1://:' i M distance The diagram shows how the
Ty Cor T superposition of 2 identical waves
TN "N I N maoving ! in opposﬁe. directions
;\ ! : overlapping to form a stationary wave.
A A

Because the wave pattern does not appear to move in either direction along the wave, the resultant
waveform is known as a standing wave or stationary wave.

We can observe from the diagram that amplitude of vibration for every point of the resultant wave varies.

* There are particular points called nodes (N) that never move, i.e. the amplitude of vibration is zero.

* Midway befween the nodes are points called antinodes (A), where the amplitude of vibration is greatest.
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Formation of Stationary Wave (or Standing Wave)

Stationary Waves

When two identical waves of the same amplitude, frequency and speed but travelling in opposite
directions are superposed together, the resultant wave obtained is called a stationary wave.

10.8.1 Characteristics of Stationary Wave

Let us examine the properties of the stationary wave by comparing it with a travelling wave.

Standing Wave

Progressive Wave

5 —-wave velocity v

32

yi
——
A VA
Diagram * g— X
BV WA W
R
A |
wav | Does riot advance Waveform advances with the velocity of the
: ' wave.
Varies according to position from zero at the
nodes (pema_nent!y at rest) to @ maximum of
R 2 A at the antinodes. Apart from attenuation, it is the same for all
' (A s the amplitude of each of the component | Particles in the path of the wave.
| travelling waves that form the stationary
wave.)
~ | Alithe particles vibrate in SHM with the same : : : .
F equency | frequency as the component waves (except J;!l tﬁ:r:;caliz vibrate in SHM with the frequency
- | forthose at the nodes which are at rest). '
<~ |Phase of all particles between 2 adjacent
151 . -| nodes is the same (in phase). Particles in | All particles within one wavelength have
e adjacent segments between two nodes have | different phase.
a phase difference of zrad (in antiphase).
a0 Y 2 x distance between a pair of adjacent | Distance between two adjacent particles that
wavelength nodes or antinodes. are vibrating in phase.
i No translation of energy, but there is energy | Energy translates in the direction of the wave
19 | associated with the wave. travel.
_——e)
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Example 10.8.1 : Stationary Waves

Fig 10.8.2 shows a car driven at a speed of 30 m s along a straight road between 2 radio transmitters.
The transmitters T4 and T are sending out the same programme, using a frequency of 1.50 MHz. The
radio is heard to fade and strengthen regularly.

e 4 g -

) )) ” o= - ( [
e Ry
- &

Fig. 10.8.2

What is the period of this regular fading? [Ans: 3.3 s]

At 2 SU@Rs  are idgatical Kk trasmt rad@ waws in opp .
direetim, @ mﬂwh{ wahe will be -P)"H&J{ b T X T

Pericd of g veauhr -Faa[iﬂg = Time taten 4o wiowe blw 2 node S
bist. Yw 2 wedss S 7,//2_
2.00%10 "

@
Tus 0 WNEC & R ~ e
4 ﬂ/ 0{: f'Q4 4 __F (-0 = rb£ 2 00 u

Period O'F vegAlar 'Pﬂdflﬂz Pist. bfw 2 wedes = z.i:g X228
W@Pmr
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10.8.2 Stationary Waves in Strings

Consider a string that is fixed at one end. Suppose its free end is moved up and down in simple harmonic
motion, the oscillation will produce a continuous wave-train down the string. As the wave-train reaches the
fixed end, it gets reflected back. The reflected wave-train will interfere with the wave-train from the source
to form a resultant waveform on the string. It is observed that at certain frequencies of vibration of the
source, we will be able to see some unique waveforms on the string as illustrated in Fig. 10.9.3(a)-(c).

(b)

Fig. 10.8.3
Time exposures of standing waves in a streiched string. At certain driven frequencies of vibration, the amplitude of vibration of the
string become very large and the resultant waveform does not appear to progress along the string. (a) to (c) show standing waveforms
at increasing frequencies of vibration.

The frequencies at which standing waves are produced are known as the natural frequencies or resonant
frequencies of the string.

The different standing wave patterns shown in Fig. 10.8.3 are the different "resonant modes of vibration".
When the driving frequency matches that of the natural frequency of the string, the amplitude of oscillation
generated are the largest.

This principle is very important as it is used in the generation of music in many stringed instruments like
guitar and violin.

Resonant modes of vibrations in a stretched string fixed at two ends

o -

L LA LTS LTSS EL L LT AT AT LA ST

B g Fig. 10.8.4

Consider a wire stretched between 2 points and plucked in the middle, a transverse wave travels along the
wire and is reflected at the ends. The reflected and re-reflected waves from the ends will continually
interfere with each other to produce a stationary wave on the string.

r

The two ends of the strings are fixed and thus must have zero displacement and hence must be
displacement nodes.

This additional constraint or boundary condition results in the string being allowed to have only certain
wavelengths and frequencies-ef-gsCillations.

Fig. 10.8.4 shows the Iargest__pﬁssib!e wavelength of stationary wave that can be produced on the wire -
corresponding to the smallest frequency. This mode of oscillation is known as the fundamental mode and
the lowest frequency of vibration f; is known as the fundamental frequency.
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Mode of Vibration Wavelength Frequency Harmonic Overtone
/11 i) )-L- ff = i 131 —_
2
v
fr= Z d
2n 1sl
-+
L 2,
V
b=
13 3rd znd

" 3(LJ
24 2L

Generally the nth harmonic is given by: £, = n(i) ,wheren=1,2, 3,4, ..

Note:

; £

Fundamental Frequency and Harmonics

All resonant frequencies of vibrations that can be generated are called harmonics. The harmonics
are numbered according to the ratio of their frequencies to the first natural frequency f;. Thus if the
1% harmonic is 110 Hz, then 220 Hz, 330 Hz, 440 Hz etc. are the 2™, 3 4" etc harmonics
respectively.

* The first natural frequency is the lowest possible frequency and is known as the fundamental
frequency (or 1st harmonic)

= The frequencies of the harmonics are related to the fundamental frequency f; by f, = nf; where f,
is the frequency of the n'™ harmonic.

= Note that all harmonics are present for the string shown above.

Overtones

Overtones are the frequencies (excluding the fundamental) that can be produced by an instrument
accompanying the 1% harmonic that is played.

The tuning fork and frequency generator are the only examples that can produce a pure note.
The lowest overtone is known as the 1% overtone, the next overtone is the 2™ overtone. Hence, in

this case, the 1% overtone of the string corresponds to the 2" harmonic of the string.
Speed of a wave on a _s_t:__i_qg-
The speed of a wave oq?é'; stnng is given by y = Jf where T is the tension in the string and x is the

i
mass per unit length of the string.
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Example 10.8.2: Resonant Wavelengths of a Wire

A 1.0 m wire stretched between 2 points is plucked near one end. What are the three longest wavelengths
present on the vibrating wire?

[20m, 1.0 m, 0.67 m]

Véf 7\1‘ ':‘)-L =).0wm

nrj_:L‘-‘-i-UM

SIS

36

www.KiasuExamPaper.com
275




H2 Physics C1 2016
10.8.3 Standing Waves in Air Column

Like standing transverse wave on a stretched string, a standing longitudinal wave is obtained by the
superposition of two trains of progressive longitudinal waves of equal amplitude, and frequency, travelling

with the same speed in the opposite directions.

Stationary transverse and longitudinal waves share similar
properties except for the direction of the displacement of the
particle where the displacement of air molecules are parallel to
the direction of propagation of the component waves that form
the stationary wave.

The formation of stationary waves in pipes and tubes is the basis
of production of musical notes in most wind instruments. When
stationary waves are set up in the tubes, the air column
resonates at its natural frequencies.

The boundary conditions that determine the natural frequencies
of the air column depends on whether that end is open or closed.

- s e

i

p e - i -

Fig. 10.8.5
Looking at Fig. 10.8.5,
At the closed end,

= the longitudinal movement of the air molecules is prevented
and is always a displacement node.

At the open end,

= air molecules can vibrate freely, and is always a
displacement antinode.

37

node
node
node

antinode
antinoda

Fig. 10.8.6
The diagram can be used to show a longitudinal
standing wave. To see the effect, move a piece of
stiff card with a slot of no more than 1 mm cut in
down over the diagram.
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Resonant Frequencies of Air Columns
There are generally 2 types of air columns we want to concern ourselves with
* Open pipe
L ]

closed pipe ( closed at one end)

we have a displacement node.

Recall that the open end of the pipe, we have a displacement antinode, and at the closed end of the pipe,
Resonant Vibrations in an Open Pipe
(Displacement) Wavelength Frequency - Harmonic | Overtone
; Wave Profile - e N L
'
1$t
4l {fundamental)
gz
Ao=1 2 ond 18t
v v
=—= 2 _—
L (ZLJ
3 _ v
5.3.3 =7, .fl = IJ'
¥ 3m 2nd
/13 = EL = i‘f— = 3(LJ
3 2L 2L
The nth harmonic can be expressed as: f = n(i} ,wheren=1,2, 3,4, ...
Resonant Vibrations in a Closed Pipe
~ . (Displacement) Wave ‘Wavelength | Frequency | - Overtone
Profile e SRl BRI b
151
A ﬁ (fundamental) -
v
Th=L B
4 3v 3[ v ] 3¢ =
, B=3l | T \a
v
fi=om
“gsl |7
- _<_p Sv v Sﬂ‘ Zm
= 4 ==_=35 —
%gs A=k 4L "\ 4L)
The nth harmonicis given by: £, = n(:_l_] ,wheren=1,3 5,...
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Note

1 The fundamental frequency of an open pipe is twice that of a closed pipe of the same length.

2. Only odd harmonics are present in closed pipe.

3. Assuming that we have a closed pipe and an open pipe with characteristics the same in all aspects

inclusive of length, the following table presents a possible situation for the combination of
frequencies emitted.

Harmonics Frequency emitted from a Closed | Frequency emitted from an Open
Pipe /Hz Pipe / Hz
1 256 512
2 - 1024
3 768 1536
4 - 2048
5 1280 2560

The quality of sound emitted is a mixture of these harmonics for each system. Hence we see that
the “note” from an open pipe is “richer” than that from a closed pipe.

Example 10.8.3 Serway p18.37.

Calculate the length of a pipe that has a fundamental frequency of 240 Hz if the pipe is
(@) closed at one end and

(b) open at both ends.

Take the speed of sound to be 343 ms™.

[Ans: 0.357m, 0.715 m]
N tor pipe @ | od coed md vibwrivg 4t Pudrments| By,
= A [
- ¥
i ~ %F

= 3% -4.3
oo T

b) For pie men af boit e s vivertg ot fudamenrtnl fro,

- ﬂf[z
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Example 10.8.4 Serway P18.45.

An air column in a glass tube is open at one end and closed at the other by a movable piston. The air in
the tube is warmed above room temperature, and a 384-Hz tuning fork is held at the open end. Resonance
is first heard when the piston is 22.8 cm from the open end and again when it is 68.3 cm from the open
end.

(a) What speed of sound is implied by these data?
(b) How far from the open end will the piston be when the next resonance is heard?
[(a) 350 ms™" (b) 1.14 m]

Q) when piton B RGom fwm g o‘gm wd, Lot L op piye '&:7&/
= F?u

b
= f(qw)
T2 84) fx2 8 0™ Ei

B 3)'0..1m[5 )

why Pd‘fan s - bR om ‘Fwt e Open 8410‘1/ I‘%@f‘lﬂ Ly ‘g?ffetb '43{:7/

v,=f ly
AN X =t
L) (Y4r683x07)z = 3 —L— V- (npaE
 EndCorectons* T s "

In practice, the air just outside the open end of a pipe is set into vibration and the displacement antinode of a standing
wave occurs a distance ¢ - called the end correction beyond the end of the tube.

The effective length of the resonant air column is larger than the length of the pipe. The following figure shows the

E Note that the end correcﬂon “Fdr a cylindrical pipe is approximately 0.6r where r is the radius of the pipe.
Hence, for the farger pipeés: Atis necessary to take end correction into consideration.

P e e e

respective corrected lengths for the fundamental frequencies of a closed and open pipe. i
Closed Pipe Open Pipe i
: !

| 1

| 1

| 1

1 1

1 1

Making Amendments for End Correction Making Amendments for End Correction é
A i

=L+c¢ 3 =L+2 '

* The knowledge of end correction is not stipulated in the syllabus. But this can be found in many questions in A-levels
especially in the earlier years.
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10.8.4 What about the pressure?

Earlier we discussed the pressure variations in a progressive sound wave; now we can consider how
pressure varies in a stationary sound wave.

Fig. 10.8.7 (a) shows the two extreme curves of the displacement-position graph for a stationary wave for
times when the displacements are greatest. As before, we will take displacements of air molecules to the

right to be positive.
=+
Displacement
i Particlcata
(right} i

(a)

’ TN displacénient
# N A N, inode
o N NA N/ " g

'}‘
I
{left) 2 |
[
|
|
|

A

<———— oy,

|
|
|
i
i
Pressure i
’ e “\,f""'{""*\.‘_ /J |__ normal

5 < A Y
[ o Lt Noan } e ] : g ) ~7
b Partictes on opposite sides of 3 Panicles on opposite sides of
2 displacement node {(N) adisplacement andinode (4)
ascillaic in opposite phase, oacillate in phasc.
creqting a pressure antinpde cresting o pressure node
Distance
b .
o Fig. 10.8.8
Fig. 10.8.7 In a standing longitudinal wave, a displacement node N is a
Pressure vanation for a staﬁonary sound wave pressure antinode (a pDE!‘]l where the pressure fluctuates the

most) and a displacement antinode A is a pressure node (a
point where pressure does not fluctuate).

Consider graph (a),

e}

Air to the left of node N is displaced positively and hence to the right towards Ns; air to the right of N+
has a negative displacement and hence to the left toward Ny as well.

At Ny, the air is compressed and the pressure is greater than normal.
Hence, we can conclude
Pressure variation is greatest at displacement nodes.

Therefore, for a longitudinal stationary wave, we can conclude that :

Displacement node is subjected to large pressure changes and hence it is a pressure
antinode.

Since nodes are always located at midpoints of 2 adjacent antinodes, therefore
Displacement antinodes corresponds to points of pressure nodes

1, %
At those points, molecules are free to move about and hence the pressure remains at normal pressure.

Now consider Ng, in this case the air molecules to the left and right of N2 all moves away from Na.
Therefore, at N2, the air is less dense than usual.

At Ny, the air is"_rﬁ_@ﬁed and the pressure is lower than normal.
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Example 10.8.5: End Corrections

A source of sound of frequency 250 Hz is used with resonant tube, closed at one end, to measure the
speed of sound in air. The resonant lengths are found to be 0.30 and 0.96 m. Calculate

{a) the speed of the sound, and
{b) the end correction of the tube.
[Ans: (@) 330 ms™  (b) 3.0 cm]

L
od @1; —2.30)
o e B )
= 330 H{;
b) "?‘(:L[ sC
C:'--Z}-—L| = v 4 - 336 _
a 4‘F 1 q\sz) -0.30 -003%1
_F oo
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10.8.5 Investigating the speed of sound using stationary waves

We can determine the speed of sound wave by sefting up a stationary wave and measure the
corresponding frequency and wavelength as described by the experiment below. A stationary sound wave
is set up by reflection from a reflector.

I 2 P’
I ) reflector

loudspeaker ) d . % £

= T *1

A L1
— '!_‘ 3 o

microphone

/ o
K\I\: b
o-2f i) - 0 o0 (T

audio-frequency generator —
ot CR.O

Fig. 10.8.9 Measurement of speed of sound

The experimental setup is shown in Fig. 10.8.9.

The signal generator (See Appendix E, Pg. 49) connected to a speaker delivers a note of frequency f
towards a reflector (e.g. a metal sheet).

The sound wave gets reflected off the reflector and interference occurs between the forward and
reflected waves and a stationary wave pattem with nodes and antinodes is established between the
speaker and reflector.

The positions of antinodes are determined using a microphone connected to the oscilloscope (See
Appendix E, Pg. 49). The microphone is slowly moved away from the reflector until a trace of maximum
amplitude is obtained. This denotes the position of an antinode. The distance x; of the microphone
from the reflector is measured using a metre rule.

The microphone is next moved slowly further away from the reflector until the amplitude of the trace on
the C.R.O. is once again maximum. The distance of the microphone from the reflector, x, is again
measured.

Therefore,  Distance between 2 successive antinodes, d =x, —x, =4/2

Wavelength of the sound wave, A=2d
If the frequency f of the sound wave is known, the speed of sound v can be determined from

v={fil
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Appendices

Appendix A: Huygens’ Principle
Huygens’ Principle

But how can one explain the bending of waves due to diffraction? Why does the spreading of waves
become increasingly more obvious with the width of the aperture decreases to about the same order
as the wavelength? This phenomenon may be explained using Huygens’ Principle.

The Huygens' Principle is a geometrical method for finding, from the known shape of a wave front at
some instant, the shape of the wave front at some later time. Huygen assumed that

every point of a wave front may be considered the source of secondary wavelets that
spread out in all directions with a speed equal to the speed of propagation of the
wave.

The new wave front at a later time is found by constructing a surface fangent to the secondary wavelets,
called the envelope of the wavelets,

The following diagram shows how Huygens’ construction is used to determine the new wavefronts for
a plane wave and for a spherical wave.

A B B

|
{
i
|

.
|
i
i

New
wavelfront

Ol e cat
wavefront |

' .
' B (a) B (b)

Fig. 1: Huygens' construction for (a) a plane wave propagating to the right and (b) a spherical wave
propagating to the left.

ra

Through Huygens’ construction, we can now see how the subsequent wavefronts 'reconstruct'
themselves when incident plane waves pass through a slit.
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Let us now apply Huygens’ construction to explaining diffraction.

Consider first the case where the obstacle or
opening is much larger than the wavelength of
the waves (Fig. 2), we find that the wavelets
emerging forms wavefronts that is essentially
straight. Diffraction is not very apparent.

))j )

) % 3

If, however, the size of the opening becomes
comparable to the wavelength, the waves

g D) ))' proceed to "bend through" or around the opening
SHB ,\ﬂ or obstruction as shown in Fig. 3.
1) B)) B B
1) B3 BY) B
}g ) 8)) q
) ;)} D)) Fig. 3
Finally, as the obstruction or opening equals the
wavelength, the diffraction becomes quite
pronounced as shown in Fig 4.
Fig. 4
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Appendix B: Single Slit Diffraction Pattern

To analyze the diffraction pattern of the single slit, let us divide the slit into two halves as shown.

Single-slit Diffraction

B S

Viewing screen

Consider ray 1 and 3. As the two rays travel towards the screen, ray 1 travels an additional path

difference of gsme where b is the width of the slit and @ is the angle with the principle axis. Similarly,

the path difference between rays 2 and 4, as well as between rays 3 and 5, is also —g—sine.

If this path difference is exactly half a wavelength, then destructive interference occurs. This
cancellation occurs for any two rays that originate at the points separated by half a slit width because
the phase difference between 2 such points is 180°. Therefore the waves from the upper half of the slit
interfere destructively with the waves from the lower half when

: A

ésinéi' =t—
2 2
or bsind=+4
Dividing the slit into 4 equal parts and using the same reasoning, we find that destructive interference

also occurs when %sins‘ = i% or bsin@ =124

This same ardument can be applied when the slit is divided into 6, 8 and so on equal parts, and we
obtained the general condition for destructive interference (or dark region) to be

bhsing=mi wherem= +12,3,...

- )

46

www.KiasuExamPaper.com
285



H2 Physics C1 2016
Appendix C: Ripple Tank

One way to observe interference of water waves is in a ripple tank. Generally a ripple tank could be used
to investigate various properties of water waves.

_suppor above ripple tank
/ &

Lamphouse £

To cell
e - / light, fexible leads to
a Down for circular Ko rollnge i supphy
/ Wave small electric motor rubber bands

%Stmbosmpe

Wave pattern on
white screen

Fig. 1 Set-up for the ripple tank

1. Eccentric: An eccentric (off-centre) metal disc on the axle of the motor causes the beam to vibrate at
the same frequency as the revolutions of the motor. The speed of the motor is controlled by a rheostat
in series with a low-voltage d.c. supply, or a dry battery (usually 3.0 or 4.5 V).

2. To generate continuous straight wave, a vibrating beam just touching the water is used.
3. To generate circular waves, a small spherical dipper is fixed to the beam instead.

4. The speed of the motor may be adjusted to vary the frequency and wavelength of continuous wave
train.

5. The progressive waves move quite quickly across the water surface and any attempt to measure the
wavelength er draw the wave diagrams from the moving water shadows would be very difficult. A
standard method of freezing or slowing down rapid motion would be to use a stroboscope.

Wave fronts are lines of |
vonslant phase. Each + q\‘b“ C*"FSI

wave crest acts likea 1
convex lens and
concenlrates the light ~ L
onta the screen. Suthe tropgh
paitern on the screen
shows the wave crests.

Fig. 2 Observations of wavefronts in a ripple tank.
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Appendix D: Spectrometer

The grating or double slit is usually mounted on a device known as a spectrometer to allow us to easily

take measurements of ¢ so that we can study about the light source. Fig. 1 below shows you a typical
laboratory spectrometer and Fig. 2 shows a schematic sketch of the spectrometer.

adjusishie sET

Fig. 1 Fig. 2
A laboratory spectrometer The schematics of the spectormeter

The essential parts of a spectrometer are

(a) A fixed collimator with a movable slit of adjustable width to produce a parallel beam of light from

the source illuminating the slit. The light source to be studied is placed between the collimator
and the turntable.

(b) a turntable on which the prism, double slit or grating can be mounted, and

(c) a telescope attached to the turntable such that it can be rotated about same vertical axis as the
turntable. Usually there is also vernier scale attached below the turntable so that you to read
off the angle though which the telescope is tumed through from this scale. The vernier scale
allows you to read the angular position of the telescope to the nearest 0.1°.

When used with a grating,

o we usually start off by locating the position of the zeroth order maximum. It is the brightest
fringe that has the brightest intensity. This provides a reference point for which angular
displacement can be measured. The angular displacement of the m" order maximum,

= |Angular position of zeroth order bright fringe - Angular position of m® order bright fringe|
= 0= [90 —9m|

Alternatively, by noting the angular positions of the mth order bright fringe at either side of the

central maximum (@, ., and ¢, . ), we can also determine the angular displacement 6 of m"
order maximum from the central maximum. In this case, 20=0, ., -6, ..

o We also move the telescope to each side of this central maximum to check that several orders
of diffraction can be seen and there is some symmetry about this central maximum. If not, the
plane of the surface of the grating is not perpendicular to the plane in which telescope moves
and tilt of the table needs to be adjusted.

=P
%\
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Appendix E: Function Generator and C.R.O.
Function Generator
A function generator is an instrument that produces alternating (a.c.) voltage of different frequencies.
The standard voltage signals it can produce are:
o sine waves,

o triangular waves

o rectangular waves

v [ e
TG
a ouT
el @
- =
o co 3 ““’g YE
MM AN oD

ol @ -
° 8% o =5 N
[ X ©
eF, WA-8301A
;'c'{"!.-:-}:‘;:{: DUAL FUNCTION GENERATOR

Fig. 1. Examples of function generhtors, The top one is a single output generator. The bottom generator is able to produce two
outputs at the sam time.

As not all function generators have a precise digital display of the frequency of the waveform or the
amplitude of the voltage wave produced. It will sometimes be necessary to connect the function generator
to a CRO in order to determine the precise frequency and amplitude of the voltage wave.

To generate the sound wa&_e&:g‘r‘?hgunction generator is often connected fo a speaker so that the speaker
can convert the voltage sig n(ays}ﬁﬁbrations of the membrane of the speakers to produce sound waves.

Cathode Ray Oscilloscope
The other commonly used equipment in sound experiments is the cathode ray oscilloscope (CRO). The

oscilloscope is basically a graph displaying device that traces the variation of the input voltage signal with respect to
time.
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Using the oscilloscope, you can measure the amplitude, period, and frequency of any voltage signal. Therefore, a
CRO is actually a more complex voltmeter. Hence, to measure the frequency of a sound wave, we need to first
connect a microphone to the scope. The microphone will then convert the vibrational energy of the air molecules to
voltage signals which can be measured by the CRO.

Most scopes can display two signals on the screen at one time, enabling you to observe their time relationships.
These scopes are known as dual-channel oscilloscopes. A typical front panel view of such a scope is shown in Fig.
10.12.2.

Fig. 2. A typical dual channel oscilloscope. Numbers below screen indicate the values for each division on the
vertical (voltage) and horizontal (time) scales and can be varied using the vertical and horizontal controls on the scope.

Actual CROs vary depending on model and manufacturer, but most have certain common features. The main controls
will be discussed below. You will need to refer to the user manual for complete details of the scope you are using.
Vertical Controls:

In the vertical section of the scope (Fig. 2), there are identical controls for each of the two channels (CH1 and CH2).

- o Position Control. The position control lets you move a displayed waveform up or down vertically on the
screen.

o Volts/Div control. The Volts/Div control is also known as the Y-sensitivity / Y-gain control. It adjusts the
number of volts represented by each vertical division (usually 1 cm) on the screen. For this scope, the
Volts/Div setting for each channel is displayed at the bottom of the screen. For CH1, it is 500 mV/div and for
CH2, itis 200 mV/div. _

Horizontal Controls:
In the horizontal section, the controls apply to both channels.

o Position Control. The position control lets you move a displayed waveforms left or right horizontally on the
screen.”

o SeclDiv Control. The Sec/Div control is also known as the Timebase control, it adjusts the time represented
by each horizontal division or main time base. Similarly, for this scope, the Sec/Div setting is displayed at the
bottom of the screen.
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H2 Physics C2 2017

TOPIC 11 THERMAL PHYSICS

H2 Physics 9749 Syllabus (Examined from 2017)

Temperature and Ideal Gases
Content

¢ Thermal equilibrium

e Temperature scales

» Equation of state

¢ Kinetic theory of gases

¢ Kinetic energy of a molecule

Learning Outcomes
Candidates should be able to:
(a) show an understanding that regions of equal temperature are in thermal equilibrium
(b) explain how empirical evidence leads to the gas laws and to the idea of an absolute scale of
temperature (i.e. the thermodynamic scale that is independent of the property of any particular
substance and has an absolute zero)
(c) convert temperatures measured in kelvin to degrees Celsius: T/K =T/ °C + 273.15
(d) recall and use the equation of state for an ideal gas expressed as pV = nRT, where n is the
amount of gas in moles
() state that one mole of any substance contains 6.02 x 10% particles and use the Avogadro
number Na = 6.02 x 10% mol™
(f) state the basic assumptions of the kinetic theory of gases
(9) explain how molecular movement causes the pressure exerted by a gas and hence derive the
relationship pV = (1/3) Nm<c®>, where N is the number of gas molecules (@ simple model
considering one-dimensional collisions and then extending to three dimensions using 1/3 <¢?> =
<cy?> is sufficient)
(h) recall and apply the relationship that the mean kinetic energy of a molecule of an ideal gas is
proportional to the thermodynamic temperature (i.e. % m<c¢®> = (3/2) kT) o new situations or to
solve related problems.

First Law of Thermodynamics

Content
« Specific heat capacity and specific latent heat
¢ Internal energy
o First law of thermodynamics

Learning Outcomes
Candidates should be able to: ~= " 4L
(a) define and use the concepts-of specific heat capacity and specific latent heat
(b) show an understanding that internal energy is determined by the state of the system and that it
can be expressed as the sum of a random distribution of kinetic and potential energies associated
with the molecules of a system
(c) relate a rise in temperature of a body to an increase in its internal energy
(d) recall and use the first law of thermodynamics expressed in terms of the increase in internal
energy, the heat supplied to the system and the work done on the system.
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11.1 Internal Energy, Temperature and Heat

You are familiar with energies due to the bulk movement or position of a system as a whole. Internal
energy, on the other hand, refers to microscopic energies due to the movement and interaction of
individual constituents within the system.

For example, in the macroscopic view, a tennis ball flying across the court possesses kinetic energy of
motion and potential energy of gravitation.

In the microscopic view, the molecules that make up the tennis ball also possess kinetic energy since
they are in constant motion vibrating within the lattice. They also possess potential energy since they are
held together by the intermolecular forces which are electrical in nature. These make up the internal
energy of the tennis ball.

The internal energy is the summation of microscopic kinetic energy due to random motion of the gas
molecules and the microscopic potential energy due to intermolecular forces.

U= Z PEmicmoop‘c + ZKEnfmascoch

Notes:
1. The intemnal energy of a system is an energy term and hence is measured in joules (J).
2. The commonly used symbol for representing intemal energy is U.

It turns out that the temperature of a body is a measure of the average kinetic energy of the molecules
that make up the body. Increases in internal kinetic energy of a body can be detected by a rise in its
temperature.

Increases in internal potential energy, on the other hand, does not result in any temperature rise. This is
most dramatically demonstrated by boiling water: despite all the heat being supplied, the thermometer
continues to read 100 °C.
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Thermal equilibrium

Two objects are said to be in thermal equilibrium when they are in thermal contact and there is no net
exchange of thermal energy between them.

Temperature, T
If two objects are in thermal equilibrium, they have the same temperature.

Heat, Q

Heat is defined as the transfer of energy between a system and its environment due to a difference in
temperature between them.

Notes:
1. Heat is an energy term and hence is measured in joules (J).
2. The commonly used symbol for representing heat is Q.

Ta>Te
System A, - System B,
at temperature Ta Heat flows from at temperature Tg
AtoB
System A, Ta=Te System B,
at temperature Ta - (5t temperature Ts
No net heat flow

between A and B

Zeroth Law of Thermodynamics

If bodies A and B are separately in thermal equilibrium with a third body C, then A and B are also in
thermal equilibrium with each other.

If the Zeroth Law looks like a no-brainer to you, you are not alone. Let's take a little time to examine
this framework that we have cobbled together. A few interesting deductions:

(1) Itis temperature, not internal energy, which decides the direction of heat flow between two bodies.
Thermal equilibrium is attained when the molecules in both bodies have the same average kinetic

energy.

(2) Two bodies at the same temperature may have different internal energy. For example, for the same
temperature, 1 kg of water has less internal energy than 2 kg of water, simply because it contains
fewer molecules: For anatheréxample, 1 kg of water at 0 °C has more internal energy than 1 kg of
ice also at 0 °C, simply because it’possesses higher potential energy.

(3) A rise in temperature of a body indicates a rise in its internal energy. However, a rise in its internal
energy may not lead to a rise in its temperature. (This will be elaborated on in the sections on Latent

Heat)

(4) Heat is the transfer of thermal energy. So itis wrong to say “a water bath can store a Iot of heat”,
or “a hot object has a lot of heat".

www.KiasuExamPaper.com
292




11.2 Thermometers

H2 Physics C2 2017

11.2.1 Thermometric Property (Covered in Year 4 / O-Level Physics)

All thermometers are based on some material’s thermometric property. A thermometric property is a
physical quantity which varies continuously with temperature in a quantitative and repeatable manner.
See Appendix A to review necessary and desirable features in a thermometric property.

Types of Thermometer’

Thermometric Property

Liquid-in-glass thermometer

Length of liquid in a capillary

Thermocouple thermometer

E.m.f. between junctions of a wire at different
temperatures

Thermistor Resistance of a semiconductor

ElRindiesistanies Resistance of a coil of wire

thermometer

Constant-volume gas )

Hermatater Pressure of a fixed mass of gas at constant volume
11.2.2 Centigrade Scale (Empirical scale)

The earliest scales were called empirical scales because they were based on experimental
measurements of specific thermometric properties.

For example, the centigrade scale uses 0 °C to represent freezing point of water and 100 °C to represent
boiling point of water. The temperatures between these two fixed points are divided into 100 equal

intervals. Hence the centigrade temperature 6 is given by the formula |6 /° C=

Xs_xa

100 — 70

x100(, where

X represents the thermometric property.

> 3/°C

The arbitrary nature of the centigrade scale is highlighted by the fact that thermometers based on
different thermometric properties are only calibrated to agree at 0°C and 100°C, and may not
necessarily agree at any other intermediate temperature. (Refer to Appendix C for details on
limitations of the centigrade scale.)

' For more details of thermometers and their characteristics, refer to Appendix B.
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Worked Example 11.2.1

Say you are given a mercury-in-glass and a platinum resistance thermometer. The resistance values of
the resistance thermometer are 40 Q and 80 Q at the ice and steam points, respectively. When both
thermometers are used to measure the temperature of a cup of coffee, the mercury-in-glass thermometer
reads 50 °C and the resistance value of the resistance is 55 Q.

What temperature does the resistance thermometer read?

Solution:

Assumption: The resistance thermometer will be used to create a centigrade scale.

Mercury-in- | pesistance
glass of Platinum Calibrated platinum resistance thermometer
thermometer
Ice point 0°C 40 Q 0 °C (fixed point)
Steam point 100 °C 80 Q 100 °C (fixed point)
Temperature 50 °C 650 Assuming that the resistance increases linearly with
of coffee temperature, an increase of temperature of 100 °C

corresponds to an increase in resistance of 80 - 40 =40 Q.

So each increase in 1 Q resistance corresponds to an

increase in temperature of-14%2 = S

Since the temperature of coffee corresponds to the resistance
of 55 - 40 = 15 Q above resistance of platinum at ice point,
the temperature is 15 x 25=37.5°C

In short we are using this equation:

5.-"°C=—X-E—_—-X—G><1DO
100~ ‘Mo

55-40
8/°C=———x100=37.5°C
80-40
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11.2.3 Kelvin Scale (Absolute Scale)

In the late 1600s, the study of gas behaviour under extremely low pressures yielded two remarkable

discoveries:

1. The pressure of a constant volume of gas varies linearly with its temperature in °C; more
intriguingly,

2. Regardless of the type of gas (nitrogen, oxygen, etc.), each linear curve extrapolates to the
temperature -273.15°C when pressure of the gas tends to zero.

Gas A
SR GasB
GasC

-

Fd

/,',

"'11-"

_‘-,‘"

-273.15 -200 -100 0 100 200 T(°C)

This strongly suggests that there is a lowest temperature achievable. At absolute zero the system has
its minimum (not zero!!!) possible total internal (kinetic plus potential) energy.

Absolute zero is the lowest possible temperature. All substances have a minimum internal energy
at this temperature.

Thus, Lord William Thomson Kelvin proposed a new temperature scale known as the ideal-gas scale,
later renamed the Kelvin scale. In this scale, temperatures carry the unit of kelvin (K). This extrapolated
zero-pressure temperature of -273.15°C is designated as 0 kelvin (0 K), known as absolute zero. The
ice point and steam point correspond to 273.15 K and 373.15 K on the Kelvin scale, respectively. (Refer
to Appendix D for details on calibration of the ideal-gas scale.)

In Sl nomenclature, “degree” is not used. So it is 0 K, not 0 °K. Another thing, it is always
capitalised when abbreviated (K), but never capitalised when spelled (kelvin). Don't
argue. He was Lord Kelvin.

f Because of quantum effects, it is not true that at 0 K, all molecular motion ceases. There

are theoretical reasons for believing that absolute zero cannot be attained
experimentally.

11.2.4 Thermodynamic Scale (Absolute Scale)

In 1848, Lord Kelvin finally succaedediri developing an absolute thermodynamic scale based on the laws
of heat transfer in an ideal heat engine-~Since the ideal heat engine can be built out of any substance,
this scale is truly absolute. ~

The thermodynamic scale is an absolute scale because it is a theoretical scale that is independent of
the thermometric properties of any substance or on any empirical results.

Fortunately, Lord Kelvin was also able to show that the ideal-gas scale is equivalent to the thermodynamic
scale. In other words, scientists were using an absolute scale even before they knew it was an absolute
scale. In celebration, the ideal-gas scale was renamed the Kelvin scale.
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The Celsius Scale was later proposed. The Celsius scale is just a mere arithmetic adjustment of the
thermodynamic scale measured in kelvin.

T/I°C=T/K-273.15

Notice that the units of the Kelvin scale are the same size as those on the Celsius scale. In other words,
an interval of 1 K is equal to an interval of 1°C. This leads to the simple conversion between the Kelvin
and Celsius scales.

The chart below illustrates some important temperatures in both the Kelvin and Celsius scales.
K €
Water boils —+- 373_'.-—? 100°
100K |100°C
Water freezes 273 0°

CO, solidifies —mmm |95 s —78°

Oxygen liquifies 20 183°

Absolute zerp () m————273%

Wait a minute, doesn’t the Celsius Scale look like the old centigrade scale? Well, the Celsius scale was
designed to look like the centigrade scale, so that we can continue to call the ice point 0 °C and the steam
point 100 °C, so that the laymen don’t even notice anything has changed. However, as a student of
Physics, you should understand the conceptual distinction between them. The Celsius scale is based
on the Kelvin scale, which is equivalent to the thermodynamics scale which is an absolute scale.
The centigrade Scale is an empirical scale based on the thermometric property of water.

www.KiasuExamPaper.com
296



H2 Physics C2 2017

11.3 Specific Heat Capacity

The heat capacity of an object is the amount of energy that is required to raise the temperature of the
object by one unit of temperature.

Notes:
1. The S| unit for heat capacity is J K.
2. The commonly used symbol for representing heat capacity is C.

The specific heat capacity of a substance is the energy per unit mass required to raise the temperature
of the substance by one unit of temperature.

Notes:
1. The Sl unit for heat capacity is J kg” K.
2. The commonly used symbol for representing specific heat capacity is c.

The table below lists specific heat capacities of some substances at 25 °C and 1 atmospheric pressure.

Substance | Specific heat capacity (J kg™ K'') | Substance | Specific heat capacity (J kg™ K™)
Water 4186 Iron 448
Ice 2080 Copper 387
Aluminium 900 Mercury 138
Glass 837 Lead 128

The amount of heat Q supplied to an object to produce a change of temperature of AT is given by
Q=CAT or Q=mcAT .

used. In equations involving AT, it is possible to use either Celsius or Kelvin temperatures,

f In equations in which T appears, such as the ideal gas law, the Kelvin temperature must be
because a change in temperature is the same in both scales. (7, = 7. but AT, =AT,)
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Solving Problems - Revisiting Conservation of Energy

Two-Body Problems

In a typical two-body problem, two bodies inttially at different temperatures exchange heat until thermal
equilibrium is achieved. Assuming an isolated system (i.e. the only heat exchange is between the two
bodies), the law of conservation of energy allows us to write:

Energy lost by the hotter object = Energy gained by the colder object
me(7,,=1)= mycy(',’} —T”)

Worked Example 11.3.1 - Thermal Energy Between Two Bodies

A 0.0500 kg metal ingot is heated to 200.0 °C and then dropped into a beaker eontaining 0.400 kg of water
initially at 20.0 °C. If the final equilibrium temperature of the system is 22.4 °C, find the specific heat
capacity of the metal. Hence, suggest what this metal could be.

Solution:

Assuming that the thermal energy absorbed by the beaker is negligible and that no energy is lost to the
surroundings, we can further assume that the system of water and ingot is an isolated system.

We first look at the objects involved in the thermal transfer and look at the changes they go through:

Solid —22¢ 5 Solid

o Ingot gf_ﬂgorzzoo_mc Hf =22.4°C
. . AG
Water quuld mc L]qU.ld
© 6, =20.0°C 6,=22.4°C

By conservation of energy,
Heat gained by the water = Heat lost by the metal

Therefore,
MuCy (91 - Hw} C mmgut Cfngot (gmgof = ‘%)

= (0.400 kg) (4186 J kg™ K-")(22.4°C — 20.0°C)
= (0.0500 kg)(Cingsr)(200.0°C —22.4°C)

= CJ'ngor = 453 J kg_1 K—1

From the table, we see that the ingot is most likely to be iron.
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Three or More Bodies Problems

If the problem involves n > 2 bodies exchanging thermal energy, each initially at a different temperature,
it is easier to form our equation in the following manner:

i=1

me,(T; —T;)+ m,c, (Tz,,. -T.)+ ...mncn(Tm. =T)=0

Worked Example 11.3.2 — Thermal Energy Changes Between 3 Bodies [

i
Suppose 0.400 kg of water initially at 40.0 °C is poured into a 0.300 kg glass beaker having a temperature
of 25.0 °C. A 0.500 kg block of aluminium at 37 °C is placed in the water and the system is insulated.
Calculate the final equilibrium temperature of the system.

Solution:

The three objects involved in this process of heat transfer are

Water : 8,=400°C —2 5 4

Aluminium g,=370°C —2i 5 g4
0

Glass Beaker : 6,=250°C —=—> 4

When the three objects are in thermal equilibrium finally, they should be at the final temperature, 6
By conservation of energy, since the three objects form an isolated system, the net heat gain by the whole

system is 0:
Qut Qaut Q=0 = MyCuw(6- By) + My Cai (6~ Bat ) + Mg Cq (G- G;) =0
Simplifying, we have

My Coyly + M€yl + M,y

9)‘ =

MyCp +MyCop +MyCy
(0.400 )(4186)(40.0)+(0.500)(900)(37.0) +(0.300)(837)(25.0)
(0.400)(4186)+(0.500)(900) +(0.300)(837)

37.8°C
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11.3.1 Determination of Specific Heat Capacity - Electrical Methods

Experiment 1: To determine the Specific Heat Capacity of a Solid using an Electric Heater

Setup: Description:
Two holes are drilled into the cylindrical solid: one for the
theostat electrical heater and the other for the thermometer.

Close the switch. Use the rheostat to maintain a constant
( current through the heater. See that the voltmeter and
e 22 | ammeter readings V and / are stable.

Record the initial temperature 6, and start the stop watch.
After time interval £, record the final temperature ¢

Electrical
heater

Glycarine
{ ko improve themal

Lagging

Solid

Analysis:
Assuming that there are no energy losses to the surroundings,

Energy supplied by heater = Energy gained by the solid block
IVt = me(6 - 6)

The mass of the block m can be found using a mass balance. The specific heat capacity of the solid ¢ can
then be found.

Notes:
1. We keep the energy lost to the surrounding to a minimum by:
» lagging the solid well with a good insulator of heat
» not letting the temperature of the solid rise significantly e.g. >10 °C
» choosing a thermometer and heater of low heat capacities so that the heat they absorb will be
negligible.
2. Glycerine is used to form a good thermal contact between the solid and thermometer, so that the
thermometer truly measures the temperature of the solid and not the layer of air. -

(The other common method that is used in determining heat capacities is known as the method of
mixtures, which is the one which we commonly encounter in problems. This method should have been

covered in the Secondary syllabus.)
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Experiment 2: To determine the Specific Heat Capacity of a Liquid using an Electric Heater

Setup: Description:
5
5——|'|I|P-"‘kﬂmmn A calorimeter of known mass m. and specific heat capacity c. is
A C used to contain the liguid to be investigated.
Close the switch. Use the rheostat to maintain a constant current
7 o through the heater. See that the voltmeter and ammeter
readings V and / are stable.
felt o M- thermomeies
e 3 i P Reco_rd the initial temperature ¢ and start the stopwatch. After
BT » time interval t, record the final temperature 6
culorimeter Vet 3 i liquid
Analysis:

Assuming that there are no energy losses to the surroundings,

Electrical energy supplied by the heater
= Energy gained by the liquid + Energy gained by the calorimeter
l“'/t =mC(€f' 93') +mcCc(’9i' Hr)

Notes:
1. We keep the energy lost to the surroundings to a minimum by:
o lagging the calorimeter
« not letting the temperature of the liquid rise significantly e.g. >10 °C
» choosing a thermometer and heater of low heat capacities so that the heat they absorb will be
negligible.
2. The liquid should be stirred continuously to ensure an even temperature throughout.

Note:
In general, the specific heat capacity of most solids and liquids varies slightly with temperature. For small
ranges of temperature, its value may be assumed to be a constant.
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Experiment 3: To determine the Specific Heat Capacity of a Liquid using Continuous Flow Method

Setup:
. Healing
oo e Vacourn
1
|
|
— X ¥ =
ot s consam e A
rale 10 mepsuring
cylinder
Fig 14.3.1c Callendar and Barnes’ apparatus. (Source: Muncaster (2000), p.241)
Description:

The liquid to be investigated is passed through a continuous flow calorimeter at a constant mass flow rate.
The liquid enters the calorimeter at temperature &,, gets heated up by the heating coil, and leaves at
temperature Gt

The liquid is allowed to flow for some time, until a steady state is obtained. This happens when the
temperature readings at the inlet and outlet are constant. In this steady state, the temperatures 4, and G
are recorded and so are the current / through the electrical heater and the potential difference V across the
heater.

The mass rate of flow of liquid m is determined by collecting and weighing the mass of liquid M from the
outlet in a measured time t using m = M/t.

The whole experiment is then repeated with a new mass flow rate m’, but with the current and potential
difference adjusted to /"and V' such that the temperatures at the outlet and inlet, A, and £, remain the
same as before.

Analysis:

Electrical energy supplied by the electrical heater
= Energy gained by the liquid + Heat Lost to the surrounding

= IVt = MC(QDUI Z &n) + qurrauno?ngs

Dividing the equation throughout by £,
= IV =me(Gout- ) *+q (1)
where g is the rate of heat loss to the surroundings.

Likewise, for the second set of data, we can write
=5 I'V'=me(Bout- On) + (2)

(2)=(1): WV =1IV=(m=m)c{Ealz - 6n) (3)
where ¢ can be found. " AL,

Notes:

1. The rate of heat loss to the surroundings q is dependent on the temperature of the liquid and apparatus.
Obviously, the hotter they are, the faster they lose heat. The two sets of data are collected at the same
inlet and outlet temperatures so that g is the same in equations (1) and (2), allowing heat loss to the
surroundings to be eliminated through calculations in equation (3).

2. During steady state, the temperature of the calorimeter is constant. No heat is used to heat up the
calorimeter. It is thus not necessary to know the specific heat capacity of the apparatus.

-
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3. Since the temperature readings are constant, we can use a platinum resistance thermometer, which is
more accurate than a mercury thermometer, but takes more time to read.

4. This experiment can also be modified to determine the specific heat capacity of a gas by passing a gas
at a constant flow rate through the continuous flow calorimeter.

Worked Example 11.3.3

In an experiment to determine the specific heat capacity of a liquid by the continuous flow method, the
following two sets of data were obtained at steady-state conditions:

1%t Set 2™ Set
Ammeter Reading, //A 4.3 28
Voltmeter Reading, V/V 28 15
Temp. at the Outlet, G/ °C 341 341
Temp. at the Inlet, 4,/°C 286 28.6
Mass of liquid collected, m /kg 0.043 0.036
Period of Expt., t/s 60 120

(a) Find the specific heat capacity of the liquid.
(b) Explain whether it would have been possible to determine the specific heat capacity of the liquid if the
second set of data had different inlet and outlet temperatures.

