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DATA AND FORMULAE

Data
speed of light in free space
permeability of free space

permittivity of free space

elementary charge

the Planck constant

unified atomic mass constant
rest mass of electron

rest mass of proton

molar gas constant

the Avogadro constant

the Boltzmann constant
gravitational constant

acceleration of free fall

Formulae

uniformly accelerated motion

work done on/by a gas
hydrostatic pressure

gravitational potential

displacement of particle in s.h.m.

velocity of particle in s.h.m.

resistors in series
resistors in parallel
electric potential
alternating current/voltage

transmission coefficient

radioactive decay

decay constant
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3.00x10°ms™

41 X107 Hm™
8.85x 10" Fm™
(1/(36m)) x 10° F m””
1.60x10™¢C
6.63x 10" Js

1.66 x 10% kg

9.11x 10" kg
1.67 x10% kg
8.31JK" mo™
6.02 x 10°° mol
1.38 x 102 J K
6.67 x 107" N m? kg™
9.81ms”
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TOPIC 1
<1 Units

[ The drag force F experienced by a stee! sphere of radius r
dropping at speed v through a liquid is given by
F=ary,

What would be a suitable S1 unit for a?

AN [P
B Ns!

where a is a constant. l

C Nm%!
D Nm2s NOUI/1
~olution Answer: D

*cceleration a = Flry.

oz unit for force Fis the newton (N).

Toe unit for  is the metre (m) while that of v is (m s™).
Tnerefore, the base units for @ are (N)/(m” s')=Nm™?s.

2 An alternative form of the unit of resistance, the ohm (Q), is
VA-L

Which of the following examples shows a similar correct
alternative form of unit?

unit alternative form
Al coulomb (C) At D
B pascal (Pa) N m~2
L 24 volt (V) IC
D wall (W) Is NO4/1/1
solution Answer: B

~nswer B is the correct answer as the pascal (Pa) is the unit
“or pressure, where pressure is defined as force (N) acting per
“nit area (m?).

“nswer A is wrong because the coulomb (C) = A s.

Answer C is wrong because the volt (V)=J C.

Answer D is wrong because the watt (W) =J s

3 What is a reasonable estimate for the volume of a2 wooden
metre rule found in a school laboratory? (.

100 % L o5
A 15em’® B 15em® /C 150em® D 1500 e’
NO7/1/1
Solution Answer: C

The length of a metre rule is 100 cm. A reasonable estimate of
its width would be 3 ¢m, while that of its thickness 0.5 cm. )
The estimated volume is 100 em x 3 em x 0.5 cm = 150 cm”.

1 Measurement 5
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Measurement

4 A radio aerial of length L, when the current is /, emits a
signal of wavelength 1 and power P. These quantities are

related by
2
P kI (EJ
A

where & is a constant,
What unit, if any, should be used for the constant £?

A volt )
B ohm et = L AT
C  watt 1 2 b .
D no unit AR
NO07/1/2
Solution Answer: B

The SIunit of the lefi-hand-side of the equation is [P] = W.
The ST unit of the right-hand-side of the equation is
[KI(A%)(m / m)? = [K](A?).

Therefore, the SI unit of the quantity £ is

[k] = W/A® = (W/A)YA = V/IA=Q.

What is the order of magnitude of the energy of an
electron when it hits the screen of a cathode-ray tube?

eV
107y c

A 1021 B 101 D 101
NO9/1/2
Solution \& - Answer: C

In a cathode-ray tube, the accelerating potential difference is in
the kV range, hence the electrons are given a kinetic energy of
afew keV (107 J).

In secondary 4, under the G.C.E ‘O’ level syllabus, studenis
learned about step-up and step-down transformers. The
cathode-ray tube television (the old boxy type) was one of the
Jew household devices that use a step-up transformer (another
being the mosquito zapper). The accelerating potential
difference in the cathode-ray tube’s electron gun is siepped up
Jrom the a.c. power supply’s 240 V (o the kV range.

Short Questions

K When a solid is heated, the thermal energy required is given

by the expression
gain in thermal energy = mass X ¢ X temperature rise,
where ¢ is a constant.

(@) Namc the quantitics in the expression that are SI basc
quantities. (2]

{b) Express, in terms of SI base units, the units of
(i) thermal energy,

(ii) the constant c. [4]
NO3/IL
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Solution
(a) mass (in kilogram) and temperature rise (in kelvin).

(b) (i) Thermal energy has the same units as work (the
joule), which is equal to force x distance (N m).

Force (in newtons) is mass x acceleration (kg m s7).

The base units for thermal energy are (kg m s)(m) =
kg m” 57,

(ii) ¢ = (thermal energy)/(mass x temperature rise).
The base units of ¢
= (kg m” s?)/(kg K)
=m’s? K
Long Questions

X Put the following terms into pairs, so that in each pair a
quantity is given followed by its corresponding unit.

coulomb

power

volt

magnetic flux density

work

watt

potential difference

charge

tesla

joule [4] NO4/TII/T (part)

Solution

power, watt

magnetic flux density, tesla
work, joule

potential difference, volt
charge, coulomb

Errors and Uncertainties
8 An object of mass 1.00{) kg is placed on four different
balances. For cach balance the reading is taken five times.

The table shows the values abtained together with the means.

Which balance has the smallest systematic error but is not
very precise?

reading/kg
balance 1 2 3 4 5

mean/kg

A 1.000 | 1.000 | 1.002 | 1.001 | 1.002 | 1.001
B 1.011 | 0.999 | 1.001 | 0.989 | 0.985 | 0.999
C 1.012 | 1.013 | 1.012 | 1.014 | 1.014 03
D 0.993 | 0.987 | 1.002 | 1.000 | 0.983 %3

NO2/1/2

1 Measurement 6
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Solution Answer: B
Precision refers to how close data points are from one another.
Systematic errors increase the amount by which measured
values deviate from their true value,

It can be seen that the readings in B are scattered over a wide
range thus having low precision.

However, the mean value in B (0.999) is very close to the true
value (1.000), thus B is said to have a low systematic error.

9 Errors in measurement may be cither systematic or random.

L™

A notallowing for zero error on a moving-coil voltmeter

Which of the following involves random crror?

B not subtracting background count rate when
determining the count rate from a radioactive source

C  stopping a stopwatch at the end of a race

D using the valuc of g as 10 N kg~! when calculating
weight from mass
NO3/1/2

Solution Answer: C
Random errors result in the readings being scattered.
Due to errors in human judgment, the stopwatch could be
stopped before or after the actual end of the race.
This results in a random error in the time measurement,
The other answers involve an offset that is fixed in direction
and thus result in systematic errors.

10 Calibration curves showing the variation with potential
difference V of the deflecticn 8 of the pointer of four differ-
ent voltmeters are given below.

Which meter gives the largest angular change per unit poten-
tial difference at 2.5 V? @
4 D
B

A 2
60 80
er o/
30 30
0 ot
0 1 2 3

0 1 2 3
7Y ViV
C D
60 60
are are
30 30
0 0
0 1 2 3 0 1 2 3

vIv VIV

NO5/1/2

Solution Answer: D

Answer D’s gradient (d6/dV) is the steepest at 2.5 V.
Hence the rate of change of deflection ¢ with potential
difference V is also the greatest.