Solution:

(a) In the continuous flow method, under steady state conditions, we have
Energy supplied by the heater =  Energy gained by liquid + Heat lost to the surroundings

IVt =mce (QDUI" Qfﬂ) * ht = ,'V = ?C(emn _gm.}+ h

where h is the rate at which the system loses heat to the surrounding and c is the specific heat
capacity of the liquid.

There are two sets of data, we have

fy Vy = -T—H:(em,—em)m ................. (1)
1
Vo= M2 00, ~6,) oo 2)
t,
@)= (), 11 Vi=le V2 = (CL-T2)¢ (6 =)
1 2
Hence, the specific heat capacity of the liquid is given by
" IV, —1,V, ) (4.3A)(2.8V)-(26 A)(1.5V)
m_myy gy (Q43kg 0036k 5 oo sgeec
(q L, W0t =00) 60s 120s X )
= 13552 Jkg K

(b) No, it would not have been possible to find the specific heat capacity of the liquid if the second data set
did not have the same outlet and inlet temperatures. This is because, if the temperatures were different,
then the rate at which heat is lost to the surrounding would be different from the first case and hence the
rate at which heat is lost to the surrounding cannot be eliminated from the equations in (1) and (2).
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11.4 Specific Latent Heat

There are three phases of matter: solid, liquid and gas®. A phase change involves a change in the internal
energy, but no change in the temperature of the substance, even though heat is transferred between the

substance and its surrounding.

GAS encrgy absorbed

solidifying/freezing

cnergy released

Fig. 11.4a Different processes involving Fig. 11.4b Energy is absorbed or released during
phase changes phase change.

The specific latent heat of fusion (L) is defined as the energy per unit mass required to change a
substance from solid to liquid without a change in temperature.

Sl unit: J kg™’

The heat supplied to a system of mass m to change it from solid phase to liquid phase, without causing

a change in the temperature, is thus
Q=mL,

The specific latent heat of vaporisation (L) is defined as the eneray per unit mass required to change
a substance from liquid to gas without a change in temperature.

Sl unit: J kg™’

The heat supplied to a system of mass m to change it from liquid to gaseous phase, without causing a

change in the temperature, is thus
Q=mL,

? There is a fourth state of matter known as plasma , which occurs at extremely high temperatures consisting of atomic nuclei
and electrons all moving at very high speeds. It has been estimated that most of the matter in the Universe (~ 90%) is

actually plasma.
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Worked Example 11.4.1 — Incomplete Phase Change

A 5.00 kg block of ice at 0 °C is added to an insulated container partially filled with 10.0 kg of water at 15.0
g 0

(a) Find the final temperature, neglecting the heat capacity of the container.

(b) Find the mass of the ice that has melted.

Strategy:

This question is tricky because the ice does not melt entirely in this example. When there is any doubt
concerning whether there will be a complete phase change, it is always good to make some preliminary
calculations to check.

Solution:

(a) First, let us find the energy required to melt the ice completely:
Qumett = Mice Lr= (5.00 kg) (3.33 x 10°J kg'”) = 1.67 x 108 J

The maximum energy that can be lost by the initial mass of water without freezing it:
Quater = Muwater Cwater (Gnitial = Ginal)
=(10.0kg) (4 186 J kg' °C")(15°C-0°C)
=629 x10°J

Since the energy that can be lost by the water is not sufficient to melt all the ice, the final state of the
system is a mixture of water and ice and final temperature of the systemis & =0 °C.

(b) To find the mass of ice that melted.

Since the mass of ice is already initially at melting point, the heat it gains from the water just goes to
melting part of it.

Let m be the mass of the ice that has melted,

m Lf = Qwafer
_ Quaer __ 6.29x10°

= = 1.89 kg
Ly 333x10° Tkg'

m

Remarks
If this problem is solved assuming (wrongly) that all the ice melts, a final temperature & = -16.5°C would
have been obtained. This result would have been nonsensical!
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11.4.1 Determination of Specific Latent Heats - Electrical Methods

Experiment 1: To determine the Specific Latent Heat of Fusion of Ice using an Electric Heater

Setup:

2 water
my—e wos g "’_-/ \\\ :
I 7
{a) fb)
Fig 11.4.1a Experimental setup to determine the specific latent heat of fusion of ice,
(a) The setup with the switch closed. (b) The setup with the switch opened as a control experiment

Description:
An electric heater is placed in a funnel containing ice. At the instant the switch S is closed, a beaker is
placed below the funnel to collect the water from the melting ice. The rheostat is adjusted when necessary
to maintain a constant current through the heater. After a measured time {, the beaker is removed from
below the funnel and the mass m; of water collected is measured.

To take into consideration the mass of ice melted due to absorption of heat from the surroundings, the
same amount of ice is placed in another funnel containing an electric heater which is not connected to the
circuit. The mass m; of ice melted after the measured time t is obtained by collecting the water with a

beaker.

Analysis:
Mass of ice melted by electric heater = m, - my

By conservation of energy,
Energy supplied by the Energy used to melt the ice
electrical heater of mass (mz— my)
vt (m2 o m1) ."_1
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Experiment 2: To determine the Specific Latent Heat of Vaporisation using an Electric Heater

Setup: Description:

In this methed, the liquid to be investigated is placed in a flask
which is surrounded by a vacuum jacket and is heated by an
electrical heater. The liquid is heated until it starts to boil.

After a measured time f, the mass m of the liquid that has
vaporised is measured by collecting the liquid condensed by
the condenser using a beaker.

the T

The whole experiment is then repeated with a different setting
of the rheostat for a different rate of heat supply.

waler ——

enndenser

Analysis:

By conservation of energy,
Energy supplied by the electrical heater =
Energy required to vaporize the liquid + Total amount of heat lost to surrounding

= IVt=mL, +ht
where h is the rate at which heat is lost to the surroundings

m
Dividing through by f, we have [V = TL“ +h

Since we have two sets of data, we can write two equations:

Trial 1 11Vy = -?—‘-Lv +h (1)
1

Trial 2 : laVs = %g +h (2)
2

M)=-@:  Vi-l2V,= {%-ﬂ)u (3)
1 b

Hence, L, may be found.

Notes:
1. When the liquid is boiling, the temperature of the liquid remains constant. Hence, the rate at which

heat is lost to the surroundings becomes constant. This allows heat loss to the surroundings to be
eliminated through calculations in equation (3).

2. Furthermore, since the temperature-of the apparatus no longer rises, no energy is required to raise its
temperature and hence the specifi¢ heat capacity of the experimental setup need not be considered.
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Worked Example 11.4.2 - Specific Latent Heat of Vaporisation of a Liquid

In an electrical method to determine the specific latent heat of vaporisation of a liquid, the liquid was he ated
by means of a heating coil and the steady-state quantities measured under two different operating
conditions are given in the table below.

Trial 1 Trial 2
Current in heating coil 25A 3.0A
Potential difference across coil 150V 180V
Mass of liquid vaporised in f = 250 s 385¢g 596 g

(a) Calculate the specific latent heat of vaporisation of the liquid.
(b) Estimate the rate of loss of heat to the surroundings.

Solution:

(a) By conservation of energy,

for trial 1
Rate at which
Power the energy is Rate at which
supplied by the = supplied to + heatis lost to the
heater vaporize the surroundings
liquid
m
= v = TL + 0 sanueans 1)
Similarly, for trial 2,
- v = ik + S — 2)

!

(2) - (1), we have I‘VLIV:(E—;?)L
I

[V -1Vt (3.0x18.0-2.5x15.0)(250)

2 —1.95%10° Jkg™
(m—m") (59.6—38.5)x10

'

(b) From equation (1),

The rate of heat loss, h=1V —%L-

_30x18.0- 39:6x107)X1.95%10%)

250

=751 W,
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11.5 Kinetic Model of Matter

The kinetic theory of matter states that all matter is made up of a large number of tiny atoms or molecules
which are in continuous motion.

(@) Crystalline solid — atoms or
molecules are compactly arranged
in a regular and orderly lattice
structure. Crystals have a high
density.

(b) Non-crystalline solid — atoms
or molecules are arranged in a
more random way. Density is still
high but generally lower than many
crystalline solids.

PHASES OF STRUCTURE AND MOVEMENT OF MOLECULES -
MATTER CHARACTERISTICS A KINETIC MODEL
Solid Atoms or molecules are closely | Atoms or molecules are locked in and
packed constrained by attractive and repulsive

intermolecular forces. They vibrate about their
equilibrium positions continually.

Molecular motion is minimum at zero kelvin. As
temperature rises, molecular motion and kinetic
energy increase.

Has fixed shape and volume.
Solids are not easily compressed
or stretched by mechanical means.

When solids are stretched, atoms or molecules
move further apart but are opposed by attractive
forces. When solids are compressed, atoms/
molecules move closer together but are opposed
by repulsive forces.

Atoms or molecules are only
slightly further apart than in
solids. Density remains high.

Atoms or molecules vibrate, but in addition have
random and restricted translational motion, since
they occur in clusters,

Volume is nearly constant but has
variable shape. Liquids are not
easily compressed by mechanical
means.

Aftractive forces between atoms or molecules are
weaker. This allows for greater mobility which in
turn explains why liquids can take the shape of any
container. Attractive forces manifest themselves as
surface tension and viscosity of a liquid.

. Gas

Atoms or molecules are very far
apart. Densities of gases are very
low.

Atoms or molecules move randomly at very high
speed throughout the space the atoms or
molecules occupy. The average kinetic energy
is directly praportional to temperature (in K).

Gases do not have a fixed volume

or shape. They are highly
compressible,— c‘..:;‘»s‘f: )
T Al
N4 =
7>

Atoms or molecules will occupy any available
space in a container. Intermolecular forces
between them are negligible as they are very far
apart.
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11.5.1 Phase Changes at a Microscopic Level

Fig 11.5.1 is a plot of the experimental measurement of temperature as energy is added to some solid at
some initial temperature below its melting point.

Temperature
e/
D /|
Bolng Point : 5
| i an

/ ogm ||

Sl s e l,"—--—-—‘—rn

| A f/' ol ’

;"SI-’ i
- Energy
Fig 11.5.1

» Parts A,Cand E: Forthese parts of the graph, we clearly see that the energy added into the system
increases the temperature of the system and hence, at the molecular level, will
increase the microscopic random kinetic energy of the molecules.

e Parts BandD: In these parts of the graph, the system remains at the same temperature. Hence,
there is no increase in the microscopic random kinetic energy of the molecules
despite heat being added to it. So what happened to the energy supplied?

11.5.1.1 Melting

The process during which a solid changes to a liquid at melting point is known as melting (Part B) and
the energy supplied to bring about the change is known as the latent heat of fusion.

During melting, the substance is transformed from the ordered solid phase to the disordered liquid phase.
Work must be done to enable the molecules to overcome the attractive bonding between them, so that
they can slip out of the rigid structure to an arrangement with weaker intermolecular forces. Latent heat
provides the energy for that.

Since the intermolecular force is weaker in a liquid, the potential energy is higher (less negative). The
heat supplied during melting goes only into increasing the potential energy component of the internal
energy. The temperature does not.rise since the kinetic-energy component remains constant during
melting.

11.5.1.2 Boiling

Similarly, in Part D, a process called boiling occurs. In this case, the system changes from the liquid
phase to the gaseous phase at boiling point.
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During boiling, the molecules are totally liberated, ending up in a state in which there is virtually zero
intermalecular force. Work must be done to enable molecules to overcome the attractive bonding and
allow them to move around independently as gas molecules. Latent heat provides the energy for that.

Since the intermolecular force is virtually zero in a gas, the potential energy is virtually zero. The heat

supplied during boiling goes only into increasing the potential energy component of the internal energy.
The temperature does not rise since the kinetic-energy component remains constant during boiling.

11.5.1.3 Comparison between L¢and L,

The table below lists some of the specific latent heats of fusion and vaporisation of various substances.

Specific Latent Heats of Fusion and Vaporisation

Substance  Melting Point Latent Heat of Boiling Point Latent Heat of
/1°C Fusion/Jkg' /°C Vaporisation/ J kg
Helium -269.65 5.23 x 10° -268.93 2.09 x 10*
Nitrogen -209.97 2.55 x 10* -195.81 2.01x 10°
Oxygen -218.79 1.38 x 10* -182.97 2.13%:10°
Ethyl Alcohol  -114 1.04 x 10° 78 8.54 x 10°
Water 0.00 3.33x10° 100.00 2.26 x 108
Sulphur 119 3.81 x 10* 444,60 3.26 x 10°
Lead 327.3 2.45x 10* 1750 8.70 x 10°
Aluminium 660 3.97 x 10° 2450 1.14 x 107
Silver 960.80 8.82 x 10* 2193 2.33%10°
Gold 1 063.00 6.44 x 10* 2 660 1.58 x 108
Copper 1083 1.34 x 10° 1187 5.06 x 10°

Examining the table, you can observe that the specific latent heat of vaporisation for a given substance
is higher than the specific latent heat of fusion.

There are two reasons for this:

(1) The required increase in potential energy for boiling is usually much larger than that for melting. The
intermolecular bonds are completely broken down during boiling. Hence the amount of bond
weakening (and thus the increase in potential energy) during boiling is much larger than that during
melting.

(2) Work must be done against the atmospheric pressure during boiling and less so during melting. During
melting, the molecules remain bonded. The change in volume of the substance is insignificant and
hence very little work is done against the atmosphere. During boiling, however, the liquid-type bonds
are broken down completely. The expansion of volume is much more significant and hence the work
done against the atmosphere is also more significant.

Therefore, it is not surprising that more energy is required to vaporize a given mass of substance than to
melt it. -
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11.51.4 Evaporation

Evaporation is a process during which liquid changes phase to become a vapour. [t takes place at the
surface of the liguid and at any temperature.

Unlike boiling, evaporation can occur at any temperature. Boiling is in fact a special case of evaporation,
where evaporation takes place at the boiling point of the liquid. At this boiling point, the rate of

evaporation of the liguid is greatest.
vapiur
/ ( / fst moving molecule
’.-b—.

/o

CVAPOTHION Ocours ol —
the surface

‘-.
\/m "\ metlecules left behind
have less encrgy

Fig 11.5.1.4 Evaporation occurrmg at the surface of a liquid.

The average kinetic energy per molecule is proportional to the thermodynamic temperature. For a given
temperature there is a range of kinetic energies around this average. Transfer of energy takes place
when molecules collide with each other. A molecule near the surface of the liquid which possesses more
kinetic energy than the potential energy (energy which binds it to the rest of the liquid) is able to leave
the liquid and become a molecule in the vapour state.

It follows that the rate of evaporation can be increased by the following ways:
(1) Increase the surface area of the liquid.

(2) Increase the temperature of the liquid.
An increase in temperature will increase the average kinetic energy of the molecules. Hence, there
is a greater proportion of molecules with higher kinetic energies and, therefore, the probability of the
molecules acquiring sufficient energy to escape at the surface is also greater.

(3) Reducing the air pressure just above the surface liquid.
Microscopically, it translates to having less air molecules present just above the surface of the liquid.
This decreases the chance of a vapour molecule rebounding off an air molecule to return to the liquid.

(4) Having a draught above the liquid surface.
This will remove the vapour molecules before they have a chance to return to the liquid.

Cooling Effect of Evaporation

During the process of evaporation, the more energetic molecules escape. The molecules that remain in
the liquid are less energetic and hence have a lower average kinetic energy. Macroscopically, this is
manifested as a decrease in the temperature of the liquid. This explains why evaporation is often
accompanied by a cooling effect.
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11.6 Ideal Gases

Chemically, different gases behave very differently, e.g. some are combustible, others are inert and
reactions may take place when you mix them. However, physically, all gases behave identically, e.g. for
a given amount of any gas, a specific increase in pressure at constant temperature will result in a specific
decrease in volume. On a microscopic scale, forces are at play between the different molecules that will
affect the short-term behaviour. However, in most cases, we may ignore these microscopic effects. We
can then treat the gas as a so-called ideal gas. Air at sea level and room temperature, the atmospheres
of stars like our sun and most of the gases in laboratories on earth all behave like ideal gases.

11.6.1 Moles and Avogadro’s Constant

The amount of gas is most often expressed in terms of the number of moles, n.

One mole of any substance is that amount of substance that contains the Avogadro’s number Na =
6.02 x 10% of constituent particles (atoms or molecules).

The Avogadro constant is defined as the number of atoms in 0.012 kg of carbon-12.

The molar mass of a substance is defined as the mass of that substance divided by the number of moles
of the substance. The number of moles n of a substance is related to its mass m and molar mass M

m
through the expression n= h

Numerically, molar mass is simply the atomic mass expressed in g mol".

For example, the molar mass of helium gas (consisting of He atoms) is 4.00 x 10" kg mol". The molar
mass of oxygen gas (consisting of O, molecules) is 16.0 x 2 = 32.0 x 10~ kg mol"". Molar masses are
also commonly given in g mol™", e.g. the molar mass of oxygen gas is 32.0 g mol".

The molar volume of a gas is the volume occupied by one mole of the gas. The molar volume Vn is equal
to the molar mass divided by the density. The unitis m® mol .
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11.6.2 The Ideal Gas Equation

An ideal gas is a theoretical gas composed of a set of randomly moving, non-interacting point particles.
The ideal-gas concept is useful because it obeys the ideal gas law, a simplified equation of state, and is
amenable to analysis under statistical mechanics. You will have learnt about the ideal-gas law in

Chemistry.

Early experiments in the 17" and 18" century with ideal gases resulted in three laws known as the gas
laws. They are, in chronological order, Boyle’s Law, Charles’ Law and the Pressure Law. The
observations made in these laws were summarized in the equation of state for an ideal gas which is

known as the Ideal Gas Law’.

Ideal Gas Law (in terms of no. of moles) :
PV =nRT  [Need to be able to recall and use as stated in LO]
where P pressure of the gas
V : volume occupied by the gas
n : amount of gas in terms of number of moles
T : thermodynamic temperature of the gas (in kelvins)
R : Universal Gas constant

Ideal Gas Law (in terms of no. of molecules) :
PV = NKT
where N : amount of gas in terms of number of gas molecules
k : Boltzmann's constant

Notes:
1. Temperatures used in gas laws MUST ALWAYS be in kelvin.
2. The Universal Gas Constant R is a constant that is experimentally determined. In Sl units,

R =8.31J mol" K’

3. The Boltzmann constant is related to R by the relation k = B and has a value of
A

k= L 1.38x10 2 JK”’
N

A

Be very clear that the k here is NOT the spring constant, it is the Boltzmann constant &
which is another constant.

We can now formally define an ideal gas in terms of its macroscopic guantities.

An ideal gas is a gas which obeys the Equation of State for the Ideal Gas at all values of pressure, volume
and temperature.

Note: >~

An ideal gas does not exist. Nevertheless; real gases like hydrogen, nitrogen, oxygen and carbon dioxide
behave almost identically at normalpressures and temperatures. The ideal gas model tends to fail at very
low temperatures or high pressures, when intermolecular forces and molecular size become important.
It also fails for most heavy gases, such as water vapour and many refrigerants. At some point of low
temperature and high pressure, real gases may turn into a liquid or a selid. The model of an ideal gas,
however, does not allow such changes.

3 The evolution of how Boyle's, Charles' and the Pressure Law became the Ideal Gas Law is laid out in Appendix E.
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Example 11.6.1 - Ideal Gas Law Application

0.20 m
4>

A cylinder, 0.50 m long and of cross-sectional area S, closed at each

0.30 m end, is fitted with a smooth thermally insulating piston, so as to contain
gases in each end A and B.

Initially, the piston is in equilibrium at a distance of 0.20 m from one end
of the cylinder, and the gas in each compartment is at a temperature of
B 27 %,

The temperature of the smaller volume of gas, A, is now increased to
177 °C, while that of the gas in the larger volume B is maintained at 27

A

0.50m

A 4

°C. The piston moves through a distance x until a new position of
equilibrium is obtained.

(a) State the equation relating the initial and final pressures, volumes and temperatures of the gas in A.
(b) State the equation relating the initial and final pressures, volumes and temperatures of the gas in B.
(c) Hence find the new position of equilibrium.

Solution:

a) B'-Fr-'e Py Vi =028 Ty =23(=300.15K
AR b, Vp= 004X Tp= (F39C -gsols K

Uswg

we  Obtain

Py = PeVve
T

F

h00S)  p020tx) g
hoas) |, Laers

300.l§ 45 . (€

b) Be_F;u p;/ Vi = 0.30§ P Tl‘:lff‘”C = 20015 K

After Py Vi e (0.30-k)8  F=27C =300 (5K

(As(ng

we  obtain
o 0/e:

(0.2.08) | (20438
300 | 0.308 w0 (0.30-%S

Vi = F'F\('f Hn TE"‘T'F

Pi Lo.;o&): |’_F Cd. 30-4&}3 ——r @

0,204 % = 0.30-%
= 0 0§m

5 D0am o A ot

rdﬂ't{w
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11.6.3 Molecular Interpretation of Pressure

Among other things, the Kinetic Theory of Gases assumes that a gas consists of a large number of
molecules in rapid random motion, colliding elastically with one another and the walls of the container.

11.6.3.1 Microscopic Model of an Ideal Gas

The kinetic theory of gases consists of a set of basic assumptions for the properties of gas molecules of
an ideal gas. The assumptions are

(A1) A gas consists of a very large number of molecules.

(A2) The gas molecules are moving randomly.

(A3) The collisions of the gas molecules with one another and with the walls of the container are
perfectly elastic.

(A4) There are no intermolecular forces of attraction.

(A5) The volume of the gas molecules is negligible as compared to the volume of the container, which

is the volume of the gas.
(AB) The duration of collisions is negligible compared to the time interval between collisions.

This microscopic model of an ideal gas leads to the macroscopic description using the equation of state,
pV =nRT.

When the gas molecules collide elastically with the container of the gas, they rebound off the wall with

the same speed. Clearly, the walls of the container exert a force on the gas O
molecules to cause their momentum to change in direction. (By Newton's 2™ Law, o p
this force is equal to the rate of change of momentum of the molecule.) By Newton's -
3rd Law, the molecules exert an equal but opposite force on the walls. O

i
Since there is a large number of molecules, the number of collisions at any instant Lo "

in time is very large and practically constant, resulting in a constant gas pressure. O

The pressure by the gas on the container is the average force per unit area Fig. 11.6.3a
exerted by the molecules on the walls of the container.

The pressure P due to the gas molecules on a wall of the container can be written as

average force exerted on the wall by molecules

area of the wall
(no. of collisions per unit time)(change of momentum per collision)

area of the wall

P =

We can now explain how the following factors can lead to an increase in pressure of a gas:

+ No. of molecules in the container. All other conditions being constant, a larger number of
molecules will imply-more collisions made with the wall of the container.

« Volume of container. Having a smaller container implies that the molecules need to travel less
distance to reach the next wall.afferrebounding from one. The no. of collisions they make with the
walls per unit time therefore incréases. (Refer to Fig 11.6.3b.)

» Mass of the molecule. The type of gas used will determine the mass of the molecule which in turn
determines the momentum that each molecule possesses. The larger the mass, the greater the
momentum and thus the change of momentum of the molecules per collision is greater.

« Velocities of the molecules. The momentum of each gas molecule is also determined by its velocity.
A molecule possessing a larger velocity will have a greater momentum and hence its change in
momentum will correspondingly be larger per collision.
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g Fig. 11.6.3b There are equal numbers of molecules
in the enclosed portion of each diagram. As the
volume of the gas decreases, the number of
molecules per unit volume increases. The number
of molecules striking a given area of the walls per
unit time also increases, thus increasing the force
on that area. This force per unit area is the pressure
and hence the pressure increases.

11.6.3.2 Relationship between the Pressure of a gas in terms of its Microscopic Quantities

From the Kinetic Theory of Gases, a gas consists of many molecules in constant random motion, colliding
elastically with each other and the walls of the container. The pressure of the gas is due to the collision

of the gas molecules with the walls of the container.

We shall attempt to relate the macroscopic quantity, pressure, with the microscopic model of gases as
a collection of atoms moving in random motion in a vessel. [Need to know the derivation of the

1.
relationship pY’ = Nim (¢*) as stated in LO]

{\V = / Step 1
o o
I
2 2 ’/00 s 0,9 < "
¢ directions
-—D:o ° o o
o 9 °
1 oo\jo N L

o qi o [+] g

o )_o_ _____ o o

lo //g’ao\oo _20
L/ 0 —~o —|(° x

Fig.F1.

Resolve the motion of molecule along x-y-z

Consider a gas of N molecules in a cubical
container of sides L (Fig. F1). Suppose the
mass of a molecule is m. Consider a molecule
moving with a velocity ¢i. The velocity ¢ of the
molecule can be resolved into x, yand z

directions as u1, vi and w respectively.

Using Pythagoras theorem, ¢; =u/ +v} +w; .

Step 2
Find the change of momentum upon collision with a wall

Consider the component of velocity —v; along the y-axis. After colliding with the wall A, the molecule

rebounds with a velocity v; since the collision is perfectly elastic.

Wall B

[ — 'fj
Momentum before collision ™ '= ~hve WalA [ e
L —V¥7r
Momentum after collision = mvy .~ __,
Vi
.. change of momentum = myy— (~mvy)
= 2mw
T

www.KiasuExamPaper.com
317



H2 Physics C2 2017

Step 3
Find the force on the wall due to the bombardments of molecules on the wall
Assuming that the molecule does not collide with other molecules, the time interval 1 between a collision
of the molecule with the wall A and its next collision with the same wall is the same as the time the
molecule takes to move from wall A to wall B and back and is given by:

2L

V.

{
1

W
2L
Since the force exerted on the wall by this molecule = rate of change of momentum

Hence, the number of collision with the wall A per second = ¢ =

.
v, mv,
=2my, x — =—-

2 L
If there are N molecules, each with the component of velocity along the y-axis as vi, va, v, ..., W

respectively, then the total force on wall A due to the collision of these N molecules is

2 2
mvl  mv:  mv] mvy,
o+ -+ T

F=
L L L L

Step 4
Find the pressure on the wall
Pressure on wall A,

mv;  mvy mv; mv,
A
1.2 2
p=—= : =—3("1 +v,_f+v_f+---+vh,]
L L L

where L3 = volume of container.

Step 5
Express in terms of root-mean-square speed Vi

Since el =ul +v} +w]

E_ iyl 2
C, =U, +v, +W,

g ool
Cy =Uy vy Wy

Adding all equations and dividing-by-:{we have

N N N N

()= )+ () +)

P %) >, aY G B R T S 2
¢ ey teyFeetey Uy tu; Huy et Uy, +lt +v, Y Vg +w1 +w, +W, +F W,
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Since the motion of the gas molecules are random in nature and the number of molecules is large, on

average,
) =(*)={w*)

This implies

S GRS RRERORRT) RO DR LD
And rearranging, we have Y = % Nm <c2> ......... Equation #

where N = no. of molecules, m = mass of 1 molecule (also known as molecular mass) and <c?> is the
mean square speed of the molecules.

Notes:
1. There are a few ways to rewrite Equation #.
» Since N is the total number of molecules and m is the mass of each molecule, then
=5 Total mass of the gas = Nm
If the molar mass of the gas is M and there are » moles of gas in the container,
3 Total mass of the gas = Nm = nM
and Equation # can be written as

1 2
PV = EnM et s (No need to memorise)

* We can also write Equation # as

» 1 Nm<c? > 1 (Mass of gas) Y
3 14 3 (Volume of gas)

=" P= %p <% > (No need to memorise)

= P

where pis the density of the gas.
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11.6.4 Molecular Interpretation of Temperature

The motion of molecules in a gas is completely random. As such, they collide with each other at irregular
time intervals and over a range of angles. In these collisions, some molecules will gain kinetic energy
while others will lose it. As a result, at any instant, the molecules have a range of speeds and kinetic

energies.

It turns out that the mean kinetic energy of a molecule of an ideal gas is proportional to the

thermodynamic temperature.
<KE>xT l

For monatomic gases, whose atoms are only capable of translational motion, and diatomic and
polyatomic gases whose molecules have negligible vibrational and rotational motion, the constant of

proportionality is%k , with Boltzmann’s constant k as above; k= 1.38 x 102 J K.

<KE>=%kT

For a gas consisting of N molecules of molecular mass m, the average KE can be calculated by

Vsom o A o
—mvS+_mv, +

<KE>:2 2
N

1
—mv,*

2 , Where v, is the speed of the nth molecule.

which leads us to <KE >:-1-m(
2 N

We thus introduce two useful quantities called the mean-square speed {v2>, and root-mean-square

2 2 2
VoV, 4V ]

speed v, . of the molecules.

2 2 2
v, +V, .V
eyl e 2 N

So (KE>_Em(v >_Em v,
The root-mean-square velocity vims is introduced here, as v’ is proportional to the average kinetic

energy of the individual molecules. The average velocity itself, however, is equal to zero.
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Putting everything together we have

[Need to know this relationship as stated in LQO]

Note:

1. The average translational kinetic energy of a molecule in an ideal gas depends only on the
temperature, not on the pressure or the type of gas.

2. The temperature T of a gas is a measure of the average translational kinetic energy of a
molecule in the gas.

3. Temperature is a large scale manifestation of the motion of the molecules. An increase in
temperature corresponds to an increase in the average translational kinetic energies of the
molecules.

Example 11.6.2 - Distinguishing various “speeds”

The velocities of particles moving along the x-axis are as follows:
Velocity v/ms™ | -30 [ -20 [ -10]0.0] 10 [20] 3.0
No. of particles 1 3 4 2 2 1 3

What is (a) the average velocity of the particles?

(b) the average speed of the particles?

(c) root-mean-square speed of the particles?
Solution:

a) (-3.0)4 3(~20)+ &¢-(0) +3(0.0)+4 2(t0)4 (29)t 3(3.0) _ Uw/g
3tk 342 (43

b) (3.001 3G+ 4(10)+ o)t 2010)+ 2.9+ 3030) = (S3ms
(349443t 2 ¢ &2

————————————————

I—-’ N ViZe Vs N te L VN
C) C‘.w) = (CJ‘? e \l | V3 : +
S ) 3 0%) t2¢0%)« 10202 o4
L ) _LoX) ¢ 20 2(1.0 [ V12030
Cos = 163074 3C-2.0%)t b0 X6 77 B AL
R ALAE
2 [.8 w(s
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11.6.5 Internal Energy of an |deal Gas

Recall that the internal energy U of a system is given by
U = ZKEmosmprc +ZPEmiofosmpic

For a system of ideal gas, the intermolecular forces between the gas molecules in an ideal gas is
assumed to be negligible. The potential energies between the molecules are thus zero. Hence, the

internal energy of an ideal gas is given by
U= Total KE of molecules

2 ;
Since the mean KE of gas molecules is EkT, the total internal energy of an ideal gas consisting of N

molecules is given by 3 3
U= E NKT = 5 nRT

Note:

The intemnal energy of an ideal gas depends only on the temperature of the system and the amount of
gas in the system.

Example 11.6.3 - Various Microscopic Properties of an Ideal Gas

A cylinder contains 2.00 mol of helium gas at 20.0 °C. Assume that helium behaves like an ideal gas.
(a) Find the total internal energy of the system.

(b) What is the average kinetic energy per molecule?

(c) How much energy would have to be added to the system to double the rms speed?

The molar mass of helium is 4.00 x 10 kg mol™.

Solution:
a) §= 3Ry = 32.00) (8 312K I5420) 32087

Rob

L) A‘ﬂ kE 'HU{C(M'G = s
P 2(6-02 xm’*’)

60} xp 3

2 wwpwt ¥

C =1
: KE )M(VVWS) —— L8 Vlvm;

/ ( 2
_EE e CVV‘M}) 5 a\fn,u)_?'“
R~ (Vowes) £ vy =

The  kietic My 4 fimes {avjay whwy s >fw{ $  doubled.
- 3w |y hes to b added (3308x1: 2(q207)
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11.7 First law of thermodynamics

First Law Of Thermodynamics

The increase in the internal energy of a system is the sum of the heat supplied to the system and the
work done on the system.

Expressed in a mathematical equation,

AU= Q+ W,
where AU . INCREASE in internal energy of the system
Q . heat supplied TO the system

We  : work done ON the system

A system may be a solid, liquid or gas. Let's now look at each term in the equation more closely, for a
system of a fixed amount of gas.

M.71 Heat, Q

This term refers to the transfer of thermal energy through conduction, convection or radiation. Q is positive
when heat flows into the gas (e.g. by bringing a flame to it), negative when heat flows out of the gas (e.q.
by leaving it in a cold surrounding).

11..7.2 Work, W

Work is done whenever the volume of a gas changes, much like work is done whenever the point of
application of a force is displaced.

The formulae for calculation of work done ON and BY the gas are listed below. Read on for further
elaboration.

Work done ON the gas Work done BY the gas
Constant pressure Won = = p(Vi— V) Wey = p(Vi— V)
Varying pressure W= pr P W= + Vrp i
V: Vi
When gas expands negative positive
When gas contracts positive negative
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11.7.2.1 Derivation of W

Suppose that the constant pressure of the gas in the cylinder is p, the piston is of area A and the gas
expands by pushing the piston a small distance Ax, then by the definition of work, the work done BY the

gas is given by
Why = F Ax = pA Ax

Since the change in volume is given by AV = A Ax
Wy =p AAx=p AV

More generally, for varying pressure p, if the volume of gas changes from some initial V; to some final V4
the total work done BY the gas is then given by:

w,, = I: pdV (or area under the pV/ graph)

11.7.2.2 chn = —WBy

When a gas expands, the forces due to its pressure push back the piston. Hence work done BY the gas
is positive. If energy is exchanged only between the gas and the surrounding and nothing else, we can
interpret the positive work done BY a gas (by the gas pressure) when it expands, as negative work done
ON the gas (by the surrounding pressure). It makes sense because the surrounding has withdrawn
energy from the gas.

Likewise, when a gas contracts, the forces due to surrounding pressure push back the piston. Hence
work done ON the gas is positive. We can interpret the positive work done ON a gas (by the surrounding
pressure) when it contracts, as negative work done BY the gas (by the gas pressure). It makes sense
because the gas has withdrawn energy from the surrounding.

We distinguish between the quantities work done ON the gas and work done BY the gas.

work done ON the gas = - (work done BY the gas)

11.7.2.3 Microscopic View

When gas molecules hit an incoming piston, they rebound with speed larger than before the collision.
The mean-square speed of the gas molecules, and thus the microscopic kinetic energy, increases. This
agrees with the macroscopic -interpretation that positive work is done on the gas when the gas is
compressed. =(ds

Motion of : Motion of
piston i piston
—

Conversely, when gas molecules hit a retreating piston, they rebound with speed smaller than before the
collision. The mean-square speed of the gas molecules, and thus the microscopic kinetic energy,
decreases. This agrees with the macroscopic interpretation that negative work is done on the gas when
the gas expands.
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11.7.3 Increase in Internal Energy, AU

This term refers to the change in internal energy. For an ideal gas, the internal energy is proportional to
3
its thermodynamics temperature (U=5nRT ). Hence a positive AU must imply an increase in

temperature of gas, and a negative AU must imply a decrease in temperature of gas.

11.7.4 AU=Q + W,y

Putting all the terms together, you should realize that the First Law of Thermodynamics is a statement
of the Principle of Conservation of Energy on a thermodynamic system. And there are two ways to
raise the temperature of a system: (1) by heating and (2) by doing work on it, i.e. by compressing it.

Because solids and liquids have practically fixed volumes, the magnitude of work done is
usually insignificant. This leads many of us to have this misconception that heating is the only
way to raise the temperature of a system. But for gases, which are highly compressible, the
amount of work is significant and plays an important role in changing the temperature of the

Likewise, many of us have the misconception that no change in temperature means no heat
transfer. The truth is the temperature can remain constant if energy enters the gas by heat (Q
is positive) and leaves through work (W.n is negative).

B>

11.8 PV Graphs / Indicator Diagrams

The state of a fixed amount of gas is defined by three variables: Pressure P, Volume V, and Temperature,
T. A thermodynamic process is said to have taken place when the gas changes from one state to another.

Changes to the pressure and volume of the gas are usually shown as lines on a graph of pressure against
volume, called PV graphs. Each point on the graph corresponds to one state. The lines showing the
transition in states during a thermodynamics process are called indicator diagrams.

For example, the PV graph in Fig. 11.8 shows different ways by which the state of an ideal gas may take
in going from initial state 1 to final state 2.
1. The gas may undergo an isobaric process (1->3) where the gas is held at constant pressure,
followed by an isovolumetric process (3->2) where the gas is held at constant volume.
2. Or the gas may undergo an isothermal process (1-2) where the system is held at constant
temperature. (It should be clear to you now that temperature of the gas is not directly shown on a
PV graph. But it can always be calculated through the equation of state PV = nRT)

SiEl " o
P ] 12
1 1
o| v V2 v

Fig. 11.8
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11.8.1 Isothermal Process

An isothermal process is a process in which the temperature of the system remains constant.
(ie. AT=0 = AU =0 for afixed mass of an ideal gas.)

An example of an isothermal process is the expansion of a cylinder of gas with very thin walls by pulling

the piston extremely slowly, allowing sufficient time for the gas to gain heat through the thin wall to

maintain thermal equilibrium with the surroundings.

The indicator diagram of this isothermal expansion is a hyperbolic curve known as an isotherm.

By the First Law of Thermodynamics, P
AU = Q:'n + Wan

Isotherm

Vi
0=Q, + (—_[Pdv) ’ PV= constant
v,

v
Q, = [pdv
v

I
I
]
I
I
I
I
I
> 8 R
B
|
Vi

For this example, the amount of heat gained from the surrounding (Q > 0) is equal to the area under the
isothermal, which also represents the work done BY the gas (Wa:< 0) expanding.

11.8.2 Isobaric Process

An isobaric process is a process that occurs at constant pressure. (Wa, = -PAYV)

An example of an isobaric process is the expansion of a cylinder of gas with freely moving and frictionless
piston, by heating the gas slowly, so that the pressure of the gas is always at equilibrium with the
atmospheric pressure.

The indicator diagram for this isobaric expansion is a horizontal line. =
By the First Law of Thermodynamics,

/ Isotherms

P constant

AU =Q, +W,,
= an + (_pAV) Pr- : T
= Q,‘n - p(vr _Vi) : T

: Vi Vi
For this example, of the heat received by the gas (Q > 0); some of it is used to do work against the
atmospheric pressure during the expansion (Wo, < 0) and the rest goes to increasing the intemal energy
of the gas when it rises in temperature fr_pm Tito Tr (AU>0).

11.8.3 Isovolumetric_.--P"ih.c'eés

An isovolumetric process is one that takes place at constant volume. (We,= 0)

An example of an isovolumetric process is heating a cylinder of gas with the piston clamped at a fixed
position.
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The indicator diagram for this isovolumetric expansion is a vertical line.

By the First Law of Thermodynamics,

AUZQ!‘R +W0n
=Q,+0
AU :Qm

Vi= Vs
For this example, all the heat received by the gas (Q > 0) goes into increasing the internal energy of the
gas when it rises in temperature from Tito T (AU > 0).

11.8.4 Adiabatic Process

An adiabatic process is one in which no energy leaves or enters the system by heat. (Q = 0)

An example of an adiabatic process is the sudden compression of a cylinder of gas by pushing the piston
rapidly, so that there is negligible time for energy to transfer by heat out of the system. If the walls of the
cylinder are well-insulated, it will further ensure minimal heat exchange during the compression.

The indicator diagram for this adiabatic compression is a steep curve (steeper compared to the two

isotherms it is bridging). 5
A

By the First Law of Thermodynamics,

AU =Q, +W,, "

Vi
=0+(-[paV)
v,

Pi
0

AU = —Tpdv
V,

[}

For this example, all the work done on the gas (W, > 0) (represented by the area under the graph) goes
into increasing the intemal energy of the gas when its temperature rises from T;to T; (AU > 0).

11.8.5 Cyclic Process

A process that eventually returns a system to its initial state is called a cyclic process. As the internal
energy U of the system.depends only. on the state of the system, in a cyclic process the net change of

internal energy AU will be equalio zero.

By the First Law of Thermodyna"r‘rﬁc&

AU & Qm + Wcrn
0= Qi’n + Won
Won = 'QJ

So work done on the system is equal in magnitude but opposite in sign to the heat supplied to the system.
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For example, the indicator diagram on the left shows the system returning to state 1 through processes
A then B. The area under curve A represents work done by the system, whereas the area under curve B
represents work done on the system. Since the latter is larger, the net work done ON the system during
one complete cycle is positive (Wen> 0). For cyclic process, this also means that overall the system lost
heat to the surrounding during one complete cycle (Q < 0).

P4

In fact, since AU is zero, the area enclosed by the loop
represents both the net work done ON the system, and the
heat ost by the system, during one complete cycle.

The indicator diagram on the right shows the system returning A
to state 1 through processes B then A. Using similar logic, we P
can conclude that the net work done ON the system during one
complete cycle is negative (Won< 0). For a cyclic process, this
also means that overall heat is supplied to the system during
one complete cycle (Q > 0).

In fact, since AU is zero, the area enclosed by the loop
represents both the net work done BY the system, and the heat
supplied to the system, during one complete cycle. %
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Example 11.8.1 : Applying First Law of Thermodynamics to a General Process
P(10°Pa)
A quantity of 4.00 moles of a monatomic ideal gas expands from an initial
valume of 0.100 m® and pressure of 1.0 x 10°Pa to a final volume of 0.300
m? and pressure of 2. 5 x 10°Pa. Compute

(a) the work done on the gas,
(b) the change in internal energy of the gas, and 1.00 =
(c) the thermal energy transferred to the gas.

1 2.}
0.100 0,200 0300 =)
Solution:

%) Sine gas s e;qpqwfm@, Wen< 0.
a%es widwr p_y 9 rapV =3.60x10%]
Woy = -2.59 xot]

b) Chanog o inferuad - onorgy

U=y -
Foud = Yjnitad ‘E("RT.;;M— "RTMﬁ,,,(>
*2lh -
) Fﬂ"-‘( W V‘FMJV{ - me-hav( vl'ﬂ(’f‘n‘W{>
202 %00 x 0300 |g x10% % 0.100)
# BT apiva

) Thomodk - ehersy hqusfumo{ o He
A0z Wopt Qin 5 Qiu= 80-Woy
Q= [4.% - (-3.500] ¥ (0

[-325 X105 2

=133 X105 J

1

"

Example 11.8.2 : Applying First Law of Thermodynamics to a Cyclic Process

A gas is taken through the cyclic process described in the figure on the P(kPa)
left. Find the net energy transferred to the system by heat during one
complete cycle.

Solution:
Aven  guclogol bf +he cYam @ Age
=4 (10-6) @vod L2696 )% k06T

Work olone % Ab > wark done on s (ck)
T““é hd' work. 4oL on 37 =-poge]
Fov oye fie pocess, U =07 B = Vg =povo]
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Appendix A: Necessary and Desirable Features in a Thermometric Property

Density - kg/cubic meter

Necessary Features in a Thermometric Property

The thermometric property in a thermometer must satisfy the following characteristics:

(1) The property must vary continuously with temperature.

(2) The property must be monotonic increasing or monotonic decreasing with temperature.

This is so that the value of the thermometric property is unique for each temperature.

To illustrate what we mean, let us look at why water would not be a suitable liquid in a liquid-in- glass
thermometer.

Density of Freshwater

2 a 3 8 10 12
Temperature - Degrees Centigrade

When water is cooled, it initially contracts and below 4 °C, it starts expanding as it is cooled further (Fig 8.2.1).
This implies that for the same volume of water, there are two possible readings of temperature.

Volurfe

0

12 34 5167
1L 1 ytemperature / °C

I
I
1
|
1
1
|
1
]

1 1 1 1 1

Fig 8.2.1 The variation of volume of water with temperature. Because of the unique behaviour of water with
temperature, there will be a volume that corresponds to two temperatures that are different.

Pause and Think: However-if the r'a!hge of temperatures to be measured is limited to above 4 °C,
then the volume of water can be uséd-as a thermometric property. Why is it so?

(3) The value of the property at a temperature must be reproducible.
A thermometer is essentially useless, if on one occasion, the thermometric property gives one value and
on another occasion, it gives another, for the same temperature. This implies that the same temperature
measured on different occasions is indicated as different temperatures on the thermometer.
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(4) The property used must be suitable over the range being measured.

For example, the working range of alcohol-in-glass thermometer is generally limited by the melting and
boiling point of alcohol. Above the boiling point, alcohol would turn gaseous and below the melting point
the alcohol would turn solid.

Other Desirable Features in a Thermometric Property and Thermometer: - ('Good To Have’

In addition to the essential features that a thermometric property must possess, there are also certain
desirable features that we would like our thermometric property and thermometer to have. They are:

(1) Variation of the thermometric property is large or significant with temperature. (Good
Sensitivity)
If variation of the property with temperature is not sufficiently large, we will not be able to detect changes
of the property for small changes in temperature. This reduces the sensitivity (and precision) of the
thermometer.

(2) Variation of thermometric property with temperature is linear.
A thermometric property that varies linearly with temperature T allows easy calibration for use in a

thermometer. Using two known values of the property at just two temperatures allows the relationship
between the property and temperature to be both interpolated and extrapolated.

Thermometric Thermometric Thermometric
property property property

1 1 1 1 L7 1 1 1 ] ki 1 1 L L B
Fig. 1.3.2
(a) Linear variation (b) Non linear (c) Calib_ration at 3 known_for
temperatures variation non-linear thermometric
property

If the property is not linearly related to temperature, it can still be used. The thermometer will need
to be calibrated at more fixed points. However, extrapolation of values beyond the range of the
calibration points will be a challenge.

(3) The thermometric property shrmld register changes in temperature quickly. (Good
Responsiveness)
In this case, the thermal conductfw?y of the thermometer should be high, so that the thermometer can

come to thermal equilibrium with the environment that it measures quickly.