‘A’ Physics Topical Paper (Nov.)
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rz zverage car tyre radius 2= 0.20 m and cross-seskia
wons - = 0.10 m, volume = (2nR)(nr’) = 0.039 m’.

o w =zperiment, the width w and the thickness x of a metre
—ue = 1o be measured as precisely as possible using normal
ENCIEEOCY apparatus.

,-—"'# thickness
- o= X

¥inzh combination of instruments is most appropriate for
mese measurements?

measurement of w measurement of x

half-metre rule half-metre rule
half-metre rule

vernier calipers

Jr

vernier calipers
half-metre rule

micromeler screw gauge

20 =

vernier calipers

NO6/1/2
i Answer: D

cr=cision of a half-metre rule, vernier calipers and
Tometer screw gauge are respectively 1 mm, 0.1 mm and

Y
Ly
’h"wi > éoema

% The kinetic energy of a bus travelling on an
sxpressway is 30 000 J.

= The power of a domestic light is 300 W

~  The temperature of a hot oven is 300 K.

The volume of air in a car %e is0.03m’

i Answer: D

~:ch estimate is realistic?

Yo

N08/1/2

= 4 is wrong. Using expressway speed of

some human adults.
== B is wrong as the power rating of a domestic filament

- = nopically around 40 W (energy-saving lamps will have

V2T power ratings).
C is wrong because 300 K = 27 °C which is room
e

CETEIUTE.

“-c manufacturers of a digital voltmeter give, as il
s-ecification,
zocuracy 4+ 1% with an additional uncertainty of + 710

g‘?ﬂ — Joeo N

A
-1,%9 @ 1t is both precise and accurate.

www.physics.com.sg
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Solution Answer: D
[% of 4.072 V is 0.0407 V. Add te this the additional
uncertainty of 0.010 V. the total uncertainty is 0.05 V
(uncertainties recorded to 1 s.f))

4.072 V is then rounded to 4.07 V (2 d.p.), same number of
d.p.s as the uncertainty.

14 An instrument gives a numerical reading of 0.00160 =
0.00005.
Which statement is correct?

A The actual uncertainty is 5.
B The fractional uncertainty is 5 x 10”.
C  The fractional uncertainty is 5/16.
D The percentage uncertainty is 3 %.
NO9/1/1
Solution Answer: D
Percentage uncertainty is (0.00005 / 0.00160) x 100 % = 3 %,

P
15 An object falls freely from nd travels a distance s in
time r. A graph of  against s is plotted and used to
determine the acceleration of free fall g.

'y
£2 oo}

00 a

The gradient of the graph is found to be 0.204 s> m™.

:@ Which statement about the value obtained for g is correct?

It is accurate but not precise. A
It is neither precise nop@ccurate.
D It is precise but ngt,accurate.
N10/1/1
Solution Answer: A
Use the kinematics equation s = uf + Yaf® where initial
velocity # = 0 (from rest) and acceleration @ = g. The equation
can be rearranged into £ = (2/g)s where the gradient 2/g =
0204 & m™. Using this value, g = 9.8039 m s, which is close
to the known value of g (9.81 m s™) and thus accurate.
However, there is significant scattering of data points around
straight line hence the value is not preci
he judgment for precision can be subjecti®d but by visually
aying a grid over the graph, it can be seen that the gradient
aries significantly. The exact values are from 0.267 s* m™ to
s’ m”, implying an acceleration of free fall £ between

B N%'ZAQ_LH s?and 11.56 m s This is significantly different from .
2D R : AL

-z meter reads 4.072 V.

¥ the known value of 9.81 m s™)
~>w should this reading be recorded, together with its &5\
mcertainty? 20 == I = T ;___./y(/., :
B . L e )T i
A (407£001)V D e A e b
B (4.07£0.04)V il 2]
- 0 o e s ]
(40724005 e BECTLEEEE=EEs
D (4.07£005V o5
NO8/1/3 S EEEE ek :
0 >
0 4 6 8 1§fm

=zsurement 7 ‘A’ Physics Topical Paper (Nov
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16 A wire of uniform circular cross-section has diameter
and length L. A potential difference V' between the ends of
the wire gives rise to a current / in the wire.

The resistivity p of the material of the wire is given by the

expression

41
In one particular experiment, the following measurements
are made.

B,
d=120£001em -5 “fo C
|

I=150%£0.05A ';':

1
L=100%1cm o2

f
V=50+01V IV
Which measurement giveg rise to the least uncertainty in
the value for the resmtlwty" }L‘@C

L

A d DV
N10/1/3
Solution Answer: C

The fractional uncertainty of the resistivity:
Aplp=2(Adld) + AVIV + ALIL + AllT
=2(0.01/1.20) + (0.1/5.0) + (1/100) + (0.05/1.50)
=0.0167 +0.02 + 0.01 + 0.033
The least uncertainty is contributed by the measurement of L.

Short Question

?Q A student times the fall of a small metal ball. Data for the
time f taken for the ball to fall a vertical distance /4 from
rest are given below.
h=266+1cm
t=0.740 +£0.005 s

{(a) Use these data to determine
(i) a wvalue, to three significant figures, of the
acceleration of free fall g,
acceleration = ............... ms” 21

(ii) the percentage uncertainty, to iwo significant

figures, of
1. the distance A,

HCEHANEY S % [1]
2. thetimez,

VHCERAINY = unvmrssmnms % [1]

(b) Use your answers in (a) to determine the actual
uncertainty in the value of g.
Hence give a statement of g, with its uncertainty, to
an appropriate number of significant figures.
TS i hends L e i ms> [3]

(c) Suggest two reasons why, in this experiment,
although the value of ¢ is precise, it may not be

accurate.
L e
2 e s e ime s b are 4 w08 e s S b e et sk
........................................................... [2]
NO7/1/1
1 Measurement 8
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Solution
(a) (i) Use the kinematics equation s = uf + Yaar".

where s is the displacement (/), » the initial velocity

(0 ms™), a the acceleration (g) and ¢ the time taken.
h= ‘et

g=2h/f =2(2.66 m)/(0.740 s)* =9.72 m s

(i) 1. AW/ x 100% = (1/266) x 100% = 0.38%
2. AFtx 100% = (0.005/0.740) x 100% = 0.68%

(b) Since g =2h/7,
Aglg = Ah/h + 2(AUE)
Ag/g=0.38/100 + 2(0.68/100) = 0.0174
Ag=0.0174x g
=0.0174x9.72ms”=0.169 =02 m s (1 5.f)

Absolute uncertainties can only have one significant

figure, and the value of g has to be rounded off to the

same number of decimal places as the uncertainty.
g=(9.7+02)ms>

"

(c) L. We (typically around f-’;/- causes 2
Idelay 1 the pressing of the stop button 6 the watch,

resuitmg in an overestimation of the time of free fall.
2. Alr resistance results in a smaller accelerating force

than is assumed hence the time of free fall measured
is an overestimation of the true value.

‘A’ Physics Topical Paper (2



G TR .
! Vo i uxew.phys:cs.com.sg
s First Class in Physics Tuition
s & Vectors 20 A boat changes its velocity from 8 m s due north to 6 m
s due east.
W aich one of the following groups contains three vector What is its change in velocity? g/
mmncities? B A 2m s atadirection of 37° east of nort
; . B 2ms" atadirection of 53° east of north
displacement, velocity, ener . : ; 2
- T _ o &y C 10 ms™ at a direction of 37° east of south
®  displacement, velocity, momentum D 10ms" at a direction of 53° west of south
velocity, acceleration, power NI10/1/2
force, work, energy NO03/1/1 Solution Answer: C

- Answer: B [he initial velocity «, final velocity v and change in velocity
o - owing are vector quantities because they have both AV are shown in the vector diagram below.
~ow2de and direction: displacement, velocity, momentum,
==ztion. The following are scalar quantities because they
-=lv magnitude but no direction: energy, power, work.

8ms’

- 2zt the momentum of a body is the product of its mass
= zlocity, and acts in the same direction as its velocity.

&y ey

u

Zzch diagram shows three vectors of equal magnitude.

= which diagram is the magnitude of the resultant vector
ZTerent from the other three?

; A B ELC
NPy

-

/ Ee—
= /
d
&
D
" NO3/I/1
wation Answer: C

~=wer C’s resultant vector has a magnitude of 5 times that
“ne vector,~whereas the others’ resultants all have a
—xznitude exactly equal to that of one vector.
"oz resultant vector in each answer is shown below as a
woonle-headed arrow,
= original vectors in the question are shown as dotted

Vs

A
hif B
/
s
’
‘\ 3 SR Bt =
A / b
L s
Ny
N
C
D
- - e e -

v.) “easurement 9 ‘A’ Physics Topical Paper (No»
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TOPIC 2

Rectilinear Motion

1 The graph shows the variation with time 1 of the
displacement s of a vehicle moving along a straight linc.
S'“
== = R < = f
A B C D

During which time interval does the acceleration of the
vehicle have its greatest numerical value?
N02/1/3

Solution Answer: A
Acceleration is the second derivative of the displacement-time
graph (a = d’s/dr’).
Acceleration has the greatest value when the gradient of the
displacement-time graph is increasing, because that indicates
the velocity is increasing (as in time-interval A).
The other intervals like B and D have constant velocity and
hence zero acceleration.
For interval C, both the velocity and acceleration are zero.

2 The minimum time T required for a car safely to overtake a
lorry on the motorway is measured from the time the [ront of
the car is level with the rear of the lorry, until the rear of the
passing car is a full car-length ahead of the lorry.

car begins to overtake: time 1= 0

car safely overtakes: t= T i
The car is 3.5 m long and the lorry is 17.0 m long. The graph
shows the variation with time 7 of the speeds v of the car and
the lorry.

s
26

v/ms™!

10

~ e

lorry
0 o
0 t
What is the value of 77
A 086s
B . .25
C 26s
D 30s NO2/1/4

2 Kinematics

10
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Kinematics

Solution Answer: D
During time 7. distance travelled by car = Y2(10 + 26)T = 187
while distance travelled by lorry = 107.

The difference in distance is equal to one lorry length plus two
car lengths.

Hence 187-107=17.0 m +2(3.5m) and 7=3.0s.

3

A particle is accelerating along a straight line.

Which statement defines the velocity of the particle at 2
particular instant?

A Velocity is displacement divided by time.
B Velocity is distance divided by time,
C  Veclocity is the rate of change of displacement.

D Velocity is the rate of change of distance. NO3/172
Solution ' Answer: C
Velocity and displacements are both vector quantities whereas
distance is a scalar quantity. !
Thus velocity (a vector) is defined with respect to
displacement (answer C), whereas speed (a scalar) is defined
as the rate of change of distance (answer D). _
Displacement divided by time (answer A) is the average
velocity over that time interval, and not the velocity at any |
particular instant.

Distance divided by time (answer B) is the average speed over
that time interval, and not the speed at any particular instant.

4 A train travelling at 2.0 m s~} passes through a station. The
variation with time r of the specd v of the train after leaving
the station is shown below.

vims™!
i2

10

0

0 10 20 30 40 50 tis

What is the speed of the train when it is 150 m from =

station?

A 60ms™!

B 80ms!

C 10ms!

D 12ms”! NOwAS

‘A’ Physics Topical Paper (2o
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e
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ztion . Answer: B
—=nce travelled can be found from the area under the
==2-time graph.

- e observed that at /=30 s and v=8.0 m s”', the area of
=mezium under the graph is (2 + 8)(30) = 150 m.
- sz covered is 150 m whenv=8.0ms™.
2 method
= 12ms'—2msDA50 s) = 0.20 ms™
“mematics equation V=l 4 2as,
= (2ms™)+2(0.20 m s)(150 m)
v=80ms"
s== sphere is released from rest at the surface of a deep

ame = viscous oil. A multiple exposure photograph is taken
= sohere as it falls.

The wme interval between exposures is always the same.

“mes of the following could represent this photograph?
B C D
*
' - e :
NO4/1/4
Answer: B

©= sphere’s speed is low and viscous drag is

== zccelerates from rest hence the spacing between

suposures increases.

== the sphere’s speed increases, the drag force also
2 the resultant force acting on it decreases.

== =o0n reaches terminal velocity in the viscous oil,

mzoing remains constant for the rest of the journey.

=TS 11
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6 A steel ball is released from rest a distance above a rigid
horizontal surface and is allowed 0 bounce.

Which graph best represents the variation with time ¢ of
acceleration a?

NO5/1/3
Solution Answer: D
As long as the ball is in mid-air (whether on its way up or
down), its acceleration a is constant (acceleration of free fall
9.81 ms?).
In that split second when the ball hits the rigid surface, it
experiences an extremely large retarding force and hence a
tremendous deceleration (since a = F/m).
Note the dotted lines indicating that these tremendous
decelerations are too large to be drawn to scale.

7 Which graph shows how the distance d fallen varies with
time ¢ for a body falling from rest through air?

A
d /
0 .
0 t
c
C t

d

B
dK
0 e

0 t

D
d‘/
ot -

0 t

NO5/T/4

Solution Answer: A

Initially the body’s speed is low and air resistance is negligible

hence it undergoes free fall with increasing speed. Since the

gradient of the distance time graph represents the body’s

speed, the graph has an increasing gradient.

As the body’s speed increases, the air resistance opposing its

motion also increases hence its resultant force decreases and so

does its acceleration.

Eventually, the sum of air resistance and upthrust is equal and

opposite to the body’s weight, and the resultant force as well

as acceleration fall to zero.

The body then falls at a constant terminal speed hence the

distance-time graph has a constant gradient (straight line).
‘A’ Physics Topical Paper (Nov.)
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8 A ball is released from rest above a horizontal surface. The
graph shows the variation with time of its velocity.

1st
impact

a8
velocity
g

(

release
Why are areas X and Y equal?

A For one impact, the speed at which the ball hits the
surface equals the speed at which it leaves the surface.

B The ball rises and falls through the same distance
between impacis.

C  The ball’s acceleration is the same during its upward
and downward motion.

D The speed at which the ball leaves the surface after an
impact is equal to the speed at which it returns to the
surface for the next impact. NOG/I/4

Solution Answer: B
The area under a velocity-time graph represents the
displacement of the body.