(4) The thermometer should have a small heat capacity.
Having a small heat capacity implies that the thermometer will not need to absorb a significant amount

of energy from the surroundings (or conversely not give off too much heat to the surroundings) for it to
come to thermal equilibrium with the surroundings, so that it does not disturb the environment that it is
measuring.
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Appendix B: Types of Thermometers
(You should have cover this in Year 4 /'O’ level Physics.)
The choice of which thermometer to be used for a particular temperature depends on a variety of factors.
These includes accuracy, sensitivity, convenience, size, nature of read-out required, cost, operating range of
the thermometer, the temperature being measured, responsiveness and availability.
The different types of thermometers you should be familiar with are listed in the table below.

When the temperature rises,
liquid expands and moves
further up a capillary tube.

Of all the liquid-in-glass
thermometers, mercury is
most commonly used. This
is mainly because :

(1) mercury expands
almost uniformly with
temperature;

(2) mercury does not wet
the glass;

(3) mercury is a good
conductor of heat and hence
can come to thermal
equilibrium very quickly with
its surroundings;

(4) mercury is opaque and
can therefore be seen
easily.

Va

used in the glass.

The operating range
limited by the freezing
and boiling point of the
liquid used. Mercury
freezes at about -39°C
and boils at 357°C.
Under normal pressure,
the operating range of
an ordinary mercury
thermometer is between
its freezing point to
about 300°C. If the
space above the
mercury is filled with
nitrogen or some other
inactive gas, the exerted
by the gas due will
cause the boiling point of
the mercury to rise, and
such a thermometer can
be used to above the
point to approximately
500°C. For alcohol
thermometers (with
boiling point at 78°C) its
operating range is
approximately between -
60°C and 130°C.)

Type of Principle Range/°C Advantages (+)

Thermometer Disadvantages (-)

Liquid-in-glass Thermometric Property: -39 to 500 +Portable

thermometer Length of the liquid in the + Cheap, and simple to
capillary. (Depending on the liquid | use

+ Direct reading

- Not very accurate
- Fragile
- Responsiveness :
Medium

[Table continues next page.]
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temperature differences.
The circuit contains two
junctions of dissimilar
metals. When one junction
is hotter than the other, a

Type of Thermometer Principle Range/°C Advantages (+)
Disadvantages (-)

Constant-volume gas Thermometry Property : -270 to 1500 +Very wide range

Thermometer Pressure of the gas. The +Very accurate and
bulb contains a fixed mass sensitive.

= | of hydrogen, helium,
| Scale = B | or nitrogen gas. When the - Very bulky and slow to
I (—— ! temperature rises, and a respond, not suitable to
L larger height difference h is varying
- 53 needed in the manometer to - No direct reading
Femun | keep the gas at fixed - Mainly used as a
: volume. (The open limb of standard to calibrate other
2 the manometer can be more practical types
e A \ raised to achieve this. The types.
"::‘_“':““""" :.]: e pressure of the gas is equal
| to pgh plus atmospheric.)

Platinum resistance "Thermometric Property: -200 to 1200 + Wide range

Thermometer | Resistance of the coil + Highly accurate,
When the temperature rises, sensitive
the resistance of the

¢~ "= platinum coil rises. The - Not direct reading
- — resistance is measured - Slow in response; not
= accurately with a circuit suitable of varying
which makes use of temperatures.
balanced potential
differences.

Thermistor ! Thermometric Property: -25to 150 + Can be linked to other
Resistance of the circuits or computer
thermistor. -Limited range
When the temperature rises, - Not very accurate
the thermistor falls, The - Not lasting
resistance is measured
using circuit which can
include a meter calibrated in

degrees.

Bead Thermistor encapsulated

in glass

Thermocouple: “The tric Property : | -250 to 500 +Wide range
The tric emf +small, robust and
generated due to compact

+Fairly accurate

+Quick Response

+ Widely used in industry
for rapidly changing
temperatures and
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cOnStantan

\

cold junction hot juncricn

Daouble Junction Thermocouple

o cold function

constenlan

hot junctivn

Single Junction Thermocouple

small thermoelectric emf is
generated. The magnitude
of the emf depends on the
temperature difference. It
can include a meter
calibrated in degrees.

temperatures at a 'point’.
- Less accurate than
constant volume gas and
platinium resistance
thermometer.
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Type of Principle Range/°C Advantages (+)
Thermometer Disadvantages (-)
Pyrometer Thermometric Property : | above 1000 Only thermometer for

Based on the different
colours when object are
heated to different high
temperatures.

Above temperatures of
about 1700 K , all
thermometers mentioned
so far become quite
useless, as the
temperatures would have
exceeded the melting
points of the
thermometers.

Above this temperature,
therefore, a method that is
based on the property of
the brilliance and colour
that an hot object emits is
used to measure its
temperature instead.

These thermometers are
known as pyrometers and
work on the basic principle
of using the human eye to
match the brightness of a
hot object with a calibrated
lamp filament inside the
instrument.

(Table below gives a guide
to the temperature and
comparative colour of a
few commonlyobserved
hot ob}énjsf

‘){..-'-_‘,..\
NN —
P
/N
' Fd -

¢ <

above 1500°C.

- Very judgmental and
can only give an
approximate range of the
temperature an object is
heated to.
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Table : Guide to Colour and Approximate Temperature of Some Commonly Observed Hot

Objects

Example Colour Approximate Temperature /
K
Simmering hot-plate Dull Red 900
Fully-on hot-plate Red 1000
Element of electric fire Orange 1100
Filament of electric lamp Yellow 2 500
Surface of a red giant star Yellow 3300
Surface of the Sun White 6 000
Surface of the white dwarf star White 11 000
(Sirius)
Surface of white giant star Blue/MWhite 25 000
(Rigel)
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Appendix C: Limitations of the Centigrade Scale

Key problems with the centigrade scale were :

(1) Two different types of thermometer using the two fixed points agree only at the calibration points.

Apart from the calibration points, a temperature measured with two different types of
thermometers, e g. a mercury-in-glass and a platinum resistance thermometer, may yield very
different readings as different thermometric properties behave differently with temperature.

Let us use a graph (Fig. C1) to further
illustrate what we mean.

Suppose we have two different types of
thermometers, one having thermometric
property X and the other having
thermometric property Y, which we have
calibrated on the centigrade scale.
Based on the assumption of linearity, we
would expect both the variation of X and
Y with temperature to be given by the
middle straight line.

Note that the vertical scale for X and Y
have been scaled so that bath X; and Y,
indicate 0°C. Similarly Xy and Yioo
indicate 100°C. The thermometers agree
at the calibration points.

e
-

X100 e Yoo

6/C

o & @ % 100

Calibration curve for X and Y on the centigrade

------- Actual Temperature response of X
-— ACtUal Temperature response of Y

Fig. C1. Disagreement between different
thermometers.

Suppose we use these calibrated thermometers (X and Y) to measure the temperature of an object

which has a “true” temperature of 6.

At 8, Thermometric property registered by thermometer X = X

= Temperature "read" by thermometer X = 8y

Thermometric property registered by thermometer Y = Ye

= Temperature "read‘ by thermometer Y = 0y

Note that

0 Both thermometers do not indicate the true temperature 8, as both properties do not behave

linearly with temperature.

o They also do not agree with each other (6x # 8y) as they do not respond similarly with

temperature.
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(2) Disagreement between Instruments of the Same Type

« Even two thermometers of the same type may not agree with each other as the behaviour of the
thermometric property with temperature depends on many external factors.

« For example, it is not possible to manufacture two thermometers of the same type to be exactly the same.
In a mercury-in-glass thermometer it is extremely difficult to manufacture a bore of uniform cross-sectional
area and hence the linear expansion between thermometers may differ slightly.

(3) Problems in Reproducibility of the Fixed Points
s Theice point and steam point of water are actually very difficult to duplicate in the laboratory.

» Forice point,
o one cannot simply put in some ice cubes in water. An ice cube in water may have a temperature

of 0°C only right at the surface of the ice cubes, while the surrounding water a short distance
away from the ice cubes may be at a temperature of 2 %.

o To obtain 0°C (melting point of ice), the ice water mixture must consist of finely crushed ice that is
kept in equilibrium with the water by continuously stirring.

o Melting point of ice instead of the freezing point of water is used as the fixed point. This is because
water does not necessarily freeze at 0°C. Pure water under very clean conditions may go well
below 0 °C before suddenly crystallizing. Ordinary tap water is usually sufficiently contaminated so

that it freezes below 0°C.
= For boiling point of water, it depends very much on the atmospheric pressure. For example, boiling point
is defined to be 100 °C at normal atmospheric pressure at sea level. At normal atmospheric pressure in
Denver, about a mile above sea level, the boiling point is about 95°C.
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Appendix D: Calibration of a Thermometer Using the Ideal Gas Scale

The following steps illustrate how temperature is quantified in an ideal-gas scale :
Step 1: Choose a Thermometric Property, X

We have seen that when the temperature of an ideal gas changes, both the pressure of the ideal gas as well
as the volume of the ideal gas can change. Therefore, the property of the ideal gas that is used to set up the
new scale of temperature is the product of pressure p and volume Vi.e. pV.

Charles and Guy-Lussac found that a linear relationship exist between pV and the temperature. Hence we
have pV=al+hp
where a and b are constants in the experiments.

The unit of temperature measured on this scale is Kelvin (K).

Step 2: Choosing Two Fixed Points

Lower Fixed Point : Absolute Zero
As we have seen from Charles and Guy-Lussac's experiments that the graph of the product of pressure and
volume curve is extrapolated to very low temperatures, all the gases seems to behave similarly and intersect

the temperature axis at -273.15 °C. Hence, if we choose this point to be zero on our new temperature scale,
the pV axis will be shifted to the left as in Figure B1.

PVa PV pV

R N

=
‘\
\
\ 4
i

Jy
-

-273.15 *Yalo! 0

(a) _ (b)

Figure B1. (a) The pV of gases at extreme low pressures and volumes all extrapolates to the value of -
273.15°C. (b) By assigning -273.15°C to be 0 K on the new temperature scale, the pV axis is shifted to the
right, and pV becomes proportional to T, the temperature on the new temperature scale.
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With the lower fixed point chosen to be T=0 K when pV =0,

pV=aT+b = b=0
Hence, pV=aTl

Therefore, we see that the thermometric property pV varies proportionally with temperature T.
To determine, the constant a, we need to define a second fixed point, that is temperature at triple point of
water, 273.16K.

Upper Fixed Point : Triple Point of Water

The second fixed point used is the triple point of water. The triple point of water was chosen to be the upper
fixed point on the ideal gas scale as it could be precisely reproduced. It was found to occur at 0.01°C and
hence was designated a value of 273.16 K on the ideal gas scale so that there would still be 100 divisions
between steam and ice point.

We use a triple point of water cell, as shown in Fig. 1.5, to calibrate thermometers. It consists of a cylinder of
borosilicate glass with a reentrant tube serving as a thermometer well, filled with high- purity, gas-free water,
and sealed. The cell is cooled until ice, water, and water vapour are all present and in equilibrium. The
temperature is then at triple point, 273.16 K by definition. A thermometer may be calibrated by inserting it into
the central tube.

":E';:;Thermmter
= ,*;-."T:Chiflad Ligjuicd

.:-.;I. &
Waler Vapor— B VIS F 2 Thermormetar Well
; IN e
lee & Water— % —'{_METN Bushing
=z &%
Thermameter | -f;—. :i-l‘:‘ék‘e Mant e
Well %
; oy FEZinner Melt
lce Mantle -3- j;: 'o
: o5
Pure Water__|_f. e
&
Cartainer ;u
e
Fig. 1.5a Triple point of water cell Fig. 1.5b Cross section of triple point of water cell
=\
=7 Al
A (;\:
//) “\‘\\

“ Note that the point 0 K is a point that {5 obtained from the extrapolation of the pl graph. In reality, the temperature
of absolute zero (0 K) cannot be achieved, although laboratory experiments incorporating the laser cooling of atoms
have come very close. What would happen to a gas if its temperature could reach 0 K (and did not liquefy or solidify)?
As the p¥ vs. T curve indicates, the pressure exerted on the wall becomes zero. In a later section, we shall show that
this pressure of the gas is proportional to the average kinetic energy of the gas molecules. Thus according to classical
physics, the kinetic energy of the gas molecules would become zero at absolute zero. and molecular motion would
cease; hence, the molecules would settle out on the bottom of the container: Quantum theory modifies this prediction
and shows that some residual energy, called the zero-point energy, would remain at this low temperature.
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Appendix E: Getting the Ideal Gas Law
The early experiments in the §7h century and 18" century with ideal gases resulted in three laws known as
the gas laws. They are, in chronological order :
o Boyle's Law
o Charles' Law
o Pressure Law

Boyle's Law states that for a fixed mass of gas at constant temperature, the product of the pressure P of the
gas and the volume V occupied by the gas is a constant.

From Boyle's Law, we have
constant
¥
Hence, if we were to plot a graph of pressure P versus volume V, we will obtain Fig. E1.

PV = constant= P=

Charles’ Law states that for a fixed mass of gas at constant pressure P, the volume V occupied by the
gas is directly proportional to the absolute temperature of the gas.

From Charles' Law we have,
Vel = V = (constant) T
Hence, a plot of volume V versus temperature T would give Fig. E2.
Lastly, we have the Pressure Law which was also known as the Guy-Lussac’s Law.

The Pressure Law states that for a fixed mass at constant volume, the pressure P of the gas is
proportional to the absolute temperature T the gas is at.

Therefore, we have
PeT = P = (constant) T
and a plot of pressure P against temperature T will give Fig. E3.

P\ - B

| T T

Fig. E1. Boyle's Law. Graph of =~ ng.Ez Charles' Law. Graph of

pressure Pvs. volume Vof a
fixed mass of ideal gas held at
constant temperature T.

P =f:onstant) v

// Véllim e Vvs. temperature T of a

fixed mass of ideal gas held at
constant pressure P.
V = (constant) T.
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To derive the equation of state, we assume that we have a fixed mass of ideal gas in a cylinder fitted with

a smooth light piston as shown in Fig. E4.
4 Charles’

Boyle's p2Va
4 law pav law T
p1Vy e T, B A
S ~_ — /
(a) (b) {c)

Fig. E4

If the pressure of the gas is changed to p, at constant temperature, according to Boyle's law, the
volume V of the gas is governed by the equation

If the temperature of the gas is then changed to T, at constant pressure, according to Charles' law,

the new volume V, is given by

Vol To= M Flevvmssmasnmsasesn (2)

(1) X(2):
(p2 Va) 7 T2= (py Vy)I T4
o pV/T =constant

The value of the constant depends on the number of moles of gas n as well as the molar gas constant R and
we have:

pV=nRT

which can be verified experimentally.

This equation is the equation of state for the Ideal Gas and is also known as the Ideal Gas Law.
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H2 Physics (Syllabus 9749)

Content

Concept of an electric field

Electric force between point charges
Electric field of a point charge
Uniform electric fields

Electric potential

Learning Outcomes

Candidates should be able to:

(@)

(b)
()

show an understanding of the concept of an electric field as an example of a field of force and define
electric field strength at a point as the electric force exerted per unit positive charge placed at that
point.

represent an electric field by means of field lines.

recognise the analogy between certain qualitative and quantitative aspects of electric field and
gravitational field.

QIQE for the force between two point charges in free
4rg,r’

recall and use Coulomb’s law in the form F =

space or air.

i Y — for the field strength of a point charge in free space or air.
TE

recall and use E =

calculate the electric field strength of the uniform field between charged parallel plates in terms ~ of
the potential difference and plate separation.

calculate the forces on charges in uniform electric fields.

describe the effect of a uniform electric field on the motion of charged particles.

test charge from infinity to that point.

state that the field strength of the electric field at a point is numerically equal to the potential gradient

at that point.

use the equation V' = for the electric potential in the field of a point charge m free
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12.1 Review of Basic Concepts
Electrical Charges

Many of us could have encountered such an experiment in our secondary school years. When a glass rod
that has been rubbed with a silk cloth is brought near another rubber rod which has been rubbed with fur,
they attract each other. However, when two rubber rods which have been rubbed with fur are brought
together, they repel each other (Fig. 1).

Ralibrr

Fig. 1. (a) A negatively charged rubber rod
is attracted to a positively charged glass rod.
) T (b) A negatively charged rubber rod is

" repelled by another negatively charged
22004 Thomson - BioaksCoie rubber rod. {Jewett, 2008}

Using similar experiments like the one described above, Benjamin Franklin (1706 — 1790) showed that:

> There are two kinds of charges - positive charge and negative charge. (It was later
discovered that electrons carry negative charge while protons carry positive charge)

» Charges of the same sign repel one another. Charges with opposite signs attract one
another.

Atomic Structure

All materials are made up of atoms. The structure of atoms can be described in terms of three particles —
the negatively charged electron, the positively charged proton and the neutral neutron.

= wom's vohime
=10 1> is ocoupied

) Tiny compared wit he

i Fig. 2. The structure of an atom. The
AT RN parficular atom depicted here is lithium.
~16¥m (Young & Freedman, 2007)

approximately 10" m'in size{Fig..2). Surrounding the nucleus are electrons, extending out to distances of
approximately-10"'° m from ucleus. These negatively charged electrons orbit the nucleus and the
attractive electrical force on the elecirons by the protons provides the force required to keep the electrons in
orhit.

The protons-and: neutrons %@g\gtom make up a small, very dense core called the nucleus, which is
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The electrical charge and the mass of the electrons, protons and neutrons are given in the table below:

Charge Mass
Electron -e =-1.60x10"C 9.11 x 107" kg
Proton +=160x10"C 1.67 x 107 kg
Neutron No charge (0 C) 1.68 x 107 kg

*g is known as the fundamental charge or the elementary charge.

Neutral Atoms, Positive lons and Negative lons

A neutral atom is one in which the number of electrons equals the number of protons. If one or more
electrons are removed from this atom, the atom becomes positively charged and is known as a positive ion.
A negative ion is an atom that has gained one or more electrons. This process of gaining or losing electrons
is called ionisation. (Fig. 3 illustrates an example.)

T

Fig. 3. (a) A neutral lithium atom has equal
number of protons and electrons. (b) A

Y positive lithium ion has a deficit of electrons.
ot (c) A negative ion has an excess of
¢esj Neutoad Tithimm stom {Liy: by Tasitivee Bithissent fo (L4 5 (e} Negative Tabimn fon (L1 electrons. (Young & Freedman, 2007)

Furthermore, when the total number of protons in body equals the number of electrons in the body, the total
charge is zero and the body is on the whole electrically neutral. To charge a body negatively, we add
electrons to the originally neutral body so that it has excess negative charges. Similarly, to positively
charge a body, we can remove electrons (or sometimes add protons). Hence, when we speak of charge
of a body, we always mean its net charge.

Principles of Conservation and Quantization of Charges
Iimplicit to the discussion above are two very important principles:
e Principle of Conservation of Charges

« Principle of Quantization of Charges

Principle of Conservation of Charges:

The principle of conservation of charges states that charges cannot be created or destroyed. Hence,
for any closed system, the sum of all electric charges must be constant.

Suppose we rub a plastic red:=with-a piece of fur, both initially uncharged, and the plastic rod acquires a
positive charge and the fur af (_""é't’lve charge. The principle of conservation of charges tells us that the
positive charge acquired by the rod must be equal in magnitude te the charge on the fur. The rod has
acquired a positive charge as it has transferred its electrons to the fur. Hence, in the charging process,
charge is not created or destroyed; it is merely transferred from one body to another.
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Principle of Quantization of Charges

In 1909, Robert Millikan (1868 — 1953) discovered that electric charge always occurs as integral multiples
of a fundamental amount of charge e which is also known as the elementary charge. Charges are
therefore said to be quantized, i.e. any charge ¢ must be equal to +Ne where N is some integer. (See
http://en.wikipedia.org/wiki/Oil_drop_experiment.)

12.2 The Electric Field

How do objects not in contact with each other affect each other’'s behaviour? How does a proton exert a pull
on an electron at a distance? To explain ‘action at a distance’, physicists developed the idea of a field. You
have learnt about the gravitational field that results from the presence of a mass. In this chapter you will leam
about the electric field, which comes about due to the presence of a net charge.

The electric force between charged objects is an example of action at a distance. One charged object exerts
a force on another even though they are not in physical contact. A charged object A sets up an electric field
in the space around it. When a second charged object B is in the field set up by A, object B experiences a
force (Fig. 4). Just as object B experiences a force as it is in the field set up by A, it also generates an electric
field around itself and hence A experiences a force by B as it is in the electric field set up by B.

Fig. 4. When the charged object B is placed in the
electric field set up by charged object A, it experiences
a force. Similarly, A experiences a force as it is in the
field of B. (Young & Freedman, 2007)

Electric Field

An electric field is a region of space such that when a charge is placed at a point in the region, it will
experience an electrical force.

12.2.1 Electric Field Sirength

Definition: Electric Field Strength, E

: :;The electric field strength’ at a given point is the force per unit charge that acts on a smali posﬂwe test
“ charge placed at that point.

E="=:
q

« Electric field strength is a vector quantity.
« The direction of the electric field at a point is the direction of the electric force experienced by a

positive test charggﬁ;péﬁed at that point.

The S.I. unit of elecric field tngth is newton per coulomb (N C™).

' Note that though we distinguish the terms electric field strength and electric field here, they are often used interchangeably.
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Force on a charge 4 due to an Electric Field £

From the definition of electric field strength E, if a charge g is placed in an electric field where the field strength
is E, the field will exert a force F on the charge given by

F=qE

Nofes:

From the equation above we see that:

o the magnitude of the force on the charge placed in thefield is given by F = IqE‘

o The direction of the force on the charge is the same as that of the electric field at the point if the
charge g is positive.

o The direction of the force on the charge is opposite to that of the electric field if the charge g is
negative.

Example 1
An isolated electron (in a vacuum) near the surface of the earth was found to be accelerating directly away

from the surface with an acceleration ¢ =2.63 x 10° m s
[elementary charge, e = 1.60 x 107"° C, mass of the electron, m. = 9.11 x 107" kg]

la =263x 0 oms-?

Fig. 5

() What is the direction of the electric field near the surface of the earth at its location?
(b) Calculate the magnitude of the electric field near the surface.

Q) The -Flvu. s O(Ch'hﬂ uFWorw‘S. The chamge § -~wW. The divechrw of H2
.F‘-g,{ol 8 downwas .

V) Fom tre defuttron of fiedd stesgth | £ = qE
Fom  N2L, Fnc[- =wa

%nar{s«f} SMuKT # wa = FE

s 9';\&} Mq“{.f, or E:ﬂé_

Magurtuce” of @@Ef: ALz isRE7ONCT

Note 4t aceeledrtm g [
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12.2.2 Electric Field Lines

A convenient way of visualizing electric field patterns is to draw straight or curved lines that are parallel to the
electric field vector at every point in space. These fieid iines are also known as lines of force as they
represent the direction of the force experienced by a positive charge placed at that point in the field.

In general, the electric field lines must be able to represent the variations in the magnitude and direction of

the electric field in a region of space, which is done in the following manner:

o Magnitude of the Strength of the Electric Field:

The number of field lines per unit area, through a surface perpendicular to the lines, is
proportional to the magnitude of the electric field.

Hence, where the lines are close together, the electric field is strong, while where the lines
are far apart, the field is weak (Fig. 6). :

= -

P =

e o s

L B P e
4 |

Fig. 6. Electric field lines penetrating two surfaces. Fig. 7. The electric field at point P is
The magnitude of the field is greater on surface A tangent to the field line through P.
than on surface B. (Jewett & Serway, 2008)

o Direction of the Electric Field:
The direction of the electric field strength E at a point in an electric field is tangent
to the electric field line at that point and is the same as that of the electric field (Fig. 7).

Rules for Drawing Electric Field Lines?:

Electric field lines must begin from a positive charge and end on a negative charge. In the case

i
of an excess of one type of charge, some lines will begin or end infinitely far away.

The number of lines drawn leaving a positive charge or approaching a negative charge is
proportional to the magnitude of the charge. '

iii. Field lines do not intersect because E at a point can only point in one direction.

2 There are also rules associated with drawing field lines from equipotential lines. We will cover that in a later section and

summarize all the rules there.
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Fig. 8 (a) to (f) illustrates the field patterns of some common charge systems.

(c) Two positive charges of equal magnitude (d) Two opposite charges equal in magnitude

(e) Two opposite charges, the magnitude of one charge being (f) A pair of oppositely-charged parallel plates®
twice the magnitude of the other .

Fig. 8. Electric field of some common charge systems. (Jewett & Serway, 2008)

Electric field lines are an effective way to pictorially represent the direction and strength of an electric
field at different points in a region of space around a charged object. Only a finite number of lines
from each charge can be drawn, which makes it appear as if the field only exists in certain parts.
The field, in fact, is continuous, existing at every point in the region around the charged object.

Also try to avoid obtaining the wrong impression from a two-dimensional drawing of field lines used

3 The charged parallel plates are said to produce a uniform electric field between them (indicated by the parallel lines between the
plates), except near the edges, where there are fringe effects. This is because the charges at the edges are not distributed uniformly,
unlike the other charges that are nearer to the centre of the plates.

Charge system (d) is known as an electric dipole and is a commonly occurring configuration, for instance, the charge distribution
between the oxygen atom and hydrogen atom in a water molecule constitutes an electric dipole.
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12.2.3 Force between Two Point Charges (Coulomb’s Law)

As stated earlier, when a charge O is placed near another charge (', each of them will experience a force as
they are in the field set up by the other charge. if 0 and Q' are point charges, the magnitude of the force can
be determined by Coulomb's Law.

L
]

> Fa L

Fig. 9. The force F between twa point charges is determined by Coulomb's Law.

Coulomb’s Law

The magnitude of the electrical force acting between two point charges is proportional to the product of the
magnitude of the charges and inversely proportional to the square of the distance between them.

1 QQ'

2

drg, 1

where F : magnitude of the force between charges O and Q'
g0 permittivity of free space, and
r : the distance between Q and O’

Notes:

o There are, in reality, one force F acting on Q and another force " acting on 0" These two forces are
actually a (Newton's Third Law) action-and-reaction pair.

o Permittivity:
In the S.1. system of units, the constant of proportionality in Coulomb's Law is usually written as 1/re.
The constant ¢ is known as permittivity. Permittivity is a property of the medium, i.e. its value depends on
the medium in which the charges are placed. If the space between the charges is ‘free space’ (or vacuum),
its permittivity (known as permittivity of free space) will be denoted as ¢o.

g9 =8.85x10"4F m™

where F (farad), is the unit for capacitance (expressed in Sl units). 1F = 1CV-.

For most practical purposes the permittivity of ‘air’ is the same as that of ‘free space”.

When using Coulomb’s Law, just substitute the magnitude of the charges (without the signs)
to find the magnitude of the force.

Indicate the directirgg\pfl the force (or whether it is attractive or repulsive) separately.

=7}
7

10
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The Principle of Superposition (for electrical forces)
What happens if there are more than two charges?

The force between any two charges in a group of charges is independent of the presence of the other charges.

Hence, when more than two charges are present, the force between any pair of them is still governed by
Coulomb's law.

The resultant force on any one of them is equal to the vector sum of the forces exerted by the
other individual charges.

For example, if four charges are present, the resultant force exerted by particles 2, 3 and 4 on particle 1 is
given by

F=E1+F|3+f|4‘

Example 2:

In a water molecule, the oxygen atom acts as a negative point charge of magnitude 1.1 x 10"* C and the
hydrogen atoms act as positive point charges of magnitude 0.55 x 10™"° C. The distance r between each
hydrogen atom and the oxygen atom is 1.0x 10" m

Calculate the net force due to the two hydrogen atoms

oH Hg
. experienced by the oxygen atom.

Fig. 10. Figure for Example 2.

Fﬂ“’( 2 F{; Y Eg
Becauz of c\fww'*"]', hovizonted  frces  cances
BECGuse o-F g\{wwﬁ‘f‘{ ’

FHC{' & FD’Y t F‘Q,Y

"

b F{;,\f

n

P th Cos pt

&tﬂlz >Cog .57
‘l'n:?, et

é-ﬁlx{t}'-m N G vg,«-h-q![?« MFWG[H{S
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12.2.4 Electric Field around a Point Charge

With the electric field strength E defined, and Coulomb's Law, we can now quantitatively describe the electric
field around a point charge.

Consider an isolated point charge ( that is placed in free space. An electric field is set up by O, in the space
around it. If a small positive charge g is brought into the space and is placed at a distance r from Q, a force

F will be exerted by the field of O on the charge q.

Fou_ %0 =f_ 0
2 o )
4ieyr” 4 Sger
p @/ o . / TE L
: r g7 T
P _-=""  testcharge. g _,.=-'E
‘@ ‘ g
(a) What is the electric (b) A positive test charge g is placed (c) The electric field at P is the force per
fieldat Pdustoa at P and the force on the test unit charge exerted by O on the test
point charge 07 charge is measured. charge at P.

Fig. 11. Determining the electric field of a point charge
According to Coulomb's law, the magnitude of repulsion or attraction between O and ¢ is

po 1 0
4re, 17

Hence, the magnitude of the electric field strength of a point charge @ at a distance r away from the
point charge,

Bt

q
= Bi= l -%
dreg, v

N i'}

Fig. 12. Electric field of a point charge O

Notes: ,—c
i. Eis a vectorguantity; and irection at a point is given by the direction of the force experienced by a
positive charge if it is placed at that point.

ii. The field is radial for a point charge. It is directed uniformly in all directions outward from the centre if O
is a positive charge and inward toward the centre if O is a negative charge. At all points that are an equal
distance away from QO the magnitude of E is the same.

12
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- One can just substitute the absolute value of @ in the equation to calculate the magnitude of the field
_ strength and consider the direction separately. '

Principle of Superposition (for Electric Fields)

The Principle of Superposition can be used to compute the resultant electric field strength at a point in the
combined field produced by a system of charges.

The resultant electric field £ at a point P in an electric field is the vector sum of the fields
at P due to each point charge in the system.

E=E+E +E,+...

Example 3

A charge +1.4 pC and a charge +2.6 uC are separated at 15 cm from each other.
At what point P, other than a point at infinity, is the electric field zero? This point is known as the neutral point

in the field between the two charges.

Fig. 13. Figure for Example 3

et P be a ditwe x to e ygut oF  charge Q.
At e nortrd point, fhe ngmf‘fqoLz o e Protd e o @ 5 e qud
Tt waguel of Ped dw + @2

Q. Qs

ktg w2

4itg,(o.06 - >

5, = x@.

X = U.IF__M
{14mig* [2-broe

= 0,03y wm= £.37 o
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12.3 Electric Potential
Using the concept of energy, it is possible to associate a scalar quantity with every point in an electric field.

Suppose an external agent does work, ¥, in bringing a small positive charge ¢ from infinity to a particular
point in an electric field.

Definition: Electric Potential, V

The electric potential /" at a pointin an electric field is defined as the work done per unit charge, by an extemal
force, in moving a small positive test charge from infinity to that point in the electric field, without any change
in the kinetic energy.

V="
q

The SI unit of potential is J C™* but it is more common to use the volt, V.

Notes:
i. Electric potential is a scalar quantity.
ii. Note that the test charge moved is not the one generating the field, it is the charge used to test the field.

The work done in this definition refers to the work done by the extemal force and is commonly referred
to as the "work done on the system". Some questions in A-levels will ask you to look for "work done
by the system" instead — it is simply the work done by the internal force that the external force is trying
to overcome. You can simply find it by using:

Work done on system (by external force) = - Work done by system (by the associated field force)

12.3.1 Potential due to a Point Charge
The electric potential in the field by a point charge* O is given by

where Vis the potential at a point the electric field, at a distance r away from the point charge.

Note:

What if | have two or more point charges, how do | determine the potential at a point in the electric
field set up by these point charges?

Since the electric potential is a scalar quantity, the resultant potential at a point in the field is the algebraic
summation of the potentié]s:i(;'\ap;mbuted by each charge at the point.

v Veesuttant = Vi + Va+ Vs + ...

Remember to keep the signs in your substitution.

4 The actual derivation of this equation is not in the syllabus. If you are interested, you can find it in Appendix A.
14
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Example 4

Four charges are placed at the corners of a square as shown in the figure below. Each side has a length a.
Find the electric potential at P, the centre of the square.

Poten fiad (5] 3“&41 b\( —Eﬁ"

v

0=0Q

For each n-F e dﬂq@ﬂr D e%ud -fo g_qﬁ o

Hema, a
Vi = ki
0-7\[;@
\ = 2kd 0:=2Q @ =20
0.5z Fig. 14. Figure for
\{;: 3kl Example 4
0.5z
N = 2IRE
% 0524
- |
Addag ths  al| dp X Pluggluj b= %’TE_E:
!
\ @
vesultayt = 3\]‘3 —
bre,d

12.3.2 Electric Potential Energy

The electric potential energy, U, of a charge at a point in an electric field is defined as the work done by an
external agent in moving the charge from infinity to that point, without any change in the kinetic energy.

Relationships between U and V:

Electric Potential Energy U of a charge () placed at a point in an electric field with potential F'is given by
U=9v

The work done by the external agent in moving a charge Q from point A to point B in an electric field is
given by

Upapg =Ug = Uy = Q(Vg — V)

where V4 and V; are the potent'_alrg,\of the field at A and B respectively.

- s

Notes: /— &\fb
(i) U may be positive of‘ﬂé@@tive‘ depending on the sign of the charge and the potential.

(ii) Similar to gravitational patential energy, the electric potential energy is stored in a system of charges
and not possessed by a single charge Q.

15
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The electrical field is a conservative field which means that

— work done on a charged particle in moving it from one point to another depends only on the
particle's initiai and final positions and is independent on the path taken.

— the change in potential energy is also independent of the path taken.

o Forexample, suppose there are two ways to move a charge O from point A to point B in an electric
field (Path X or Path Y).

Since the field is conservative,

Work done by an external force in bringing a charge O from A to B via /ﬂ-ﬂ}i\
Path X i Y
A N
= Work done by an external force in bringing a charge O from A to B % é B
via Path Y : % P
| . e e
By conservation of energy (assuming no changes in kinetic energy), Y
the change in potential energy of the system when O is moved from
AtoB, Fig 15

AUssp=Us - U= 0 (V- V)
is independent of whichever path is taken.
o Furthermore, if the charge O is brought from A to B through path X and then from B to A through
path Y, then the net change in potential energy of the system

AU . , = work done in bringing the charge from A to B back to A is 0

Ay By d

Example 5

An electron in the vacuum of a cathode ray tube moves from rest at a point where the potential is —1400 V to a point
where the potential is zero.

Calculate
(a) the change in its potential energy, ____?88____ e e
(b) the change in its kinetic energy, and Vi=-1400 V V=0V

(c) its final velocity.

%) EPE =4V
EFE;=qV;= (16 x1o1C ) % (-4003C™")
EPEp=q Ve = CLonoM O x 0 =9
AEPIE> -2.2G k(010

L) Rou PCOE, 8FE:- ARPE= 224x107¢]
¢) S (Ce =Smvi=2.24 x(0-]
y= (‘H—f? [ing) 3

G47xT0- —;
‘fl\xro"'

2.2 x (0 Fws s !
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Potential Energy of a system of Two Point Charges

Fig. 16. Two charges Oy and Q; are separated by a distance r. What is the potential energy of this system?

Consider two point charges Oy and O separated by a distance r (Fig. 16). We can find the potential energy
by viewing the situation as such: Q; sets up an electric field around itself and Q: is in the electric field of 0,.°

Hence,

Potential of the electric field by Oy at the location of 05, V= 9
dne,r
Potential energy of the system = 0, V' = _Q,Ql
dre,r

Potential Energy Between Two Point Charges:
The potential energy U between two point charges Oy and O: separated by a distance r is given by

= Ql QZ
dme,r

in Coulomb's Law, as we are looking at the electrical force between the charges, any negative sign
represents the direction and since we only wish to find the magnitude we ignore the signs of the

charges.

Potential energy however is a scalar quantity, and the sign no longer indicates the direction. Hence,
we have to indicate the sign in the calculation!

What is the potential energy of a system of two or more charges?

Consider the system of point charges given by the diagram below. Let us determine the expression for the
potential energy of this system.

Fig. 17. Potential Energy of the System

> You can also analyse the situation by treating O as setting up the field and O, being in the electric field by 0;. You would still

end up with the same final expression for the electric potential energy for the system of two point charges.
17
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To determine the potential energy of this system, we go back to the fundamentals of what potential energy is
— the work done by an external force to bring a charge from infinity to the point in the electric field.

So we start off assuming that ail the charges are at infinity and infinitely far away from each other. To
determine the potential energy of the system, we carry out the following steps and determine the net work
required to assemble the whole system.

Step One: Bring g from infinity to the point. As there is no electric field initially in the region,
= Work done, W;=0J

Step Two: Bring g2 from infinity to the point. As g is already in place, it will have set up an electric field in
the region and an external force will need to do work against the electrical force experienced by ¢- due to its
interaction with the field set up by ¢1. Hence,

= Work done, W, = 49
47, h,

Step Three: We bring ¢ from infinity to its position in the electric field. Since ¢ and g2 are now in place, the
electric field in the region is now due to ¢ and g2, and the external force will need to do work against the force
on g due to its interaction with the field set up by both ¢z and gs. Hence, the work done in this process is

4,9; " CELE

= Work done, W3 =
dme,n,  Ame iy,
Hence, the net potential energy of the system is the net work to assemble the system:

= Potential energy of this system, U =Wi+ W+ W3

-9 4% 99
4ae,n, A4men, 4men,

Potential energy of a System of More than Two Point Charges
Hence, for a system that contains more than two point charges, the

Total potential energy can be found by calculating U for every pair of charges and summing
the terms algebraically.

)

——

|
"t
(_.\. £

N
\V
L
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12.4 Relation between Potential Energy and Electrical Force

In the chapter of "Work, Energy and Power", we learnt that the relationship between this force F and the
potentiai energy of the charge &/ can be written as®

Fo_9U
dr

Note:

» This equation gives us both the magnitude and direction of the force acting on the charge placed at a
point in an electric field.

o The magnitude of the force is given by:

F=d

r

=|gradient of the U vs. r graph|

o The direction of the force on the charge is given by the negative (-) sign i.e. the force on the
charge points in the direction where the decrease in potential energy is greatest.”

12.4.1 Relation between Potential Gradient and Electric Field Strength

Now, from above, we have F = _‘i_U
5
—3 .- d(qV)
dr

where g is the charge placed the point in the electric field with field
strength £ and potential V. Dividing both sides by g, we get the
relationship

_a
dr

E=

patentiol ——e

Note:

dv . . : ;
. o is known as the potential gradient of the field. It gives the
b

variation of the potential of field at the point of consideration.

distance ———

: s Fig. 18. Relationship between potential
* The magnitude of E is given by : and field strength.

ar
:

E= =|gradient of the V' vs. r graph‘

* The direction of E is towards decreasing potential.

~0

— AL

/‘II/\‘\.\.g_’
a—
® The derivation of F = —Z_U can be found in the chapter on "Work, Energy and Power" or, alternatively, in Appendix B.
r

7 In fact this is something fundamental in physics, for many systems, to achieve greater stability charges would try to move to a
location such that the system will end up with lower potential energy.
1%
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12.5 Representation of Electric Fields by Equipotential Lines or Surfaces
Another way to represent the electric field in a region is through lines or surfaces of equal potential.

An equipotential surface is a surface in which every point on the surface is at the same potential.

It is standard practice to draw these equipotential lines or surfaces the same number of volts apart. Recall,
that the relationship between potential V and electric field strength E is given by E = —%’K . Hence, from the
r

equipotential lines or surfaces, the electric field can be "visualised".

In general:

. Hence, the closer the equipotential lines or surfaces

dv
e Magnitude of the electric field £ =
A

are to each other, the greater the change in potential for the same distance and hence the
stronger the electric field.

o Direction of the electric field points from higher potential to lower potential.
Further, all points on an equipotential surface have the same potential, hence

= Potential gradient along an equipotentiai surface is zero.

= There is no component of electric field along an equipotential surface.

= Electric field lines are a2lways perpendicular to equipotential surfaces.

Fig. 19 below shows some exampies of equipotential surfaces for different systems.

(a) A positive charge. (b) Two opposite charges equal in magnitude.

20
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(d) A positively charged sphere and a negatively
charged plate.

| N
/’}'i*ﬂ:réw‘nn .

(e)Two parallel plates with opposite charge.

—#— electric field lines — equipotential lines (cross-section of equipotential surfaces)

Fig. 19. Equipotential and field lines.

Note - In such diagrams, only some of the equipotential lines are drawn, there could be more equipotential
lines nearer or further from the source apart from those shown in the diagram.

Charges in Equilibrium on Conductors

A good electrical conductor contains charges that are free to move. Hence, when a conductor is charged,
the charges will always redistribute themselves until the excess charge resides on the surface (they try to
move out of the conductor as they repel each other) and till the net force on them is zero. When there is no
net motion, the conductor is said to be in electrostatic equilibrium.

Since the charges at the surface experience no force parallel to the surface (else they will continue to move
along the surface),

From Fy=qEy=0
= Electric field along the surface is zero, £, = 0.
From E= i
dr
dv
= — =0 along the surface of the conductor
r .

=% The surface 65&;‘6nductor is an equipotential surface.

= Electric field lines emerging or ending on a conductor are perpendicular to the
surface.

Furthermore, using calculus, it is possible to show that the electric field within a conductor is zero, hence
there is no potential gradient within the conductor and

21
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the potential in the conductor is constant everywhere inside the conductor and equal to its

value at the surface.

=5 The electric field in the conductor is therefore zere (neo potential gradient). Hence, no
field lines are drawn.

With this we can now summarise a more complete set of rules for drawing electric field lines and equipotential
lines for charged systems. We will include the previous rules for completeness.

Rules for Drawing Electric Field Lines and Equipotential lines:

i Electric field lines must begin from a positive charge and end on a negative charge. In the case of an excess of one
type of charge, some lines will begin or end infinitely far away.

i, The number of lines drawn leaving a positive charge or approaching a negative charge is proportional fo the
magnitude of the charge. :

ii. Field lines do not intersect, because E at a point can only point in one direction.

iv. Equipotential lines/surfaces are lines/surfaces that join all points of equal potential.
V. Equipotential lines/surfaces are drawn at equal intervals of potentials (e.g. 10 V, 20V, 30 V efc.). Hence, the closer
the equipotential lines or surfaces, the stronger the field.
vi. Electric field lines are always perpendicular to lines of equal potential, e.g. to the surface of a conductor.
vil. Electric field lines always point towards the direction in which potential is decreasing.
viil, The electric field in a conductor is zero. No field lines are drawn.
—=>0

22
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12.6 Electric Field between Two Charged Parallel Plates

Consider two large metal plates that carry equal but opposite charges. (This can be done by connecting
them to the opposite terminals of a constant voltage supply.) It is reasonable to suppose that within each
plate, except at the edges, the charges on each plate are spread uniformly over the inside surface of each
plate, because of their mutual repulsion and the attraction by the opposite charges on the other plate.

The lines of forces are straight, parallel to each other and equally spaced (except at the fringes — see Fig.
8(f)). The electric field in the space between the two plates is said to be uniform.

Fig. 20. Electric Fisld between twa parallel, oppositely
charged plates.

Suppose that in Fig. 20, the potential difference between two large charged metal plates is /" and the plate

-

separation is d. Since the electric field strength between the plates is constant, from E = -——we have

r

o Magnitude of the electric field strength:

B
d

o Direction of the electric field: E is directed from the plate with the higher potential to the plate
with the lower potential.

12.6.1 Motion of Charged Particles in a Uniform Electric Field

Consider a particle of mass m, carrying charge g, that is placed in a uniform electric field £.
The field exerts a force gFE on it, giving it an acceleration 4 in the direction of the force.

By Newton’s second law, ma = ¢gE . The acceleration of the charge is therefore given by a = gt ;
m

In most questioné, the mass is so small that the electric force overwhelms the gravitational force
on the mass (weight). Hence the weight can be ignored.

For example, if you are considering an electron:

Its weight is 9.11 x10*' x 9.81 =894 x 10N

If it is between parallel plates of potential difference 1.0 V and separation 10 cm, the electric force
it experiences is (1.60,x 107%) x 1.0/0.10 = 1.6 x 107" N.

However, you slgou}dnot assume that it is always the case that the weight can be ignored. You
might get a question where the mass is large enough to make the weight significant compared to
the electric force. (e.g. the Millikan oil drop experiment).

23
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A positively charged particle will accelerate in the direction of £. A negatively charged particle will accelerate
in the direction opposite to £.

a
!
el

E

-

Y v v Y ¥V v

Fig. 21. Acceleration of charged particles subjected to an E-fieid.

In general, the motion is that of an object moving under constant acceleration. There are two possibie paths:

i. If its initial velocity is zero or parallel to the direction of £, the charged particle will move in a straight line
parallel to £.

ii.  [fits initial velocity is inclined to the field £, it will travel in a parabolic path.

24
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Example 6

A beam of electrons, travelling at 1.35 x 107 m s, enters a uniform electric field between two plates of length
0.060 m, which are separated by a distance of 0.020 m. The fop plate is at +50 V while the lower plate is at -
50 V. Find the angular deflection of the beam as electrons emerge from between the plates, assuming that
the electrons never reach the upper plate.

_{f‘

Vy
Electron beam ' l /_’B
4.

Vx

v

- 50V
No horizowtal fivaes

Vg =Uy = (-35-«{01-..,,{5

th‘cql{\(} we have Foe eE 2o (:%\3\{) urwﬂvd}
P[Mgat'kj WM oe= [6oxo-"1C

AN= 100V, d= 0.020m, g = Tl x 10731 by
“E et ay . Fe/me=9.}9{-ﬁ[owm/5\"

fime  of Flight 5 giey by 4= fx

Wl“lﬂ tthefmﬁfu ;

=

ft‘f-‘fo (0“15

W=yt Ay t=ay ¢
=3.90) x(p 6 v (s

O
tan 0= n

= - [°
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12.7 Analogy between Electric fields and Gravitational Fields

The laws governing interaction between point charges and the interaction between point masses are
analogous. Mass, m, is analogous to charge, Q). The constant G is analogous to //4mey.