The reason for the areas being the same is that the ball rises
and falls through the same vertical distance between impacts.

9 A ball is thrown vertically upwards and returns along the
same path. The graph shows how its height varies with
time.

www.physics.com.sg
First Class in Physics Tuition

Solution Answer: A
The velocity-time graph must have a constant negative
gradient since its gradient represents the vertical acceleration
= -g, which is a constant.

10 What is the definition of velocity?

A displacement per unit time
B distance travelled in unit time
C distance travelled per unit time
D speed in a particular direction
NO8/1/1
Solution Answer: A

Velocity measures the rate of change of displacement.
Answers B and C are scalar quantities and relate to speed.
Answer D refers to velocity, but is not its definition,

11 A metal ball is dropped from rest over a bed of sand. It
hits the sand bed one second later and makes an
impression of maximum depth 8.0 mm in the sand.

Air resistance is negligible.
On hitting the sand, what is the average deceleration of the
ball? '

A 60x10°ms”
B 12x10°ms”
C 60x10°ms”
D 12x10°ms?
NO8/1/4
Solution Answer: C
The ball’s speed just before hitting the sand bed can be found
usingv=u+ar=0+(9.81 ms?)(1s)=9.81 ms™".

The average deceleration can be found using yz =17+ 2as.
0=(9.81ms")*+2a(8.0 x 10° m)
a=-60x10ms?

12 A cyclist accelerates down a hill and then travels a

height constant speed before decelerating as he climbs back u
. p 4 P
' another hill.
0 . Which graph shows the variation with time ¢ of the
0 o distance s moved by the cyclist?
time A B
Which velocity-time graph describes this motion? § s
A B
velocity velocity
upwards upwards \ /
o 0 - 0 - 0 -
9 time time 0 t 0 t
¢ D
4
S S
c D
velocity velocity
upwards upwards
ot 0
0 time time
0 0
’ 0 t 0 t

NO7/1/3

2 Kinematics 12
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Answer: D
-z like this
0N,

¥

N
/ \

i

-oeed is the gradient of the distance-time graph, this

== oz gradient of the distance-time graph first increases,
sonstant, and then decreases.

(assuming uniform acceleration/

0
0 time

“Which statement describes the acceleration?

4 A constant positive acceleration is followed by an
acceleration increase and then a negative
acceleration.

B The acceleration increases positively in the first two
sections and then decreases to zero.

C The acceleration is positive at the start, increases,
then decreases to zero.

D The acceleration starts from zero, increases, then
decreases to zero.

‘ NO9/1/3

~fation ‘ Answer: C

= gradient of its velocity-time graph represents the
-zleration of the racing car.

“ne start, the gradient of the velocity-time graph is positive
=== not zero). The graph then gets steeper with time, and
“=zlv plateaus (acceleration = 0).

4+ A man stands on the edge of a cliff. He throws a stone
upwards with a velocity of 19.6 m s™ at time ¢ = 0. The
stone reaches the top of the trajectory after 2.00 s and then
falls towards the bottom of the cliff. Air resistance is
negligible.
Which row shows the correct velocity v and acceleration
2 of the stone at different times?

tls vims™ alms™
A 1.00 9.81 9.81
B 2.00 0 0
| ¢ 3.00 9.81 ~9.81
D 5.00 ~29.4 -9.81
N09/1/4
~ Xinematics 13
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Solution Answer: D
Taking upwards to be the positive direction (which this
question appears to be using), the acceleration of free fall is
negative since it is downwards.

At ¢ = 5.00 s, the ball has already passed the top of its
trajectory hence its velocity should be downwards as well.

Alternatively, using the kinematics equation
v=u+at=19.6 +(-9.81)(5.00) =-29.4 m s,
15 An object is dropped from a great height so that air

resistance becomes significant.
Which graphs shows how its acceleration varies with

time?
A B
acceleration acceleration
g g
0 0
0 time 0 time
c D
acceleration acceleration
g+ g
0 0
o time Q time
N10/1/4

Solution Answer: I}
Initially, the object is at rest hence it experiences no air
resistance and the resultant force acting on it is its weight
alone. As a result, its acceleration is equal to g. As the object’s
speed increases, the air resistance opposing its motion
increases thus causing its resultant force to fall. According to
Newton’s second law of motion, its acceleration will decrease.
Eventually, when the total resistive force (air resistance and
upthrust) is equal and opposite to the object’s weight, its
resultant force is zero and acceleration also zero (body reaches
terminal velocity).

16 An object falls freely with constant acceleration a from
above three light gates. It is found that it takes a time ¢ (0
fall between the first two light gates a distance of s; apart.
It then takes an additional time, also £, to fall between the
second and third light gates a distance s, apart.

T

lightgate 1 —
S, time taken = ¢

light gate 2 !
s, time taken = ¢

light gate 3

What is the acceleration in terms of sy, 5, and 7
A (s;-s,) B {5~ 54) c 2(s,~5,) D 2(s,—-5,)
t? 21 3t? {2
N10//5
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Solution Answer: A
Use the kinematics equation s = ut + Yat® where acceleration
a = g. Between the first two light gates, the initial velocity v =
0 hence s, = ‘/::_gtz. Between the second and third light gates, u
= gt hence s, = (g}t + Yagt® = (3/2)gf’. Subtracting the first
equation from the second, s, — 5, = gtg, Hence g = (52 —51)/ .

Short Questions

17 A student wishes to measure the length of a metal plate. The
only equipment available is an electronic timer controlled by
a light beam and a rod 1.00 m long.

Using the rod, the student positions the plate so that its lower
edge is 1.00 m above the light beam, as shown in Fig. 1.1.

metal
plate

1.00m

detector

4
O:)—%io

timer

light source

N

Y

Fig. 1.1

The metal plate is released and the timer starts to record as
the light beam is cut. The total time for the plate to pass
through the beam is 0.052 s. The student is told that the local
value for the acceleration of free fall is 9.79 m 572,

(a) (i) Show that the time for the bottom edge of the

plate to reach the light beam is 0.452 s. 1

(if) Calculate the length of the metal plate, giving
your answer to an appropriate number of signifi-

* cant figures.
length = ....occovvvrnerverem [4]

(b) Suggest two reasons why the time for the bottom edge
of the plate to reach the light beam may differ from that
quoted in (a)(i). 21
NO5/II/1
Solution

(a) (i) Use the kinematics equation s = uz + Yar® where s is
the displacement travelled by the metal plate, u its
initial velocity (0.00 m s™ in this case since the plate
is released from rest), « the acceleration of free fall
(9.79 m s at this location) and ¢ the time for the

bottom edge of the place to reach the beam.

s=ut+ Vaar
1.00 = 14(9.79 m s2)7
£=0.45198 =0.452s

(i) Use the same kinematics equation s = ur Yar but
with s being the length of the metal plate and u the
velocity of the plate when it reaches the beam.

The initial velocity (u) of the plate when the plate
starts entering the beam is equal to the final
(v) of the first part of the fall (through 1.00 m).
2 Kinematics 14
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v=utat
=0+ (9.79 m s7)(0.45198 5) = 4.4249 m 5™*
s =ut+ Yart
= (4.4249 m 5)(0.052 s5) + 14(9.79 m s)(0.052 5)*
=0.2433=024m (2s.f)
(b) 1. In practice, the presence of air resistance decreases
the acceleration of the plate and causes the time to be
longer than that predicted.
2. The plate may start to tilt as it falls, causing the time
for the bottom edge to reach the beam to be different
from that predicted.