Electric field Gravitational field
. B __F
Field E=— f=—
Strength q m
Point charge: E= g . Point mass: g = %
dme,r” F
Coulomb’s Law: Newton's Law of Gravitation:
I O Mm
F= == F=G
Force Az, 1 r?
The force between point charges follows an The force between point masses also follows an
. ; 1
inverse square |aw‘ ie Fo L_} Inverse square Iaw, e Foc —=
| r
Force is a vector quantity.
The resultant force at a point must be determined by vector sum of the forces.
Due to a point charge: Due to a point mass:
i 0 o oM
Potential dre,r r
Potential can be positive or negative depending |  Potential is always negative.
on whether Q is positive or negative.
Potential is a scalar quantity.
The resultant potential at a point is determined by the algebraic sum of the potential due to each charge
Of Mass.
U= Vq = m¢
Potential
0 i GMm
Energy Between point charges : U =21 Between point masses: U =—
dregr r
U can be positive or negative. It is positive if 9 | U 1S always negative.
and ¢ have the same sign. Otherwise, U is
negative.
dVv d¢
s s 7
Strength v
and ' The negative sign indicates the direction of the The negative sign indicates the direction of the field
potzntial field is in the direction of decreasing potential. is in the direction of decreasing potential.
gradient
Force and du JU
potential =—— F=——
energy =0 dr dr
gradient =
[/ /(/
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Appendices
Appendix A: Deriving the Potential of an Electric Field by a Point Charge
.[Adapted from: Duncan, 2000, p 204]

Consider a point charge +0 placed at a point O. To find the potential of the electric field at A a distance r
away from +0, we bring a very small test charge +¢, from infinity to the point A (allowing for no gain in kinetic
energy) and find the work done by the extemnal force to carry out this action.

constant v
+0 A E—
e T R e —— e e—p p
— 3 Fex tq, Fr

We note that when the test charge is moving in the field set up by the source, it experiences a varying
electrical force Fe. An external force needs to move it from infinity to the point.

Now, the work done sW by the external force to move a small distance of dx towards the source charge is
dw =F,_dx

Since the test charge is moved at a constant velocity, Fe = -Fr . Therefore,
dW =—F,dx

The electric force experienced by the test charge a distance x away from the source charge is

)
F = 4”q“ - Therefore, we have the net work done by the external force,
e, X

[ (94 g, 1, Oq
W=—|Fde=— e [ e
l ¢ i d7e,x” 4?3'59[ r} dre v

By definition of the electrical potential, the potential at point A is therefore,

"
y¥_ 2
g, 4ner
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Appendix B: Deriving the Relationship between Force and Potential Energy

The relationship between a (conservative) force F and the associated potential energy is given by
_u
dx
This is a general relationship that applies to all conservative forces, of which the gravitational force and the
electric force are examples.

F=

To get this relationship, it is best to look at a specific case. In this case we will look at the electrical force £
experienced by a charge in an electrical field.

By conservation of (mechanical) energy, assuming that no dissipative forces act on the system,

Work done by an external force on the system W = Increase in P.E. + Increase in K.E. of system
Assuming we move the object in the field at a constant velocity

= Increase in K.E. of system =0

Now, let us move the object (a small charge in this case) by a small distance of éx in the direction of the
extemal force, the small amount of work done sW by the external force is this case can be written as

OW = Fext &
Since the object is moving with constant velocity, Fext = -Fe
Hence, we have
OW = Fext
= oW = - Fpdx

Now, as stated above, the work done by the external force results in the gain of potential energy of the
system, hence we have

=2 SU= W =-Fg&k where U is the potential energy

which can be written as = F, :—ag— (derived)

Note: In our derivation, the scenario given is that of a charge moved in an electric field but there was no
substitution of the actual force or field. The scenario is given to only help in the visualisation. The same
derivation can be used for the scenario of a mass moved in a gravitational field or even a spring stretched
by an extension of x; you would still be able to get the same general result.

— ("\',
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Topic 13: Current of Electricity & D.C. Circuits

€2 2017

H2 Physics (Syllabus 9749)
Current of Electricity

Content
e Electric Current
* Potential Difference
* Resistance and resistivity

»  Electromotive force

Learning Outcomes
Candidates should be able to:
(@) show an understanding that electric current is the rate of flow of charge

(b) derive and use the equation / =nAvg for a current-carrying conductor, where n is the number
density of charge carriers and v is the drift velocity

(c) recall and solve problems using the equation O=1It

(d) recall and solve problems using the equation :F%

(e) recall and solve problems using the equations P =¥/, P=I’R and P = V%

(f)  recall and solve problems using the equation ¥V = IR .

() sketch and explain the / -V characteristics of various electrical components such as an ohmic
resistor, a semiconductor diode, a filament lamp and a negative temperature coefficient (NTC)
thermistor.

(h)  sketch the resistance- temperature characteristic of an NTC thermistor.

(i)  recall and solve problems using the equation g :%.

() distinguish between electromotive force (e.m.f) and potential difference (p.d.) using energy
considerations.

(k) - Show an understanding of the effects of the internal resistance of a source of e.m.f. on the terminal
potential difference and output power.
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D.C. Circuits
Content:

Circuit symbols and diagrams
Series and parallel arrangements
Potential Divider

Balanced potentials

Learning Outcomes:

Candidates should be able to;

@

(b)

(c)
(d)
(e)
(f)
(9)

(h)

recall and use appropriate circuit symbols as set out in the ASE publication Signs, Symbols and
Systematics ( The ASE Companion to 16-19 Science, 2000)

draw and interpret circuit diagrams containing sources, switches, resistors, ammeters, voltmeters
and/or any other type of component referred to in the syllabus.

solve problems using the formula for the combined resistance or two or more resistors in series.
solve problems using the formula for the combined resistance or two or more resistors in parallel.
solve problems involving series and parallel circuits for one source of e.m f.

show an understanding of the use of a potential divider circuit as a source of variable p.d..

explain the use of thermistors and light-dependent resistors in potential divider circuits to provide a
potential difference which is dependent on temperature and illumination respectively.

recall and solve problems using the principle of the potentiometer as a means of comparing
potential differences.
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13.1 Practical Circuits

Symbols for various circuit elements

Conductor —_— Ammeter _®'—
Junction of
conductors Voltmeter

Earth —___]:- Galvanometer '—“ : )—

—-o/o——- Open Battery or _<l ...... |
Switch (combination of _-IHE_ B

—e—%— Closed cells)

Cell —| |—— Lamp

_®__
Diode _D‘_
7+

Fixed resistor

Potential divider

Variable resistor _ﬁ_ Thermistor
Light dependent p
l resistor _@_

Circuit Essentials

Most complete electric circuits contain 6 parts:
An energy source to provide the voltage needed to drive current through the circuit.
Conductors through which:the current can travel.
Insulators to confine the r;ument to the desired paths.
A load to control the @mount of current and convert the electrical energy supplied by the energy
source.
5. A control device, often a switch, to start and stop the flow of current.
6. A protection device to interrupt the circuit in case of a circuit malfunction
The first 4 of the above 6 parts are essential parts. All complete circuits use them. The control device is
occasionally omitted. Protection devices are often omitted from circuits.

R
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13.2 Electric Current

Electric current is the rate of fiow of eiectric charge. It can be due to the flow of positive charges or
negative charges or both.

Consider some charges moving through a cross-sectional area, which is perpendicular to the flow of
charges. Suppose the electric charge § Q flows through the area in time 6 .

conventional direction of cumment

M
—

. (relative)
{relative) @_ @ » negative
pﬂsztﬂ' [ polennai
potential *+———C) RN

RDT—
PR —

The electric current / through the area is the rate of flow of the electric charges through the cross-sectional

area of the surface. / = @-
ol
If the charge flows at an irregular or non-linear rate, then the current 7; due to this flow of charge is
do )
I; = 7}’ (Formula for instantaneous current)

If the charges flow such that in a time interval 1, the total charge which crosses that area is Q, the average
current I due to this flow of charge is

(Formula for average current)

av

13.2.1 Direction of Electric Current

By convention, the direction of electric current (also known as conventional current) is chosen to be in the
same direction as the flow of positive charges.

If the conductor is a metal (e.g. copper), the current is due to the motion of negatively
charged electrons (i.e. mobile valence electrons). By convention, the current due to the flow
of negative charges to the left for example is treated as a current towards the right.
Conventional current is in the opposite direction to the flow of electrons.’

" There is an interesting story on why the direction of current is always interpreted based on the flow of positive charges and not that of negative
charges. Do find out more by investigating the work of Benjamin Franklin (17086 - 90) who was the first person o study the electric current.
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13.2.2 The velocities of the current carriers

The diagram above shows a length of conductor of cross sectional area A m? containing n free (mobile)

charges per m® (also known as the number density of charge carriers). The number of free charges (or
electrons) in the conductor has to remain constant; when a current flows in a metallic wire, electrons enter it
at one end and the same number leave at the other per unit time.

The motion of the electrons is not rectilinear but rather somewhat irregular, but we can assign an average or
drift velocity v m s to the flow along the wire.

Suppose the section of the conductor between X and Y has a length L and a cross-sectional area A, the
total number N of charge carriers in the volume between X and Y is
N =nAL.

If each charge carrier has a charge of g, then the total charge passing the point Y in time At is Ng.

Therefore the current / passing point Y is

_ total charge passing Y _ Ng
time taken At

(AL

At
L
wrlt] 2
h (Ar}q

I =nAvg

[

For a given current /, a good conducting material is one for which n is large and v therefore small. Copper is
one of the best conductors, having in the region of 10% free electrons per m®.

Using the equation above, we can estimate a typical value for v when a current of 1A flows through a
copper wire of cross sectional area 2.0x10”m? (about 0.5 mm diameter).

T10E x2x107 x1.6x10°"
=3.1x10*m s’

The actual values of the velocity v are amazingly small! However it is worth noting that this slow drift starts
almost instantaneously_in all parts of an electrical circuit completed when, for instance, a switch is closed.
{Hence there is clearly no delay between closing a switch in one part of a room and the light in another part
coming on.)
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13.2.3 Units of Current & Charge

Current

SI unit for electric current is ampere (A), named after the French scientist who established the laws of
electromagnetism. It is defined in terms of the magnetic forces that act between current-carrying conductors.
The definition will be given in the topic Electromagnetism.

Charge

Sl unit for charge is coulomb (C), after the French scientist who first investigated the forces acting between
electric charges. The unit is defined in terms of Sl base units, ampere (A) and second (s).

One coulomb (C) is the quantity of electric charge that pass a given point in a circuit when a steady
current of one ampere flows through that point for one second.

1 coulomb = 1 ampere-second
1C=1As

If a steady current / flows in a conductor for a time interval 1, the quantity of electric charge () that passes a
cross-section of the conductor is given by the product of the current and time.

0=t

The magnitude of the charge on an electron is e, i.e. 1.60 X 10"°C.

The total charge O of a quantity N of electrons is

0= Ne

However, it is difficult to count the exceedingly large number of charge particles that constitute a
measurable or observable steady current. Therefore, the unit for charge is not defined in terms of e, but in
terms of current .
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Example 1
«—Q
& =g o
opper @®— Copper
conductor A conductor

\

Gas at low pressure

An external electric field is applied to the gas in the tube, resulting in negative particles flowing in one way

and positive particles flowing in the opposite direction as illustrated above. In 1 s, 1.56x10" negative
particles pass through a perpendicular cross-section in the tube and the same amount of positive particles
pass through it in the opposite direction. If each positive particle carries a charge +2e, and each negative
particle carries a charge of —,

(a) Find the current due to the flow of positive charges.
Tpwity= Nz ()
215 %10% ) (b x10 ™ )(2)= 42T %l %

(b) Find the current due to the flow of negative charges.

T negntive = CLstxto' Y| 6 x!o’“): 2.50 x(0~A

(c) Find the net current through the gas.

Tnet= T postee  Tuggoriwe = T44 %107 TA

Example 2
The diagram shows a model of an atom in which two electrons move round a nucleus in a circular orbit.

The electrons complete one full orbitin 1.0 x 10 *s.

What is the current caused by the motion of the electrons in the orbit? (J99/1/5)

'l; = .(_&... - N2
= % %
glectron electron

- 2xieoxio™

(o x{o-'"
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13.3 Potential Difference and Electromotive Force

13.3.1 Energy considerations of an electric current

The circulation of an electric current in a complete circuit leads to the continual dissipation of energy
throughout the circuit in the form of heat and other forms of energy (e.g. light energy in a filament lamp,
mechanical energy in an electric motor, etc). All this energy must be continuously supplied by a voltage
source (or more correctly, an e.m.f.), e.g., battery, dynamo, etc.

13.3.2 Electromotive Force (e.m.f.)

The sources of e.m.f. (stands for electromotive force) required in any complete circuit to generate electric
current are therefore primarily means of converting energy to electrical form from some other form. E.g.
a dry cell converts chemical energy to electrical energy, a dynamo converts kinetic energy to electrical
energy, a microphone converts vibrational energy of a sound wave to electrical energy, etc.

The term e.m.f. has historical origins, but it is NOT a force, despite its name. It is more a measure
of energy (i.e., electrical potential energy) rather than force.

The electromotive force (e.m.f.), € of a source is defined as the energy converted per unit electric charge
to electrical energy in driving charge round a complete circuit.

The Sl unit for e.m f. is volt (V), after the Italian scientist Alessandro Volta, who first investigated the action
of electric batteries.

If charge Q flows in a circuit containing a source of em.f. &, the electrical energy supplied by the source to
the whole circuit is

W=0¢

The power P of the source varies with the current it drives and hence, we normally specify the power of the
source with reference to the current, i.e. its power to current ratio. This ratio which is a constant of the
electrical source is the e.m.f. of the source.

szl(E = Ei-g‘e:h:
dt dt

10
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13.3.3 Potential Difference

A source of e.m.f. produces an electric field between its terminals. The electric force will act on charge
carriers in the circuit and a complete conducting path between the terminals allows the charge carriers to
fiow through the circuit.

Inside the conductors, the electric force does work on the moving charged particles. As a result, electrical
potential energy is converted into heat and other forms of energy.

We can define the electric potential at a point in the circuit. The conventional current will flow from a point of
higher electric potential to a point of lower electric potential in the circuit. The potential difference (p.d.),
between two points in the circuit is the work done by the electric field to drive a unit charge from one point
“ “to the other.

The p.d. across a conductor is sometimes described as “voltage” or “potential drop” across the conductor.

Most of the time, it is only differences of potential (i.e., p.d.) and NOT the potentials of points
in a circuit that are of any significance in electric circuits.

e

To determine the electric potential at a point in a circuit, it would be necessary to first identify a
point to be at conventional zero potential. This point is used as a reference to which the potentials
of other points in the circuit can be determined. Many electrical circuits have a point in the circuit
that is connected to Earth. By convention, Earth is taken to be at zero potential. Electrical
apparatus that is connected to the earth is said to be “earthed".

Circuit symbol to represent earthing of a point of a circuit (i.e. the
J_ point is at 0 V potential).

The potential difference V between two points in a circuit is defined as the energy converted per unit
electric charge from electrical energy to other forms of energy when charge moved between the two
points.

If the electrical energy W converted is for charge O moved between the two points, then, potential
difference I between two points is
Hf
V =—
Q
Thus, if a charge Q flows in a part of a circuit across which there is a p.d. V, the electrical energy
supplied is given by OV

The Sl unit for potential difference is volt (V).

One volt is the potential difference across two points in a circuit in which one joule of electrical energy is
converted to other forms of energy when one coulomb of charge is moved between the two points.

|
1€

1 V=

11
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13.3.4 Distinction between e.m.f. and p.d.

Energy conversion

e.mf. is a measure of the energy (converted from other forms of energy to electricall a source can
transfer per coulomb of charge when it is driven through the circuit.

p.d. between two points in a circuit is a measure of the energy per coulomb dissipated (from electrical
energy to other forms of energy) when one coulomb passes through the part of the circuit between the
two points.

There will be no p.d. across any part of the circuit without an e.m.f. in the circuit.
An e.m f. exists whether current flows or not; e.g. a left-alone cell has e.m f. .

13.4 Electrical Power

If 2 charge O flows in a part of a circuit across which there is a p.d. ¥, the electrical energy supplied by the
source to that part of the circuit is given by

W=0V e, )

The flow of current is accompanied by the conversion of electrical energy into other forms of energy. The
rate at which energy is converted from one form to another in a device is called its power.

Hence, a device of power P operating for time  converts a quantity of energy 7, given by

W =PE oo (2)
From (1) & (2)
Pr=0V
p=Ly
t
P=1F

Hence the electrical power P converted by a device when there is a potential difference V across it and a
current / flowing through it is given by

P=1v

The unit of power is the watt (W), after the Scottish engineer James Watt who developed the steam engine.
Units of power in regular use are the kilowatt (kW) and the megawatt (MW).

The equation above gives rise to an alternative definition of potential difference across any electrical device
or in electrical circuits.

The potential difference between two points in a circuit or across any electrical device can also be defined
as the electrical power delivered per unit current that flows through it.

fPies
1

One volt is the potential difference between two points of a conductor carrying a current of one ampere

when the power dissipated is one watt.

1 W
[ Preseec-

1

12

www.KiasuExamPaper.com
380




Czzo1y

Useful units of electrical energy

Recall: The Sl unit of energy is the joule (J), named after the British scientist James Prescott
Joule who established the reiationship between heat and mechanical forms of energy.
1J=1Nm (newton meter)

i) The kilowatt-hour (kW h)
The calculation of quantities of electrical energy for commercial purposes is conveniently

carried out by means of this unit.

Since 1kW=10°Js" and 1 hour =36 x 10° s,
Therefore, 1kWh=36x10°J

i) The electron-volt (gV)
This is a convenient unit for the calculation of particle energies in atomic and nuclear physics
(frequently used in the topic of Electric Field and Nuclear Physics). It is the quantity of
energy gained by an electron in accelerating through a p.d. of 1 V.

Since charge of one electron is -1.60 x 10 C,
1eV=160x10"J

Example 3
The current in a device is 1.2 A and the potential difference across it is 12.0 V.

(i) What is the power supplied to the device?

(ii) How much electrical energy is supplied to the device in 30 seconds?
G). P=IV=(2»p.0=1%4w

G). w=Pt = V&Y% xJo= 4323

13
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13.5 Resistance and Resistivity

If a potential difference is applied across a conductor, then a current / will flow through the conductor. The
potential difference required to produce a given current depends on a property of the conductor called its
resistance. Resistivity is a property of the material of the conductor. Example: resisfance of copper wire,
resistivity of copper.

13.5.1 Resistance

conductor

v

3 i
S -

The resistance, R, of a device is the ratio of the potential difference I across the device to the current 7
flowing through it.

o
1

The electrical resistance of a conductor is due to its atoms obstructing the drift of electrons past them.
Resistance is thus a measure of the obstruction to the movement of charge carriers.

Unit for resistance R is ohm (Q) .

One ohm is the resistance of a conductor through which a current of one ampere flows when a potential
difference of one volt exists across it.

10=1VA"

13.5.2 Ohm’s Law (Review of High School Physics)

Georg Simon Ohm, a German physicist, was the first person to distinguish clearly between the two
concepts, p.d. and current, and to investigate the relation between them. Ohm determined that there is a
direct proportionality between the potential difference applied across a metallic conductor and the resultant
electric current through the cenductor (known as Ohm's Law). From the results of his experiment, Ohm was
able to define the fundamental relationship between voltage, current and resistance.

The current in a metallic conductor depends on a number of factors beside the p.d. across it. The most
important of these is the temperature. But other physical conditions will also affect the current through it.

In addition, for electrolytic conduction, the relation between p.d. and current is complicated by the e.m.f that
arises at the electrodes, accompanying the conversion of electrical energy to chemical energy. The same
situation arises in other cases where the conductor is itself the site of an e.m.f. (e.g. the armature coil of a
motor, or a coil in which a rapidly changing current induces an e.m.f. by self-induction).

Thus, Ohm’s Law states that '

A steady current flowing through a_metallic conductor is proportional to the potential difference across it,
provided the temperature and other physical conditions are constant.

As a consequence of Ohm’s Law, the resistance for a given metallic conductor under steady physical
conditions is a constant. Such conductors are also known as ohmic conductors.

14
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13.5.3 Resistivity

The resistance of a unifoiim conductor is
(i) proportional to its length /
(ii) inversely proportional to its cross-sectional area 4.

(if)  dependent on a property of the material of the specimen known as its resistivity, p.

) length, /
Cross-sectional [ @
area, A |- |
Current

The relationship between resistance and the above factors is given by

R=p—

Unit for resistivity is Q m.

The table shows the resistivity of some common materials.

silver 16x 10°
copper 1.7 %106
" gold 2.2 x10%
iron 10:1 =10°
nichrome 110 x 108
skin (dry) 3 x 10*
S

\
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Example 4

The resistivity of the human body is low compared with the resistivity of the skin which is about 3x10°Qm
for dry skin. For a layer of dry skin 1 mm thick, determine the resistance of a 1 cm? area of skin.

R= 01 . Gx[a‘*.)(&-aof)

- )
Ak [x10-% SR

13.5.4 Determination of resistance using an ammeter and a voltmeter

In principle, the resistance R of a resistor can be found by measuring the current / which flows through it as
a result of there being a potential difference, ¥, across it, and substituting the measured values of / and V/

. 3 Y
into the equation R = A

Whenever an ammeter is put into a circuit, it is put in series with the circuit components, and therefore it
must have zero resistance if it is not to affect the current in the circuit.

A voltmeter, on the other hand, is always placed in parallel with a circuit component, and therefore must
have infinite resistance if it is not to draw current through itself and alter the current in the circuit.

An ideal ammeter has zero resistance; an ideal voltmeter has infinite resistance.

A real ammeter has a resistance which can range from near zero to 1 (; a reai voltmeter has a resistance,
which can range from 20k Q to 2M Q.

16
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13.5.5 Effective Resistance for Combination of Resistors
Resistors in series
Consider two resistors R, and R, which are connected in series across A and B.

1

I ¢ 1€
Ji R; R; ] I Re
A by —
E=IR +IR,
eE=1I(R +R,)
£
—=(R+R,
; (R +R,)
R,=R+R,

For » resistors connected in series;

Characteristics of circuits consisting of resistors in series are;

(i) the same current flows through each of the resistors.

(i) the total p.d across all resistors in series. = sum of individual p.d. across each resistor.

(iii) individual p.d. is directly proportional to individual resistors.
(iv) equivalent resistance = sum of individual resistances.

Resistors in parallel

Consider two resistors R, and R, which are connected in parallel across A and B. A current / enters at A

and leaves at B, setting up a potential difference I/ between them. The current branches into / and /,

through the two resistors.

1 R
A B

I —f]'f’f'}
& & &
et R R
Req R Ry
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The reciprocal of the equivalent resistance R, across AB is

Hence, for n resistors connected in parallel:

Characteristics of circuits consisting of resistors in parallel combination are;

(i)
(if)

(il
(iv)
(v)

HQH_P&‘ul calculation:

the potential difference is the same across each of the resistors.

A

I o1
_+_
R, R R

g

1 1
R—quz(?

total current across parallel combination of resistors = sum of individual currents across each

resistor.

the larger a resistor the smaller the current through it.
equivalent resistance is smaller than the least of the individual resistances.
reciprocal of the equivalent resistance = sum of the reciprocals of individual resistances.

For two particular cases, the formula can be simplified, making for greater speed in

(a) The combined equivalent resistance of n EQUAL resistances K in parallel:

(b) For two resistors in parallel:

Ry;=RIn
R,

Req= ’R] 2
R +R,

Example 5 (N89/1/14)

The circuit diagram shows a network of resistors each of resistance R.

What is the effective resistance between the points X and Y?
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Example 6 (J89/1/15) _
Three resistors are connected as shown in the diagram using connecting wires of negligible resistance.
What is the approximate resistance between points P and Q ?

e R |

A 050 '

B. 08Q Pe —_—)

C. 200 ’\ 1.0Q2 20Q \ 30Q

D. 220 —

E 360
S U B . 10D
E=Tta*s e ’_[ Q

.00

The connecting wires are taken as ideal conductors (i.e., R = 0 Q). unless otherwise stated. Thus
two points joined by a connecting wire would be at the same potential.

13.5.6 Power dissipation in resistors (Joule heating)
From the definitions of resistance and potential difference, we have leamnt:

For an electric device of resistance R carrying a steady current /:
The potential difference I across the device is: V=IR
The power dissipated by the device is: P=Iv

Electric components manufactured especially for their resistance are called resistors. These resistors
introduced into circuits provide resistances that are large compared with the resistance of the wires and
connectors joining together the other circuit components.

When an electric current passes through a resistor, electrical energy is ireversibly transformed into thermal
energy (Joule heating). The following two equations describe the rate of transfer of electrical energy to
heat generated in aresistor: =,

P=I(IR)=1'R

This expresses the result first discovered experimentally by Joule:
The rate of production of heat by an electric current in a given resistance is proportional to the square of the
current flowing in it.

19
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plpl
R R

Therefore, we have three expressions for the power production P:

P=VI=FR=V/R

The last two of these formulae (P = FR = V*/R) can apply only fo the production of heat in
resistors. The formula (P = V1) can be applied to determine the rate of production of energy in
any form in a circuit component in which a current / flows at a potential difference V.

Students often apply the wrong formula to compute the required power dissipated by a particular
component in a circuit as they fail to identify the correct V, 7 or R in the circuit.

Note that I/ is the p.d. across the identified component. In questions asking to determine the
power loss across the transmission cables, the power loss (through heating) in cables is usually
determined using P = I°R (where [ is the current flowing in the cables and R is the resistance of
the cables) as it is often not possible to determine V" across the transmission cables.

If the value of ¥ across the transmission cables can be measured, the power loss in the cable
can then also be determined using P = I’/R.

Example 7
The power output at a power station is 500 MW at a p.d. of 132 kV. If the total resistance of the complete
power line is 4.0 Q, calculate

(i) the current flowing in the power line,

(ii) the voltage drop caused by the power line, and

(i)  the percentage loss of power in transmission.

Before solving, sketch a schematic representation of this circuit and label all given values in your schematic.

, _ P _ S00x0° ,
Q. Greet, 12 5 = B = 334 x0°A

(i). v‘o[qup, dwp %0 Rr  Veappe = IR
-(3.39x103)(&0) =5 3yp0V

T Pkise; — o
" ' [GS‘ U‘F' fmw: ﬁ'h{'eo{ D:’ et = A 00% = IV cable » 100
Pmn:lllt"{ H !Tﬁ-['m Y ﬁrp !Y
':--""fil-'.'\ﬁ:oa .
/7 %f\_.‘-g_ % Iﬂo ( " _ Ua
'IZ—;Q‘U G" A e
20
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13.6 |-V Characteristics of Various Electrical Components

it is often useful to understand how an electrical component (e.g. resistor, dicde, etc) would behave or
function in an electrical circuit. This information is often obtained from the |-V characteristics graphs of the
required electrical component. Thus it is often useful and critical (for GCE A Level exams) to be able to
understand and interpret the |-V characteristics graphs of different electrical components.

It is important to note that for any I-V characteristics graph, the I represents the current
passing through the component and V represents the p.d. across the component. Thus,
4 the resistance of the component (for a particular set of I and V values) is obtained by

directly dividing V' by L.

An ohmic conductor is one in which the potential difference across it varies proportionally with the current
through it.

Metallic Conductor

Metal conductors are ohmic conductors if their physical conditions remain constant. Experimentally, it can
be shown that if the temperature of the conductor is kept constant, its resistance will be constant.

Any increase in the p.d. produces a proportionate increase in the current. The ratio of /' to [ is constant
and the conductor has a single value of resistance. The /-V graph is a straight line passing through the

origin.
i I/ ohmic conductor

Ld [/f
0

Microscopically, the resistance of the metal conductor is due to collisions between the free electrons and
the metal ions in the lattice. When the temperature of the conductor is kept constant, the amplitude of lattice
ion vibrations will remain the same. This means that the hindrance to the flow of electrons is fixed and the
resistance will remain constant.

Filament Lamp (case of a metal conductor whose temperature is not controlled)
When a larger p.d. is applied, the temperature of the filament increases due to the heating effect of the
current. The resistance of the filament increases with temperature at larger values of p.d. and current.

T4 ohmic conductor

iF
-

.+~ filament lamp

R

The collisions between the glestrons and lattice ions cause energy to be transferred to the lattice ions,
enabling the ions to vibrate with larger amplitudes — this implies an increase in the temperature of the
filament, and beyond a certain point, the filament glows. The increased vibration of the lattice ions presents
a greater hindrance to the flow of electrons, resulting in an increase in the resistance of the filament. Hence
at any particular value of p.d. (except at low values of p.d. where there is no significant increase in
temperature — any energy gained by the filament is dissipated to the surroundings quickly enough), the
current in a filament is lower than that in an ochmic conductor.

21
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Semiconductor Diode

A p-n junction diode is a semiconductor which conducts well in one
direction of p.d. (forward-bias direction) but conducts poorly when the
p.d. is reversed (reverse-bias direction). In an ideal diode (which does
not exist in real life), if the diode is reverse biased, the current flowing
through it is zero. The ideal diode starts conducting at 0 V and for any
positive voltage an infinite current flows and the diode acts like a shot Tt ¥
circuit (a “perfect” wire).

% ’l + o+ ’I - An ideal diode

—

Reverse bias Forward bias —
current flows

A real diode needs a minimum positive voltage, called the turn-on I
voltage, before it conducts any significant current. A silicon diode
requires a p.d. around 0.7 V to conduct. Once the applied p.d. is
above 0.7 V, the current rises very quickly with the p.d., and the
diode has very small resistance. If the p.d. is applied in the opposite
direction (reverse biased), almost zero current flows, and the diode has 0 .!.‘Vmam Bas
very high resistance. )

Note that if the reverse-biased p.d. is too high, the diode may break
down, resulting in a short circuit.

. . == . . A real diode with turn-on
A diode is used as a rectifier for changing an alternating current to a voltage of 0.7 V
direct current (greater detail is in the topic Alternating Current).

(A diode is essentially a p-n junction which will be dealt with in greater detail in the topic Lasers and
Semiconductors.)

Thermistor

Usually, a thermistor is a semi-conductor device. Unlike the filament lamp, its resistance decreases with
increasing temperature.?

vas

/ thermistor
A

v

As a larger p.d is applied, the current through the thermistor increases, causing the thermistor to heat up.
Even though there is increased:lattice vibrations which increases the hindrance to the flow of the charge
carriers (like in the case of the(filament), the extra thermal energy supplied to a thermistor afso causes it to
release more charge carriers. Fhe outcome is a decrease in the ratio of /' to [ — a fall in its resistance at
higher values of p.d. .

2 This is what we call a negative temperature coefficient (NTC) thermistor. There are also positive temperature coefficient thermistors, whose
resistance increases with temperature.

22
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The graph below shows the resistance-temperature characteristic of a thermistor.
R-T graph for a thermistor
* RIQ

4— [ OW temp, high resistance

HIGH temp, low resistance

e

5 * TG

The thermistor’s response is rapid and most sensitive to changes to temperature in the region of 200 K to
600K: it is a more limited range compared to thermocouples or resistance thermometers.

The thermistor is commonly used in very low temperature measurements as the high sensitivity (dr/dT) at
low temperature enables more accurate measurements to be made. It can also be used to operate fire
alarms and thermostats.

Example 8 (N91/1/16)

The current / flowing through a component vary with the potential difference V across it as shown.

ia

!

0 v
Which graph best represents how the resistance R varies with V?

A B o
B Ha R4
_ o
™
0 v o v 0 v
E
"
|
0 v

23
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13.7 Internal resistance of a source of e.m.f.

All practical sources of e.m.f. have intemal resistance. The chemicals within a ceii offer a resistance fo

dl

current flow, known as the internal resistance of the cell.

13.7.1 Terminal potential difference, e.m.f and internal resistance

Consider a simple circuit with a cell of e.m f. &and a load of resistance R. From the energy point of view,
the cell is the supplier while the load is the consumer of electrical energy. However, the cell has intemal
resistance which would consume part of the energy. Hence, less energy is available to drive each coulomb
round the external circuit.

A cell can be represented as an ideal source of e.m.f. in series with a resistor representing the internal
resistance of the cell. This internal resistance cannot be separated out or measured directly.

 Peet 1 Piass ' Py = power supplied by cell
’: el L Puis= power loss due fo intemal resistance
o Py..a = power dissipated in the load

Iy
. V> i

———i & [

: P Toad ||
Lo . i e

By the law of conservation of energy,

Energy supplied by the cell
= total energy consumed by the load and internal resistance of the cell

Since energy is supplied continuously, it follows that:

Power supplied by the cell
= total power consumed by the load and internal resistance of the celi

Peet! = Pload *+ Floss

ISZIVR +IV,.
Ie=IVg + r
EZVR +Ir
VR =eg-1Ir

Thus, the potential difference across the terminals of a cell (terminal p.d.) of a source supplying current te
an external circuit is.always sr_r_;a!_le( than its e.m.f. due to the presence of the internal resistance, r.

If the circuitis.open; no cur@ﬁg{uﬁ[f flow through the circuit and the terminal p.d. of the source will be equal
to the e.m.f. of the source.

24
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The output efficiency of the above circuit is given by:

useful power output

Efficiency = -
power mput

Efficiency =—-od = ___="_—->_ < -

Example 9
A complete circuit consists of a 24.0 V battery, a 5.60 Q resistor and a switch. The internal resistance of the

battery is 0.28 Q. The switch is opened. What does a voltmeter read when placed

(a) across the terminals of the battery?
(b) across the resistor?
(c) across the switch?

Repeat (a), (b) and (c) for the case when the switch is closed.

Opet
) There s no cuiment, so uo p.o acwss r: witweter veading s 240V

b) T s wo cromt 5o o p.od. over R: wolfueter nwding 8 ey

¢) Potentin| ot poles o f L""H'e'f will Lo ¢ gwme as that on cadl
Sl of 0 switch: vltweter readug 5 ¢ oy

4) E= IR4Iv
24.0= 1 (R+v)
_2%.0
L= (5.60+0.28)
= F0A

v B-Tr = 280 4&082x 028)=24 4

b) Potenfral 4 wp wer R, Vg= potosal dop acass e foruus £ aui
bqﬁew: voHwamJS nav

) T Switch s clojed, 5o fuae i vo potontiad dwop auoss e owikeh - witwetes
reqb U\/.
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13.8 The Potential Divider Principle

A potential divider is an arrangement of resistors which is used to supply varying levels of p.d. to a circuit
from fixed e.m f. sources,

Consider two resistors connected in series.

£
T
1‘ R1 RQ "
g——] I—g—i g
V-h’.‘ VCB
Figure 13.8.1
The current [ flowing in the circuit is given by
£
I=
R +R,
Therefore, the potential difference across R .V, is
Vie = IR,
&
=( R
(R: +R1) 1
Jl,{1
= &
R +K
The potential difference across R..},., is
Vey = IR,
£
= R,
(R] +R2) i
R
oo 2 £
R +R,

Hence, by adjusting the ratio of R, to R, we can obtain the desired potential difference across AC.

Note: The supply voltage is divided proportionately between the two resistors if the same
¥ current flows in both resistors. The fraction depends on the RATIO of the resistors and not
HelpE 3_ the absolute values of the resistances. It is assumed that this cell has no intemal resistance. If
~Te= the cell has internal resistance, a proportionate amount of voltage will drop across the internal
' resistance.

26
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Instead of two resistors, a rheostat can be used as in Figure 13.8.2 as a source of variable potential
difference.

L -
R
! /
L 'B
A > C
2 VCB
e P "
Y
Figure 13.8.2

By sliding the contact/slider ¥ on the rheostat R, /4~ can be made to vary from 0 (when Y is tapped at

the point of zero resistance) to & (when Y is tapped at the point of maximum resistance), assuming the
driver cell has negligible intemnal resistance.

13.8.1 Use of thermistors and light dependent resistors in potential dividers

Thermistors
One of the resistors in Figure 13.8.1 can be substituted with a thermistor. When
the temperature increases, the resistance of the thermistor decreases, which in ;
turn causes a decrease in the p.d. across the thermistor

R

(V pormistor = hermistat ¢) and an increase in the p.d. across the other
R.rhgnm’:mr * Rr&sr,uur T Vr‘esfsfur
ov

resistor

( p’ . - resislar )
resistar
R

thermistar + Rawmor

One application of a thermistor is its use as a temperature sensor in a fire alarm. When hot conditions are
detected, Fiesistor increases, causing a fire alarm circuit to be triggered.

Light Dependent Resistors

One of the resistors in Figure 13.8.1 can be substituted with a light dependent
resistor (LDR). A LDR is a device whose resistance decreases as the intensity of
light incident on it increases. Under bright conditions, the p.d. across the LDR

gV r's
r'g

R : . ;
(B = ﬁs‘) decreases, while the p.d. across the other resistor in the
L 9
LDR " Tresisior - : T v/
circuit increases (V = =g oV

Fesistor
RwtR

resisior

One could use a LDR to control lighting circuits which are switched on automatically in the evening when
illumination falls below a certain intensity.

27
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Example 10
(a) Determine the potential difference across the junction AC in the following circuit.
o e B Y =
||6 vV " ( (o f [0)
£ 1 D al Vac* T (6) =055V
o * [0) +S0
e 2 ol o T gl
100 500 ) Vag = (o ¢ (of °)
— = —*8 ,L (5) =0.52V
{0 )_ov‘a) "'
E 6

1002 & o
€ 1= T,y
— ¥, — RT"M [[D{'-(b) £S0+(0
(b) Determine the reading of a voltmeter of resistance 200 Q placed across AC. = 0924

(c) Determine the reading of an ammeter of resistance 10 Q placed in the path BD.

Example 11 (J86/1/15)

The diagram on the right shows a potential divider circuit which, by adjusting the position of the contact X,
can be used to provide a variable potential difference between the terminals P and Q. What are the limits
of this potential difference?

Min case
A 0and 25 mV V,. -
5mV and 25 mV X P =0V
4k o P
C Dand 20 V i
Oand 25V - b Max caR
E 5V and 25V 25V | Q ———

s oo
ﬁ- R2F =

\
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13.9 The Potentiometer

The potentiometer comprises a resistance wire AB and a jockey that is connected to the wire which can be
shifted up and down the wire. it is usuaily connected to a driver circuit and a secondary circuit (the
secondary circuit will be elaborated in a later section). In its most basic form, the driver circuit consists of a

driver cell, £and a long resistance wire, shown as AB below.

&g

Driver circuit

1 Secondary
circuit

A voltmeter connected across AC will measure a fraction of the potential difference £ The fraction of &
measured out depends on where point C — a metallic contact called a jockey — is placed along AB.

The principle on which a potentiometer works is exactly the same as for a potential divider. Assuming that
the resistance wire AB has a uniform cross-sectional area and a length /45, the resistance R, . will be

ol

proportional to the length /. , since R = i or R oc /. Therefore,

AC 1

Rac lac

Vg i o O
A€ Ryc + Res

 lyg

A Balanced Potentiometer
The potentiometer is said to be balanced when the jockey is at a position on AB such that there is NO
current through the galvanometer (essentially an ammeter). This means that there is no current or charge
flow between the driver circuit and the secondary circuit, i.e. the driver circuit and secondary circuit are
electrically isolated. The applications of the potentiometer that we will discuss in the next section rest on
finding this balanced point.

13.9.1 Applications of the potentiometer
The secondary circuit can take on many forms, depending on the application of the potentiometer.

Application 1: To determine the unknown e.m.f. of a cell

The secondary circuit is just composed of the unknown e.m.f. source &;.

[ €
L

Sensifive centfre-zero
galvanometer

29
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By adjusting the length /.., we change the p.d. V..

At the point where the galvanometer shows null deflection (no current flows through it and the
potentiometer is balanced),

81= V_XY = VAC

The length / . is known as the balanced length. By measuring Li«c, with known sz and £ , & can be
found.

Since there is no current flowing through the galvanometer, the potentiometer essentially functions as an
ideal voltmeter!

Application 2: To determine the unknown internal resistance of a cell
A driver cell with e.m.f. £ has negligible internal resistance. The secondary circuit consists of an unknown

e.m.f. & (with unknown internal resistance r) connected in series with an external resistor .
[1€

E

Sensiiive centre-zero
galvanometer

When switch S is open, there is no current flowing in XGHY.
When the gaivanometer shows null deflection {no current flowing through AXYC).

V., =&, (since there is no p.d. across r)

Since V,- =V, Vie=8
From the driver circuit, Vie = I“I—C 5
l4p
e Z N
Therefore, &1 = JA g (]

AR

30
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When we close the switch S, a current flows in the circuit XGHY.

B

Sensitive cenire-zero
galvanometer

Y

S H

At a new balanced length AD (no current flows between the driver and secondary circuits, even though a
current flows in the driver circuit and a (possibly different) current flows in the secondary circuit),

R
Vo =Vou :Egl
I
Since Vyp =Vyy. !A_Dg= %a 2]
AB

Since € R, luc, Lap and l4p are known, &7 and r can be calculated using equations [1] and [2].

31
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Example 12 :
In the circuit shown below, cell £ has an e.m.f. of 2.0 V and negligible internal resistance. AB is a uniform

wire of iength 1.00 m and resistance 5.0 Q. Ceil &7has an e.m.f. of 1.5V and internai resistance of 0.80 Q.
Calculate the length AC required to produce zero deflection in the galvanometer

%
|

Sensifive centre-zero
galvanometer

(i) in the circuit as shown above,

R - lac
KY"E‘ Eg‘ffg

= E«lL :-f_‘f XLUO:U- (%]
Lo B =55 s
(ii) when a resistor of 1.0 Q is placed in series with £1 as shown below.
&
I} Metey has zewo deflecteu, o cuvrent Hows
thu axyC.
2

(ili) when a resistor of 1.0 ) is connected with £7 as shown below.

At brlmeed g
N Qirent fows Ax X ye
Vac = VX‘Y

= — x .S =
VXY oto.8 SISV
Vyy = Vac ~ 2J:£ €

A
= U— g3j g U:
ZAC ) B &
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Practical pointers on the potentiometer

The e.m.f.s of both the driver cell and the unknown cell should be constant throughout. If not, the
balance length will fluctuate.

The jockey should not be scraped along wire AB to determine the balance point, because doing so
could damage the uniformity of the wire. Instead the jockey gently taps along the wire AB.

A very sensitive galvanometer is needed if precise locations of the balance points are to be made.
Such a galvanometer should be protected, by a large (typically 1 MQ) series resistance, from the
relatively high current which would flow through it when the jockey is far away from the balanced
point. The presence of this resistor will not affect the balance length since at balanced point, no
current flows through the galvanometer (and the resistor of large resistance).

£

|y
L

G

Resistor of large resistance

Secondary
circuit

Advantages of using a potentiometer to measure voltage

It draws no current. Therefore, it functions as an ideal voltmeter.

When used to measure an unknown e.m.f., the value obtained at balanced point is the true e.m.f, If
a practical voltmeter of resistance 1000 Q is used across an e.m.f. source of 10 V and internal

. . : 1000
resistance 5 Q, the practical voltmeter will read only V' = ]

x10=9.95V.

005
When used to measure the terminal p.d., the value obtained at balanced point is the true terminal

p.d. — which would be 9.5 V for the circuit below. If a practical voltmeter of resistance 1000 Q is

used instead to measure the terminal p.d., the effective external resistance would be (LJFL]-i
95 1000

and the voltmeter would read only 9.46 V.

Disadvantages of using a potentiometer to measure voltage

It is slow in operation. It cannot be used to monitor rapidly changing voltages.
The resistance wire may not be uniform due to wear and tear.

It should be appreciated that -.tﬁ_é'ffﬁg_ésurement using a potentiometer is basically a method of comparison.

Iy

h gﬂ /4 — [ g[] [ gﬂ
! I I
| & Null
& & £ deflection
i e !
I I ] 1
& > & & <8 & =& 33
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APPENDIX A — Two differentarrangements of voltmeter and ammeter to find
a more accurate value of the resistance of an unknown resistor.

if the meters are not ideal, the significance of the error in the meter readings can be reduced by using the
following circuit arrangements:
' 4

If the unknown R is expected to be low

The voltmeter reads the correct value of p.d. across R.

While the ammeter reads the sum of the current flowing through both R and the
voltmeter, because R is low, most of the current actually passes through R rather
than the voltmeter — hence the error in the ammeter reading will not be too great.

If this circuit were used for a high R (perhaps comparable to the resistance of
the voltmeter) instead, the ammeter will not be measuring a value of current
close to the current actually flowing through R — the error in the ammeter
reading will be more significant (the voltmeter still reads the p.d. across R).

No current passing
through ideal

voltmeter
| | !
2 |
Ammeter reading
deviates from the true 50 1000 Q
value by about 5% Ammeter reading
deviates from the true
value by about 91%
100 Q 100 Q
Voltmeter with resistance Voltmeter with resistance

If the unknown R is expected to be high

The ammeter reads the correct value of current flowing through R.
While the voltmeter reads the sum of the p.d. across both R and the ammeter, R
because R is high, most of the p.d. actually falls across R — hence the error in the L‘@—:—"
e
L

voltmeter reading will not be great.

If this circuit were used for a low R (perhaps comparable to the resistance of
the ammeter) instead, the error in the voltmeter reading will be more
significant (the ammeter still reads the current through R).

| ‘ I |
! Ammeter i
Ammeter with 5 with 1 Q 1000 Q

1 Q resistance. r_@_:_g resistance F@—I:l—"
\_/

Voltage reading of 5 Q Voltage reading of 1000 Q

D-—-—

resistor would deviate by resistor would deviate only
20% from the true value. by 0.5% from the true value.

34
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APPENDIX B — The Wheatstone bridge (Good to know)

Unknown resistances can be accurately measured using a circuit known as a Wheatstone bridge.

This circuit consists of the unknown resistance A, three known resistors B, C and D (where C is a variable
resistor), a galvanometer, and a source of e.m f.

Since point ais common and the potential at » = the potential at d, the potential difference across ab =
potential difference across ad . Likewise, the potential difference across hc= potential difference across
dc.

Resistor C is varied until the galvanometer reading is zero (null deflection), i.e. there is no current flowing
through the galvanometer between points » and . Under this condition of null deflection, the bridge is
said to be balanced, and the current which flows in A flows in B as well; the current which flows in C flows
in D as well.

id=i,C (1)
iB=i,D  (2)
A C
102 S
(1)Y(2) 50

Since B, C and D are known, A can be found.

Advanfages
e Variaticn in the e.m.f. of the supply does not affect the balance point.

Disadvantages
= This method is unreliable for finding small resistances (< 1 Q) because the unknown resistances of
the (real) wires used to connect the resistors into the bridge are significant.
* This method is insensitive for high resistances (~10° Q) unless a highly sensitive galvanometer is
used. This is because the presence of high resistances in the circuit causes the current through the
galvanometer to be near zero even when the potentials of points b and d are far from each other.