18 A student takes measurements to determine the acceleration
of free fall. He determines the time ¢ taken for a ball to fall
a distance s from rest. Fig. 1.1 shows the variation with
distance s of 12

150 -

100

50

0 20 40 80 80 100 120 140
sfcm

Fig. 1.1

(a) State what feature of Fig. 1.1 suggests that, in" this
experiment, there are

(iy random errors, (1]
(ii) systematic errors. [1]

(b) Suggest a possible source for a systematic error in this
experiment. (11

{c) UseFig. 1.1 to determine
(1)  the gradient of the line, [2]
(i1) a value for the acceleration of free fall. 2]

(d) The data collected by the student.consisted of values of
s and ¢. Plotting the variation with s of 12 was expected
to give a straight line.

(i)  State what other variation could be plotted to give

a straight line graph from these data. [1]

(ii) Explain why the graph in (i) gives a straight line.
(1
NO6&/TI/
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Long Questions
-z fact that some data points lie above while some d

~z.ow the expected straight line graph suggests that 19 {a) Define acceleration. (1]
“zre are random errors, which cause the readings to womer
~ scattered = (b} (i) Use your definition in () to show that v = u + ar,

where v is the final velocity, 1 is the initial

. velocity and a and ¢ are the acceleration and the
* craph of /# vs s is expected to pass through the Y ; ‘

. . time interval respectively. 2
-rizin. The fact that it does not suggests that there are P Y 21
=wstematic errors which cause a unidirectional offset. (i) State the conditions that must be satisfied for the

equation to be valid. (2]

ossible systematic error is that the metre rule used
- —easuring distance has been offset, with the 10 cm
1z« placed at the starting point of the ball.

(¢} The graph of Fig. 1.1 shows the variation with time  of
the velocity v of a ball from the moment it is thrown
with a velocity of 26 m s7! vertically upwards.

e gradient 30 I
Ar/As=(275-65)x 107 s / (140 — 40) cm vims-1 PEEines
=0210s"/100 em=0.00210 s em™' =0.210 s m™'

20

The equation of motion s = ur + Yaar. HH
~ince the ball is released from rest, the initial velocity
= =0, while vertical downward acceleration a = g. 10
The equation becomes s = Y%gt® or £ = 2s/g.
Plotting £ against s should yield a straight line graph 4
with a gradient of 2/g. ;
22=02108"m" ks : 1 HYHHYE
£=2/0210"m"'=9.52 ms> 2

10+ -
Plotting log s against log ¢ will also give a straight aac<amdhlli T
line graph. HHH : -
} 20 : . 53
Taking the log of the equation s = Yagr” yields: -
logs =log (Yag) + 2 log 1. . Tig, 1‘1_ :
(1)  State the time al which the ball reaches its
A graph of log 5 vs log ¢ will be a straight line with a CRER TP HEEhL: B
cradient of 2 and y-intercept of log (Y4g), from which {(it) State the feature of a velocity-time graph that
the acceleration of free fall g can also be found. enables the acceleration to be determined. n

(ii1) Just after the ball leaves the thrower's hand, it
has a downward acceleration of approximatcly
20 m s, Explain how this is possible. (2]

This a straight line because the gradient “2° is the
:owerl‘of variable ¢, which must be a constant since
displacement s is proporticnal to the square of time 1.
(iv) State the time at which the acceleration is g.

Explain why the acceleration has this value only

at this particular time. (2]

(v) Sketch an acceleration-time graph for the motion.
Show the value of g on the acceleration axis.  [3]

(d) Explain why, for all real vertical throws, the time taken
to reach maximum height must be shorter than the time
taken to return Lo the starting poinl. [2]

{e) Theball in (c) slarts with kinetic encrgy of 54 .
(1) Calculate the mass of the ball.

(i) Describe qualitatively how the amount of kinelic
energy changes during the motion.

NO3/TII/
Solution

(a) Acceleration is the rate of change of velocity.
[t takes place in the direction of the change of velocity.

(b) (i) From the definition of acceleration,
a=avldi=(v—u)/t
v—u=al
v=utat

“smatics 15 ‘A’ Physics Topical Paper (Nov



(ii) The conditions are that the acceleration is constant
and the motion is linear.

(¢) (i) r=1.8s(when the ball is instantaneously at rest).

(ii) The gradient of the tangent to the velocity-time graph
at any instant is the acceleration.

(iii) There is air resistance in this situation, and air
resistance increases with speed,
When the ball just leaves the thrower’s hand, it has a
very high speed.
The total downward force acting on the ball is the
gravitational force plus air resistive force.
The ball’s total downward acceleration is the sum of
the acceleration of free fall g (9.81 m s?) and
acceleration due to air resistance (approximately
10.19 m ™).

(iv) r=1.8s.

At this instant, the ball reaches its maximum height
and is instantaneously at rest.

Since air resistance is proportional to v (under
turbulent conditions like this), when speed is zero,
the air resistive force is also zero.

The only force acting on the ball is the gravitational
force hence its acceleration is the acceleration of free

fall g.

(v) The acceleration-time graph for the motion is shown
in the figure below (taking the downward direction
as the positive direction).

o (ms?)

20-

Wt
Py

: t (s)
1.8 42

(d) Air resistance is present in real vertical throws.
On its way up, air resistive force (which opposes motion)
acts in the same direction as gravitational force, both
acting against the direction of motion. The resultant force
and hence deceleration are on average very large.
Since 7 = (v — u)/a, the time is taken is very short.
On its way down, air resistive force acts opposite to
gravitational force. The resultant force and hence
acceleration are on average much smaller.
Using the same concept, the time taken is much longer.

(e) (i) Kinetic energy =% mv*=54]
Yam(26ms')Y =54]

m=0.1598 kg = 0.16 kg

2 Kinematics

16
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(i)) As the ball moves upwards, it decclerates and its
speed decreases.
Since kinetic energy is proportional to the square of
speed, its kinetic energy decreases.
When the ball reaches its maximum height such that
it is instantaneously at rest, its kinetic energy is zero.
Thereafter, the ball starts accelerating downwards. As
its speed increases, its kinetic energy also increases.
The rate of change in kinetic energy is non-uniform,
and is greater during the ascent compared to during
the descent.
This is because the rate of change of speed during the
ascent is greater than that during the descent, for
reasons explained in (d).

20 Explain why it is technically incorrecl to definc speed as
distance travelled per second. Include in your answer the
correct statement defining speed. 2]

NO4/II/1 (part)

Solution

The second is not the only unit of time measurement, nor is

it the smallest division of time interval.

“Distance travelled per second” is the average speed within

a time interval of one second.

Speed should be defined as the rate of change of distance

travelled.

21 A ball is thrown vertically upwards from ground level. Air
resistance is not negligible.

The variation with time ¢ of the vertical velocity v of the

ball is shown in Fig. 6.1.

25

20 :;:;B,

vims!