35
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Topic 14: Electromagnetism
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H2 Physics Syllabus 9749

Content
e  Concept of a magnetic field

e Magnetic fields due to currents
e Force on a current-carrying conductor
e Force between current-carrying conductors

e Force on a moving charge

Learning Outcomes

Candidates should be able to:

(a) show an understanding that a magnetic field is an example of a field of force produced either by
current- carrying conductors or by permanent magnets

(b) sketch flux pattems due to currents in a long straight wire, a flat circular coil and a long solenoid

(c) use B=p,Z/2md, B = yN.Z/2r and B = pynt for the flux densities of the fields due to currents in a
long straight wire, a flat circular coil and a long solenoid respectively

(d) show an understanding that the magnetic field due to a solenoid may be influenced by the presence
of a ferrous core

(e) show an understanding that a current-carrying conductor placed in a magnetic field might
experience a force

(f) recall and solve problems using the equation F = B/I sin@, with directions as interpreted by
Fleming's left-hand rule

(g) define magnetic flux density and the tesla

(h) show an understanding of how the force on a current-carrying conductor can be used to
measure the flux density of a magnetic field using a current balance

(i) explain the forces between current-carrying conductors and predict the direction of the forces
(j) predict the direction of the force on a charge moving in a magnetic field
(k) recall and solve problems using the equation F = BQvsin9

(I) describe and analyse deflections of beams of charged particles by uniform electric and
uniform magnetic fields

(m) explain how electric and magnetic fields can be used in velocity selection for charged particles.

List of symbols

The following are the main symbols used in diagrams:
& Into the page

() Out of the page
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14 Introduction

More than 2000 years ago, the Chinese discovered magnetic phenomena and have since been using them
for navigation. However, it was only in the 1700s that magnetic properties and phenomena were studied in
greater depth. Major discoveries made in the last 300 years have made a significant impact on our lives
today. Scientists who have contributed significantly to our understanding of magnetic phenomena include
Ampere, Oersted, Gauss, Henry and Faraday. '

Magnetism has many useful applications in our everyday lives. Earth’s magnetic field not only allows us to
find our way around, but also enables birds to navigate when they migrate South during winter in the North.
Nuclear Magnetic Resonance (NMR) which makes use of atoms’ magnetic moments allows us to capture
images of our body. Mobile phones, speakers and microphones make use of the concept of
electromagnetic induction. The Great Industrial Revolution would not have been possible without knowing
that the cutting of magnetic flux can generate electricity.

In the lectures on Electric Field, we have studied forces due to electric charges. You have learnt that there
are two types of charges: positive and negative. In this topic, you will leam about forces due to magnetic
fields, how magnetic fields can be generated and subsequently how electricity can be generated using
magnetic fields. We will again be dealing with charges, as moving charges generate a magnetic field.

14.1 The Magnetic Field and Magnetic Flux Density

Just like the gravitational and electric fields, the magnetic field is an example of a ‘field of force'. The
concept of a field illustrates ‘action at a distance’, which means that a suitable object placed in the field can
experience a force. A region of space is said to be covered with a magnetic field when a magnetic material
or a moving charge/current-carrying conductor placed in that region of space experiences a magnetic force.

As with electric fields, we can illustrate magnetic fields by drawing magnetic field lines. An easy way fo
draw magnetic field lines is to scatter fine iron filings around a magnet. Each iron filling is magnetized and
acts like a tiny compass needle. Thus, the filings rearrange themselves along the magnetic field lines.

Figure 14.1.1 Plotting of magnetic field lines of a magnet
using a compass.

Note that, =0

» Magnetic field lines ‘appear tocériginate from the north pole and end on the south pole of a magnet.
But to be exact, magneti(;’ﬁéﬂ lines have no start or end point. The field lines actually confinue
on within the magnet to form a complete loop.

« The direction of a magnetic field at any point is indicated by the tangent to the magnetic field line
at that point. The direction of the magnetic field at any point in space is the direction indicated by the
north pole of a small compass needle placed at that point.

= Magnetic field lines do not cross each other.
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« The strength of the magnetic field is indicated by the density of the field lines; the magnetic
field is stronger in regions where the field lines are relatively close together and weaker where they
are relatively far apart.

Are magnetic field lines of any use?

For now, we use the direction of the field lines at a point to define the direction of a vector quantity
called magnetic flux density B. As we shall soon discover, this quantity will come in very useful when we
try to form an equation to calculate the force that the field can exert.

Further, the magnitude of this quantity will indicate the strength of the magnetic field. Nearer to the
source, the magnetic field is stronger and thus B will have greater magnitude. The Sl unit for magnetic flux
density is the tesla (T).

14.2 Currents can generate Magnetic Fields

Before the 1800s, magnetism and electricity were considered to be two independent topics. Although there
were a number of scientists who thought the two topics were related, they were unsuccessful in finding the
link. It was only in 1820 that a Danish physicist, Hans Christian Oersted, discovered the link. He observed
that a compass needle swung almost perpendicular to a current-carrying conductor as if attracted by a
powerful magnet. This discovery prompted Ampére to work out the mathematical relationship between
currents and magnetic fields known as Ampeére’s force law (not required in the ‘A’ level syllabus). It also
inspired Faraday’s work on electromagnetic induction. Oersted's discovery, which linked the motion of
electric charges with the creation of a magnetic field, marked the beginning of an important discipline called
electromagnetism.

Two important observations were made about the magnetic field due to current-carrying conductors:

1. The direction of the magnetic field is always perpendicular to the direction of the current.

2. The strength of the magnetic field produced is dependent on the magnitude of the current.
Previously, we detect the presence of a magnetic field of a magnet by observing how the iron filings align

themselves when sprinkled around the magnet. A similar effect is observed when we sprinkle iron filings
around a current carrying wire!

Jai)

|

Figure 14.2.1 Compasses.deflect

The direction of the magnetic field,l/(ﬁ can be easily remembered using the Right-Hand Grip Rule.
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1 [ current
? direction thumb ponts

io N-pole

fingers indicate
current direction

field

direction

Figure 14.2.2 Using the right-hand grip rule to determine the direction of the magnetic field due to a current-carrying conductor.

14.2.1 Magnetic-Field Patterns

14.2.1.1 Long Straight Current-Carrying Conductor

Figure 14.2.3 shows the magnetic-field pattern produced by a long straight current-carrying conductor.

Copyright © Addison Wesley Langman, Inc.

Figure 1423 Magnetic-field pattern due to a long straight current-carrying conductor.
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1. The magnetic field lines form concentric circles around the straight wire. Given a choice]
always draw the plan view as shown below.

A circle with a DOT shows that A circle with a CROSSshows that
the current is coming OUT the current is moving IN TO
from the plane the plane

2. When drawing the lines, it is extremely important to show the field lines spreading further
and further apart as r increases. This is because the B-field is getting weaker as we move
away from the source (i.e. the wire).

The magnetic flux density, B, at a distance, r, from a long straight wire carrying a current, /, is given by
Mol
2mr

B=

where o is the permeability of free space which has the value 4w x 107 Hm™.

Thus B is directly proportional to I but is inversely proportional to the perpendicular distance r from
the wire.
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14.2.1.2 Flat Circular Coil
The flat coil

Magnetic field pattern
generated by a flat coil

Figure 14.2.4 Magnetic-field pattern of current flowing in circular loop.

The right-hand grip rule can still be used to determine the direction of the magnetic field lines produced by
a current in circular coils. In general, there are 2 different methods that can be used:

1. For the straight-current scenario, the thumb represents the cument and the coiling fingers
representing the B-field.

2. For “circular” currents, we can exchange the fingers and the thumb to let the coiling fingers represent
the direction of the currents in the circular coils and the thumb the direction of the magnetic-field lines
passing through the cross-sectional area of the circular coils

1. Using the thumb to represent the B-field also allows us to determine the “north” pole
of the circular coil, since B-field lines originate from the “north” pole of the magnet.
This will be very useful later.

2. It is sometimes difficult to tell from the diagram which part represent the “front” of the
coils. Standard conventions include using a hard line for the “front” and a dotted line
for the “back” and using a thicker/bolder line for the “front” of the coil.

The magnetic flux density, B, at the centre of a flat circular coil of N turns, radius, », and carrying
current, 7, is given by

B #o}\’r{

e 2r
=0

== A
where [, is the permeability ?f‘fggb gpace which has the value 4T x 107 H m™.

Again, we observe the same relationship as the magnetic field due to a long straight current-carrying
conductor, that is, B is directly proportional to I but is inversely proportional to the radius of the
circular coil, r ’
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14.2.1.3 Long Solenoid

\\/
/

Figure 14.2.5 Magnetic-field pattern of a current-carrying solenoid.

1. The magnetic field produced by a long solenoid is uniform for the length of the
solenoid except for the ends of the solenoid. This is represented by the parallel,
equally-spaced lines along the axis of the solenoid.

2. The solenoid also has a "north” and a “south” pole. In fact, its field pattern is very
similar to that of a short bar magnet.

3. The magnetic flux density at the ends is half the magnetic flux density at the
center of the solenoid.

The magnetic flux density, B, at the centre of a long solenoid with n turns per unit length and carrying
current, /, is given by

B=unl

o

where (1, is the permeability of free space which has the value 4 x 107 H m™".

Here, B is directly proportional to I and n (the number of turns per unit length). Note that n (lower-
case n) is the number of tums per unit length, whereas N (capital N) is the fotal number of tums.

One way of strengthening the magnetic field of a solenoid is to insert a piece of soft iron (ferrous core) into
the solenoid. The magnetic flux density at the poles of the solenoid will be modified.

1 1
B=—punl = B=—unl
2!“0 Qm

In this case, the soft iron, which can be permanently magnetized, increased s to . The magnetic domains
in the soft iron. causes the magnetic fig? to strengthen. Inserting the soft iron causes the permeability of
I

free space, o, to change to péz&_i_egﬂ,l y of iron, . Materials that add to magnetic field in this manner are
described as ferromagnetic. é, N
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Examples of ferromagnetic materials include soft iron, steel, cobalt and nickel. They could all be
magnetized.

Figure 14.2.6 Increasing field lines due to ferrous core

Worked Example 1
Determine the direction of the magnetic field at the center of the square assuming all currents are of the
same value.

Worked Example 2
(a) Determine the direction of the magnetic field at points P; and P-.
X f n I=
0 @
B.yB 5.00 A 500A ° " MoP
B % _ P .g
L] iR : g —'E
]4—20.0 cm 10.0 cm»=10.0 cma{ @ 0 et = B
1 Bl < g? - iﬂ ( _]_-,:_', - :_[:_l
i = L 2T y.l t'l

(b) Calculate the magnetude of th%ffés nt magnetic flux denisty at P+.
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Worked Example 3 (J93/1/8)
Two coils X and Y, each with 100 turns, are arranged as shown in the diagram.

X has a radius 0.050 m and carries a current of 3.0 A. Y has radius 0.10 m and carries a current of 6.0 A in
the opposite direction to X.
What is the magnitude of the total magnetic flux density at the centre of the coils?

MoNI x B /‘{vNIY
E?(: ""‘_q;rx By'\j_ﬂ:'f\;

Taivg fo e ,,1\3!&'(' as 4ve, fotod mAGH efic fux dmsity at

comtee of (‘,ct“

Bt = Bu-By

_ Ma N ;I____q“ £.0 *
T ™ Lgogu T Tr_é) =0T
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14.3 Currents Experiencing a Force when in a Magnetic Field

Since currents can generate a magnetic field and magnetized conductors behave like magnets, maybe a
current-carrying wire will experience a magnetic force when placed beside a magnet too. The figure below
shows the results of such an experiment. .

.
J

XXX X X X

:
:

=Wl

i
R K K%

oy
[}
=

Figure 14.3.1 Each sketch shows the
direction of the force exerted on a
current-carrying wire placed near a
magnet.

i
i
I
|
|
|
I
X
x
b
*
X
X
1
i
[ 4
|
i

Observations from this experiment show that there is a relationship between the magnetic flux density of
the magnetic field present and the force experienced by the current-carrying wire.

Maximum force is experienced by the wire when the magnetic flux density B and the wire are
perpendicular to each other. The direction of the force that results, is perpendicular to both B and the

wire. Quantitatively, in this orientation, we have
F,=BIL

where Fg is the force exerted on the wire, / is the current flowing in the wire and L is the length of the wire.
The relative directions are easily remembered by Fleming’s Left-Hand Rule,

Force (F)

Magnetic Field (B)

Current (I)

Figure 14.3.2 Fleming's Left-Hand Rule.
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14.3.1 Calculating the Force on a Current in an External Magnetic Field

Fleming's Left-Hand Rule allows you to determine the direction of the magnetic force Fg on a current-
carrying conductor placed perpendicular to a magnetic flux density B. However, in general, the angle
between B and I can be any angle &. The magnetic force Fp experienced by the conductor is always
perpendicular to the plane containing B and I. Fleming's Left-Hand Rule can still be applied in such
instances to determine the orientation of F.

7]
B
x T
ﬁ &e\ded into the pap
z(-.{/ - >

Figure 14.3.3 Magnetic Force on a Current Carrying Conductor

er

In the above situation, the component of the magnetic flux density perpendicular to the conductor is given

by
B, = Bsin¢

where 0 is the angle between B and 1 1 . Bsind
g X &

Hence, the magnetic force on the straight conductor is given by

F, = BILsin@

where L is the length of the conductor carrying current, /, in the magnetic field, B and & is the angle
between B and /.

The direction of the magnetic force is given by the Fleming's Left-Hand Rule, hence directed into the page.

If you memorise the force as F, = BILsin@ , please remember that the angle 8 is given as
the angle between the current and the B-field. Examiners love to trick you by giving you
the wrong angle in the diagram so do watch out!
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Worked Example 4 *

A conductor suspended by two light flexible wires as shown in the figure below has a mass per unit length
of 0.040 kg m™". What current must exist in the conductor in order for the tension in the supporting wires to
be zero if the magnetic field in the region is 3.6 T into the page?

Fov tousou ™ g Nrrw“fy s ~fo be 2eno,
It Fy> 9
El L':..'W'ﬂ
x x =F 4 * B, I=0.0A

Worked Example 5

A wire of length 3.0 cm is placed at right angles to a magnetic field of flux density 0.040 T. The wire carries
a current of 5.0 A. What is the magnitude of the force which the field exerts on the wire?

X X X X

A lessthan 0.006 N Region ‘Dféjr:gurm
JB 0.006 N X X X x magnetic fie
C greater than 0.006 N but less than 0.6 N % “ H0 Ax x
D 0.60N
E greaterthan 0.60 N % X x x [J93/1119]
ExI an b
Fr= il
Y OOESTJ
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14.4 Defining the Magnetic Flux Density and the Tesla

We may now define quantitatively the magnetic flux density, B

Definition of Magnetic Flux Density, B:

The magnetic flux density is defined as the force per unit length per unit current acting on a straight
current-carrying conductor placed perpendicular to a magnetic field.

-
ILsin90

Definition of Tesla (T):

The magnetic flux density of a magnetic field is said to be 1 tesla, if the force per unit length per unit current
which acts on a straight current-carrying conductor placed perpendicular to the magnetic field is 1 newton
per metre per ampere.

Magnetic flux density, B, is a vector quantity and the S.I. unit is the tesla (T).
For different shapes of current-carrying wires, the magnetic fields around the wires will in general be

different. There are ways to measure experimentally the value of B, which generally depends on the current
that is generating the magnetic field as well as the distance from the wire.

14.4.1 Measuring Magnetic Flux Density using a Current Balance

Figure 14.4.1 Current balance.

How a current balance works:

1. A wire frame AXYC is balanced on 2 knife edges through which a current 7 can pass from a battery.
The frame is arranged such that the side AC of the frame (of length L) lies within the magnetic field
whose flux density B is to be determined.

-

2. When there is no cun'eﬁt,ﬂefe’?rame is horizontal, as the force acting on AC is zero.

When_current flows throdgh{ a“magnetic force acts on AC and pushes that side of the frame
downwards (by Fleming’s'Léft-Hand Rule).

3. A known mass is loaded on the right side to restore the frame to its horizontal position.
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4. Consider the free-body diagram of the wire frame, u v
taking moments about the knife edges, < > < > T
Clockwise moments = anticlockwise moments a A
(mg)v =(BIlL)u i . l
Fg Weight of
g=2al load, mg

ILu

‘Side view of wire frame,

14.5 Forces Between 2 Long Parallel Current-Carrying Conductors

Now that we know that a current can generate magnetic fields like a magnet and that they can also
experience a magnetic force when they are near other magnets, it is natural to consider what happens if we
replace the magnet with another current-carrying wire.

When 2 parallel long wires are placed in a vacuum, each wire experiences a force as it will be in a
magnetic field generated by the other wire.

!xl f,i Plan view Plan view
IJ’ \N\ I" “\
el Al < LY
, LS s LY
’ Ay I .
.r, \\ F’ ‘\
! Iy Iy\‘ Iy Iy !
I e : ® <+ &— ® :
7" -..‘ l\ F?X ‘{ v FX} :
Sl . - A 1 1 il
o Ay i LY !
Ay ’ N r
~ ’, Y td
~ & aY F
P “-._‘ ’f’ ‘-‘.‘ *f’
< -.__,<_, -.__{_a

Figure 14.5.1 Two long parallel current-carrying conduciors.

Current [y sets up a magnetic field that interacts with current Iy. Therefore the force acting on Iy due to By

is Fy=B,I,1
. _ Mol y
Recall that By is given by B, =
27r
It
Hence the force F. = o
2ar

The direction of the force on Iy can be found using Fleming’s Left-Hand Rule. In this case, the force on Iy
due to Iy is towards /.. We can go through the same analysis to understand the force acting on Ir as a
result of Iy, but honestly, there is no need to do so. This is because we can simply apply Newton’s 3™ law
and conclude that the force on [y due to Jyis of the same magnitude but in the opposite direction!

N L
Hence the force on Iy due to.Jy is als0 Hjp = _f‘ﬁiz«;?_

It is interesting to note that in this case where the two currents are flowing in the same direction, the
force between them is attractive, We can apply a similar analysis to currents flowing in opposite
directions and find that the force between them is repulsive.

www.KiasuExamPaper.com
417



22017
A simple way of remembering the conclusion is

"LIKE CURRENTS ATTRACT, UNLIKE CURRENTS REPEL."

Cusient in the tame direction Current in oppasite direction

Figure 14.5.2 Sketch showing the magnetic fields and forces on parallel current-carrying wires.

Worked Example 6
X, Y and Z are three coplanar long parallel wires carrying currents as shown.

X Y z
The resultant force on wire Y is 2f
A zZero T -
[
B towards X
@ towards Z L 10A 4 10A 4 20A
perpendicular to the paper F g | &= 2F
5 k7 et

liFs WA

Worked Example 7
A long straight wire XY lies in the same plane as a square loop of wire PQRS which is free to move. The
sides PS and QR are initially parallel to XY. The wire and loop carry steady currents as shown in the
diagram.

X
What will be the effect on the loop? P T3a0
@ It will move towards the long wire. & 5
It will move away from the long wire. i \ A
/C It will rotate about the axis parallel to XY. By P
D It will be unaffected. s [dR
E It will contract. @ Y J/I

o
wplan® “ —) Alstam «
E—— o
- 'R(: z: — ‘W
(// (\f‘) Phe ’+‘uf},
v
kel
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14.6 Revisiting the DC Motor

Consider a rectangular coil PQRS of N turns pivoted so that it can rotate freely about a vertical axis which
is perpendicular to a uniform horizontal magnetic field of flux density B. Let the normal to the plane of the
coil make an angle & with the field (Figure 14.6.1 (b)).

it el

Figure 14.6.1 The DC motor.

The side PS of length h is perpendicular to the magnetic field (from N to S) and so the magnetic force on it
is given by
F=BIh

If the coil has N turns, the length of the conductor is increased N times and so the force acting on side PS
is
F = NBIh

The force acting on side QR is also given by F' = NBIh, but its direction is opposite to that on PS, as shown
in Figure 15.6.1 (b). The force on side PQ cancels out the force on side SR as these two forces are equal in
magnitude but opposite in direction.

The two forces on sides PS and QR tend to turn the coil about an axis XY passing through the middle of
the coil. These two forces together form a couple and the torque due to this couple is given by

T=1F,(bsing)

' = NBIhbsin 0
= Q {2 sin
But h.x b = Area, 4 of the coil: S0 /.=

¢/ C:'/

7= NBIAsin@
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14.7 Magnetic Force on a Moving Electric Charge
& F = Bfvsing

| Direction of magnetic
¢ force acting on the pariicle

Direction of
Magnstic Field

Direction of travel ai spesd v

Figure 14.7 1 Magnetic Force acting on a Moving Charge

The magnitude of the force acting on a charge Q moving with velocity v in a magnetic field of flux density B
is given by

Fe=BQvsin®

where @ is the angle between v and B.

Note:
1. The magnetic force is maximum when the charge is moving perpendicularly to the magnetic field.
2. A charge in a magnetic field does not experience any force when
e |[tis moving parallel to the direction of the magnetic field
+ |tis stationary in the field
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14.8 Motion of a Charged Particle in a Uniform Magnetic Field

Let's now look at how moving charges that are not confined within a wire is affected by a magnetic field.
We will again use Fleming's Left Hand Rule to find the direction of this force.

Consider a positively charged particle entering a magnetic field with velocity v.

X X X
% X *
5 z
e : = 5 Figure 14.8.1 Charge entering a magnetic field

Using Fleming’s Left Hand Rule and using the concept that the direction of the convention current is the
direction of motion of the positively charged particle, we can conclude that the direction of the force at this
instant is upwards. This cause the particle to be deflected from its initial path.

However, note that the direction of the force remains perpendicular to the direction of velocity and magnetic
field (Fleming’s Left Hand Rule) even as the charged particle deflects, hence the charged particle will move
in a circular path! The magnetic force provides the centripetal acceleration needed for the charged particle
to travel in a circular path.

Figure 14.8.2 A positively charged particle performing circular motion in a magnetic field
The magnetic force on the positive charge provides the centripetal force:
mv2 " 2 .
Bgv =—— where ris the radius of the circular path
r

mv
r=—=
-Bg’

From this equation for the radius’of the path, we can deduce that for particles entering the magnetic field
with the same velocity, the radius would be proportional to the mass-to-charge ratio of the particle

(i.e. L )- The ratio of the charge on a particle to the mass of the particle (i.e. & ) is known as the specific
q m ¢
charge.
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If T is the time taken to complete one revolution of the circular path and v is the constant speed of the
charge,

The period T is dependent on the mass, magnetic flux density and the charge of the particle. It is
independent of the speed of the particle or the radius of the circular path.

1. Similar to the force acting on straight current carrying conductor placed in the magnetic field,
we have to remember that the angle 8 is the angle between the direction of motion and the
magnetic field lines. This is a similar trick used by examiners.

2. For negatively charged particles moving in a magnetic field, the magnitude of the force is still
the same. However, when determining the direction of the force, for positively charged

particles, the direction of I is the direction of v, but for negatively charged particles, the
direction of I is opposite to the direction of v.

3. ltis very common in exam questions to be asked to draw the path taken by moving charges
in a magnetic field. Apply Fleming's Left Hand Rule (remember the sign of the charge is
important!) to find the direction of the magnetic force, which is also the direction of the
centripetal force. The centripetal force acts towards the center of the circular motion, and
hence deflect the moving charge in the direction of the force, or imagine where the center of
the circular motion is, and you should be able to draw the path correctly. Please ensure that
the path is as circular as possible, that is, you should draw with a set of compass. If you really
don't have one in the exam, then label the path drawn as ‘circular path'’.

4. The magnetic force does no work on the charged particle during the circular motion
as it is perpendicular to v. Hence, the speed and kinetic energy of the charge remains the
same as it moves along the circular path.

Worked Example 7
An electron with speed 2.0 x 10° m s™ enters a magnetic field of flux density 2.0 mT perpendicular to its
direction of motion. The magnetic field only exists within a square of size 8.0 mm. Draw the path taken by
the electron as its moves through the magnetic field.

m Vz —»

B‘L""': r . Bout
o re v U6 0x10")
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=53 %107 m ———— ;
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14.9 Moving charges in E and B fields
It is possible for a charged particle to move into a region where both an electric field and a magnetic field
are applied. The charged particle will experience an electric force and a magnetic force simultaneously. To
determine the final motion of the charged particle, we will have to go back to Newton’s laws of
motion which helps us to predict the motion once we know the resultant force acting on the
charged particle.

In the special case where the electric force and magnetic force are of equal magnitude and opposite in
direction, the charged particle will travel in a straight line as the resultant force is zero.

1. Note that we have neglected the gravitational force acting on the electron. This is a good
approximation when we are dealing with atomic particles. For an electric field of 10° N C,
the ratio of the magnitude of the electric force gE to the magnitude of the gravitational
force mg is on the order of 10" for an electron and 10 for a proton.

The electron only experiences a electric force when in the E field. Once it leaves the E
field set up by the parallel plates, it will obey Newton's first law of motion and continue to
move in a straight line at constant speed. When asked to draw the path, label “parabolic”
within the E-field and make sure that the point where it leaves the E field, the path must
be tangent to the parabolic path, then followed by a straight line.

The table below summarizes the differences in the deflection of charged particles in a magnetic and electric
field.

in a magnetic field

~ Deflection in an electric field =~

1. The magnetic field can exert a magnetic force
only on a moving charged particle. Stationary
charged particles experience no force.

1. The electric field always exerts an electric force
on a charged particle, whether it is stationary or
moving.

The magnetic force is perpendicular to the
magnetic field and the direction of motion of
the charged particle. Deduced from
Fleming's Left Hand Rule.

The electric force acts in the direction of the
electric field. Deduced from the law of
electrostatics (i.e. Like charges repel; unlike
charges attract.)

Magnetic force is dependent on the speed
and direction of motion of the charged

particle. (F, = Bgvsin®)

3. Electric force is not dependent on the speed and
direction of the charged particle. (Fe = gE)

4. Circular motion is obtained when a charged
particle enters a magnetic  field
perpendicularly.

4. Parabolic motion is obtained when a charged
particle enters a uniform electric field
perpendicularly.
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14.10 Velocity Selector

In many experiments involving moving charged particles, it is important that all particles move with
essentially the same speed. This can be achieved by applying a combination of an electric field and a
magnetic field oriented as shown in the figure below.

—_—
Bin i
¥R % o % R N — Collimator plate
[ £ % + + & ¥] ¢ 4 qoB
xIxIxIxlxixlx i
- [
‘ X{x]|x|xixIx|x|E
X x|x|xixix]x 5 "
______ o iy Bl £ B (R P b
x| x| x|xl1x]1¥]|x ] 1
slelnlxlxln|sx
i y i ’
R L

Figure 14.10 Velocity Selector

A uniform E field is applied vertically downwards and a uniform magnetic field is applied in the direction
perpendicular to the electric field. Consider a positive charge entering the region from the right with velocity
V.

It experiences a electric force gE that is downwards (in the same direction as the electric field) and a
magnetic force Bqv that is upwards (Fleming’s Left Hand Rule). By adjusting the magnitudes of the electric
and magnetic fields, we can set up a scenario so that gE = Bqv and the particle experiences no resultant
force, and moves through the fields in a straight horizontal line!

ZF=0
Fy=F;
Bqv =gE
_E ¥V
"B Bd

When we have many particles of different speeds heing projected into this region, only particles of

velocity v =§ will pass through undeflected.

For particles with speeds greater than this, the magnetic force will be larger than the electric force and
deflect upwards.

For particles with speeds less than this, the magnetic force will be less than the electric force, and
they deflect downwards.

Not all E and B fields that are perpendicular to each other will work as a
velocity selector. It is important to note that the concept behind this application
is that the partlcle experiences no resultant force when travelling in the
crossed fields_Figrice it is important to ensure that the direction of the
electric force js@ppbs:te to the direction of the magnetic force set up by
the two fields”
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APPENDIX A: Earth as a Magnet i

Our Earth possesses a weak magnetic field. The Earth's magnetic field pattern is as if a gigantic bar
magnet is embedded within it. As shown in Figure A.1, the orientation of this fictitious bar magnet defines a
magnetic axis for the Earth.

The location where the magnetic axis crosses the surface in the northern hemisphere is known as the
south magnetic pole. The north geographic pole is that point where the Earth’s axis of rotation crosses the
surface in the northern hemisphere.

The south and north magnetic poles are found near the north and south geographic poles respectively.
When we talk about a compass magnet having a north pole and a south pole, we should say more properly
that it has a ‘north-seeking’ pole and ‘south-seeking’ pole. Since unlike poles attract, the south magnetic
pole of earth’s fictitious bar magnet is in fact the location toward which the ‘north-seeking’ end of a
compass needle points.

The magnetic axis is not exactly aligned with the Earth’s rotational axis. As a result, although the north pole
of a compass needle points nerthward, it does not point exactly at the north geographic pole.

Also, Earth's magnetic field lines are not parallel to the surface at all points. Near the magnetic poles, the
field lines are almost perpendicular to the surface of the Earth. At the magnetic Equator, the magnetic field
lines are almost parallel to the surface of the earth. The angle that the magnetic field makes with respect to
the surface at any point is known as the angle of dip or inclination.

Migatian  Aeatin - Magnetic Flux
Narth : Densxty (T)
South eTaitinG Atomic nucleus 10"
magnetic ! pole Medical MRI unit 1.5
pole Bar magnet 102
Geographic Surface of Sun 102
W Colour T.V. 10+
Surface of Earth 5x10°
Inside human brain (due | 10"
= to nerve impulses)

Human exposure limit is ~0.2T.

o
South T\ North

geographic magnetic
pole pole

Figure A.1 Earth's magnetic poles versus geographic poles

J
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"APPENDIX B: The Cyclotron .

A cyclotron is a device that can accelerate charged particles to very high speeds. The energetic particles
produced are used to bombard atomic nuclei and thereby produce nuclear reactions of interests to
researchers.

Both electric and magnetic forces play a key role in the cyclotron. The charges move inside two
semicircular containers D1 and D, referred to as dees. A high frequency alternating potential difference is
applied across the dees and a uniform magnetic field is directed perpendicularly to them. A positive ion
released at P near the center of the magnet in one dee moves in a semicircular path (as shown by the
dotted line) and arrives back at the gap in a time interval of T/2 where T is the time needed to make cne
complete trip around the dees.

Cyclotron deeg

vacuum chamber, magnstic field

ion source

slectric field region

@ 2009 Encyclopadia Britannica, Inc.

The frequency of the applied potential difference is adjusted so that the polarity of the dees is reversed at
the same time interval during which the ion travels around one dee. The ion then accelerates across the
gap from D, to D and its kinetic energy increases by qV where V is the potential difference set up across
the dees.

It now moves with a larger radius in D, due to the increase in speed. After T/2, it arrives at the gap again,
coinciding with the reversing of the polarity of the potential difference set up across the dees. The ion thus
accelerates again across the gap and the cycle repeats itself. Every time the ion passes the gap, it gains an
energy of qV. By the time it exits the cyclotron, it would have gamered about 20 MeV.
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APPENDIX C : Magnetic Bottle

When charged particles move in a non-uniform magnetic field, the motion becomes complex. An example
of such field is one where it is strong at the ends and weak in the middle as shown in the figure below. This
configuration is known as the magnetic bottle. A charged particle starting at one end spirals along the field
lines until it reaches the other end, where it reverses its path and spiral back. The charged particle is
therefore trapped within it.

Fig 1 Magnetic Bottle

Another example is the Van Allen radiation belts consisting of charged particles (mostly electrons and
protons) surrounding the Earth in doughnut-shaped regions (Figure 2).

Charped particles
front sun enler earth’s
mapnetic Held - ; -
Pritons trapped in
Inner radiation bekts

South - -
Pule Electrons trapped in

far
Togwyrignd © Adetecn Wesley Labgman Inc,

Figure 2 The Van Allen belts

Figure 3 The Aurora Borealis

Charged particles eriginate mainly from the sun (and other stars and heavenly bodies) and are commonly
known as ¢osmic rays. Due to the- Eart" § non-uniform magnetic field, some of these particles are trapped
and spiral around the field lines from pnle to pole, making the Van Allen belts. When the particles are
located near the poles; they sométifes collide with the atoms in the atmosphere, causing atoms to emit
visible light. Such collisions are the origins of the beautiful Aurora Borealis (Northem Lights) and Auroras
Australis.
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Topic 15: Electromagnetic Induction
(227
Electromagnetic Induction

Syllabus 9749

Content
. Magnetic flux
. Laws of eleciromagnetic induction

Learning Outcomes

Candidates should be able to:

(a) define magnetic flux and the weber.

(b) recall znd solve problems using ¢ = BA.
(c) define magnetic flux linkage.

(d) infer from appropriate experiments on electromagnetic induction:
i) that a changing magnetic flux can induce an emf,

ii) that the direction of the induced emf opposes the change producing' it,

1ii} the factors affecting the magnitude of the induced emf.

(e) recall and solve problems using Faraday's law of electromagnetic induction and Lenz's law.

(f) expian simple applications of electromagnetic induction.
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15.1 Introduction

In the previous chapter, we discussed the production of magnetic fields due
to electric currents. As nature is often symmetric, this led scientists to
suspect that the reverse (i.e. the production of electric currents due to
magnetic fields) could also be possible. Experiments conducted by Michael
Faraday and independently by Joseph Henry in 1831 showed that a
changing magnetic field could indeed produce an electric current in a circuit.
These results led to a fundamental law known as Faraday's Law. In this
chapter, we will discuss Faraday's Law and see how his experimental
findings have helped set the foundation for many of modern world's
technologies.

Figure 15.1.1
Michael Faraday (1791 — 1867),
British Physicist and Chemist

15.2 Magnetic Flux and Magnetic Flux Linkage

We have leamt that magnetic flux density, B, is a measure of magnetic fields. Before we leam about
electromagnetic induction, we need to understand what is meant by the term magnetic flux.

Definition of Magnetic Flux, ¢:

The magnetic flux through a plane surface is the product of the magnetic flux density normal to the

surface and the area of the surface,
p=BA

where ¢ : magnetic flux through the plane surface
B, : magnetic flux density perpendicular to the plane surface
A : area of the surface

The magnetic flux for two different cases is given below.

A
/N

YYYY
o

p=B ,A=BA p=B A=(Bcos)A Figure 15.2.1 Magnetic flux.

The S.1. unit for magnetic flux, ¢, is the weber (Wb).

Definition of weber (Wb):

There is a magnetic flux of 1 weber through a surface if a magnetic field of flux density of 1 T exists
perpendicularly to an area of 1 m?.

1Wb=1Tx1m?

in the previous chapter, we learnt that the S.I. unit for the magnetic flux density, B, is the tesla (T). An
alternative unit for B is Wb m2

Note that magnetic flux density, B, is a vector quantity, but magnetic flux, ¢, is a scalar.

www.KiasuExamPaper.com
429



Careny
It is common to encounter coils with multiple turns (each turn of the coil has the same area). When placed
in a uniform magnetic field, every turn of the coil ‘captures' the same amount of magnetic flux. The {erm
magnetic flux linkage is commonly used to refer to the total magnetic flux through the coil.

v

AN

)

Y v

v
vs)

vy

Figure 15.2.2 Magnetic flux linkage.

The magnetic flux linkage is defined as the product of the number of turns of the coil and the magnetic
flux through each tum.

)

linkage

=Np=NB A

The S.1. unit for magredic flux linkage is weber turns (Wb turns).

Note: In many texthooks, there is no distinction between the symbols used for magnetic flux and
magnetic flux linkaige, both are usually represented by @, hence it is important for us to know clearly in
each scenario whether ¢ refers to magnetic flux or magnetic flux linkage.

Example1  Determination of magnetic flux

A flat rectangular loop of wire is placed in a uniform magnetic field which is directed at an angle to the
normal of the loop (for clarity, only one row of amows is drawn to represent the uniform magnetic field).
What is the magnetic flux through the loop?

f.{J: SJ.A

= pcos@ A
§Ocos60° x0.20
T.owb

1

"

Example 2 Effect of orientation of magnetic field on magnetic flux

lllustrated is a loop placed at different orientation in a uniform magnetic field (viewed from the side). Wthh

orientation gives _ n >
1) zero magnetic flux, N
2) non-zero but not maximum magnetlc ﬂux and [ESEET 2 —
3) maximum magnetic flux? N >
§ >
@) . ® C @
Bi=8  Bi<B Bit=0
Max, i
fux fux
4
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15.3 Induced Emf in a Moving Conductor (Motional Emf)

In the previous topic on Electromagnetism. we learnt that the magnetic force experienced by a current-
carrying conductor in a magnetic field is given by F, = BILsind, where # is the angle between B and /.

Similarly, the magnetic force acting on a moving charge Q with velocity v in a magnetic field of flux density
Bis given by F; =BQvsiné , where @ is the angle between 8 and v.

Next, we shall look at the effects of a moving conductor in a magnetic field.

Figure 15.3.1 Conductor cutting through a magnetic field.

Moving & copoer fod sensitve
across a magnetic held ammeter

« When the copper rod is moved downwards, the pointer on the meter flicks to the right showing that

an emf has been induced.
« When the rod is moved upwards, the meter flicks to the left. An emf has now been induced in the

opposite direction.

e [f the rod is held stationary in the field or made to move along the magnetic field lines, there is no
induced emf.

« The faster the copper rod is moved, the larger the current.

It appears that an emf is induced in a moving conductor if it moves through magnetic flux. The
magnitude of this induced emf is proportional to the speed.

We shall now derive an expression for the induced emf for a moving conductor. Consider a straight
conductor or moving rod of length L moving perpendicularly at a constant velocity v under the influence of
some external agent through a uniform magnetic field B directed into the page as shown in Figure 15.3.2.

X X X C X X X X

My
X X X X X X X
v
—
X X X X X X X
L B Figure 15.3.2 Isolated moving rod.
X X X X- X X X The crosses indicate that the

magnetic field is pointing into the

o |l 1(‘“5 ¥ O x @ w P

The electrons in the conductor exﬁeriénce a magnetic force F; = BQv that is directed along the length L,

perpendicular to both v and B. Under the influence of this force, the electrons move to the lower end of the
conductor and accumulate there, leaving a net positive charge at the upper end. As a result of this charge
separation, an electric field E is produced inside the conductor. The electrons accumulate at D, leaving a
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net positive charge at C, until the downward magnetic force f, = BQv is balanced by the upward electric
force F. = QE . At this point, the electrons stop moving. The condition for equilibrium requires that

BQv=QE
E =8Bv

The electric field produced in the conductor (once the electrons stop moving and £ is constant) is related to
the potential difference across the ends of the conductor by

V.,= EL = BLv

where the upper end C is at a higher electric potential than the lower end D. Thus, from the above
equation, we can see that a potential difference is maintained between the ends of the conductor as long
as the conductor continues to move through the uniform magnetic field. If the direction of the motion is
reversed, the polarity of the potential difference is also reversed.

In the scenario zbove, only an emf is induced across the rod. As the circuit is not complete or closed,
there is no induced current flowing in the rod.

3 | i _' é____*—:——_‘—} "
| : ¥ R
\]' ..... % ﬁ__;'ﬁ) ; --;.. Figure 15.3.3 Rod connected to stationary conductor.
% X @

Now suppose the moving rod slides along a stationary U-shaped conductor, forming a complete circuit. No
magnetic forces act on the charges in the statisnary U-shaped conductor, but the charges in the moving
part CD redisfribute themselves, creating an electric field within it. This field establishes a current in the
direction shown in Figure 15.3.3. The moving rod has become a source of electromotive force and within it,
current moves from lower potential D to higher potential C, and in the remainder of the circuit, current
moves from higher to lower potential. We call this emf a motional electromotive force, denoted by £. And

from the above discussion, the magnitude of this emf is

g=BLv

If the total resistance of the U-shaped conductor amd the sliding rod is R, the induced current / in the circuit
isgivenby BLv =IR.

(i) Factors affecting magnitude of induced emf

From the formula ¢ =BLv , we can easily infer that increasing one or more of the following factors will
increase the magniude of the induced emf.

¢ The magnetic field strength B;

+ The length of the moving conductor within the magnetic field L;

+ The speed at which the_cond(ctor is moving v.
Conversely, decreasing ohe or more of these factors will lead to a decreased magnitude of the induced emf.
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70
(i) Direction of motional emf

The direction of motional emf (and induced current, if any) can be predicted by Fleming's Right-Hand
Rule.

Often we are asked to state the polarity of the induced emf, or which end of the conductor is at the
higher/lower potential. To answer that question, we must remember that we are modelling the conductor
as an emf source, with its two ends acting like the two terminals of a battery.

{thuMb)
T
|| ..&-.; =
L] {seCond)
U Eorl
Figure 15.3.4 Fleming's Right-Hand Rule.
(Forefinger)

¥8

By modelling the conductor as an emf source, the current that will flow within the conductor will be from a
lower potential to a higher potential. Hence, C is at a higher potential than D in Figure 15.3.3.

Example 3 Magnitude and polarity of induced emf

An airplane is travelling at 100 m s in a direction which is horizontal. Calculate the emf induced between
the tips of its wings, which have a span of 20 m. Take the Earth's magnetic flux density to be 5.0 x 10° T
and the angle of dip at the place to be 71°. Indicate which tip is at a higher potential with a "+".

Wing span | = 20m E= B_L"’L = (Bmlqu)vL
. 200 0x(07 o8 [Q‘)(JU)UW)
Velocity = 100 m s~ ~v.d%V
—
I’-(m‘Y-.
50% 10T use -Flmihjfs RHE s Mao{l[ a-F{'Ov o FW;{(@(

blm'?‘ oouve ‘W cymt -P{aws ‘pm

rrrrr
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15.4 Laws of Electromagnetic Induction
15.4.1 Faraday's Experiment and Findings
in the last section we saw that retative motion between a magnetic field and a conductor can induce an emf

in the conductor. An experiment carried out by Michael Faraday in 1825 showed how the same effect can
be achieved with no apparent rzlative motion. Figure 15.4.1 shows the setup that led {o his discovery.

— o

A primary coil is connected to a battery and a switch. The caii is T
wrapped around a wooden core, and a current in the coil 5 \
produces a magnetic field when the switch is closed. 1 =
A secondary coil alsc is wrapped around the wooden core and is Battery L=
connected to a sensdive galvanometer. No battery is connected T s
in the secondary aircuit and the secondary coil is not connected ~
to the primary coil .

Wooden core

Figure 15.4.1 Faraday's experiment.
Faraday obsenved that:
. At the iimstant the switch is closed, the galvanometer needle deflects in one direction and returns to
Zero.

B When tliere is a steady current in the primary coil, the galvanometer always shows null deflection,
no matter how large the current is.

. At tite instant the switch is opened, the galvanometer needle deflects in the opposite direction and
refurns to zero.

In order b explain these observations, Faraday invoked the concept of changing magnetic flux linkage
between the coils. His given explanation was:

(1) When the switch is closed, the magnetic field produced by the current in the primary circuit
increases from zero to a constant value over some finite time. The secondary coil experiences this
changimg magnetic flux linkage produced by the primary circuit and the induced current only
exists for a short time while the magnetic flux linkage through the secondary coil is increasing.

(2) Once the magnetic field produced by the primary coil reaches a steady value, the magnetic flux
linkage through the secondary coil is constant and there is no current in the secondary coil.

(3) When the switch is opened, the opposite ocaurs — the magnetic field produced by the current in
the primary circuit decreases from the constant value to zero over time. Again, the secondary coil

experiences this changing magnetic flux linkage produced by the primary circuit and the
induced current flows [in the opposite direction to that in (1)] while the magnetic flux linkage through

the secondary coil is decreasing.

In effect, when induced current flows in the secondary coil, the secondary circuit behaves as though a
source of emf were connected to it. Hence, Faraday concluded that there will be an induced emf in the
secondary circuit if it experiences a changing magnetic flux linkage.

With further experiments, he conclu_d'ed- i,hat the induced emf is directly proportional to the rate of
change of magnetic flux hinkage; which led to the Law of electromagnetic induction.
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15.4.2 Faraday's Law

The magnitude of the induced e.mf. £ is directly proportional to the rate of change of magnetic flux

linkage or rate of cutting of magnetic flux.
do
& oL ——

at

The S.| unit for induced emf, & , is the volt (V). An alternative unit for induced emf is Wb tums s™.

15.4.3 Lenz's Law

The Russian physicist Heinrich Lenz (1804 — 1865) made a discovery that allows the polarity of the induced
emf to be determined. This discovery led to the Lenz's Law.

Lenz's Law states that the polarity of the induced emf is such that it tends to produce a current that
creates a magnetic field so as to oppose the change in magnetic flux.

Consider the following scenario:

If the bar magnet is moved rightwards towards the stationary metal loop (Figure 15.4.2), the flux through
the loop increases with time. The increasing flux induces an emf in the metal loop (Faraday's Law), and
since the loop forms a closed circuit, a current is produced. This induced current produces its own magnetic
field. By Lenz's law, the direction of the induced current must be such as to produce a magnetic field
directed in the opposite direction to the strengthening external field.

Action Effect

"
T
K‘—'

Figure 15.4.2 Magnet approaching loop.

If the magnet is moved to the left (Figure 15.4.3), the flux through the loop decreases with time. The
decreasing flux again induces an emf in the metal loop (Faraday's Law). However, this time the direction of
the induced current is such as to produce a magnetic field that is directed in the same direction as the
weakening external field.

Effect

Figure 15.4.3 Magnet moving away from loop.
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fiotice also that the interaction of the two magnetic fields (produced by the magnet and the loop,
respectively) produces magneti; forces. Note that the direction of the induced current is such that the
magnet experiences a repuision force when approaching the loop and an attractive force when
moving away from the loop.

This leads to the important insight that Lenz’s Law is really a re-statement of the law of conservation of
energy. The direction of induced current is always such as to (produce a magnetic force to) oppose the
motion of the magnet (which was the cause of the electromagnetic induction). Since the motion of the
magnet is opposed, work must be done in order to maintain the motion of the magnet. This mechanical
work enables the conversion of energy into the electrical energy of the current. This is further illustrated in
Figure 154 4.

I force

An initial force is applied to the magnet to start its mofion.

I
S N The magnet start to move with an initial speed u towards the
coil. Hence, the magnet has a certain amount of kinetic
energy.
I As the magnet approaches the coil, an induced emf is set up

in the coil. As the coil is part of a closed circuit, an induced
current will flow in a way that tends to oppose the increase in
magnetic flux. Hence, the magnet slows down while bulb
lights up. Thus, the kinetic energy of the magnet is first
converted into electrical energy in the circuit and in turn in
light and thermal energy in the bulb.

Figure 15.4.4 lllustration of Lenz's Law in view of the law of conservation of energy.

Hence, it is common to see the following equation used in textbooks when stating Faraday’s Law:

S
dt

The negative sign in the above equation is a consequence of Lenz's law. It implies that the direction of
the induced emf is always such as to oppose the change in the magnetic flux.

(1) Faraday’s Law enables us to determine the magnitude of induced emf (applicable
to both open and closed circuits).

(2) Lenz’s Law allows us to determine the polarity (or direction) of induced emf
(applicable—to both open and closed circuits) or direction of induced current
(applicable/ only-fo closed circuits. If circuit is open, we usually think in terms of
what wo( happen if it was closed and hence find the direction of the induced emf.)

10
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Example 4 Determination of average induced emf

|

A flat circular coil of diameter 30 mm has 500 turns and is situated so that the plane of the coil is
perpendicular to a uniform magnetic field of flux density 20 mT. The flux density is reduced to zero and then
increased to 20 mT in the opposite direction at a constant rate. The time taken for the whale operation is 60

ms.- : : : &EO *g)

What is the average value of the emf induced in the coil? {urted Lidah
( g §.;§$ CE= oy . S(NBA) _ . 28 (rc(;oxto'*) )(2°-C~2°J)
@ 0.94V 4 o 2t
= 0.2%v

Example 5 Graphs of varying magnetic flux and emf induced

The magnetic flux @ through a coil varies with time as shown in the diagram. Which graph best represents
the variation with time of the induced emf £ in the coil? =

¢'[/.\ £:= @_;gmdi“* °F'H“‘K v ‘{'grﬂw
/\

’ \/ \/:rﬁm gret¥
AE @EI alra [ —coSing graph
S/AVAN

! NV

Example 6 Application of Lenz's Law

In the figure below, there is a constant magnetic field in a rectangular region of space. This field is directed
perpendicularly into the plane of the paper. Outside this region there is no magnetic field. A copper ring
slides through the region, from position 1 to position 5. For each of the five positions, determine if an
induced current exists in the ring and, if so, find the direction of the current.

1 2 3 4 5
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Example 7 Faraday's Law and Lenz's Law

The magnetic field shown in the figure has a uniform magnitude of 25.0 mT and is directed into the paper.
The initial diameter of the kink is 2.00 cm.

| (a)

The insulated wire is quickly pulled taut, such that the diameter of the kink becomes zero in 50.0 ms.
Determine the average induced emf between endpoints A and B. Specify the polarity of the emf in
your answer. Suppose the kink is undisturbed, but the magnetic field increases to 100 mT in 4.00 x
10 s. Determine the average induced emf between endpoints A and B, together with the polarity.

o i) x x x ® x L % x # “
At At Q T T S T S \x’ K% @

= R A > v B
3 rk(Z.O.‘HQ ) x el = ¥4 % M K

. B30ae™) g 0 % & ¥ g

=
0.0 X0
= 1.53 xro-ty

A dro wve b quickly pilled teut, Hu aea of loop oclovemss, maguetic flwy
Hivu [Wt oL roaes .

337 Lemz's (0w Wluwo cuwpr flows m e clocknse  Ajvectt fion A

{-\Muglﬂ e [ouq)‘t”Bf"’ l;wo{wve a B"F'dd M 3 g fe sawe
dinechion 40 sppose e olumeme M fiux
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15.5 Practical Applications of Electromagnetic Induction

15.5.1 Electric Generator (rotating coil in magnetic field)

A coil of N turns, with area 4, rotates at a constant angular velocity w in a uniform magnetic field B.

Q“’ i
/ - axisof
7 - e roiation
/ o/ e
mehw = /r/ N P . #
Stip & ’- e Ny e
rings ‘%..«—Brush = -
= <—_S—__ b time=10 time =1
(a) (b) __ (c) (d)

Figure 15.5.1 Rotating coil in a magnetic field, generating a current.

As the coil rotates in the magnetic field, it experiences a changing magnetic flux linkage as the
component of the magnetic field perpendicular to the plane of the coil keeps changing. By Faraday's law,
an emf is induced in the coil.

Derivation of an expression for the induced emf

1. Magnetic flux linkage through the coil

® =NB,A=NBAcos§ = NBAcos wt
2. Induced emf

g 28 9 NpAcosol=-NBA-L (cosal)
dt dt

& = NBAwsin ot

Hence the induced emf is dependent on N, B, A and w. By Lenz's law, the direction of the induced emf is
such that it sets up a current to oppose the rotation of the coil.

13
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n the magnetic flux linkage is zero. Conversely,

of the magnetic flux linkage is largest, there is no induced emf in the coil.

Note that the magnitude of the induced emf is largest whe

when the magnitude

14
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Example 8 Determination of emf induced in rotating coil (NO7/1/31)

A circular coil of diameter 0.020 m has 3000 turns. it is rotated in a magnetic field of 1.8 T from position
X to position Y in 0.060s.

—

—_lp————

position X position Y &
- m— > A
—
—A|l| [ >

'
f
\
—

(b) What+ oR-assuming constant angular

velocity?
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2) kt wax ov M b of g~ nprs
E:a{f \‘50 T
M X, E=0

h) 1w P(w )'fQ'{'Mﬂ'T ar -(-uwiwj r&s o&j Q-{ ﬁ.mp'\

> / 7t
magnetic field 1.8 T 'v

2 2/t
o4 [ ismace N < MBC) () g0t 5 29 [ vt
o

15.5.2 Speedometer of a Car

A permanent magnet is attached to the wheel of the car. A sensor
consisting of a coil of wire is connected to the frame of the car. When the
car moves, the magnet rotates with the wheel. As the magnet passes over
the sensor, the magnetic flux in the coil rises and then falls. This induces
an emf and a current in the coil. The current, in the form of pulses, is sent
to an electronic device which counts the number of turns performed by the
wheel in each second. With this information, the speed of the car can be
calculated if the radius of the wheel is known and the speed can thus be
displayed on the speedometer.

Figure 15.5.2 Speedometer.
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15.5.3 Ground Fault Interrupters

The ground fault interrupter is a safety device that protects people against an electric shock when they
touch appliances and power tools. In the diagram below, wire 1 leads from the wall outlet to the appliance
to be protected and wire 2 leads from the appliance back to the wall outlet. An iron ring surrounds the two
wires to confine the magnetic field set up by each wire. A sensing coil, which can activate a circuit breaker
when changes in magnetic flux occur, is wrapped around part of the iron ring.

#7 Alermatig
G

;
i P
’ i

1
1
'
i
n
1
l
i
1
y 1
Hair drver I

1 -~ -

Wall outlet s G =F 2

b i

Ground faal N g
P P ;

nterraper !
, i

Figure 15.5.3 How the ground faulf interrupter works.

Since the currents in the wires are in opposite directions, the net magnetic field through the sensing coll
due to the currents is zero. However, if a short circuit occurs in the appliance so that there is no retumning
current, the net magnetic field through the sensing coil is no longer zero. This can happen for example if
one of the wires loses its insulation, providing a path through the person to ground if the person happens to
be touching the appliance. As the current is alternating, the magnetic flux through the sensing coil changes
with time, thus inducing an emf in the coil. This induced emf will trigger the circuit breaker, stopping the
current quickly in about a millisecond before it reaches a level that might be harmful to the person using the
appliance.

15.5.4 Electric Guitar

i

| |
Pickup

sl Magnet
]

/ =

Magnetized B

portion of §
string

) o
Toampfifief )

Guitar string

-"‘"i;-'igtii*'e 15.5.4 How the electric guitar works.

The pickup coil is placed near the vibrating guitar string, which is made of a metal that can be magnetized.
The permanent magnet inside the coil magnetizes the portion of the string nearest the coil. When the guitar
string vibrates at some frequency, its magnetized segment produces a changing magnetic flux through the
pickup coil. The changing magnetic flux induces an emf in the coil. This induced emf or voitage is fed to an
amplifier, the output of which is sent to the loudspeakers.

16
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15.6 Eddy Currents

As we have seen, emf and current can be induced in a circuit by a changing magnetic flux. This also results
in eddy currents being induced in bulk pieces of metal moving through a magnetic field.

Consider a flat copper or aluminium plate attached to a rigid rod which swings back and forth through a
magnetic field.

As the plate enters the field, the changing magnetic flux induces an emf in
the plate, which in turn causes the free electrons in the plate to move,
producing swirling currents (eddy currents). As the currents flow, the plate
will heat up: its internal energy will increase. By the principle of
conservation of energy, this means that the mechanical energy in the
oscillating plate must reduce. This loss in mechanical energy will eventually
bring the plate to rest.

Also, according to Lenz's law, the eddy currents give rise o repulsive
forces that opposes the mation of the plate. This retarding magnetic force
will eventually bring the plate to a rest. Figure 15.6.1 Eddy currents.

Eddy currents are often undesirable because they represent a transformation of mechanical energy to
internal energy. If slots are cut into the plate, the eddy currents and the corresponding retarding force will
be greatly reduced. Also, conducting parts in devices are often laminated, that is, they are built up in thin
layers separated by a non-conducting material. This layered structure greatly increases the resistance of
eddy current paths and effectively confines the currents to individual layers. Such a laminated structure is
used in transformer cores.

However, eddy currents are often used in the braking system of many subway and rapid-transit cars. An
electromagnet attached to the train is positioned near the steel rails. The braking action occurs when a
large current is passed through the electromagnet. The motion of the magnet relative to the rails induces
eddy currents in the rails, and the direction of these currents produces a drag force on the moving train. As
the train slows down, the eddy currents decrease, hence the braking effect is quite smooth.

Example 9 Magnetic Braking

A copper disc spins freely between the poles of an
unconnected electromagnet as shown. Describe and
explain what will happen to the speed of rotation of the disc
when a direct current is switched on in the electromagnet.

Answer:

As the copper disc rotates, different paris of the copper disc pass
through the magnetic field exerted by the electromagnet.

Regions of the copper disc which are entering the electromagnet's magnetic field experience
strengthening flux, leading to induced emf proportional to the rate of flux change (by Faraday's law). The
polarity of the induced emf and current is such that it creates a magnetic flux in a direction opposite to the
electromagnet's magnetic field, creating a repelling pole (by Lenz's law).

Regions of the copper disc leaving the electromagnet's magnetic field experience weakening flux,
leading to an induced emf proportional to the rate of flux change (by Faraday's Law). The polarity of the
induced emf and current is such that it creates a magnetic flux in the same direction as the
electromagnet's magnetic field, creating an attracting pole (by Lenz's law).

For both regions, the direction of the magnetic force is always opposite to the direction of motion. The
magnetic force retards the motion and slows down the spinning.

17
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Appendix 1 A Faraday’s Disc with area A rotating with a frequency fin a magnetic field B
The Faraday's disc, an example shown in Figure 1A, is the first homopolar generator. A homopolar

generator is a DC electrical generator comprising an electrically conductive disc or cylinder rotating in a
plane perpendicular to a uniform static magnetic field.

Figure 1A

As shown in Figure 1B, the disc can be divided into small elemental strips. As each strip rotates, they cut
the magnetic field B. By Faraday's Law of Electromagnetic induction, an induced emf will be setup across
each strip.

magnetic field

into page

Figure 1B

Derivation of an expression for the induced emf:

Consider an elemental strip

Magnetic flux it cuts in time f,
©=B,A= B(%Rze]

The rate at which magnetic flux is cut by the conductor is given by

.. - 1BR29J=-1BR2ﬁ=-1BR2m
dt  dt\2 27 dt 2

Since'w = 2zf'and A =:ﬁr?q_,_.
ID . Asrte-par

Direction of the induced emf: cenf~e ceute

Electrons in the disc are pushed to the euter-edge-{sireurmference). The flow of electrons to the-edge will
stop when the electric force equals the magnetic force. Using Fleming’s Right Hand Rule, P is at a higher

potential than Q.
18
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Appendix 2 Electromagnetic Braking in Transport.

The link below addresses some of the problems that have been encountered in using electromagnetic
brakes on high-speed trains, the two main issues being the brakes interfering with signalling equipment and
the excessive heating caused by the brakes in the rails.
http://www.railwaygazette.com/news/single-view/view/eddy-current-braking-a-long-road-to
success.html

Appendix 3 Volcanic Eruption as a Consequence of Eddy Currents in Action
(Extracted from Young and Freedman, University Physics, 12™ edition)

A particularly dramatic example of eddy currents in action is Jupiter's moon lo, which is slightly larger than
the earth's moon. lo moves rapidly through Jupiter's intense magnetic field (Figure 3A), and this sets up
strong eddy currents within lo's interior. These currents dissipate energy at a rate of 102 W, equivalent to
setting off a one kilo-ton nuclear weapon inside lo every 4 seconds! This dissipated energy helps to keep
lo's interior hot and so helps to cause volcanic eruptions on its surface, like those In Figure B. (However,
note that gravitational effects from Jupiter cause even more heating.)

Magnetic field
line/”

Volcanic eruption

Figure 3 A Powerful magnetic field lines of Jupiter induce eddy currents in its moon lo, as lo
moves in its orbit around Jupiter.
B Close-up view of a volcanic eruption, triggered in part by eddy-current heating.

19
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Topic 16: Alternating Current

G2 H2 Physics 2017

16 Alternating Current

Content (H2 Physics 9749)

Characteristics of alternating currents
The transformer
Rectification with a diode

Learning Outcomes

Candidates should be able to:

a)

b)

c)

d)

e)

show an understanding and use the terms period, frequency, peak value and root-mean-square (r.m.s.) value
as applied to an alternating current or voltage. '
deduce that the mean power in a resistive load is half the maximum (peak) power for a sinusoidal alternating

current.

represent an alternating current or an alternating voltage by an equation of the form x = x, sinawt.

— : ; 1
distinguish between r.m.s. and peak values and recall and solve problems using the relationship I.= TGZ for
the sinusoidal case.
show an understanding of the principle of operation of a simple iron-cored transformer and recall and solve

5

N I
problems using ——=——= —£ for an ideal transformer.
N. ¥,

r . s

explain the use of a single diode for the half-wave rectification of an alternating current.
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16.1 What is alternating current (AC)?

Direct current (DC) refers to current that does not change in direction. One of the most common DC sources
is a battery.

On the other hand, the direction of an alternating current (AC) will vary with time. A common form of AC
_ (e.g. the 230 V, 50 Hz AC power sockets in our homes) is one that varies sinusoidally.

A
A IIA

0 > s 0 \/ \/‘; t/s

Constant DC Sinusoidal AC

Alternating current occurs when charge carriers periodically reverse their direction of motion.

Example 1:

Which of the following is/are alternating current(s)?

A A
A (a) A B

0 > /s

o 0 » IS

IIA : /A
A @ 4 D

IAAA/,.
vV VY

~NC > 1/s
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16.2 Sinusoidal AC
The electricity supply generated for consumers' use is a sinusoidal AC.

The time-variation of a sinusoidal current or voltage can be represented by the equation

x=tx,sin@t| or |x=1x,c0801

where xy = peak (or maximum) value
@ = angular frequency of the supply (rad s™).

Note that @ =27 f where fis the frequency of the supply in heriz (Hz). Frequency is also related to the

; ; 1
period 7 through the expression f = 3

Example 2:

The AC supply found in Singapore homes have peak voltage of 330 V and frequency of 50 Hz. Write down
an expression for the voltage and sketch the waveform.

T= 20ms
"y N mG Cin (wé)
330 B s & V= 3305w ((00TLE) volts
G : E > t/ms
-3 20m( 4 ws

16.3 Root-mean-square (r.m.s.) values

If a steady DC passes through a resistive load R, the power P dissipated can be calculated by P=VI,
v: . ) . .
P=I’R,or P= 'k Since Vand I are unchanging for a DC, there is no difference between instantaneous

and average power dissipated in the resistive load.

If the current through the load is AC, the instantaneous power dissipated must be changing with time, since
¥ and I are changing with time. In practice, we are often only interested in the average power dissipation.

Interestingly, the average power can be calculated by the same set of equations
] —

(P=VI, PR orPx >4 ), a8 long ‘as we use the root-mean-square values Vims. and Irms .
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Suppose an AC periodic current I passes through an electrical load of resistance R, its instantaneous
power P dissipated will be changing with time 1.

1 T
Ingeneral, meanpower <P> = }-IP dt
i}
l T
=—[ PR a
r 1]
r 2
| h
_R (l J' I di) B T (area under I’vs t graph)
7S duration of one period
—R<I*> which is R x ( mean-squared of )
=R({I..Y which is R x [( root-mean-squared of 1)]?

The root-mean-square value of an alternating current is that equivalent constant direct current that will
dissipate the same average power in a given resistive load.

In other words, a direct current of 1 A and an alternating current of r.m.s. value of 1 A have the same heating
effect, i.e. both currents dissipate the same power in a given resistor.

Vz
Instantaneous power =V =I°R 6}

I/i]!

Peak power =V, I, =I,'R Y

2
Mean power <P>=Vypelrms = Irmzﬁ . Vm;s 0

Based on the above equation in [1], we can derive that Vome = Loy R

Note that the above relationships are not restricted to sinusoidal AC. They are applicable to non-sinusoidal
AC as well.
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16.3.1 Root-mean-square (r.m.s.) values for sinusoidal AC (IMPORTANT!)

Suppose a sinusoidal current of / =/ sin @ ¢ passes through an electrical load of resistance R.

A
+ I=lysinort
hF-mpmgmmm e
0 >r.fs
PIA? i
" r=i Smlt‘?l(
7 SRR TR i T
0 > 1ls
}:{W PR= IR sin*wt
LR ™77 N T T
0 > ils

value.

Using concept of power dissipation,

area under Pvs t graph
meanpower<P>=(r Wnser Zyet grph)

duration of one period
Because of the symmetrical nature of the function,
<p> =%(102R) which is equal to %P‘m
2
J2
From the previous page in equation [1] which shows that
<P> = (frmsjz R )
I,
we can deduce that s :_fi—

for a sinusoidal current.

In summary, for a sinusoidal AC,

l,.= i =0.7071, ,
2
V.
Vs = —L =0.707V and
V2 ;
1
2

Note that the above 3 formulae are ONLY applicable to sinusoidal AC. For other forms of AC,
you would need to derive the corresponding relationship between its r.m.s. value and its peak

For the A-level exam, AC supply is assumed sinusoidal unless otherwise stafed. The value of
the AC power quoted in an exam question is the mean value.

Current and voltage values ate often guoted in r.m.s. values unless otherwise stated. r.m.s.
values and-mean power are-more meaningful and useful rather than the peak values (which
are just instantaneousyalQes). .

-
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Example 3:

A 3.0 Q resistor is connected to a sinusoidal AC supply of peak voltage 5.0 V. Calculate

(a) the r.m.s. voltage;

(b) the r.m.s. current;

(c) the mean power,

(d) aD.C. supply is used instead. What must the D.C. voltage be to produce the same power in the 3.0 Q
© resistor?

G P 2 o P
8V g = Vpeak _ $.0 _ 35y " -‘?f Pous =,
. & {z . 362 oR, = \:‘fg; xé
0 2
b) v=3R Ty = Ipeat 7 = 50,1 = qow
i 2 -
3.52169) R - sl %
1=1.2A s
=
: B AT Sy By
ey

16.3.2 Root-mean-square (r.m.s.) values for non-sinusoidal AC

Example 4:

The waveform of potential difference Vg across a 3 Q resistor is shown below. Determine (a) the mean pd.
. (b)the rm.s. p.d. and (c) the average power dissipated in the resistor.

1-—
b) T v.oms p.d @ memn V=
272
\ ‘I{RN “VR)N i :F&T\!; - [
2 4
0 > 15 3 4
o0 004 003 004
2 5
4 l -
a) e ean pd’ Hew V=0 | 0T oof onF 007 ood ™
N Vmsl
) A P —gE
= _?_i
3
= (-3W
7
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16.4 Transformer

The transformer is a device which makes use of electromagnetic induction to produce a large alternating
e.m.f. from a small one, or a small altemating e.m.f. from a large one. The primary and secondary coils are
formed by winding insulated wires on a soft iron core, either one on top of the other or on separate limbs (as
shown in the figures below). There is no electrical connection between the coils but they are linked
magnetically via the soft iron core; i.e. the flux is the same in both coils.

soft-iron core

-
-
primary secondary primary secondary
coil coil coll coil

Below are circuit symbols of transformers.

Air-core
Ep £ transformer E, E

Iron-core
transformer

Np N Ne Ns

16.4.1 Induced e.m.f.s in a transformer

When an altemating e.m.f. ¥, is applied to the primary coil, alternating currents in both primary coil and
secondary coil flow and set up a resultant alternating flux ¢ in the core.

Es I/.-S‘

el e . i i

o
- L
3.2
w
=4
3 =
w
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If N, and N; are the number of tums in the primary and secondary coils, their linkages with the flux ¢ are

(d) Ir'nkage)p = Np ¢ and (d) n’nkage)s =N; (b

The alternating flux induces an alternating e.m.f. E, in the primary coil as well as an alternating e.m.f. £ in
the secondary coil. By Faraday's law, the magnitudes of £, and E; are given by

E = d((pfmkagc)p s N ﬁ and E i d(q)h'nia_ge).t - N ﬁ
4 dr P dt ! dt *dt

e.m.f.induced in secondary _ E, N,

e.m.f.induced in primary  E, N,

Dividing the above two equations, we have

; ., N,
Thus the transformer steps voltage up or down according to its ‘turns-ratio” —*.
£

If ¥/ is the output p.d. across the secondary coil, then for an ideal transformer that has zero-resistance coils,

VP:EF and V, =E_, giving

T

% "\ E Ey [] 2

Ny
N
P

Y ]S

Note that
a) When the secondary coil is open-circuited, the same analysis can still be applied and resultant alternating

flux @ in the core will be due to the current in the primary coil.

b) ¥, must be an alternating e.m . . If not, the flux in the primary coil would not change (except for a short
time immediately after the e.m.f. is first applied) and there would be no induced e.m.f. in the secondary
coil.

¢) The induced e.m.f. E; has the same frequency as the applied voltage V.

d) If N;> N,, the transformer is called a step-up transformer because Vs> Vp.
A step-down transformer has N; <N .
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16.4.2 Power transmission in a transformer

If the transformer is ideal, i.e. 100% efficient

Power output = Power input

bL=V1

Thus, tums ratio |— =

The above relationship is only applicable to an ideal transformer. In the A levels, transformers are
assumed to be ideal unless otherwise stated.
Note that the relationship is obtained frem the Principle of Conservation of Energy.

Example 5:

A soft iron ring of variable cross-section has two coils wound round it.
One coil has 7 tums. The other coil which has 3 turns, is connected
to a d.c. supply.

Which quantity is the same inside each coil?

A magnetic field
'@ magnetic flux =

C magnetic flux density
D magnetic fiux linkage

Example 6:

A step-up transformer has 200 tums on its primary coil and 3000 turns on its secondary ceil. The primary coil
is supplied with a 30 A alternating current at 90 V.

(a) What is the voltage in the secondary circuit?
(b) What current flows in the secondary circuit?
(c) What is the power in the primary circuit?

(d) What is the power in the secondary circuit?

b) s N I
)EAP-FE%E

O <Py T o Z3d00w
4 <Py zsame A5 (ri Clewt asstning (desl tansfowsr (100 officient)
=xtoow/
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16.4.3 Efficiency

The efficiency of commercial transformers are very high — typically in the range of 95% to 99%. The four most
important sources of power loss are listed below.

(a) Resistance of windings

Some energy is dissipated as heat in both coils (PR). This can be reduced to an acceptable level by using
suitably thick wires. (The coil which has the smaller number of turns, carries the larger current. And thus, it
usually requires thicker wires.)

(b) Eddy Currents
The alternating magnetic flux induces eddy currents in the iron core and causes heating. The effect is
reduced by having a laminated core.

A: Cross B B: Eddy current in an
section Gy ; unlaminated core (viewed
showing the e from the top)
laminated il
core
Int 1| c: Eddycurrentina
& et laminated core (viewed from
the top)

(c) Hysteresis

Each time the direction of magnetization of the core is reversed, some energy is wasted in overcoming
internal friction. This is known as hysteresis loss and it produces heating in the core. It is minimized by using
special alloys (e.g. Permalloy which is an alloy of nickel and iron) for the core material.

(d) Flux Leakage B
The flux due to the primary coil may not all link to the secondary coil if the core is badly designed.

16.5 Rectification

The I-V characteristic of rectifiers (or diodes) are such that they present a very low resistance to current flow
in one direction (when forward biased), and a very high resistance in the opposite direction (when reverse
biased). ;

In the forward biased In the reverse biased
connection, the diode connection, the diode offers
1 4 | offers negligible infinite resistance and no

resistance and current current flows in the circuit.

( IED flows through it easily. ( ‘E')

11
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16.5.1 Half-wave rectification

Rectification is the conversion of AC to DC. A simple half-wave rectifying circuit is shown be[ew For simplicity,
the resistor R is used to represent a load which requires a DC power source.

As the applied potential difference to the rectifier and load
is a sinusoidal wave, the diode is forward biased during
one half-cycle, and reverse biased during the next half-
cycle. )
During the half-cycle when the rectifier is forward biased,
current flows round the circuit, creating a potential
difference across R. This p.d. will have almost the same
value as the applied p.d. if the forward resistance of the
diode is small compared with R.

DC output

During the half-cycle when the diode is reverse biased, little or no current flows and the potential difference
across R is zero.

This is repeated for each cycle of AC input. The current flow is unidirectional and so is the potential difference
across R. Although it fluctuates, it never changes direction.

Example 7:

Sketch the waveforms for the current and potential difference across the load R after half-wave rectification.

Alternating input p.d.
(AC input)

12
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Appendix
1 Full-wave Rectification

Full-wave rectification can be accomplished with a bridge rectifier consisting of 4 diodes. During any half
cycle, two of the four diodes are forward biased.

A B  Bridge Rectifier
X
() -
D /{C R Output Voltage, Vr

NN
VARV,
NN

When the upper terminal of Vs is positive with respect to the lower terminal, diodes B and D are forward
biased, while diodes A and C are reverse biased.

When the lower terminal of Vs is positive with respect to the upper terminal, diodes A and C are forward
biased, while diodes B and D are reverse biased.

Hence, current will always flow in the direction from X to Y through the load resistor R, and the output
voltage Vr is unidirectional.

-

~

13
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2 Smoothing output voltage

Smoothing is the process of reducing the fluctuations of the rectified DC output. In other words, it is to make

the output more constant. This is done by connecting a special device, known as a capacitor, in parallel with
the load R .

B  Bridge Rectifier with Capacitor

X

e

Output Voltage, Vr

I
i
X

+
I
I
I
1
\

Y
Vs

VARVA

The solid line
represents the output
with the capacitor.

“‘ ; " The dotted line represents
W L. ¢ theoutput without the
capacitor.

The output of the rectifier is 'smoothed' by connecting a capacitor across the output.

14
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Syllabus 9749 (H2 Physics)

Content

= Energy of a photon

+ The photoelectric effect
+  Wave-particle duality

* Energy levels in atoms

= Line spectra

= X-ray spectra

* The uncertainty principle

Learning Outcomes
Candidates should be able to:

(a) show an appreciation of the particulate nature of electromagnetic radiation.
(b) recall and use E = hf .

(c) show an understanding that the photoelectric effect provides evidence for the particulate nature of
electromagnetic radiation while phenomena such as interference and diffraction provide evidence for the
wave nature.

(d) recall the significance of threshold frequency.

max

.1 : ; :
(e) recall and use the equation Emv2 =eV,, where Vs is the stopping potential.

(f) explain photoelectric phenomena in terms of photon energy and work function energy.

(g) explain why the stopping potential is independent of intensity whereas the photoelectric current is
proportional to intensity at constant frequency.

(h) recall, use and explain the significance of hf = ¢ + %mv2

max -

(i) describe and interpret qualitatively the evidence provided by electron diffraction for the wave nature of
particles.

() recall and use the relation for the de Broglie wavelength A =h/p.

(k) show an understanding of the existence of discrete electron energy levels in isolated atoms (e.g. atomic
hydrogen) and deduce how this leads to the observation of spectral lines.

(I) distinguish between emission and absorption line spectra.
(m) recall and solve problems using the relation hf = E, —E,.

(n) explain the origins of the features of a typical X-ray spectrum.

(0) show an understanding of and apply ApAx > h as a form of the Heisenberg position-momentum
uncertainty principle to new situations or to solve related problems.

led
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Introduction

By the middle of the 19" Century, classical physics (Newtonian mechanics and electromagnetic theory) was
well established and scientists of the day were confident that they could explain many phenomena happening
in a physical world. However, within a few decades (by the end of the 19" Century), it became clear that
there were some problems such as several observed phenomena continued to defy explanations by classical
physics:

Blackbody radiation and the ultraviolet catastrophe (MOE H3)
Photoelectric effect (H2)

Compton Effect (MOE H3)
Bright line spectrum of gas discharge tubes (H2)

P by =S

While scientific attempts were focusing on trying to explain these experiments, a new theory dubbed as
“quantum theory” was developed with contributions from a number of eminent scientists.

Max Planck received his Nobel Prize in 1918, for resolving the issue of blackbody radiation and ultraviolet
catastrophe by introducing the concept of discrete energy (quantum) and a crucial constant h known as
Planck constant. Albert Einstein received his Nobel Prize in 1921 by extending Planck's proposal of discrete
energy for electromagnetic radiation to successfully explain the photoelectric effect. Niels Bohr was honoured
with a Nobel Prize in 1922 for explaining the bright line spectrum using the quantum theory of light.

Items 2 and 4, along with some introductory quantum mechanics, are covered in this topic. For a more holistic
and comprehensive understanding, you are encouraged to go online to find out more about items 1 and 3.

Without the scientists and their efforts in the development of quantum theory, our world will be devoid of
modern technology such as lasers and many electronic based devices.

17.1 The Photoelectric Effect

17.1.1 Background

In 1887, Heinrich Hertz discovered the photoelectric effect — electrons were emitted when he shone UV
light on a freshly polished zinc plate.

The photoelectric effect is a phenomenon in which electrons are liberated from a cool metal surface
when electromagnetic radiation of sufficiently high frequency is incident upon it.

Philippe Lenard performed some very careful investigations of the effect in 1902. His results could not be
explained using classical physics and the wave theory of light. It was Albert Einstein who finally explained
the photoelectric effect with particulate nature of light in 1905.

17.1.2 Quantum Theory of Light

In 1900 Max Planck, attempting to explain black body radiation, suggested that, although light was a wave,
these waves could gain or lose-efiergy only in finite amounts related to their frequency. Planck called these
lumps of light energy quaﬁfa;jw&a_\now call them photons. In 1905, Albert Einstein used the idea of light
guanta to explain the photoélectric effect and suggested that these light quanta had a real existence.
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An introduction to Quantum Theory of Light can be found in the following YouTube video:

A photon is a quantum of electromagnetic radiation. Its energy is given by

E

phaoton

=hf

where h is Planck constant (h = 6.63 x 10** J s) and fthe frequency of the light.

Einstein was building on the work of Max Planck. Planck first determined the value of the constant h when
he was trying to explain the spectrum of blackbody radiation in 1900.
Since each photon travels at the speed of light ¢, E can also be written as

E=%, asc=11

An alternative unit for Energy

On the atomic scale, the magnitude of energy involved is very small. Hence, we find it convenient to define
an altemative unit of energy called the electron volt (V). The electron volt is defined as the energy the
charge—field system gains or loses when a charge of magnitude e is moved through a potential difference of
one volt. In other words, when a particle of charge e moves through a potential difference of 1 V, the change
in the potential energy is 1 eV.

1eV=16x10"J

Example 1
The eye is most sensitive to light of wavelength 550 nm. What is the energy of photons with this
wavelength? Express your answer in electron volts (eV).

h?-h-c-

gy f2RE
2282 xw“"j
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Example 2
A source emits monochromatic light of wavelength 550 nm at a power of 1.25 W. How many photons
are emitted in one second?

F=nuf —0
E=pxt, — O
oL
NE 5
{_(_2‘)‘\,‘)(‘5)

_ Luix(o”
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17.1.3 Experimental Setups to Investigate the Photoelectric Effect

Let's look at some investigations of the photoelectric effect before using the “photon” theory to explain it. Fig.
1 shows a schematic diagram of a typical set-up used to investigate the photoelectric effect.
o Liget
N Prototute
‘,{’v'_" . (evacuated)

Wetal plate{Emitier)
; (riegative)

Collector
DosiTive)-

l; Variable
DC supply

Fig. 1 Experimental set-up

Two metal plates are located at two ends of an evacuated tube. The two metal plates can be kept at different
potential differences and polarity by an adjustable DC supply.

Light of various frequencies and intensities are shone on one of the metal plates (the emitter). In doing so,
electrons could be ejected from the emitter and travel to the other metal plate (the collector).

If electrons reached the collector, a current would be registered and measured by the ammeter as shown in
the diagram.

The ejected electrons are also called photoelectrons.
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Experiment 1: Varying the Applied Voltage

A monochromatic (single wavelength) source of EM radiation of constant intensity is shone on the emitter.

When the adjustable DC supply is adjusted such that the collector is at a higher potential than the emitter,
an electric field is set up to attract the photoelectrons towards the collector (Fig. 2(a)), and a current can be

detected.
EM radiation EM radiation

\\ Mayal Plat k\"
Collettor al riale Collettor
’ & \ e \;

electric force electric force

+

Fig. 2(a) Fig. 2(b)

When the adjustable DC supply is adjusted such that the collector is at a lower potential than the emitter, it
will produce an electric field that repels the photoelectrons away from the collector (Fig. 2(b)). A small
potential difference is not able to stop the more energetic photoelectrons from reaching the collector. Hence,
a current can still be detected by the ammeter if the potential difference is not large enough.

By adjusting the DC supply, there will be a value such that the current becomes zero — this corresponds fo
the potential difference whereby even the most energetic photoelectrons could not reach the collector. This
potential difference across the adjustable DC supply is known as the stopping potential.

Results and Interpretation

Typical results are shown in Fig. 3.

Current | ok

A~ =

~NE A
\"*‘“Jﬁz\
stoppng
rd@::ﬂ ~d »
Vs 5 v

Fig. 3 Photoelectric Effect. Graph of current / against applied voltage V

Saturation Current, /s

The applied voltage Vis| the potential of the collector with respect to the emitter. As V' is increased, the
current / increases as well. It féaches a maximum and remains constant a little beyond V = 0. Increasing v

further does not increase /. This maximum current is known as the saturation current /s. It represents the
maximum rate of emission of photoelectrons from the emitter as all ejected photoelectrons reach the collector.

Note: The reason that the current reaches a maximum a little beyond V = 0 and not exactly at V =0 is that
the electrons are not all aimed straight at the collector. However, in most A-Level questions, the
saturation current is reached at V = 0. See, for instance questions S7 and D3 in Tutorial 17A.
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Stopping Potential (a measure of maximum KE of the photoelectrons), Vs

When V becomes more negative, the current decreases gradually until it becomes zero at a certain potential
difference. The magnitude of this potential difference is known as the stopping potential Vs.

The current decreases gradually because when the photoelectrons are ejected from the metal surface, they
can have different kinetic energies (KE). When the applied voltage is negative, the photoelectrons are
repelled by the collector, but some can still reach the collector if they have sufficient KE.

As the applied voltage becomes more negative, more and more photoelectrons which do not have sufficient
KE will fail to reach the collector and the current decreases. When the negative applied voltage is large
enough, even the most energetic photoelectrons cannot reach the collector, i.e., / = 0.

energetic photoelectrons (i.e., KEqax) when they are first ejected from the metal surface. The

/ The adjustable DC supply is used as a means to determine the KE possessed by the most
CAUTION
applied potential difference V does not alter the KEm.x in any way.

The potential difference just enough to stop even the most energetic photoelectrons is called the stopping
potential Vs. By applying the Principle of Conservation of Energy, the kinetic energy of the most energetic
photoelectrons KEnmay, is therefore equal to e Vs

Thus the stopping potential is a measure of the maximum kinetic energy (KEma) of the photoelectrons.

KEmax = eVs

Now that we have a way of measuring KE.. of the photoelectrons, we can investigate how KEnax changes
with other factors like the intensity and frequency of the incident light.
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Experiment 2: Varying the Applied Voltage for Different Intensities of Light

Experiment 1 is repeated for two different intensities of the incident light, Intensity; and Intensity,. The
frequency of the incident light remains the same.

Results and Interpretation

Typical results are shown in Fig. 4.

Current |
;1 Intensity;
T Intensityi<intensityz
Intensity;
L
5 >
b 75 v
Fig. 4 Effects of changing light intensity (ACTUAL results)

The effect on the saturation current (/) is higher for increased intensity, Intensity:.

However, the graph also shows that KE .. is not affected by the intensity. This observation is not consistent
with the wave theory of light.

According to the wave theory, increasing intensity would increase both /s (saturation current) and KEmax
(hence the stopping potential) of the photoelectrons. The wave theory would predict results similar to Fig. 5.

Cj‘yn*ent /
Intensity:
Intensity; < Intensity:
Intensity;
Vs -Vsi v
Fig. 5 EXPECTED results as predicted by wave theory

10

www.KiasuExamPaper.com
467



7:_] 2017
17.1.4 The Photoelectric-Effect

Einstein offered an explanation for the photoelectric effect by assuming light to be made up of photons.
According to Einstein, when light shines on a metal, a photon can interact with an electron and causes the
electron to be ejected from the metal.

In the interaction, the photon gives up all its energy to the electron and disappears in the process. Part of this
energy is used to do work necessary for the electron to leave the metal. The rest of the energy appears as
the kinetic energy of the ejected electron. Each ejected electron is the result of an interaction with one photon

only.

Some electrons are more strongly held than others. For the least strongly held electrons, the work done is a
minimum and is known as the work function of the metal, ®. These least strongly held electrons will have
maximum KE when released through interaction with a photon.

The work function is the minimum amount of energy required to remove an electron from the metal
surface (i.e. the energy required to remove the least strongly held electron).

Different metals have different lattice structures and hence different work functions.
By applying the Principle of Conservation of Energy to a single photon-electron interaction:
Energy of photon absorbed = Work done to liberate an electron fram material + KE of emitted electron

For the least strongly held electron:

hf = @ + KEnax

photon energy needed to  kinetic energy of

energy eject the least the least strongly
strongly held held electron when
electron ejected

Einstein's proposal clearly predicts that the KEy., is dependent on the frequency but not the intensity of the
incident radiation.

It also clearly explains why a threshold frequency exists. The threshold frequency is the minimum frequency
of the incident radiation required to cause the emission of electrons from the metal.

If the energy of a photon is lower than the work function (i.e, hf < ®), then the photon can never eject an
electron from the metal. Therefore, below a certain threshold frequency, no electrons can be emitted.

Normally one photoelectron is ejected by interacting with one photon. The probability of two photons
simultaneously hitting a single electron is very low.
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Experiment 3: Varying the Applied Voltage for Different Frequencies of Light

In this experiment, we will repeat Experiment 1 for different frequencies. For a given value of f, we vary the
applied potential difference, V and measure the current, /. By plotting / against V, the stopping potential, Vs,
can be determined (i.e. the value of Vwhen /=0).

We will repeat this process for different values of incoming frequencies.

Current, |
&
foxfz>fa>ft
/ J;E
,f’/ 7 _,/ ;.
# o E
2 B F //
F P A
4 // fz ;‘r__«“fg /;”f.? j__;'fg
" f //. /( b ,ffl
e e e L —
Ve -Ver Vo2 -Vsi 4
Fig. 6 [against V for different frequencies

However, KEa cannot be measured directly in this experiment. If we want to plot KEqayagainst f, we use the
relationship between KEnax and the stopping potential on page 9, which is given by:

KEmax = eVs

We may now plot each value of fagainst its corresponding value of eV,

KEmax (= €Vs)4

J=

b
P

frequency f

Fig. 7 Graph of KEu.x against frequency f
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Validation of Relationship

The results indicate that the relationship
KEmax = hf' (D
is correct. This gives strong support for Einstein's theory for the photoelectric effect.

When the experiment is repeated for different metals (i.e, different @), Fig. 8 is obtained.

A
Maximum KE of 1
photoelectrons, Cs K Be
KE!T!FJX
f, (Cs) "
Light frequency,
Fig. 8 Graph of KEn.x against f for various metals

The gradient is the same for all the metals, but the x and y intercepts are different.

Drawing Conclusions

From the equation:
KEmax =hf-®

(i) The gradient and the Planck constant

The gradient gives the value of Planck constant.

The gradient is the same for different metals and should be equal to the Planck constant, a universal constant.

Experimental data shows that the gradient of the graph agrees with the value for h which Planck had derived
separately when he was trying to fit experimental data for the spectrum of black body radiation.

This is very strong evidence in support of Einstein's theory because experimental data from different metals
gave the same value for h.

~{)

(i)  The vertical-interce ptand the work function

The value of the vertical- intercept gives the work function of the metal.
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From the equation, the y intercept gives the work function of the metal. The value varies for different metals
as they have different lattice structures. The work function is usually given as a positive number. So, for
example, if y intercept is -2.80 eV, ®=2.80eV.
(iii)  The x intercept and the threshold frequency
When KEqax = 0, the energy hfy of the incident photon is equal to the work function ® of the metal:

hfo=(D

This means that according to the “photon” theory, if the incident light has a frequency below f, no
photoelectrons will be produced, no matter how intense the light.

fois the threshold frequency, o=@ /' h

For different metals, the threshold frequency is different because different metals have different work
functions.

14
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Summary - How the “Photon” Theory explains the observations of the Photoelectric Effect

The three problems below show the failure of the wave theory and the success of the photon (or particle)
theory of light in explaining the observations from photoelectric emission.

1. The Intensity Problem

Wave Theory: According to the wave theory of light, when the intensity increases, there is a larger amount
of energy in the wave and the kinetic energy of the photoelectrons would be expected to be higher. This
would result in a higher measured KEq.x. Experiments show that this is not true; intensity does not affect

KE max.

Photon Model: If intensity is increased, keeping frequency constant, the number of photons falling on unit
area per unit time is increased but the energy of each photon remains the same. Since each photoelectron
is produced by one photon, the maximum kinetic energy of the electron remains unchanged.

Recall the definition of intensity,

Intensity = power passing per unit area perpendicular to direction of energy propagation

power  Energy N x(hf)

Intensity = =
J Area timexarea txA

where N No. of photons: hf: energy of 1 photon; £ time; A: cross sectional area

If the frequency remains constant, then energy of each photon remains the same. Greater intensity
simply means larger number of photons incident per unit time. This just means that a proportionately
larger number of electrons will be emitted per unit time, resulting in a proportionately larger photoelectric
current. The KE.ax of the photoelectrons does not change.

2. The Frequency Problem

Wave Theory: The wave theory cannot explain the existence of the threshold frequency. According to the
wave theory, if the intensity is sufficiently high, electrons will be ejected regardless of the frequency. There
should not be a threshold frequency.

Photon Model: If the energy of the photons is below hf,, the photons cannot liberate any electrons. The
minimum amount of energy needed to liberate an electron is ®, which is equal to hf,, where fo is threshold
frequency.

3. The Time Delay Problem

Wave Theory: The wave theory predicts that at very low intensities, there will be a time delay before
photoelectrons are detected. This is because at the low rate of transfer of energy to the electron, ample
time needs to be given for sufficient energy to be accumulated for the electron to escape from the metal.
However, experiments show that there is negligible time delay. Photoelectrons are detected as soon as
the metal is exposed to light of-suitable frequency, even if the intensity is low.

Photon Model: The energy of 'Qi'iphoton is transferred in a single interaction. If the photon energy is large
enough, electrons should be liberated as soon as the light shines on the metal. There should be no time
delay.
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Example 3
In photoemission from a given material, when the wavelength of the incident light is increased, the

A maximum kinetic energy of the emitted electrons increases.
B minimum kinetic energy of the emitted electrons deceases.
minimum kinetic energy of the emitted electrons increases.

@ maximum kinetic energy of the emitted electrons decreases.

Example 4 (N89/1/29)

In an experiment on the photoelectric effect, different metals were illuminated with monochromatic
light of variable frequency and variable intensity. It was found that, for each metal, electrons were
emitted with a spread of kinetic energies up to a maximum value. This maximum kinetic energy
depends on

A the metal but not on the frequency or the intensity.
the metal and the intensity but not on the frequency.
@ the metal and the frequency but not on the intensity.
the frequency and the intensity but not on the metal.
E the metal, the frequency and the intensity.

Example 5 (N84/11/14)

A student connects a photocell to a supply and finds that when the cell is exposed to monochromatic
radiation a current flows only when the potential difference across the cell is less than 1.6 V. What is
the maximum energy of the emitted electrons?

whn frure 8 4 pd. aces  fag oM, o KEs of tha ?wlcdﬂm o
cowered PE¢ as GWM e llecttr. 0 cuwemt 3 glswwed F P PS5t
weigete phutoelectsw  ave  uet wbeto ngacnive  wl(&for,
Based on Eiveteius Pkffwﬂa*'rt CAutw, fne wiask Overgph Comited  fectowr hag
R OuerGy  GivomYy -t A U A ey oty Pum)}: 4 vvk  fa o of
Htw  matiad -

KEMWL:Q’\}’ =[-baV

Example 6 (NS0/1/29)

Light quanta of energy 3.5 x 10" J fall on the cathode of a photocell. The current through the cell is
just reduced to zero by applying a stopping potential of 0.25 V. What is the work function energy of
the cathode?

A thkh S [ 1qmw+mwa§'“f,5hf enorg.

Light queda eefeste & Stam of putons

Based on Ewtei’s Putoeltctrd  equ -

woek functin, 9(:#«{-@\;;
=23-Tx0- crexto
=3, | x(0-"]

yezs)
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Example 7 (N91/1/28)

An ultra-violet source of radiation causes the emission of electrons from a zinc plate. What would be
the effect of a more intense source of the same wavelength on the maximum energy per electron, and
on the number of electrons emitted per second?