T
T

Y e B

—25

Fig. 6.1

——
L
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i
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e
R
=
i

T
r
i
i .
b
=z
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o
s ¢ Lse Fig. 6.1 to explain how it may be deduced that
zir resistance varies with speed.
N O
. B e e (2]
L_: s2z12 and explain, without any calculation, the feature
Fig. 6.1 that enables the magnitude of the
- leration of free fall to be determined.
!;_:; .........................................................
e B e e [2]
DT
_sz Fig. 6.1 to determine the maximum height
rzached by the ball.
=3 height=....coiviviiiinnnnns m [4]
e
2] _s2 vour answer in (i) to calculate the ratio
t

= 2=. cue lo air resistance during the ball's upward rrlotmn
initial kinetic energy of the ball

= e e [4]

w= bell has mass 350 g.
“or 2oz mstant when this ball is traveling at 10 m s",

6.1 to show that the acceleratlon of the
=il is approximately -13 m s™

czuculzie the magnitude of the force due to air
(3]

“z =1 sketch the graph to show the variation
ot the velocity v of the ball as it falls back

[3]
NO9/TII/6

:
f
'u
(L"J

aph is not constant, indicating
¢ ball changes with speed. From
...... s semomd law of motion, it can be deduced that
Uit Soros 2lso changes with speed. Since the
mesaume = comprises the ball’s weight and air
e mer w=:zhr is constant, it may be deduced
varies with speed.

TS

e e il s 3r mest (v = 0) at £ =1.75 s, there is no
M wemcs the resultant force acting on the
MU i Wi 2lone. The acceleration of the ball at
R = e "#'—-'ation of free fall, which can
Il oy fre= ==dient of the graph at 7= 1.75 s.

S e e heisht is the area under the graph
=3 1 = 1.75 s (when the ball is

==t 21 the top of its motion).

me zoproximated by finding the area
i i @mees (e in the figure below, where
= which lies above the dotted
iy The Dt that lies below,

17
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25 7

| g

20

vims?

15

P

10

1
!

—_—
Jro

Maximum hc1ght =1(1.55)25ms)=18.75m
height =19 m

= Ym(25)

I

(ii) Initial kinetic energy = '4mn’
312.5m.

Gain in gravitational potential energy = mgh =
m(9.81)(18.75) = 183.9m.

Energy lost due to air resistance =
183.9m = 128.6m.

Therefore, ratio = 128.6m / 312.5m = 0.4115

ratio = 0.41

312.5m

(d) (i) The gradient of the graph at v =10 m s is drawn
below.
257

I
AT
T

=

20

A1

vims!

15 \

10

P

-

i

1

s

e

.0
4
i
I

The gradient of the graph = (-21.5 m sY/(1.6s)=
-13.44=-13ms”
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vims™t 4

(ii) Using Newton’s second law of motion, the
resultant force on the ball £ = ma = (0.350 kg)( -
13 m s7%) = -4.55 N. (The negative sign means that
the resultant force is downwards).

The weight of the ball W= mg = (0.350 kg)(-9.81
N kg') = -3.43 N (The negative sign means that
the weight is downwards).

Since the ball is on its way up, the air resistance
and weight act in the same direction (i.e.
downwards). Hence the air resistance = 4.55 —
343=1.12 N.

force=1.1 N

(e) The sketch is shown below (similar in shépe to the
graph given in the question of NO3/I11/1).
25 T maee:

T T I8 03
: T

20

-3

Fettd

b mERS!

T
} T
I : ; T R

-25 Ao i H - ST

On its Wway up, with air resistance acting in concer!
with the jorce of gravity against iis motion, the
projectile experiences a greater decelerating force and
hence deceleration (Newton’s second law of motion),
has a steeper gradient for its velocity-time graph, and
is brought to rest in a shorter time. The gradieni
becomes progressively less steep as air resistance, and
hence the total decelerating force as well as
deceleration, decreases with speed on its way up.

On its way down, with air resistance acting opposite
fo the force of gravity, the projectile experiences a
smaller downward accelerating force and hence
acceleration, has a geniler gradient for its velocity-
time graph, and takes a longer time (o reach the
ground. The gradient becomes progressively less steep
as air resistance increases with speed on ils way
down, and hence the total accelerating force as well
as acceleration decreases.

The total area under the graph above the time axis is
equal to that below the time axis because the vertical
distance travelled upwards is equal to the vertical
distance travelled downwards back to the ground.

2 Kinematics

18
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Non-linear Motion —
22 An object is projected with velocity 40 m s at an angle of
45° to the horizontal. Air resistance is negligible.
i
height
40ms™ P
45°
0 2 >
0 time
What is the speed of the object after 5.0 57 ¢
A 2lms' B 28ms' C 35ms' D 49ms’
NO9Y/I/S
Solution Answer: C
The horizontal velocity v, remains unchanged due to the
absence of air resistance.
v, =1, + ad =40 cos 45° + (0)(5.0)=28 m 5™ .
The vertical velocity v, can be found from:
v, =ty + ayt =40 sin 45° + (-9.81)(5.0)=-21 ms™!
The resultant velocity
v=(v + v =V(@8) +(:21)) =35 mss” "

Short Questions

23 A student throws a ball from point S to a friend at
point E. The path of the ball is shown in Fig. 1.1.

A

Fig. 1.1
The points S and F are on the same horizontal level. Air
resistance is negligible.

The ball is thrown from point S with velocily v, represented
by the vector arrow shown on Fig. [.1.

On Fig. 1.1,
(i)

draw arrows from point S to represent the initial
horizontal and vertical components of the velocity »

(label these components v, and vy, respeclively), 1]

{ii) draw arrows at A and at B (o represent the
horizontal and vertical components of the velocity of
the ball at these two points. 3]

NO4/II/1 (part)
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=z
ation
“he arrows are drawn in the figure below.
B The arrows are drawn in the figure below.
“he magnitude of the horizontal component Vy remains
-onstant throughout.
. “ne magnitude of the vertical component Vy decreases to
=70, then increases in the opposite direction.
“+ +~ stone of mass 130 g is thrown horizontally from the top
-~z cliff of height 32 m, as illustrated in Fig. 1.1.
n/s
o i
£ B
the
1
sea
Fig. 1.1
*r resistance is negligible. The stone enters the sea with
:speed of 34 ms™,
= Determine, for the stone as it hits the sea,
(1) the vertical component of the velocity of the
d 2 stone,
vertical component of velocity = ...... ms’ [2]
(1i) the angle @ to the horizontal of the stone’s path.
= drinsash ? [2]
NO8/I/1 (part)
rion
Use the kinematics equation, applied to the vertical
direction,
Dirssursn 2
= b R T
- where vy is the final vertical component of the stone’s

velocity, u, the initial vertical component of the

stone’s velocity (0 m s since the stone was thrown
i Air horizontally), a, the vertical component of the stone’s
acceleration (g) and s, the vertical component of the
stone’s displacement (32 m).

ented 5 3
, vy =+ 2gs, |
v =07 +2(9.81 ms?)(32 m) = 627.84 m* s

- v, =25.06=25ms"
city v
). 1]
it the
rity of

(3]
P
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(iiy The vector diagram including the final velocity and
its components is shown in Fig. 1.2 below.
N

v, = 25.06 m 3’1‘r

Fig. 1.2

sin 0= vy/v =25.06/34 = 0.7371
0=475°
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TOPIC 3

Newton’s Laws of Motion

I A wolley runs down a slope with a constant acceleration .
The mass of the trolley is now doubled and the trolley is
allowed to run down the same slope. In both cases effects of
friction and air resistance are negligible.

Which statement is correct for the second experiment?
A The accelerating force is the same,
B The acceleration is %a

C  The acceleration is a.

D The acceleration is 2¢. NO2/1/6
Solution Answer: C
When the mass of the trolley is doubled, its weight (mg) will
also be doubled.

Hence the down-slope component of its weight (mg sin ) will
also be doubled (where & is the angle the slope makes with
respect to the horizontal).

Since the down-slope accelerating force is doubled and the
mass is also doubled, the acceleration remains unchanged (o =
mg sin @/ m = g sin ) and is hence independent of the mass of
the trolley m.

2 Which graph best shows the variation with time of the
momentum of a body accelerated by a constant force?

A B
mcmentumT momentum 4
o]
Q time 0 time
C D
momentum momentum 1}
0 : oL—
0 time a time
NO04/1/5
Solution Answer: A

According to Newton’s second law of motion, the rate of
change of momentum of a body is directly proportional to the
resultant force acting on it.

Since the force is constant, the rate of change of its
momentum is also constant.

Thus its momentum increases uniformly with time.

3 Dynamics 20
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Dynamics
3 A force 2F acting on a particle of mass 10 kg produces an

acceleration of 60 m s

A force 5F acting on a particle of mass M produces an
acceleration of 50 m 52,

‘What is the mass M?

A 33ke

B  48kg

C  2lke

D 30kg NO4/1/6
Solution Answer: D

Applying Newton’s second law of motion to the first situation,
2F = (10 kg)(60 m s) yields F =300 N.

Applying the same equation to the second situation,
5(300 N) = M(50 m s*) yields M = 30 kg,

4 A car of mass 1200 kg is accelerated by a resultant force of
3000 N for a time of 5.0 s.

What is the gain in momentum of the car?

A 25kgms! C 60x10%kgms!
B 6.0x10?kgms! D 15x10*kg ms!
NOS/I/A
Solution Answer: D

The gain in momentum (or impulse)
Ap=Fr=(3000N)(5.0s)=1.5x 10* N s.

5  Aracing car of mass 500 kg, including driver but not fuel,
decelerates from a speed of 50 m s t0 30 m s when
approaching a bend.

The brakes exert a fixed retarding force of 7000 N. The
time for the car to decelerate when it is almost out of fuel
is #;. The time for it to decelerate when it has a full load of
130 kg of fuel is £..

What is the difference (1, — 1) in the times?

A 037s B 056s C 09s D 143s
NO7/1/5
Solution Answer; A

When the racing car is almost out of fuel, its deceleration g =
F/m = 7000 N / 500 kg = 14 m s The time for it to slow
down it =v—u/a=30-50)/(-14)= 143 s.

When the racing car has a full load of fuel, its deceleration 4 =
F/m = 7000 N / 630 kg = 11.1 m s™. The time for it to slow

downty=v—u/a=30-50)/(-11.1)=1.80s.
The difference #, — 1, = 1.80 — 1.43 =0.37 s.

»

’r
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=
- = Zorce of 54 N pushes two touching blocks of mass 6.0 Short Questions

= znd 2.0 kg along a flat surface. The frictional force

=wwz2n the blocks and the surface is 6.0 N, 7 A steel ball of mass 250 kg is suspended from the jib of a

crane, as illustrated in Fig. 3.1,
54N _
r 6.0kg In order to demolish a wall, the ball is pulled away from the
' wall and then released. The ball swings down and hits the
6.0N 2.0kg

= ] wall.

| I, AT, . )
~z1 15 the magnitude of the resultant force on the 6.0 kg %? Jib
1 12N B 36N C 45N D 48N wall
N10/1/7
N Answer: B
wo.Zeming the resultant force on the whole system and
G mmz Newton’s second law of motion, steel
> (54N-6N)=(6.0kg+2.0kg)a ball
_ e uzczleration = 6.0 ms™.
fi ~=sultant force on the 6.0 kg mass s ]
F=(6.0ke)(6.0ms?)=36N Fig. 3.1
The variation with time ¢ of the speed v of the ball is shown in
Fig. 3.2.
6
ce di
v/mg™ goes
4
L]
2 :
Tatilt. :
-— b IS
i
L 4
0 . L
0 05 1.0 15 20
tls
j Fig. 3.2
::_;. {a) Using Fig. 3.2, determine
(i) the magnitude of the acceleration of the ball at
. time ¢ = 0.8s,

The ' ; acceleration = ..., M2 [3]
f‘: (ii) the distance moved by the ball before it hits the
i wall, that is, from time r=01tof=1.6s.

distance =......ccocveeenee. m [4]
{b) Calculate the magnitude of
(i) the change in momentum of the ball during its
7AS collisicn with the wall,
- A change in momentum =...................kg m s~
E;.'_‘_- (i) the average force exerted on the wall during the
collision.
force= .....ooeivnciinneren [4]
mall fc) When the ball hits the wall, 15% of the kinetic energy

of the ball is converted to thermal energy in the ball.
Calculate the mean temperature rise of the ball.

The specific heat capacity of steel is 450 T kg~! K-

ICMPETAUTE TiSE = o.ererevrrerrrereseesneee.. K [4]
NO2/TI/3
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Soluticn

(a) () The acceleration can be found by measuring the
gradient of the tangent of the speed-time graph at
time 7 =0.8s.

The gradient

=(6.0ms"' —2.0ms)/(1.455-0.155)

=40ms'/13s

=3.1ms?

Refer to diagram below.
(ii) The distance can be found by measuring the area
under the speed-time graph fromr=0.0sto/=1.6s.
Using the trapezium rule,
The area fromr=0.0stor=15sis A=(0255/2)
[0 + 2(1.6) + 2(2.8) + 2(3.8) + 2(4.5) + 2(4.9) + 5.2]
ms’'=35.05m.
The area fromf=15stor=1.6sis A=0.1sx35.2
ms'=0.52 m.
The total distance moved =5.05m+0.52 m=3.57 =
5.6 m.
Refer to diagram below.

>
v/ims™ asnws
= Y
b h
]
et P LY 499
4 7V %
L by Le
P rd
Y VA A
e A AA 1
AHAED NN ) L]
Y, Y Sl LA NN
> A bl A ARRNY
247 s, A JAXRRNL 1
AL N & LT
2 i 7 Iy il
N “F. 1
N 14 NN 7 5
N 5 <] Y P
S3AN LIRS THAS
Nk ¥ ! P AANS 4
3 NXNNDZLZELANAN
b A LAADK, 9 i
2 NFFEER AN S FE A 1
A LA ARNLEE
0 PELAA YrrziA A A )

tis

.

(b)

(i) Magnitude of the change in momentum

=0~ mul =[-250 kg)(3.2 ms™)| = 1300 kg m s”".
(i) Average force

= (change in momentum)/time

= (1300 kgms™) /(0.20 s)

= 6500 N.

The kinetic energy of the ball just before impact
= Yomu® = Y4(250 kg)(5.2 m s> = 3380 J.