Max. enerqy per electron

No. of electrons emitted per second

A less
é the same
the same
D more
E more

more
the same
more
the same
more
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17.2 Atomic Structure and Line Spectra

17.2.1 Atomic Models'

For a long time, people have been wondering what matter was made of. The first atomic theory of matter was
developed as early as 500 BC by Democritus, in which he believed that matter was made up of particles so
small that they could not be further subdivided. These particles are known as atoms (dropov, meaning
"indivisible" in Greek).

(a) | ®)

Electron

i T

B 0 °° o

Electren

L% BRI
%

2 Fulherford model

Electran cloud

(d)

B Bahr model =i B Elegtron cloud model

Fig. 9

Joseph John Thomson, after he discovered the existence of electrons, came up with the plum pudding model
of the atom. He suggested an electrically neutral atom as composing of electrons surrounded by a relatively
large, uniformly distributed, positive mass to balance the electron's charge, much like raisins embedded in a
plum pudding (a traditional English Christmas fare).

The Plum Pudding model (Fig. 9(a)), however, was disproved by an experiment known as the gold foil
experiment (Geiger and Marsden, 1909) whereby alpha particles (helium nuclei) are scattered at different
angles when they are incident upon a thin gold foil. Erest Rutherford proposed a model in which the electric
charge of an atom is not distributed over the whole area of the atom but is concentrated in a small area (Fig.
9(b)). He envisaged the atom as having a central positive nucleus surrounded by negative orbiting electrons,
somewhat similar to the solar system. This model suggested that most of the mass of the atom was contained
in the small nucleus, and that the rest of the atom was mostly empty space. He tested his model successfully
against data from the gold foil experiment and came up with the Rutherford scattering formula.

Unfortunately, Rutherford's model faced a very fundamental problem. Maxwell's electromagnetic theory
predicted that a charge undergeing acceleration will radiate EM waves, losing energy in the process. This
means that the orbiting ele’ct;rfb\r-is_. which undergo centripetal acceleration, will lose energy through EM
radiation and rapidly spiral into4he nucleus!

Bohr's model of the atom

" In this topic, the Bohr model of the atom will be the main model used. Alternate models and the gold foil experiment
will be covered in greater detail in the topic of Nuclear Physics.
18
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In 1813, Niels Bohr presented a new model of the atom to address this problem. Bohr adopted Rutherford's
picture of an atom as a nucleus surrounded by electrons moving in circular orbits, but he improved upon the
old model by making a number of assumptions in order to combine the new quantum ideas of Planck and
Einstein with the traditional description of a particle in uniform circular motion (Fig. 9(c)).

Inspired by the quantisation of energy levels of a blackbody in Planck hypothesis, Bohr assumed that the
electrons could only orbit the nucleus in particular circular orbits with fixed energy (and angular momentum).
Electrons in quantised orbits do not radiate electromagnetic waves because they could not lose energy in a
continuous manner, and hence they were not allowed to spiral into the nucleus.

To incorporate Einstein's photon concept, Bohr theorized that a photon is emitted only when an electron
jumps orbit from a larger one with a higher energy to a smaller one with a lower energy (Fig. 10).
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Fig 10

When an electron in an initial orbit with a larger energy £ changes to a final orbit with a smaller energy &;,
the emitted photon has an energy of £ - £, consistent with the law of conservation of energy.

hf=Ei- Ef

where fis the frequency of the emitted light. This process is known as de-excitation.

Electrons in the atom can also jump from a lower-energy orbit to a higher-energy orbit by acquiring energy
(this is known as excitation):

+ through collision of the atom with a colliding particle (such as another electron produced in a high
voltage discharge tube). The colliding particle will impart energy to the atom equal to the difference
between two energy levels in the atom any remaining energy will be retained by the colliding particle
as its kinetic energy.

« through absorbing a photcn of energy exactly equal to the energy difference between two levels of
the atom.

The Bohr model is sometimes known as the semi-classical model of the atom, as it adds some primitive
quantization conditions to what is otherwise a classical mechanics treatment. The Bohr model is certainly not
a full quantum mechanical description of the atom. The full quantum mechanical model, or electron cloud
model, describes the election” as,a three-dimensional shape (“cloud") where there is at least a minimal
probability of finding the electn:m (Fig. 9(d)).

19
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The Hydrogen atom — an example of the Bohr model

You may find a YouTube video about the Atomic Line Spectrum of Hydrogen here:

The simplest Bohr model would be that of the hydrogen atom, which consists of an electron and a proton.
Bohr was able to derive the energy levels E, for the hydrogen atom?: :

g __136

n
nz

eV

where n is known as the principal quantum number and is a positive integer (i.e., 1,2, 3, ...).

Total energy, £, = Electron

4 removed from atom

—-151 eV }————1n=3 | Excited
states
B0 eV e g
a3 G e\ o~ —ompa 4
Ground state
Fig. 11

The electron normally occupies the energy level corresponding to nn = 1, also known as the ground state. At
the ground state, the electron has the lowest energy, -13.6 eV, and orbits nearest to the proton (hydrogen
nucleus). The higher levels are called excited states. Observe how the energies of the excited states come
closer and closer together as n increases.

The electron in a hydrogen atom at room temperature spends most of its time in the ground state. To raise
the electron from the ground state (n = 1) to the highest possible excited state (n = =), 13.6 eV of energy
must be supplied. Supplying this amount of energy removes the electron from the atom, producing the
positive hydrogen ion H*. 13.6 eV is known as the ionisation energy of the hydrogen atom.

In general, for a multi-electron atom,

The ionisation energy is the minimum energy needed to remove the
—(outermost electron from the atom.

Evidence that the energy states of the atoms are discrete and quantised is provided by the existence
of atomic line spectra, the subject of the next two sections.

2 You are not required to memorise this formula or know how Bohr arrived at it. In fact, you are not required to know

the energy levels or spectra for any particular element.
20
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17.2.2 Emission Line Spectra

When gases such as hydrogen, neon or sodium are placed inside a narrow discharge tube at low pressure
(so that the gas atoms are effectively isolated from one another), a high voltage (e.g. 1 kV) applied across its
ends causes the gas atoms to ionise, forming ions and electrons. The ions and electrons accelerate towards
opposite ends of the tube, under the applied electric field. Collisions between the electrons and atoms result
in transfer of energy from the electrons to the atoms and the atoms are excited from their ground state.
Excited states are not stable, however, and an excited atom will quickly de-excite to lower-energy states. The
excited atom can, but may not de-excite directly to ground state; it may make a series of jumps through
intermediate energy states to ground state, releasing more than one photon in the process.

| C'cI!imaror Diffraction
—4—  Sh Grating
\‘I §
. Eos Gas | :Sa‘:“'
High voltage = discharge i ' FE: HHHHHHHHHH
. - . ] b o
iowce tuhe ¢ J L
o - : Photons o
specific
freguencie
L . 4 - i 2
Fig. 12

Spectrum as
Seen on screen

The photons emitted by the gas discharge tube are passed through a collimator slit, to produce a narrow
beam of photons. Next, the photons are passed through a diffraction grating to produce an emission line
spectrum on a dark screen behind the grating.

The frequency, f, of an emitted photon depends on the energy difference between the initial and final energy
states, as given by hf = £ - Er. The frequency or wavelength of the photons emitted can be determined by
studying the spectrum seen on the screen (Fig. 12).

The emission line spectrum consists of a series of distinct coloured lines on a dark background. The
different colours or frequencies are unique to the gas, i.e., no two different gases emit the same set of discrete
frequencies of light and atoms of the same element always emit the same set of discrete frequencies of light.

Using his model for the energy levels of the hydrogen atom, Bohr was able to account for the spectra pattern
of hydrogen gas. For hydrogen gas, several distinct groups of lines can be detected, though only one group
is in the visible range (Fig. 13).

The Lyman (ultraviolet) series of lines corresponds to electron transitions down to the level n = 1, the Balmer
(visible) series are produced by transitions down to n = 2, and the Paschen (infrared) series are produced by
transitions down to n ='3; each-sefies being named after its discoverer. The Balmer series is shown in Fig.
14. (A
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Fig. 14

When the electron is given an amount of energy equal to the ionisation energy, the electron is just able to
become a ‘free’ electron. If the electron is given an amount of energy greater than the ionisation energy, the
excess energy becomes the kinetic energy of the free electron outside the atom. The free electron can have
a continuous range of energies. Inside the atom, however, it can have only one of the energy level

values characteristic of the atom.

Typically, gas at low pressure is used for spectral analysis as the atoms are sufficiently far apart and have
minimal interaction with one another. When the atoms are close together, the discrete energy levels will
become several continuous energy bands due to interactions between the atoms (you may read on "Band
Theory”), and the distinctive spectral lines will not be observable.
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17.2.3 Absorption Line Spectra

An absorption spectrum is formed when the continuous spectrum emitted from an incandescent lamp (or
white light) passes through a cool gas. The electrons in the gas absorb the frequencies corresponding to the
energies they need to jump from a lower energy state to a higher energy state. These vacancies show up as
“black lines" in the otherwise continuous spectrum of colours. An absorption spectrum, in a sense, is the
inverse of an emission spectrum of the same series.

Atomic

\ ! T
vapour in Coihﬁlam _
nilie slit Diffraction
\ Grating
i ]
— | Lz
- £ i 3 o -
Filament | > | e I
i i <
lamp ! l ! ':‘.:-
Filament ’
1 ; Continuous
lampemits a | ,
i ) specoum with
confpnuous Sk,
specttic
spactrum : .
frequencies
absorbed
. Spectrum as
Fig. 15

seen on screen

In the set-up shown in Fig. 15, a filament lamp emits a continuous spectrum of light which is incident on a
tube containing cool atomic vapour at low pressure - “cool” meaning atomic vapour in ground state. As a
photon is incident on an atom, if its energy corresponds to the energy difference between the ground state
and an excited state, it may be absorbed by the atom. As such, the atomic vapour absorbs photons of specific
energies/frequencies.

What is observed on the screen is the original continuous spectrum emitted by the hot filament lamp
with darker lines corresponding to the frequencies absorbed. Since excited states are not stable, the
atoms eventually return to the ground state. However, the photons are emitted in all directions and not
just in the forward direction. Hence the parts of the spectrum corresponding to these photon frequencies
appear darker by comparison with the other frequencies.

23
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Example 8
The diagram represents the energy levels of the four lowest states of a hydrogen atom. The energies
are in units of electron volts.

-0.85 eV J{
-1.50 eV

-3.40 eV &

-13.60 eV

(a) Calculate the longest wavelength which might be emitted by a spectral transition between any
pair of these four levels,

(b) Calculate the excitation energy for a jump from the ground state to the next higher level. Express
your answer in J.

(c) Determine the total number of spectral lines which might be detected in the emission spectrum of
atomic hydrogen, due to transitions between these four states.

(d) Suggest why the energies of the energy states are negative.
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17.3 X-ray Spectra

17.3.1 X-ray Production

X-rays was discovered by Wilhelm K. Réntgen in 1895. He found that a gas-discharge tube which he was
using with a high voltage had caused some wrapped photographic plates to become fogged. He discovered
that the tube emitted a radiation that could penetrate paper, wood, glass, rubber and even thick aluminium.
Réntgen could not find out whether the radiation was a stream of particles or a train of waves and he named

it X-rays.

X-rays are produced when high-speed electrons, accelerated through a large potential difference, collide with
a metal target and are slowed down. The target is contained within an evacuated glass tube known as an X-

ray tube (See Fig. 16).

The production of X-rays can be seen as the inverse process of the photoelectric effect. In X-ray production,
an incoming electron causes a photon to be emitted. In the photoelectric effect, an incoming photon causes

an electron to be emitted.

Photoelectric emission X-ray production ;
Transformation of the energy of a photon into the | Transformation of the kinetic energy of an electron |
kinetic energy of an electron. | into the energy of a photon.

Typical energy of photon: a few electron-volts (V). | Typical energy of electron: in the kilo electron-volts
(keV) range.

A typical plot of X-ray intensity versus wavelength is shown in Fig. 17. It consists of sharp peaks or lines
superimposed on a broad continuous spectrum. The sharp peaks are called characteristic lines or
characteristic X-rays because they are characteristic of the target metal used. The broad continuous
spectrum is referred to as bremsstrahlung (German for “braking radiation”) and is emitted when the
bombarding electrons decelerate upon hitting the target.

Healed filament Electrons are accelerated
emits elactrons by Dy a high voltags. 3l
thermionic emission S Ku
- = Characteristic
Copper rod for g2pF X-rays
heal dissipation g K
- g BE X-raysfroma
s 2 molybdenum
St eI a1 target at 35 kV
x-rays produced when
% high speed electrons
;_ _%\ﬁg ihe metal target. P i —
=1\ 04 08 08 10 .12
f;b‘ ) Wavelength {nm)
Fig. 16 X-ray tube Fig. 17 X-ray spectrum
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17.3.2 Explanation of X-ray Emission Spectra

Two distinct processes are involved in X-ray emission (corresponding to two distinct features of the X-ray
spectrum in Fig. 17):

+« Process 1 accounts for the bremsstrahlung,
* Process 2 accounts for the characteristic lines.

Explaining the bremsstrahlung

In the first process, some of the electrons pass through the electric field of the atomic nuclei in the metal
target. As a result, part or all of the kinetic energies of these electrons are converted directly to a continuous
spectrum of photons, including X-rays. The electrons are slowed down or stopped by the target as a result.

The intensity of the continuous background radiation decreases gradually for increasing wavelength, but is
cut off sharply at the other end of the spectrum with a minimum wavelength Ami» (Fig. 17)

Using the quantum theory of light, one can explain the existence of Anin. When the bombarding electrons
interact with the metal atoms in the target, they can lose any fraction of their initial energy, up to the maximum
in a single interaction. If the electron loses all its energy in a single interaction, based on quantum theory, a
single quantum of electromagnetic radiation (photon) is produced with maximum energy, and hence minimum
wavelength.

If the accelerating voltage of the X-ray tube is V, and an elecfron has charge -e, the electron gains kinetic
energy eV. Thus the most energetic photon (i.e. highest frequency and shortest wavelength) is produced
when the entire electron’s kinetic energy goes to produce one photon.

Then,

e =gV=4d . . = he (For an electron completely stopped in its first interaction
e

Arin v with the metal target)

The minimum wavelength Ami in the bremsstrahlung process is INDEPENDENT of the target
material. It is dependent only on the accelerating voltage.

Explaining the characteristic lines

The second process accounts for the peaks in the X-ray spectrum at certain frequencies or wavelengths (i.e.
the characteristic X-rays in Fig. 17).

Electrons in atoms are grouped in various energy states called ‘shells’. The shell nearest to the nucleus is
known as the K shell (principal quantum number n = 1). This is followed by the L shell (n = 2), the M shell (n
= 3), the N shell (n = 4) and so on.

In the X-ray tube, highly energetic electrons which have been accelerated by tens to hundreds of kilovolts of

potential difference bombard the metal target. These highly energetic bombarding electrons can eject
electrons from the inner shetis 8- closer to the nucleus) of the atoms of the metal target. The vacancies

created will-be.quickly filled,by\_jg'léttrons dropping down from higher levels, emitting X-rays with sharply
defined frequencies associatéd with the difference between the atomic energy levels of the target atoms.

If E is the difference in energy between the two shells where the electron transition occurs, the frequency f
of the radiation emitted is related to E by

E<bf

26
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As E is very high for electronic transitions between the K, L and M shells, the frequency f of the emitted

radiation is also very high and the wavelength correspondingly short, typically of the order of 10° m or less
(i.e. in the X-ray region of the EM spectrum).

The K series of X-ray lines, K, and Kg, is due to the transition of electrons from the L and M shells respectively
to the K shell (Fig. 18(a)). There can similarly be L lines produced from transitions to the L shell (Fig. 18(b)).

Fig. 18(a) Fig. 18(b)

In Tungsten (74 protons) as seen in Fig. 18(c) and Fig. 18(d), if a K-shell was filled by an L-shell electron, the

energy of the emitted radiation is 69.5 keV - 10.2 keV = 59.3 keV and it is 69.0 keV if it was filled by an N-
shell electron.

Occupaney Energy

& Shell (keV)
1o g ] 1
B o OE
1, SRR | -
I8 M i 2.5
s 10D
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\
s 4\‘2
http:ﬂwm.\.r,chemicale!emenls.t:umibcﬁ‘r/!bﬁ}?a.gif http://upload wikimedia.org/wikipedia/commons/4/42/\WBingingEnergies jpg
Fig. 18(c) Fig. 18(d)
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Thus, energy changes (de-excitation) in electrons close to the nucleus of metals result in the
characteristic X-rays. In contrast, the emission and absorption spectra we studied in section 17.2 are due to
energy changes in the outermost shells of the atom. The energy changes producing optical spectra are about
1000 times smaller. So the frequencies of the optical lines are about 1000 times smaller, that is their
wavelengths are about 1000 times longer than those of X-rays.

Unlike the minimum wavelength, the characteristic lines are DEPENDENT on the target material.

Fig. 19 shows the characteristic lines, K« and Kg of a metal and the continuous background radiation
(Bremsstrahlung) for two values of accelerating potential, 40 kV and 32 kV, for the X-ray tube (same metal
target).

t characteristic

Continuous lines

background
~, | radiation
w
=
a

A -2
O ) min
Fig. 19 X-ray characteristic lines and background radiation

Two observations can be made from Fig. 19:

1) The wavelengths of the characteristic lines are independent of the potential difference applied — they
are characteristic of the metal.

2) Aminfor 40 kV spectrum is smaller than that for the 32 kV — this is to be expected as photons produced
by electrons accelerated through a potential difference of 40 kV would have a greater maximum
possible energy than that produced by electrons accelerated through a potential difference of 32 kV.

mim

This YouTube video answers the question: "How does an X-ray Tube Work?”

28
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17.4 Wave-Particle Duality and the Uncertainty Principle

This video gives the first part of the answer to the question: “What is the Wave/Particle Duality?"
e

=

17.4.1 Introduction

We have seen evidence that light can behave like a particle. Yet light also exhibits wave-like properties like
diffraction, interference and polarization. Experiments like the Young's double slit experimeant clearly
demonstrated so.

Can Einstein's photon hypothesis explain the interference and diffraction of light? Unfortumeic ~  cannot.
Such behaviour can only be explained using the wave theory of light.

Light behaves both as photons and as a wave.

In fact, the equation £ = hf contains this contradictory nature of light. The energy of a photon« <. . “licle of
light, depends on the frequency of the light. Light can have a frequency only if it is a wave.

17.4.2 de Broglie’s Hypothesis — Matter Waves

As a graduate student in 1923, Louis de Broglie made an astounding suggestion. Since light can exhibit
particle-like behaviour, then the converse should be true. Particles (like electrons) should also exhibit wave-

like behaviour.

de Broglie boldly proposed that a relationship between momentum (of the particle) and wavelength (of the
associated matter wave) exists for all particles:

A= ﬁ . where p is the momentum of the particle
p

A is known as the de Broglie wavelength of the particle.

Example 9
What is the de Broglie wavelength of an electron that has been accelerated from rest through a

potential difference of 54 V?

KE= }_—%5- eV
= U
M Af
=
LmeV

5%

6.65x(0 .

(aralixpe'x (exte ™ xsy

= [6x [O_IOM
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17.4.3 Evidence of Wave-like Nature of Particles

To exhibit diffraction with light, we had to make very narrow slits that are approximately equal to the
wavelength of light (107 m). For his experiment, Young used a razor blade to scratch slits on a piece of glass
that had been blackened with soot. In order to validate de Broglie's hypothesis, we must be able to observe
wave-like behaviour with particles (e.g. electrons).

The de Broglie wavelength of electrons is determined to be even shorter. In fact, it is about the same order
of magnitude as the size of a typical atom (about 10" m). This holds the key to showing diffraction of
electrons. Diffraction experiments were successfully conducted using a metal crystal. The regularly arranged
atoms of the crystal acted as a diffraction grating for the electron "waves". A number of important experiments
conducted in the 1930s were based on this principle and clearly demonstrated the wave-like nature of moving
electrons.

Davisson and Germer directed a beam of electrons onto a crystal of nickel. The atoms of nickel acted like a
diffraction grating and it was observed that the electrons exhibited diffraction behaviour.

Further experiments to demonstrate the wave nature of electrons were conducted by G.P. Thomson. He
targeted a mono-energetic beam of electrons at a thin metal foil (Fig. 20). A photographic plate placed behind
the foil revealed a bright central maximum surrounded by diffraction rings (Fig. 21).

G.P. Thomson is the son of J.J. Thomson, who discovered the electron. The father was awarded a Nobel
Prize for demonstrating that the electron was a particle. The son was awarded one for showing that electrons
can behave like waves!

Circular
diffraction
, = ring
| Incident beam b
(x rays or electrons) |~
e |"‘"‘“=m I

Target "
{powdered -
aluminum)

Photographic
film

i Fig. 21 Results from Thomson's Experiment

These electron diffraction experiments clearly show that electrons can behave like waves, and detailed
calculations show that de Broglie's equation is valid. The wave nature of electrons is something that we now
take for granted, and has been put to practical use in devices like the electron microscope.

30
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We conclude that matter or radiation cannot be adequately described by the wave or particle model alone.
The wave and particle descriptions are complementary, even though in explaining any particular

phenomenon we just need to invoke one model.

Example 10 (J77/il/33)
Calculate the de Broglie wavelength of a rifle bullet of mass 0.02 kg moving at a speed of 300 m s

p= (0.02) (300) = 6 NS

=t
=34
:éﬁ%ﬁ—— = (| x(0"

Example 11 (J80/11/37)
In 1923, de Broglie suggested that an electron of momentum p has properties corresponding to a wave

of wavelength 4. Which one of the following graphs correctly shows the relationship between 4 and p?

A A A

Of)pUBpﬁcP
)l- }l

NN
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17.4.4 The Heisenberg Uncertainty Principle

Another YouTube video, which tries to answer the question: *What is the Uncertainty Principle?”

When we take measurements in an experiment, there will always be experimental uncertainties or errors
involved no matter how good the measuring apparatus are. However, according to classical mechanics, there
is no fundamental barrier imposed by nature to an ultimate refinement of the apparatus or experimental
procedures. That is, the uncertainty in a measurement can be made indefinitely small by using more precise
instruments. :

Quantum theory predicts, however, that such a barrier does exist and there is a definite limit to the precision
of any measurement. This limit is not due to the limitation of the measuring instrument; rather, it is inherent
in nature as a result of the wave-particle nature of matter.

Imagine generating a wave in a string by periodically shaking it up and down. One would not be able to
precisely point out where the wave is along the string, but could certainly give a value for the wavelength,
and hence momentum.

On the other hand, if one were to give the string a sudden jerk, one would get a relatively narrow bump
travelling down the string. In this case, the location of the wave along the string is more defined, while the
wavelength could not be stated (it is not even pericdic). For intermediate cases, one could say that it has a
fairly defined wavelength and a fairly defined position, but there is an inescapable trade-off between the

momentum and position.

In 1927, Werner Heisenberg formally introduced this notion, which is now known as the Heisenberg
Uncertainty Principle:

AxAp, 2 h

If a measurement of position of a particle is made with uncertainty Ax and a simultaneous measurement of
linear momentum is made with uncertainty Apy, then the product of the two uncertainties can never be smaller
than h.

In general terms, the uncertainty principle states that it is impossible to know the exact values of two related
physical quantities, such as the position and momentum of a particle, at the same time.
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Example 13
The speed of an electron is 5.00 x 10° m s™' to an uncertainty of 0.00300%. Find the inherent uncertainty
in determining the position of this electron.

0.003 000
AP'—'—(‘?-”)\(O‘“)(TN(OZ) C""TF?;"_ )

=(3Fx - N5

AXE ., = ML = 0.004 §
AP |.3=Ht(0'”
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Appendix Simple Analysis of an Electron in a Box

Consider the case of an electron trapped in a box (i.e. a potential barrier with well-defined (infinite) boundary).
The potential energy of the electron in the box has a constant value, which can be taken to be zero. The
electron is confined within the box because it is surrounded by a region of very high potential energy, which
the electron cannot enter without breaching the principle of energy conservation.

To further simplify the problem, the electron is confined to one-dimensional motion. That is, the electron only
moves along a particular direction in space. As the electron cannot escape from the box the probability of
finding it outside the box is zero. If we consider the very edge of the box, the probability of finding the particle
at that point can have only one value, so the fact that it is zero outside the box means that it must be zero
just inside. The wave functions of this electron can be obtained by solving the Schrodinger equation. Fig. 22
shows three possible wave functions for this electron, each representing a different energy state.

E E £

0 X 0 = 0 i

v i ¥

0 X 0 N 0 /\ X
L N A \J ¢

7 2
1ol fet, 1l
0] n 4 0 [ X (0] . X
Fig. 22 The energy levels and wave functions for the energy states of an

electron in a box.

This is analogous to the case of the formation of stationary waves for a string fixed at both ends.
The wavelengths associated with an electron in a box of length L must have one of the values
An=2L [ n, where n is a whole number

Thus the wavelength of the matter wave is restricted to one of the values corresponding to a whole number
of half-wavelength fitting into the box.

34
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By de Broglie's postulate, the magnitude of the electron momentum must have one of the values
pe=hlA=nhl2L

Thus the electron momentum is also restricted to a particular set of values. As the potential energy is assigned
to be zero and the electron’s kinetic energy depends on its mass and its momentum, the total energy is
similarly confined to one set of particular values. (i.e. the energy is quantised into levels.)

Energy levels of the electron in a box are
En = /1/2 meVn2 = an/Qme

Note: Inthe case discussed above, we considered matter waves associated with particles frapped in a one-
dimensional box. The particle moves in a region where the potential energy is constant. As a result,
the momentum and speed of the particle is also constant within the region. But if we considered a
particle moving through a region where the potential energy varies, its speed and hence the
wavelength associated with the wave function will be changing.

In general, the analysis of a situation where the potential energy varies will require the"study of the
Schrédinger wave equation. In the case discussed above, where the potential is uniform e solutions
of the Schrodinger equation have the form of standing waves and justified the simplified-y proach we

took.

L)
Lh
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Topic 18: Nuclear Physics

Nuclear Physics
Content
* The nucleus
* |sotopes

s Nuclear processes

Mass defect and nuclear binding energy
Radioactive decay

Biological effect of radiation

Learning Outcomes

Candidates should be able fo:

(a) infer from the results of the Rutherford a-particle scattering experiment the existence and small size of the
nucleus.

(b) distinguish between nucleon number (mass number) and proton number (atomic number).

(c) show an understanding that an element can exist in various isotopic forms each with a different number of
neutrons.

(d) use the usual notation for the representation of nuclides and represent simple nuclear reactions by nuclear
equations of the form N + JHe — O+ |H

(e) show an understanding of the concept of mass defect.

(f) state and apply to problem solving the concept that nucleon number, proton number, energy and mass are all
conserved in nuclear processes.

(g) recall and apply the equivalence relationship between energy and mass as represented by E=mc2 to solve
problems.

(h) show an understanding of the concept of binding energy and its relation to mass defect.

(i) sketch the variation of binding energy per nucleon with nucleon._ number.

(j) explain the relevance of binding energy per nucleon to nuclear fusion and to nuclear fission.
(k) show an understanding_ of the spontaneous and random nature of nuclear decay.

() infer thé random natufe of radioactive decay from the fluctuations in count rate.

(m) show an understanding of the origin and significance of background radiation.

(n) show an understanding of the nature of a, B and y radiations. (knowledge of pc is not required.)

(o) show an understanding of how the conservation laws of energy and momentum in 4 decay were used to predict
the existence of the neutrino {(knowledge of antineutrino and antiparticles is not required.)

{p) define the terms activity and decay constant and recall and solve problems using A = AN.

(g) infer and sketch the exponential .ﬂai_i'l}"-é_'élf.‘radioactive decay and solve problems using the relationship x = x e
where X could represent activit)_{,.l_tiunj}_l_;i'er’ of undecayed particles and received count rate.
() define haifife. o
In2

(s) solve problems using the relation j - —

Ir1;‘2

(t) discuss qualitatively the effects, both direct and indirect, of ionizing radiation on living tissues and cells.
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Nuclear Physics

18.1 Introduction

The question of what the smallest component is from which our physical world might be constructed has
always been a driving motivation for natural philosophers and scientists in their quests to uncover the
constituent fabric of nature.

o The Beliefs of the Early Greeks

» Early Greeks believed that all matter was composed of only four 'elements' - Fire, Earth, Water
and Air.

> The Greek philosopher, Leucippus and his student, Democritus were the first to propose that
matter is made up of indivisible particles that they called atomos, a word derived from a-(not) and
tomos (cut or derived) . These ideas were however not readily accepted, with even great
intellectual minds like Aristotle and Plato subscribing to the 4 elements belief.

o Modern Atomic Theory - John Dalton (1766 - 1844)

» Early 19th century, John Dalton used scientific methods and discovered that many chemical
phenomena could only be explained if elements were made up of atoms which he proposed to be
basic, indivisible building blocks of matter.

o The Electron

» By 1909, Milikan had completed his first measure of the elementary charge. In 1910, J.J.
Thomson discovered the electron.

» These and other experiments (e.g. Rutherford’s alpha-particle scattering experiment) showed that
all the mass of an atom had to be associated with the positive charge (neutrons were not
discovered at that time), and not with the electrons.

> It was also known that the overall size of atoms is of the order 10" m and all atoms except
hydrogen contain more than one electron.

o Thomson's Plum Pudding Model

Figure 1. w F!gure 2

Thomson's Pr’um Pudding Mode/ A plum pudding

» At that time, what was not known was how the mass and charge were distributed within the atom.

> In Thomson's "Plum Puddmg Mode!" he proposed:

. the atom consrstedofp/ spbere of positive charge, of the order of 10" m in diameter. (like
the pudding) (.—/’_‘,Zf’ >
u electrons were embedded in the positively charged sphere.(like bits of plum in a more or

less spherical muffin)
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18.2

Rutherford’s Alpha-Particle Scattering Experiment

Thomson's plum pudding model of the atom was disproved in 1970 - 1911 by Ernest Rutherford and two of
his students, Hans Geiger and Emest Marsden, at the University of Manchester in England.

18.2.1 Details of Rutherford's Experiment

o Aim: To probe the internal structure of the atom.

o Description

In Rutherford’s alpha(a)-particle scattering experiment,
a-particles (Helium nuclei) from a radioactive source

were directed towards a thin sheet of gold foil in a
vacuum chamber.

»

Y

The vacuum is necessary because alpha particles
only have a short range of about 5 cm in air, and they
get scattered before hitting the foil or the screen.

FRCIOSCODE
1

Figure 3.

Set up of Rutherford’s Scattering Experiment.

The gold foil, being very ductile, is rolled into a very thin sheet of 0.00004 cm (about 100 atoms})
thick, so that the high energy alpha particles can pass through instead of being absorbed.

The angular deflection of alpha particles is measured using a microscope that has a glass screen
coated with zinc sulphide (Figure 3). A charged particle impacting with the screen will produce a

tiny flash of light, called a scintillation.

To determine how the alpha-particles are scattered, the number of scintillations N per minute is

obtained for each angular deflection, 8 (Figure 4).

Predicted Alpha-scattering based on Thomson's Model

(Hypothesis)

»

Y

»

The positive charge and the negative electrons are distributed
throughout the whole atom. Hence, the electric field inside the
atom should be quite small.

Alpha particles are doubly-charged helium ions which are
more massive than protons, and fast-moving with a
considerable amount of energy, the electrical force on an a-
particle that enters the atoms should be quite weak, so the
maximum deflection @ observed should only be at most a few
degrees.

Actual Observation

More than 99% of a-particles passed through with little or no
angular deflection,

it is expected to be 100% i.e. forallof the particles if the plum
pudding model was.correct, (")

A few. e-particles(~1 in, 8000) back-scattered, i.e. suffered
deflections of more than $0°. A very small number were
deflected backwards.

These results were so unexpected that Rutherford later wrote;

"It was quite the most incredible event that ever happened to me in
my life. It was almost as incredible as if you had fired a 15-inch shell
at a piece of tissue paper and it came back and hit you."
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18.2.2 interpretation of Results
Rutherford concluded from the a-particle scattering experiment that:

i. Very few particles were deflected from their path, i.e. most particle passed through
undeflected, indicating that the positive charge of the atom occupies very little space.
Most of the space inside the atom is therefore empty.

ii. A very small fraction of a-particles were deflected by very large angles, indicating that all the
positive charge and mass of the gold atom were concentrated in a very small volume
within the atom.

From the data, he also calculated that the radius of the nucleus should be less than 10™* m, at least 10*
times less than the radius of the atom. (Today, it is deduced that typical size of a nucleus is about 10™"°
m, i.e. 10° times less than the size of the atom.)

He worked out a detailed formula for the scattering, which matched the experimental data to high
precision and later proposed a new structure for the atom.

18.2.3 Rutherford’s Nuclear Model of an Atom'

On the basis of his experiment, Rutherford put forward the nuclear model of an atom, which had the
following features (Figure 6.); -

(i) There is a positively charged centre in an atom called the nucleus. Nearly all the mass of an atom
resides in the nucleus.

(i) The electrons revolve around the nucleus in well-defined orbits.

Of;
[

e Rutherford Scattering

7

(i) The size of the nucleus is very small as compared to the size of the atom.

efectrons

Figure 6. Atomic structure proposed by Rutherford.

: Drawbacks of Rutherford’s model of the atom:

(i) It does not obey the Maxwell theory~of electrodynamics which dictates that “an accelerated charged particle
continuously emits energy”. If an-elsctron does so, it should continuously lose its energy and set up a spiral motion,
ultimately falling into the nudeus._ Howver atoms are observed to be quite stable.

(ii) It could not explain the line specﬁr"a ¢Fhydrogen atom and its discontinuous spectrum nature.

In order to overcome the objections raised against Rutherford's model of the atom, Neils Bohr proposed the following model of an
atom. . .

0] Only certain special orbits known as discrete orbits of electrons, are allowed inside the atom.

(i) While revolving in discrete orbits, the electrons do not radiate energy. These orbits or shells are called energy levels.
Energy levels in an atom are represented by the letters K.L,M,N,... or the numbers, n=1,234,...
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Example 1: Rutherford Experiment
Young and Freedman 11th Edition - Py 1461 Example 38.5

An a-particle is aimed directly at a gold nucleus. An a-particle has two protons and a charge of +2e, while a
gold nucleus has 79 protons and a charge of +79.
What minimum kinetic energy must the alpha particle have to approach within 5.0 x 107 m of the centre of

the gold nucleus?
Assume that the gold nucleus, which has about 50 times the rest mass of an alpha particle, remains at

rest,.

E\{ COE,
?\JE'.* PE, = Kf_f‘f PE{
H‘Ei = @10“
“ng.d
s ij,\;[a";
"-'L"'Tmﬂ,v

Example 2: Size of a Nucleus
Akrill, Bennet and Millar (3rd Edition) - Pg 159 Prob. 14.57

a) Estimate the size of the full stop at the end of this sentence. 10 2 m
b) If this dot represents the nucleus of a gold atom, how large, on this scale, would the atom be?

c) Whatis in the space around the nucleus?

b Diamefer & ofom ~ 5= w

Diametw ﬂ'F- Viucleds ~ lo't"w'

Dlmwtf‘w WF mmz 10*5-;[0? = (00w

7

Q) Malw\\{ empty SpAe w e otH'th) avd & nucleds i s spa .
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18.3 Some Properties of the Nucleus o .

18.3.1 Basic Building Blocks of the Nucleus
The basic building blocks of the nucleus are the proton and neutron:

o Experiments show that we can model a nucleus as a sphere with a
radius R that depends on the total number of nucleons (neutrons and

protons) in the nucleus (Figure 7). & i :
igure 7. The ﬂuc:'!eus is
o In a neutral atom, the no. of electrons and protons are the same. approximately spherical and
confains protons & neutrons.
o The masses and charges of these particles are given below:
Proton, : P Neutron, |n Electron, |e
mp my, me
Mass 1.007276 u 1.008665 u 0.000548580 u
(1.672622 x 107 kg) (1.674927 x 107 kg) (9.10938 x 10°" kg)
Charge +e N 0 (neutral) -e
Electronic charge e = 1.60 x 10" C Unified atomic mass, u = 1.66 x 107 kg

o From the above table, we can see that over 99.9 % of the mass of an atom comes from its nucleus.

18.3.2 Nuclide Notation

o A nuclide is a species of atom characterized by the specific constitution of its nucleus, ie., its
number of protons and its number of neutrons.

o The proton number, Z, is the number of protons in the nucleus. (Z is also called the charge number,
or atomic number);

o The nucleon number, A, is the number of nucleons. A nucleon is either a neutron or proton in the
nucleus. (A is also known as the mass number)

o Therefore, the number of neutrons in the nucleusisN=A-Z

o The notation for a nuclide X with proton number Z and nucleon number A is £X .

18.3.3 Isotopes

o Isotopes are atoms that have the same number of protons but different number of neutrons.

o Examples of isotopes of hydrogen : |H (hydrogen); iH (deuterium); TH (tritium)
Examples of isotopes of carbon:
Abundance in Nature Remarks
o Trace Radioactive : Half-life of 20.4 min
C 98:90-% Stable
e //130% Stable
l; C Trace Radioactive : Half-life of 5730 yrs

o |sotopes have nearly identical chemical properties (same proton -number) but different physical
properties (different nucleon number).
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18.3.4 Common Units used in Nuclear Physics

o Atomic Mass: Atomic masses are usually expressed in terms of the unified atomic mass unit (u).

o Atomic Mass Unit (u): One unified atomic mass unit is one-twelfth the mass of the carbon-12 atom.

1 [mass of 1 mole of carbon—12J 1 ( 0.012 kg
Hence, 1u =

ot 291219 1 4 66 x 107k
12| Avogadro's number 12 6.02)(1023) e

o Relative Atomic Mass: It is common to find in data about a particular atom, the relative atomic mass,
m,. The relative atomic mass (m,) of an atom is the ratio of the mass of the atom to the unified atomic

mass unit.

mass of atom
one-twelfth the mass ofa ';C atom -

m =

It follows from the definition that the mass of an atom expressed in unified atomic mass units is
numerically equal to its relative atomic mass e.g. the relative atomic mass of Iron (Fe) is 55.845, then
the mass of one atom of Fe is 55.845 u.

Notes:

v Relative atomic mass has no unit.

v The mass number A should not be confused with the atomic mass. Mass number is an integer
specific to a nuclide and has no unit — it is simply a count of the number of nucleons. Atomic
mass is generally not an integer because it is a weighted average of the masses of the naturally
occurring isotopes of a given element, and has a unit of u.

o The Electron-Volt : In nuclear physics, the unit of energy called an electron-volt (eV) is often used :

1eV = (1.6x10™C)(1J/IC) = 1.6x10™J

Usually, slightly larger units are more convenient, such as:
1keV = 1x10°eV and  1MeV = 1x10%°eV
(=1.6x10™J) (=1.6x10"J)

18.4 Nuclear Reactions

The nuclei of atoms can change, or be made to change, in various ways. Changes to the nuclei of atoms
are called nuclear reactions.

Examples
»  Radioactive decay :
It is a process where an unstable nucleus spontanenously and randomly changes into a different
nucleus, emitting radiation (., B, ) as it does so.

» Nuclear fission:: =\
Occurs when a large atomic nuleus splits into two smaller nuclei of approximately the same size.

> Nuclear fusion :
Occurs when two smaller atomic nuclei join together (fuse) to form a single larger nucleus. This
can only occur when the smaller nuclei have very high energy (e.g. at very high temperatures).
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18.4.1 Nuclear Reactions and Conservation Laws

Nuclear reactions may be shown in a form similar to chemical equations, for example

14 14 1
ol + GN = T + P

The transformations of particles must follow certain conservation laws. In all nuclear reactions, the
following quantities must be equal on each side of the equation:

o Sum of nucleon numbers
o Sum of proton numbers
o Net electric charge

o Total energy (sum of mass-energy, kinetic energy and em radiation)

Mass-energy Real meaning of E=mc2

» ltis observed that in a nuclear reaction, the total mass of reactant and products are different. A
decrease in mass is always accompanied by release of energy, whereas an increase in mass is
always accompanied by absorption of energy.

> The energy E associated with a change of mass m is given by the mass-energy equivalence
relation: E = me? where ¢ is the speed of light.

o Total momentum

Example 3: Nuclear Reaction Equations
Milner SAQ 1.5 and SAQ 1.6

a) The nuclear equation for a particular fission is given by : ;U + ;n — '5iCs+;Rb+2 /n
Determine i) the nucleon number, and i) the proton number of the rubidium atom

b) Two deuterium nuclei can fuse to produce a tritium nucleus and a proton. Write a nuclear equation for this
reaction.

Answer:

(a) (i) Nucleon number = 235 + 1 — (141 + 2(1)) = 93
(i) Proton number = 92 — 44 = 48 '

() {H+ TH > {H+p

Example 4: Energy-Mass Equivalence
What is the energy equivalent, in MeV, of one unified atomic mass, 1 u?

Answer:
Energy of 1 u= 1.66x 107" x (3.00_ x_-lO.?-)%J
_ 1494x107° ' '

TB0RT0° t1gr 10D e/ 2
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Example 5: Conservation of Mass Energy — Mass Loss
Serway College Physics p958 — main text (modified)

Consider the following nuclear reaction: SH+ 2N - ST e
The masses of the nuclei in the above equation are given by:

Mass of [ H =2.014102u Mass of " C = 12.000 000 u

Mass of 1* N = 14.003 074 u Mass of ; He = 4.002 602 u

a) What is the mass "lost" by the system in the nuclear reaction?

b) What is therefore the equivalent energy "lost" by the system, in MeV?

¢) What is this lost energy manifested as?

d) Suggest why the combined energies of the products are usually higher than the value calculated in (b)?

R)Q’,.b l4to2u t 14.003034u ) - ( (2 990 000U + 44,002 20 = 0. 04Ty

5) (0. 00531 Loxto™ ). 3x108)° 3 j33a102T 213 6 HeN
¢) Ke of pAt nudu C 3¢ poss ity gartma rawliedhen
d) Nuckar nus roquive t Vxt nuckel £ e buovt close ot The vrt

mucler yust (JOSSQCJ Mon- e mitiod EE to dD work agdrst .
5

tu wa\‘f"t -FW% L;(au e wt vl
kE of PulJc nucleit Huad vert ey = itead EE of wa-i ;
aucle + (aifrad %e"'t Wq-/ > oty

Example 6: Conservation of Mass-Energy - Mass Gain
(N82//11 - modified)

A nitrogen nucleus }' N bombarded by an alpha particle with a certain kinetic energy, transmutes to an oxygen

nucleus ;'O and a proton.

a) Write an equation for this nuclear reaction, showing the mass number and atomic numbers of the particles
involved.

b)  Find the minimum energy of the alpha particle to make this reaction occur.

¢) By also considering the linear momentum of the nuclei, suggest why even if the alpha particle were to
possess this minimum energy, it will be unlikely for the reaction to occur.

Given:;
Mass of § He =4.002602 u Mass of ' O =16.999 133u
Mass of }* N =14.003074u Mass of | H =1.007 825 u

i
a) l:N* 2“‘“‘* y O ¢ 4
h) m :[Gﬂﬂ‘m 133 + [.00}915")_\;_\(%, 60 2034 4 q-_oolé,ol)] 2 0.00[282¢

£ = mc? (00005 7Ct5"5%{\e"* )03 x () 2;_ [Age™™) 2 [.29Me vV

) B\( PCOM, sine Tt it p was net O,
fe pdt quclides mast also Mae nou-zeso p % fu KE -

Inteot '?51_ aﬂﬁ@y.t- KEQ_F tyt = Fﬂ‘lW'\ rest %M\(-{- EE O'F POH U4
AS '{"r{"”{ MM Mdmh"’f?ﬂ/ Hvig -ﬁ'hd {'0'['(&}{ W0 vinantfuiim Q.

tiuadl KE of l‘bo{'[‘s 20 (i.e Fﬂ‘:{'c w il have S?fuﬂ
TS wemns Jie| T Et; JEES Wi Mo~ M aan b accodme A Ly by tag 10
He

wmin  eudn 455255 KigsRxamiapgeicamn L Gt 3
il ";"N"‘T a7 5,;*?[!&!)‘1%%“- R e Ve o e
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18.5 Nuclear Force & Nuclear Binding Energy

An atomic nucleus consists of positively charged protons and neutral neutrons concentrated in a tiny
volume in space. Electrostatic repulsion between the positively charged protons should have caused the
disintegration of the nuclei spontaneously. However we know that other than radioactive nuclei, nuclei are
relatively stable.

It dawned on physicists that there must be another force, other than the electrostatic force, which holds the
nucleons together — the Strong Nuclear Force.

18.5.1 Strong Nuclear Force & the Stability of Nucleus

o Nature and Range of the Strong Nuclear Force Force between nucleons/N

» Attypical nucleon separation 1.3fm (1.3x10™m), 2|
it is a very strong attractive force (1 o' N). c_zﬂ | typical nucleon Coulomb repulsion force
> At much smaller separations between nucleons, & || seiaraﬁon {long range)
the force becomes repulsive. . T &
» Beyond about 1.3 fm separation, the force quickly : 3 3 """" p Hidoa
dies off to zero. g ' ' Separation
» Thus, the nuclear force is a short-range force. g x 1075 m)
» The much smaller Coulomb force between protons &
has a much longer range and becomes the only ‘14 Strong nuclear force
significant force between protons when their 107 (short range)
separation exceeds about 2.5 x 10° m.

Figure 8. Graph of Strong force between 2 nucleons
o The nuclear force is independent of charge

The nuclear forces associated with the proton-proton, proton-neutron and neutron-neutron interactions
are the same.

18.5.2 Stability of a Nucleus i

Apart from the nucleus of |H atom, there is a very delicate balance
between the strong nuclear forces that act between adjacent nucleons
and the electrostatic forces that act between the protons and this
determines how stable a particular nucleus is.

Out of the 339 naturally occurring nuclides, 254 are stable and 85
unstable. Beyond the 339 naturally occurring nuclides, more than 3000
radionuclides have been artificially produced.

Mestmon mumber N

A plot of N vs. Z for a number of stable nuclides is given in Figure 9.

o Note that for light nuclides, they are most stable if they contain
almost equal numbers of neutrons and protons (i.e. N = 2).

o Heavier nuclides are more stable if N> Z.

oW 4 W oMW T osh W

- This difference can.be partially understood by recognizing that as ) e
the number of protons increases; the’ electrostatic repulsive force ——

increases, and this tends to break<the’nucleus apart. Hence, more

neutrons are needed to keep the nucleus stable as neutrons are

- affected only by the attractive nuclear forces.

Beyond Z = 83, there are no stable nuclides. This is because the
repulsive forces between the protons can no longer be
compensated by the addition of neutrons.

A plot of the neutron number N versus the
proton number Z for the stable nuclides
(solid points). The dashed line corresponds
to N = Z. The plots are centred on the so-
called line of stability. The shaded area
shows radioactive (unstable) nuclides.

Nuclides that contain more than 83 protons are unstable and tend to decay or disintegrate into other

nuclides.
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18.5.3 Nuclear Binding Energy

o Similar to the ionisation energy (also known as electron binding energy) that is required to supply to an
atom to completely liberate an orbital electron in its ground state (lowest energy level), work has to be
done against the strong nuclear force to disassemble a nucleus into individual unbound protons and
neutrons. The energy required at nuclear level is in the order millions of times greater than the
ionization energy at atomic level.

The binding energy of a nucleus is the energy required to separate the nucleus into its
constituent neutrons and protons (Figure 10).

Nucleus _ Separated nucleons
(smaller mass) (Energy supplied) (greater mass)

Figure 10. Energy must be supplied to break up a nucleus into its constituent neutrons and protons.

o This binding energy is also the energy that is released when free protons and neutrons are bound
together in a nucleus (Figure 11).

individual protons and neutrons Nucleus (Enermy rekeassd)
(greater mass) (smaller mass)

Figure 11. If the nucleons bind together to form a nucleus, energy will be released.

18.5.4 Mass Defect
o Recall that mass and energy are actually equivalent and are related by Einstein’s equation E = mc?
o Since energy is released when the individual protons and neutrons bind to form a stable or semi-stable

nucleus, the nucleus will have a smaller mass than the total mass of the separate neutrons and
protons.

This difference in mass Am is known as the mass defect.
o In general, to calculate the mass defect Am for a nucleus that has Z protons and N neutrons:
Am = (Sum of mass of constituent nucleons) — (Mass of nucleus)

Am = Zmp + Nmn—MnucIeus

where m, : mass of a proton , my - mass of a neutron, Mayess : mass of the nucleus

o It therefore follows from Einstein's mass-energy equivalence relationship that:

Binding Energy E = (Am)c? where Am is the mass defect.

BE, Nuclear Strong Force
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Example 7: Binding Energy of Deuterium
Serway College Physics p943

The nucleus of the deuterium atom, called the deuteron, consists of a proton and a neutron. Calculate
the deuteron's binding energy in MeV, given that its nuclear mass is 2.014 102 u.

Mass of proton m, = 1.007276 u
Mass of neutron m, = 1.008665 u

" -2

B = (1.00F2764 .00ELET )= 2.01¢(0) = |3 » (D7 U

Ef"dmﬂ CMM?{ s{ o{eq{-\'.w' ' \! ¥

z u
b -
B.£> UL83Tw (077 u) (N4 Hev)= (-2 Mev

18.5.5 Binding Energy per Nucleon (B.E/A)

o Although the larger an atomic nucleus, the [ Eiement Massof | Nuclear | Binding | BE/A
greater its total binding energy, it is the binding protons & | Mass/u | Energy/ | /MeV
energy per nucleon that determines the Deater 2"3{;"9’;5;” 2.01355 ;;1;\! 1.12

HH euterium A A3 D ™

stability of thanuslene. Helumd | 4.03188 | 400151 | 2829 | 7.07

e Lithium 7 705649 | 7.01336 | 40.15 5.74

The binding energy per nucleon represents Beryllium9 | 9.07243 9.00999 | 58.13 6.46
the average energy required to remove a Iron 56 56.44913 | 55.92069 | 492.24 8.7906

nucleon from the nucleus. Silver 107 107.86187 | 106.87934 | 915.23 8.55

Todine 127 | 128.02684 | 126.87544 | 1072.53 | 845

Lead 206 207.67109 | 205.92952 | 162227 | 7.8

L Polonium 210 | 211.70297 | 209.93683 | 1645.16 | 7.83

o Therefore the greater the binding energy per |(j.uium235 | 236.90849 | 23499351 | 1783.80 | 7.59
nucleon, the more stable is the nucleus. Uranium 238 | 239.93448 | 238.00037 | 1801.63 | 7.57

1)

4)

9)

A graph of binding energy per

Table 12. binding energies per nucieon for some common elements

nucleon against the number of S g- e BFe 84
nucleons (Figure 12) shows several 2| wo e s
interesting features: c gqi2ce” : : 2T 2y
ol oo syt -
Very small nuclei and very large & 7'§‘f§'° Fusion B Fission =
nuclei are both less stable than 864 Ef,ﬁ — -
nuclei of intermediate sizes. g 5 i o
The average binding energy per s |
nucleon is about 8 MeV. §4_E
*Fe is one of the most stable and 53 ~£33
abundant nuclei. It resides close to 24 3“6
the top of the curve, with a binding
energy per nucleon of 8.8 Me\e—(") 1 TzH
, 4 0 i [} ] 1] ] ) L W F i ¥ I

Very -small nuclei tend toform |
more stable heavier nuclei through
fusion.

20 40 80 80 100 120 140 160 180 200 220 240
Nucleon number or Mass number (A)

Figure 12. Graph of Binding Energy per nucleon vs the Nucleon Number (A)

Similarly, very large nuclei can be
split into smaller, more stable
nuclei through fission.
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Example 8: Binding Energy per Nucleon
TYS N85/1l/11 (part)

The conventional notation for a certain nuclide is ., Br.
a)  Write down (i) the number of protons, (ii) the number of neutrons, in its nucleus.

b) The mass of its nucleus is 80.8971 u. Taking the proton and neutron masses to be 1.0073 u and 1.0087 u
respectively, deduce the binding energy per nucleon.

¢) Sketch a labeled graph showing how the binding energy per nucleon varies with mass number, indicating the
approximate position of £ Br on the curve.

d) Explain the implications for the stability of a given nuclide of a low value of binding energy per nucleon.

B.E

A)). No. O{ ?W‘hhi; =55 o =

i), No. o peutwns, A -7 =Bl-35=Y6

"1’ % B Jues

b) Mass A,,J}uf d b ndens J

5""‘=U$M-UU7‘H(%mﬂﬂ%})-?ﬂ.ﬁ’!ﬂ: .35y u ¢

€ ¢
B.E “'F Bv-%’| qu(feds= U-?rg’bxqﬁ; 108 MeV : ;
P.E po mucleewz TR MeV ¢ 1
Asg ﬁd_j

4 1.¢ pov  wuclén N.?Mw-fb the  avy. ey mabmweo( o Iyt o A

hudeen frm o vuclewy. Lowey valwe of B | por wacleor  pqnc  fess
Mquiv\eol to m‘mvﬂ'{u wack  fw 4wy P L iven vucliely o Yer

Example 9: Binding Energy per Nucleon low vaue of B.E pav wcleet will pe fogs
TYS N96/11i/6 (part, modified — graph from Akrill,Benett and Millar) S"{'q vle

The binding energy per nucleon varies with nucleon number in the way shown in the figure. During one particular
fission process, a Uranium-236 nucleus gives, among its fission products, a Strontium-90 nucleus and a Xenon-143
nucleus.

a) Use the values on the figure to calculate the energy released mass number
during this fission process. 019 20

b) What other fission particles are produced by this process? |
Why do these particles not have to be taken into account in
the calculation in (a)?

c) Why does a release of energy occur when there is an
increase in the binding energy?

®) Enerny equived to (it A Lscon ven
(. BE of U-3¢) = (F.6)0024)= 1793.6 MaV

B.E offer ran= (5:6)(19) £ (53R =~(960.9 MeV
Net enway refeaed oluving Lssim process= (9609~ (4f-6 }lb}&% MeN/

=
4

©
=)

il
=

binding energy
per nucleon/MeV
=]
i

™
in

=
=]

cﬁ\}j

51,.)(8 « & :;V'-

Nt ore Fwa(wced_u-r;;ge weed vet Ye  tuke” Mte  account M e
wlulatem v (a) 15 there ane o bl‘nd(fh-j revey invlved  fov smgle
isolated v eufon . 7

234 [ 6 o ==
b) g, Ule\ B 3A) Ao Ay %

¢y Tl g A Cie sum of B.E of flssom  pugeot < 8.5 of pdkts) o e o
a U W Btad web wmass (1. e, rest mass ﬂ—f Lssim wuci® 7 rest mass of \W['{‘ﬂ

By Tl Wm:;_we*ﬁ\( lqupmlemce pyiciple , a4 ;i CARE Ty wplies 4 14
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18.6 Radioactivity

As we have seen, the stability of a nucleus is determined by its binding energy
per nucleon. One of the possible routes which unstable nuclei can become more s
stable is via radioactive decay. W~

o Radioactive decay is a spontaneous and random process where an unstable nucleus changes into a
more stable nucleus, emitting radiation as it does so.

» Spontaneous Process:
When we say that radioactive decay is a spontaneous process, it means that radioactive decay is
not triggered by external factors or influences, and the rate of decay is not affected by
environmental conditions.

» Random Process :
When we say that radioactive decay is a random process, it means that it is not possible to predict
which nucleus will decay or when a particular nucleus will decay, and the probability of decay per
unit time is constant and the same for all nuclei in the sample.

o Hence, the decay of a radioactive atom is not affected by any chemical reaction. It can neither be sped
up nor slowed down and is independent of physical conditions such as temperature, pressure and the
decay of other atoms.

o Evidence of Randomness of Radioactivity

» The random nature of radioactive decay can be demonstrated by observing the fluctuations in count
rate.

» When a Geiger-Muller tube (See Appendix A) is placed near a source, the irregularity of the counts
and the fluctuations in the count rate recorded by the tube show the randomness of radicactive
decay (Figure 13).

Count Rate /s

1

0 30 60 90 120 150 180 210 240 tis

Figure 13. The fluctuations-in the count rate of a radioactive decay demonstrate its random nature.

o When one nucleus changes into another through a spontaneous decay the process is known as
transmutation.

www.KiasuExamPaper.com
506



Nuclear Physics

18.6.1 Types of Radioactive Decay EEE
Alpha Decay ;

o An a-particle is a fast moving Helium-4 (1He ) nucleus emitted =]
from an unstable nucleus. It has a charge of +2e. TEFERCHRG.

o Alpha decay occurs when an unstable heavy nucleus (the
“parent”) ejects an alpha particle, transforming itself into a
different nuclide (the “daughter”) after losing two protons and
two neutrons (Figure 14).

Parent nucleus % ;HE

= emitted & paricle
’@- 24 /

o Alpha decay «can be witten symbolically as: :ZU
Z e 2 j ) s -: He Daughtsr nudeus
Z 22 2 z:{h

o where ‘X is known as the parent nucleus and ;Y is known
as the daughter nucleus.

Figure 14. Alpha decay of U-238.

e.g. 2 is an alpha emitter and decays according to the following scheme (Figure 14):
U - 5'Th+ jHe

o Alpha emitting nuclei tend to be very heavy nuclei (with very high proton number).

o Energy and Momentum in « Decay

Energy is released during an alpha decay. By the mass-energy equivalence principle, the combined
rest mass of the daughter nucleus and the alpha particle is smaller than the rest mass of the parent
nucleus. The energy released shows up in the kinetic energy of the daughter nucleus and o
particle.

Since the total linear momentum is conserved, when the parent nucleus was initially at rest, the
daughter nucleus and the a-particle must have equal but opposite momentum. Since the o

particle has a much smaller mass, it therefore carries away most of the kinetic energy.
2

_B
(Useful alternative expression of the kinetic energy of a particle: 2m)

Example 10: Alpha Decay
TYS N83//13 (part)

A stationary radon atom may decay spontaneously intc a polonium atom and a helium atom, as shown:

Z2Rn — 4,'Po+ jHe

The rest masses of these atoms are : 222Rnr 222.0176 u; #8pg, 218.0090 u: “He, 4.0026 u.

a) Explain carefully how energy is conserved in this decay. Assuming that no y- ray is emitted, calculate the total
kinetic energy of the decay products. :

b) Explain carefully how momentum is conserved and calculate the speed of each of the decay products.
9) _':'-:T"“\ B o O{J-Lﬁ\' ‘)o{'[';,

= (ewm)? ; L
- (2327 913k 23 oY t@ﬂ?ﬁﬂ)u bb (07 k5 (3.0 (%3]

=5 e Pt g-iﬂ(‘bj”f(

by oot of s -onupy 5 E > duaa )" £ 3919 (Vp0) O
Sofve @ Lo,
of & pavditte, vg=1[6.3% (0 fwis

Speed of pg-20 abwm, vp, -113'{3((0 m[s
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Beta Decay
o Beta decay is a type of radioactive decay in which a /- particle is emitted.
o A f particle can be

. a high speed electron ejected from an unstable nucleus, referred to as 8~ particle, or
. a high speed pasitron’ ejected from an unstable nucleus, referred to as §° particle.
(For the purpose of the A-level, B-particle refers to the electron.)

o Betadecay canbe:

. Beta-minus (8" ) decay, .
where an unstable neutron in the nucleus transforms into a proton and electron and
ejects the electron (8™ particle). (Figure 15a)

The decay process can be written as :

iX > 4. Y+ e (incomplete expression)

. Beta-plus (8" ) decay,
where an unstable proton in_the nucleus transforms into a neutron and ejects the

positron (8" particle). (Figure 15b)
The decay process can be written as :

4 4 0 ; :
X—> 5 Y+ e (incomplete expression)
(a) Beta-minus decay {(b) Beta-plus decay .
A newtron changes e 4 A proion changes inlo &
Before: proton and mn Refare: noutron and & positron,
The elecir ¢ The positron is gjected
from the 5 from the sucleus.
After: ¢ After: i v
o O — o] ¢
Figure 15(a) Figure 15(b)

o In both cases:
1. As the proton number has changed, the parent nucleus transmutes into another nucleus
2. Although the respective numbers of protons and neutrons in the nucleus change during beta decay,
the nucleon number remains the same.
3. Although S~ decay results in an electron being ejected from the nucleus, the electron DOES NOT

exist within the nucleus prior to the Fdecay. It is created during the radioactive decay process.
(This process is NOT ionization, where an orbital electron is freed from an atom.)

? Positron is the antiparticle of the electron. Corresponding to most kinds of particles, there is an associated antiparticle with the
same mass and opposite charge.
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More on Beta Decay - the Existence of Neutrinos

Consider the § decay or 4" decay represented above. (Figure
15). If you apply conservation of linear momentum and The observed energies of betx
conservation of mass-energy to each decay, you will see that particles arc continuous, having

; - . g - all vitlues i iy valie.
for an radioactive isotope /X, the f radiation emitted should e e s

have only a single momentum and energy.

However, experimentally, it has been found that beta particles
from a single type of nucleus are emitted over a range of
energies and momentum, violating both conservation of energy
and momentum.

Number of B-particles

Ranetic energy

Figure 16

In 1930, Pauli proposed a third particle must be present in the decay products. Enrico Fermi named this
particle the neutrino (symbol “v"), meaning the little neutral one.

o Beta Processes in their most correct and complete form is therefore:
° Beta-minus (8 )decay: X > 5. Y+ e+ (complete expression)

. Beta-plus (8" )decay : X [ Y+ ety (complete expression)
L]
where v represents the antineutrino and
v represents the neutrino

o  The energy emitted in each reaction is shared between
the f-particle and the neutrino (or antineutrino in the case
of f minus decay). This allows the g particles to be
emitted from the nucleus with a range of energies and
momentum - ensuring coherence with the conservation of
mass-energy and conservation of linear momentum.

o  Properties of Neutrino:

. From conservation of charge, we can see from the

equation above that the neutrino is neutrally
charged. If only the electron and the daughter nucleus

are measured, energy and momentom appear
. The neutrino also have neglible mass as it interacts not to be conserved. The “missing” enerey and
weakly with other matter and hence have eluded momentum are cartied away by the undetected
detection for many years. antincutrino.

Gamma Decay Figure 17

o Very often; afteran aor fdecay; the_jf,lucléus is left in an excited state.

A typical nucleus has a set"of.-jél_IOWed energy levels, including a ground state and several excited
states. A nucleus in an excited state is unstable and it will undergo decay to a lower energy state by
emitting one or more high energy Gamma photons:

X' jX+y (The excited nucleus is denoted by an asterisk *.)
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Properties of Radioactive Emissions

The table below shows the properties of the three types of radiations.

a-particle Fparticle y-ray
0
4 -1 &
Nature - ,He 1 Elactron Photon
elium nucleus (4" particle)
Charge + % —e 0
L. Very strong
lonization | (nroducing 10° to 10% ions per Strong Weak
mm of path)
Penetrating | £asily stopped by paper, skin, | Stopped by ~ 1 m air or 3 Reduced significantly by
power or a few cm of air mm of aluminum several cm of lead
Alpha rays
Deﬂection Lead contmner with hole - /)
by an e Gamima rays
Electric field =K Bela rays
Fadicactive source — + ngure 18.
Deflection : - ;
bya o
Magnetic ' St
Field \ |
Radivacove . TR
SO ¥i§
b
B. 11 Figure 19
Pepetrating power of
different radiation
r
— (:._.:.,"'»'\‘_J
&= L
7
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18.6.2 Laws of Radioactive Decay

Activity (A) of a Radioactive Decay

The rate of decay, or activity, of a radioactive sample is the number of disintegrations per unit time.

where N is the number of radioactive nuclei present.

di

S.1. unit of activity: s™ or Bq (becquerel)

Notes:

o

i— is a negative number, since N decreases with time. The activity is reported as a positive number,
t

since it represents the decrease per unit time.
1 Bq = 1 disintegration per second.
Another commonly used unit of activity is curie (Ci), defined as 1 Ci=3.7 x 10"° Bq

The curie is a very large unit. Most of the activity of radioactive substances are measured in millicurie
(mCi) or microcurie (uCi).

The GM tube measures the count rate (C) instead of the activity. This is because the detector only
captures A PORTION of the radioactive emissions from a sample of radioactive nuclide.

The count rate is actually a fraction of the activity, i.e. C < A

Background Radiation

o

In the absence of specific radioactive source, a radiation detector still picks up a non-zero count rate
(typically 20 to 50 counts per minute) from the environment. This measurement is known as the
background count.

Background count is due to ionizing radiation that is constantly present in the environment. This
radiation is known as background radiation, and its sources can be natural or man-made.

Naturally-occurring sources account for about 80% of our exposure, and is contributed by things such
as rocks, radon (a colourless and odourless gas that is easily trapped in buildings) and cosmic
radiation. Man-made sources include those used in nuclear medicine, nuclear power plants and in
consumer products (such as tobacco, which contains radioactive Pb-210). For more information on

background radiation, refer to Appendix B.

In experiments to study radioactivity, the background count is usually subtracted from the
measurement, to eliminate the systematic error in the count rate.
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Decay Constant

Although radioactive decay is a random process, if the number of radioactive nuclei is large, we can
associate a probability of decay to the nuclei.

o The rate at which a particular decay process occurs in a sample is proportional to the number
of radioactive nuclei present :

ﬂ:—)w ey (1)
dt
where / is the proportionality constant known as the decay constant.
Note:
: s s dN : ;
1. Since Activity A = ~?, we can also write equation (1) as
t
AN i)
dN
( E)

2. Equation (1) can also be writtenas: 1 =—&_

The decay constant is the probability per unit time that a nucleus will decay.

3. Reuwriting equation (1), we can also have: -
av
e RS
Integrating _[NldN——AJ  dt ¥
£ 1 N, N 0 iN, ‘___1\
i\
= Yk b
N, P\
=  IN=N,e™| i (3) ’ i\\‘
i | '
Fia 2Ty
where N is the number of radioactive nuclei present at time t e e
and N, represents the number of undecayed radioactive Figure 20. Plot of the exponential
nuclei at £ = 0. decay law for radioactive nuclei.

The curve is actually jagged (see
N . . Figure 13). The smooth curve is
Equation (3) shows that the number of undecayed radioactive fitted to represent the trend of the

nuclei in a sample decreases exponentially with time — decay. The time Ti s the half life
; = of the sample.
(Figure 20).
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4. Variation of Activity with time

Recall that the activity A of a sample of radioactive nuclei is proportional-to the no. of radioactive

nuclei present N, therefore
Ax N and 4 o« N

Equation (3) can also be written as

A=A, a¥

where A is the activity of the sample of radioactive nuclei at time t and A, is the initial activity of the

sample of radioactive nuclei at time = 0.

5. Variation of Count Rate with time

Furthermore, since the count rate C of a sample of radioactive nuclei is a proportion of the activity A,

we also have:

Co A and C, o4

i

Therefore, equation (4) can also be written as : |C =C, e™

Half-life ti2
Another parameter that is useful in characterizing nuclear decay is the half-life ;5.

The half-life of a radioactive nuclide is the average time taken for half of the original number of nuclei
in a sample of the radioactive nuclide to decay.

OR

The half-life of a radioactive nuclide is the average time taken for the activity of a sample of
radioactive nuclide to halve.

The above definition assumes a statistically large number of particles, and the half-life represents an

expectation over a long time.

o Now consider a radioisotope with a t;», =7 years

: No of radioactive - =3k [x]
Time, t nuclei present, N Simplifying 1 =
0 No uA =
2 Nuclear half-life
7yr N, N,
(1 tr) -2 ) 2!
- 14yr =7 AL N,
(2 tm;) 4 AL 7
21yr N, N,
(3 t2) 8 7k
Therefore, we see that after n half-lives, the time elapsed: t=n-t,, ’
the number of radioactive nuclei present in the sample: N= g;

www.KiasuExamPaper.com
513



Nuclear Physics

o Relationship between decay constant and half-life
From the definition of half-life, we can also see that:

A." =y Nt, e—e{-‘ — 0 ‘N e—f:fug = [”2 i —/1-— (“‘“ﬁﬂlﬂ's !ri'f‘)

Att=tf,, = N= N;

Example 11: Radon Gas
Serway College Physics. Pg 948-Example 29.4

Radon ”*Rnis a radioactive gas that can be trapped in the basements of homes, and its presence in high

concentratlons is a known health hazard. Radon has a half-life of 3.83 days. A gas sample contains 4.00 x
10° radon atoms initially.

a) How many atoms will remain after 14.0 days have passed if no more radon leaks in?
b) What is the activity of the radon sample after 14.0 days?
c) How long will it be before 99% of the sample has decayed?
AY 0. o{: atums romai, N = Nee'ﬁt - (8.0 M[Bg)e - Clw (353 )C14.2)
23(% x[0F

y) Prd‘rvii\{ °{) rag{ovt Mw‘)lﬁ« Mooy | 40 dags,
A AN
=g
(;?!)Qt{!éﬂ,cgd)c 3‘[1'?‘(0 ) £6 % Bny

¢) 3£ % has &Cﬁ-ﬁﬁf (% wdkcayed

N o, -t

o "Q ?’{‘ Lecture example
— solutions

0. 0[=€

£ ‘?’; [ (0.0()> 274 days
18.6.3 Uses of Radioactive Nuclides

Radioactive nuclides are used in a myriad of applications from medicine to industry. Two interesting
applications — one in medicine and the other in archaeology — are described below. Appendix C contains
more applications of radioactive nuclides.

Medicine — Assessment of Thyroid Function

lodine, which is absorbed into the blood stream, is collected by the thyroid gland for use in making thyroid
hormones. Both over-active and underactive thyroids can lead to medical prablems. To investigate the
behaviour of the thyroid, tests are carried out to measure the accumulation of radioactive "'l by the gland.
The patient is given a tracer dose of dilute sodium iodide solution and the
count rate from the thyroid is taken over a penod of time and compared with
that of a normal thyroid (Figure’ 21)

uptake

More recently, **Tc™ (an lsotope of technetlum) has been used instead of
iodine. The patient is given sodium pertechnetate which is taken up in a
similar way to iodine but is more easily released from the body. In addition, ,
the half-life of **T¢™ is much shorter - 'l is 8 days but *Tc™ is only 6 hours. - o
The person thus remains radioactive for a much shorter period of time.

Figure 21 Assessment of
Thyroid Function.
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Archaeology — Carbon Dating

o Carbon-14 dating is a way of determining the age of certain archeologlcal artifacts of a biological ongln

up to about 50,000 years old.
o Carbon isotopes that occur naturally are

VC : stable, 99% abundance
o C : stable, 1% abundance

L‘C : radioactive, t;, = 5730 year, trace amounts

o When cosmic rays from outer space collide with the upper
atmosphere, one of the nuclear reactions that occur is the
conversion of Nitrogen-14 to Carbon-14 by neutron capture :

N+ iCH
The carbon-14 atoms then undergo beta-decay:
Yo+ 5 UN+ %

o Because "“C is chemically identical to "C, it can form carbon
dioxide CO,. This radioactive CO, is absorbed by plants via
photosynthesis. All living organisms that eat plant matter will also
ingest this radioactive CO,.

o In the atmosphere, the rate of production of *C is approximately
balanced by the rate of removal of “C and hence the ratio of “C fo
'2C in the atmosphere is constant at approximately 1.3 x 1072,

The carbon atoms in all living organisms will correspondingly have
this same ratio "'C /"*C as the organisms continuously exchange
carbon dioxide with their surroundings.

LS Howrils oS .
Figure 22. Carbon-14 Dating.

How carbon dating works?

o When an organism dies, the carbon-14 atoms decayed are not replenished, while the amount of
carbon-12 remains constant in the organism. Thus the ratio *C /*C begins to decline.

o ltis therefore possible to determine the time elapsed since death by measuring its '“C activity.

o Using this technique, scientists have been able to identify samples of wood, charcoal, bone and shell as
having lived from 1000 to 25000 years ago. This knowledge has helped us reconstruct the history of

living organisms - including humans, during this time span.

Example 12: Carbon Dating
TYS N83/I/6 (part)

Living materlat contains a fairly constant small fraction of radioactive isotope '“C. After death, the activity
from the "C present in the material decays with a half-life of 5.7 x 10° years. A certain quantity of carbon
converted from recently dead organic matter to carbon dioxide and placed in a GM tube gave 12 counts per
minute above background. If the same quantity of carbon were taken from a linen shroud and similarly

treated, what count rate would you expect if the shroud were

a) a relic dating from the early Cﬁnspé' Era about A.D. 33,

b) & As doud s Pae AD qi00,
fim fHat Hos passed,

b) a medieval forgery dating fromﬁ A.D. 1100? 3 -I%Z-H“O = 833 yrs
W)For vewntly deqd orgauic mortter , i.¢, 150, (o= (2 wiv MY C (e "
Tale U-I\f%z feor o5 [A§3 = ({2mv't) ) S‘ﬁ‘xm’ * %3
As soud 13 o Ap. 33,
ime praf aas passed, £= [453-232[Apyes 4 =0-Fun” .
Hﬁ'.w) = C 4 AL - [umrh")e gjq. ,.{ul)((qw > 48 in {&ﬁ?
=]
Lecture exampie
solutions
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18.6.4 Radiation Hazard

Radioactive emissions can cause damage to the cells in your body.

Most of this damage is due to ionization when the radiation passes,
although if levels of radiation are high there can also be damage due to
heating effects as your body absorbs the energy from the radiation.

o lonizing Radiation

lonizing radiation encompasses energetic subatomic particles, ions or
atoms moving at high speeds, and electromagnetic waves on the high-

energy end of the electromagnetic spectrum. During an interaction with Figure 23. Incoming radiation

an atom, it removes electrons from the orbit of the atom, causing the

interacting with a neutral atom,
causing ionization.

atom to be electrically charged or ionized.

o Damage to Cells

The nucleus of a biological cell has been shown to be the part of the cell most vulnerable to radiation
damage. This is because the nucleus contains the DNA molecules which carry the organism’s genetic

code.

o Types of damage to cells
Damage may be direct or indirect.

1

lonisation may cause direct damage to the DNA within the nucleus, when the whole DNA
molecule may either be broken into fragments or have sections of it removed.

Indirect damage occurs when the radiation interacts with other molecules in the cell e.g.
water, producing ions and radicals (H", OH", He, OHs) which can then attack other cell
structures and DNA. They can also combine to form toxic substances like H,O, which could
initiate harmful reactions within the cells.

o Effects of Damage to DNA

e

»

Cell death: If the damage within the cell is great, then cell death occurs immediately or within a
very short time.

Cell is unable to replicate: The DNA in the cell nucleus may have been damaged so badly that the
cell is unable to replicate itself by cell division. This may have serious long term consequences
for the organism.

Cancer, genetic mutation and sterility: At low doses, cellular reproduction may continue for many

-cell generations, giving rise to delayed effects such as enhanced risk of developing cancer.

Rapidly multiplying cells are far moye susceptible to damage and consequently, special attention is
paid in the use of ionising- raﬁiaﬁqn on unborn children and young persons. The reproductive system
may also. be affected, g:wngﬁse to an increased risk of genetic mutations. If the damage is
severe enough, it can cause sterility.

How damaging is radiation?
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Appendix A: Detecting Radiation
Nuclear radiation may come from the following:
1. Naturally occurring radioactive materials such as compounds of uranium, thorium and potassium.

2. From purified or man-made sources, which are stronger than the natural sources. The ones you find
the school laboratory are sealed and are called closed sources. They are stored in lead-lined boxes.

3. Space: High energy particles such as muons, pions, sigmas reach the earth's surface from space. All
these decay into other particles very quickly. They can also be produced artificially in particle
accelerators. There are various theories that these 'fundamental' particles (including protons,
neutrons, electrons) are made from even more fundamental particles called quarks with a charge of +

-%e . It is unlikely that you will be able to detect these in the laboratory.

Wilson Cloud Chamber
A cloud chamber is a device that makes the paths of ionizing radiation entering it visible.

Water is introduced into chamber Y. If sufficient time is given, the air in the chamber becomes saturated
with water vapour.

Expansion
—chamber -

Movable

A series of adiabatic expansion is carried out to cool the air in chamber Y. Light —
As the air cools, the water condenses on the dust particles in air and will fall

off as water droplets. After a series of controlled adiabatic expansions, the piston
air could be made dust free and supersaturated i.e. the vapour pressure is
greater than the saturated vapour pressure at the reduced temperature
; Tk ‘ Pressure
reached but no water vapour condenses. This supersaturated air is exposed radiiction
to ionising radiation such as alpha, beta or gamma. Figure 24,
Wilson Cloud Chamber

An ionising particle would collide with the air and water molecules to

produce ions. This leaves a track of ions in its path which forms the nucleating centers for water to
condense. Hence the expansions leave a track of water droplets showing the route the particle had taken.
The light scattered from the tracks makes them visible.

Glaser’s Bubble Chamber
In the same way as air can be super-saturated with water vapour, a liquid under pressure can be heated to
a temperature higher than that at which boiling normally takes place and is then said to be superheated.

If the pressure is suddenly released, bubbles may not form in the liquid for a certain time interval. During
this quiet period, if the liquid is exposed to ionising radiation, nucleating centers are obtained for bubble
formation and the liquid quickly evaporates into bubble which grow rapidly, and the bubble track would
reveal the path of the ionising radiation.

Cloud chamber
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The Geiger—Miiller (GM) Tube
cHV

protective gouze

g
kL

e !' -

argon (+halogen gas)
to amplifier
and counter

A anode

thin mica end
i C cathode

i

1

|

: -
window f

Figure 25. GM Tube

o A GM tube consists of a tube filled with a low-pressure inert gas such as helium, neon or argon, and an
organic vapor or a halogen gas. The tube contains electrodes, between which there is a potential
difference of several hundred volts, but no current flowing. The walls of the tube are either entirely metal
or have their inside surface coated with a conductor to form the cathode while the anode is a wire
passing up the center of the tube.

o When ionizing radiation passes through the tube, some of the gas molecules are ionized, creating
positively charged ions, and electrons. The strong electric field created by the tube's electrodes
accelerates the ions towards the cathode and the electrons towards the anode. The ion pairs gain
sufficient energy to ionize further gas molecules through collisions on the way, creating an avalanche of
charged particles. This results in a short, intense pulse of current which passes (or cascades) from the
negative electrode to the positive electrode and is measured or counted.

o The usual form of GM tube is an end-window tube. This type is so-named because the tube has a
window at one end through which ionizing radiation can easily penetrate. The other end normally has
the electrical connectors. There are two types of end-window tubes: the glass-mantle type and the mica
window type. The glass window type will not detect alpha radiation since it is unable to penetrate the
glass, but is usually cheaper and will usually detect beta radiation and X-rays. The mica window type
will detect alpha radiation but is more fragile.

o The ideal GM tube should produce a single current pulse on entry of a single ionising particle. It must
not give any spurious pulses, and must recover quickly to the passive state. Unfortunately for these
requirements, when positive argon ions reach the cathode and become neutral argon atoms again by
obtaining electrons from it, the atoms can acquire their electrons in enhanced energy levels. These
atoms then return to their ground state by emitting photons which can in turn produce further ionisation
and hence cause spurious secondary pulse discharges. Some form of quenching of the ionisation is
therefore essential. The disadvantage of quenching is that for a short time after a discharge pulse has
occurred (the so-called dead time, which is typically a few microseconds), the tube is rendered
insensitive and is thus temporarily unable to detect the arrival of any new ionising particle. This
effectively causes a loss of counts at sufficiently-high count rates.

o Extemnal quenching uses control electronics to temporarily remove the high voltage between the
electrodes. Self-quenching or internal-quenching tubes stop the discharge without external assistance,
by means of the addition of a small amount of an organic vapor or a halogen such as bromine or
chlorine. The cheice of quencher molecules is important.

o If a poor gas quencher were in,trbdu_céd to the tube, the positive argon ions, during their motion toward
the cathode, would have multigleccollisions with the quencher gas molecules and transfer their charge
and some energy to them. Neutral argon atoms would then be produced and the quencher gas ions
would reach the cathode instead, gain electrons in excited states which would decay by photon
emission, thereby producing spurious tube discharge as before. However, effective quencher molecules,
when excited, do not lose their energy by photon emission but by dissociation into neutral quencher
atoms. No spurious output pulses are then produced.
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o Counters — Scalers and Ratemeters
»> Each ionising particle or radiation produces a pulse voltage in the external circuit of a GM detector.
In order to measure the number of pulses from the detectors, some form of counter must be used.

> A scaler counts the actual number of pulses while a ratemeter gives directly the average number of
pulses per second or count rate.

mechanical counter dek/gtron tubes
\ . thin mica end ‘window
reset = X
button ~ - RE35H) M -
SCALER - E ] e S
b~ i o _ —O el ~ e
particle l—t——---_,_,__‘_ LY o
dekatron + 7 | Count/Off O 300 o4l
reset N ‘f 3 g switch : 0
switch ! ” -
,{,; | voitage switch for Gaiger-Mualier tube counter
to detector control voltage
Figure 26. (b) Connection of a scaler to a G-M tube for
g
Figure 26. (a) A scaler detection of nuclear particles.

Scintillation Detector

Gas filled detectors like the GM tube are inefficient
as gamma detectors as the probability of an
interaction is low. A “solid” detector like the
Scintillation detector addresses this shortfall. The
incoming ionising radiation interacts with the
scintillator to produce many electronic transitions.
The decay of these transitions produces many

Collector

-
+ High D.C
3 potential

ignal

2 s . Figure 27.
photons of low energy i.e. the scintillator material Seintilation deticlor with potomikpIsF

fluoresces.

Each emitted photon travels through the scintillator material (transparent) and ejects an electron from a
photosensitive surface. Each of these electrons goes on to emit more secondary electrons (the numbers of
electrons are multiplied by a photomultiplier and turn into a voltage pulse so that pulse amplitude is a
measure of the energy of the incident ionising radiation. '
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Appendix B: Background Radiation

Background radiation is the ionizing radiation that is
constantly present in the environment. Sources of such i
radiation can be natural or man-made. - t

Sources af Radiation Exposure
From: WGAP Asport Wo. 93 nsses oo 141

&5 Radon (35%)
& Natural Scurcas (269
[y Rast)

o) Medical K-rays {11%
@ nuctear Medicine 147
€5 Consumer Products (%)

&5 Other (<1%)

Figure 28. Sources of Radiation Exposure.

Natural Sources of Radiation

Naturally-occurring radiation accounts for approximately
80% of our exposure. Most of our exposure is from indoor
radon, followed by radiation from outer space and from the
Earth’s crust.
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United States, with only smoking causing more lung

Hz Tl Po B Po At R Fr Ra Ac Th P U Np

Approximately 55% of our exposure to radiation Figure 29. The ™U decay series,
comes from radon. terminating with stable nuclide **Pb.

Radon is a colourless, odourless and relative inert
naturally occurring radioactive gas. Radon-222 is one of P _
the elements in the long radioactive decay chain from a2 >"Th
uranium-238 (Figure 29), and the less common isotope 140 - 228k, A
radon-220 is part of the decay series from thorium-232 o Yw 28Ac

(Figure 30), both of which can be found in rocks and soil. B INTh

Dangers of Radon Gas
Radon is the 2nd leading cause of lung cancer in the

cancer deaths.

Key dangers associated with radon gas is not so much of 130 &
radon itself but its radioactive daughters which are solid %
particles that easily attach themselves to dust paricles 08T o
which are inhaled. B c

When inhaled these particles stick to the surfaces of the 20 %5 9“"’
bronchial tubes and the a-particles emitted in the decay of s s Bk B
the radon daughters damage the cells they are attached

Figure 30. The “*Th Series
10 CaUSlng cancer.

)
= N/

How does Radon get int e{i&nes?

Radon usually migrates |ﬁfo ﬁﬁmes and other buildings from the ground through openings in the
floor or wall. Buildings trap radon inside, where it accumulates and may become a health hazard.
Any home or building may have a radon problem, including new and old homes, well-sealed and
drafty homes, and homes with or without basements. 5

. _(-...

www.KiasuExamPaper.com
520



Nuclear Physics

o Soil and Buildings

s

Natural radioactive material in rocks and soil account for about another 8% of the radiation dose a
person typically receives in a year.

The earth's crust contains small amounts of uranium, thorium, and radium as well as radioactive
isotopes of several elements including potassium.

The radiation dose also comes from some building materials (such as bricks and concrete).

o Cosmic Radiation

Another 8% of our exposure comes from cosmic radiation

P

o

A 7

Cosmic radiation mainly originates from the sun and outer space. Cosmic radioactive nuclides
(mainly carbon-14), are produced through interactions of the cosmic rays with atoms in the
atmosphere.

Cosmic rays are extremely energetic particles, primarily protons, which originate in the sun, other
stars, and from violent cataclysms in the far reaches of space. Cosmic ray particles interact with the
upper atmosphere of the earth and produce showers of lower energy particles. Many of these lower
energy particles are absorbed by the earth's atmosphere.

The cosmic radiation exposure varies with altitude. The exposure of an individual to cosmic rays is
greater at higher elevations than at sea level. For example, a passenger in a jetliner traveling at
37.000 feet would receive about 60 times as much cosmic radiation as would a person standing at
sea level for the same length of time.

o Natural Radioactivity in the Body

.

>

Small traces of many naturally occurring radioactive materials are present in the human body.
These come mainly from naturally occurring radioactive nuclides present in the food we eat and in
the air we breathe. These isotopes include tritium (°H), carbon-14, and potassium-40.

Man-Made Sources

Since the discovery of radiation, people have benefited from the use of radiation in medicine and industry.
Man-made sources of radiation account for about 20% of our total exposure to radiation.

o Medicine

>

»

The radiation used in medicine is the largest source of man-made radiation to which people in most
countries are exposed.

Most of the exposure is from diagnostic X-rays. Physicians use X-rays in more than half of all
medical diagnoses to determine the extent of disease or physical injury.

Radiation is also used in cancer treatments, where precisely targeted radiation destroys diseased
cells without killing nearby healthy cells.

Radiopharmaceuticals, another medical treatment, are used to locate tumors in a patient's body and
to treat cancer, One-third-of alf successful cancer treatments involve radiation.

o Consumer Products

>

Small amounts of man-made background radiation is attributable to consumer products like colour
televisions, smoke detectors, gas lantem mantles, natural gas heating and cooking fuel, and mining
and agriculture products, such as coal, granite and potassium salt.
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Nuclear Power Plants

» Nuclear power reactors, which use uranium - a radioactive isotope, reduce reliance on fossil fuels.
Nuclear power plant operations account for less than a hundredth of a percent of the average
American's total radiation exposure.

Nuclear Fallouts

» Nuclear weapons derive their explosive power from the uncontrolled radioactive break-up of
plutonium and uranium. This yields a large number of radioactive daughter products that are blown
high into the atmosphere and are carried around the earth. These radioactive elements gradually fall
back (fall-out) to earth over a period of many years.

During the 1950s and early 1960s, many test explosions were carried out in the atmosphere. In
1963 an Atmospheric Test Ban Treaty was signed and most subsequent tests have been conducted
underground.

b

The peak year for radioactive fallout was 1963 and levels have been declining since then. Levels of
fallout are now less than ten per cent of what they were at their peak.

v

Who could survive

TObaCCO nuclear bomb?
» The tobacco in cigarettes contains Pb-210.

» Pb-210 is a naturally occurring radionuclide that precipitates out of the atmosphere and deposits on
the leaves of tobacco.

» When the tobacco is inhaled, the smoker receives a dose from the inhaled Pb-210 as well as Po-
210, the decay product of Pb-210. Pb-210 is deposited on the surfaces of bones and Po-210 is
deposited in the liver, kidney and spleen.
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Appendix C: Uses of Radioactive Nuclides

Radioactive nuclides are used in some industries and in nuclear medicine for their chemical properties and
as sources of radiation. Some examples are listed below.

o In Medicine:

» As a tracer. Any radioactive nuclide which is to be used as a tracer for diagnostic purposes must be
incorporated into a pharmaceutical product which can be administered to the patient. -

The pharmaceutical produce and the radioactive nuclide which it incorporates should have the
following properties:

» It should concentrate in the organ or system which is to be imaged or assessed.

N

It should not change the functioning of the organ, i.e. the pharmaceutical behaves in the same
way as the substance it is replacing.

» The half-life of the radioactive nuclide should be as short as possible to reduce radiation
damage, but sufficiently long to enable measurements to be made.

Some examples of the use of radioactive tracers in Medicine is listed below:

o Thrombosis (Blood clots). A radioactive tracer, iodinated fibrinogen is introduced into the
blood. If there is a blood clot forming in some part of the body, a concentration of the radioactive
fibrinogen will occur at that point. The concentration can be located using a radiation detector.

o Haemorrhage Inside the body. Similar to thrombosis, the radioactive tracers are used to locate
the precise site of haemorrhage in an emergency situation. Radioactive chromium is injected
into the body and is taken up by the red blood cells and carried uniformly throughout the body.
However, there will be more blood accumulating at the haemorrhage site and hence a greater
activity which can be located using a radiation detector.

» Cancer treatment. Immature cells and cells that are growing or dividing most rapidly are most
sensitive to radiation. This is made use of in radiation treatment of cancer.

Often, cancer cells are growing rapidly and are therefore much more likely to be killed by a high
dose of gamma radiation from cobalt-60 source than are normal cells that divide less frequently.

What is nuclear
medicine?

o InIndustry:

> As a tracer. Tracers are used for detecting leaks in underground pipes by doping the water in the
pipes and using a detector to check where the water flows. Tracers are also used to check the wear
of a machine part. For example, we can check the wear of the piston if it has been doped with a
radioactive material during manufacture by checking the activity in the oil that is used with the
piston,

» To check for cracks and impeﬁecﬂons

o Gamma rays can be-used.in place of X-rays to photograph solid objects. Gamma rays are
directed onto the object and its image is captured on a photographic film placed on the other
side. The film can revéal any imperfections e.g. a crack. The technique has an advantage over
X-rays as no high voltage electrical sources are needed.

o The same technique can also be used to check and control the thickness of paper or plastic
during the manufacturing process. The thickness of rolled sheets of plastic can be controlled by
‘placing a beta source on top of the sheet and a detector beneath it. If the sheet is too thin, the
count rate will rise. This rise in count rate can then be directly coupled to the rollers so that they
separate slightly.
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In Agriculture:

» Suppose a plant research centre wishes to investigate the ability of a particular piant to take up
magnesium through its roots, it is possible to water the plant with a fertilizer containing a known,
extremely low concentration of radioactive magnesium-28.

If a detector is placed in contact with the leaves of the plant, an increase in count rate soon after
watering in the fertilizer indicates that the magnesium has travelled through the plant to the leaves.

This can happen within a time as short as 20 min.

As a sterilization tool:

» Radiation can also be used as a means of preserving food because exposure to high levels of
radiation can destroy or incapacitate bacteria and mould spores.

Techniques include exposing foods to gamma rays, high-energy electron beams, or x-rays.

Food preserved this way can be placed in a sealed container (to keep out new spoiling agents) and
stored for long periods of time.
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Appendix D: Calculating Radiation Doses

o Radiation dosimetry is the quantitative description of the effect of radiation on living tissue.
o Absorbed Dose:

>

»

Absorbed dose of radiation is defined as the energy delivered to the tissue per unit mass.
The S| unit of absorbed dose is gray (Gy):

o 1Gy=1Jkg
Another commonly used unit is the rad.

o 1rad=0.01J/kg=0.01GCy

o Relative Biological Effectiveness (RBE):

>

>

Y

The absorbed dose by itself is not an adequate measure of biological effect because equal energies
of different radiation causes different extent of biological effect.

This variation is described by a numerical factor called the relative biological effectiveness (RBE)
or the quality factor (QF) of each specific radiation.

The table below shows some approximate values of RBE for several types of radiation. These
values are obtained from experimental observation. All these values depend somewhat on the kind
of tissue in which the radiation is absorbed and on the energy of the radiation.

RBE for Different Types of Radiation

Radiation RBE / (Sv/Gy) or (rem/rad)
X-rays and y-rays 1
Electrons, f-particles 1.0-2.0
Slow neutrons 3-5
Fast neutron, protons, singly charged particles 10
o-particles, multiply charged particles 20

o Biologically Equivalent Dose :

>

Y

Y

The biological effect is described by the quantity biological equivalent dose, or simply equivalent
dose.

The equivalent dose is defined as the product of the absorbed dose and RBE of the radiation
received:

Equivalent Dose = RBE x Absorbed dose

The Sl unit of equivalent do___se for-humans is the Sievert (Sv):
1"8v--.=f\RBfE_.x1 Gy

Another common unit, used in some countries, is the rem (réntgen equivalent for man):
1rem=RBE x 1 rad
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