(c)
15% of 3380 J = 507 ] = O (thermal energy)
O = mecAl
5071 = (250 kg)(450 T kg K™ A8

AG=4507x10°=45%x10°K

22
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8 (a) State Newton’s second law of motion. 1
(b) A car of mass 750 kg is travelling at 25 m s along =
horizontal road. The brakes are applied and the car i
brought to rest by an average resistive force F, The
car has an average deceleration of 4.8 m s,
(i) Show that the resistive force acting on the car is
3600 N. [1]
(ii) Calculate the distance travelled by the car during
this deceleration.
distance = m 2]
(iii) Describe, in terms of Newton’s third law, the
horizontal forces acting on the tyres of the car
and on the road. [2]
The car in (b) now travels at 25 m s” down a slope
where the angle to the horizontal is 10°. The car is
brought to rest by applying the brakes. The same
resistive force of 3600 N acts on the car.
(i) Explain why the distance the car travels before
coming to rest is greater than in (b). [1]
(ii) Calculate the deceleration of the car.
deceleration = ms™ [2]
N10/11/1

(c)

Solution

(a) Newton’s second law of motion states that the rate of
change of momentum of a body is directly proportional to
the resultant force acting on it, and takes place in the
direction of the resultant force.

(b) (i) Since the resistive force is the only force acting on the
car while it is braking, the resistive force is also the
resultant force F' = ma = (750 kg)(4.8 m s7) = 3600

N.
TS
(ii) Using the kinematics equation:
z_ 9 S T
vi=u+ 2as
0=(25) +2(-4.8)s T
§=65m i
(iif) Friction exists between the tyres and the road surface.
When the brakes are applied, the wheels stop rolling.
Friction between the tyres and the road surface causes
the tyres to exert a forward frictional force on the
road.
According to Newton’s third law of motion, the road
surface will exert an equal and opposite (ie.
backward) frictional force on the tyres, causing the
car to decelerate.
Wl
&
i |
b
}
r
Sl
Eacﬁmadr%io_;c?e Forward Force R
Y ¥ by Tyre on Road NI e
e
(Action-Reaction Force Pair according e T
to Newton's third law of mation) w
-
L
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Whem e car is on a slope, the component of ‘its
smzmonzl foree acting down the slope acts in the

i :"Jectmn to the resistive force hence
resultant decelerating force. According
econd law of motion, the magnitude of
tion thus decreases and the car travels
ore coming to rest.

= comoonent of the car’s gravitational force acting
7 T2 slope is mg sin @ = (750)(9.81)sin 10° =
y zs shown in the diagram below.

%nlg sin10°
1278 N

S
a=10""~_
T reduces  the magnitude of the resultant
pec=zrziing force to 3600 — 1278 = 2322 N.
sowing Newton’s second law  of motion,

mxoeleration g = Fim = -2322/750 =-3.1ms>
ration=3.1 ms”
= the kinematics equat:on the distance (s) the
o rravels before commg to rest can be calculated (if
i u + 2as
0= (25° + 2(-3.1)s
s=101m

suired):

“omentum and its Conservation

“wo ge=l balls X and Y are suspended on strings. Ball X is

= one side as shown.

-~

2| X 1s released, the balls collide.

O,

- quanlities must be conserved in the collision?

<inetic energy and momentum only
<inetic energy and total energy only
otat eneregy and momentum only NO2/1/5
(D Answer: D
=~=rzy and momentum must be conserved in accordance
- laws of conservation of energy and momentum
zlv. However, the kinetic energy of the system is
- =d only if the collision is elastic.
-=- that is so is not mentioned in this question, hence no
~=on can be drawn regarding the kinetic energy.

Fmics 23
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10 The diagram shows two trolleys X and Y held stationary and
connected by an extended elastic cord. The mass of X is
twice that of Y.

?OYO

7
cork

L
pin
The trolleys are released at the same instant. They move

towards each other and stick together on impact. Just before
the collision, the speed of X is 20 cm s~

What is the speed of Y after the collision?

A zero C Tems™!
B S5cms! D [0cms™! NO3/1/4
Solution Answer: A

Considering the two trolleys as one system, the force of the
elastic cord as well as the force of impact are both internal
forces.

Since no net external force acts on the system, the total
momentum of the system remains constant, i.c. zero.

Upon collision, the rightward momentum of X (2m x 20 m s™)
cancels out the leftward momentum of Y (m x 40 m s™), and
both trolleys come to rest.

11 Two spheres of equal mass collide head-on. Before the
collision, one sphere is stationary and the other is moving
with speed 6 m s~! directly towards the stationary sphere.

Which diagram represents an elastic collision?

6msg™ 0

before collision —

after collision 0 6ms
6ms- Q

before collision

after collision Praes S
-1
before collision Gms” o

after collision

—_— —_—
3ms! 3ms™
ok 0
before collision
D @
after collision —
o9ms-!

NO6/1/5
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Solution Answer; A
In an elastic collision, the total kinetic energy of the system is
conserved.

The total kinetic energy before collision is %4m(6)* = 18m J.
After the collision, the total kinetic energy for answer A is
vam(6)* = 18m J.

The total K.E. for answer B is %m(3)* + Yam(3)* = 9m J.

The total K.E. for answer C is %m(3)? + Vam(3)* = 9m J.

The total K.E. for answer B is %m(3)” + %m(9)* = 45m I.

12 An object of mass M travelling to the right with velocity
2v collides with another object of mass 2M travelling to
the left with velocity v. After the collision, the objects
stick together.

rM_l—>2v V**‘Im

Which line in the table shows the total momentum and the
total kinetic energy of the two objects after the collision?

momentum ! kinetic energy
A 0 f 0
B 4Myv ‘ 0
c 0 IMA
D AMv IMA
NO07/1/6
Answer: A

2! momentum of the system before collision is (AM)(2v)
cording to the law of conservation of
1al momentum of the system after the

I the 10! momentum p of the system after the collision is 0,
then fts total kinetic energy K must also be 0 (K = p*/2m).

zmcle of mass m travelling with velocity u collides
:1lv znd head-on with a stationary particle of mass

ion gives the velocity of the particle of
the collision?

& i g M c 2mu D (M —m)u
M M+m M+m
NO7/1/7
Solution Answer: C
For slzsme collisions, the velocity of approach equals the

i Qi VM — Vi
=vy—tu...(1)
Apphing the law of conservatlon of linear momentum,
mu + 0= myvy, + Mvy ... (2)

Substiuming (1) into (2),
mu = m(vy — 1) + Mvy

2mu = (m + M)vy
Vi = 2mu { (m+ M)

= Dyvnamics 24
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14 A trolley of mass 6.0 kg travelling at a speed of 5.0 m 5™
collides head-on and locks together with another trolley of
mass 10 kg which i s travelling in the opposite direction at
a speed of 3.0 ms™". The collision lasts for 0.20 s.

10kg

6.0kg

C—
Om0),

What is the total momentum of the two trolleys before the
collision and the average force acting on each trolley
during this collision?

fotal momentum average force on
before collision/kgms™ each trolley/N
A 0 300
B 60 150
c 0 150
D 60 300
NO8/1/6
Solution Answer; C

Total momentum of the system before collision = (6.0 kg)(5.0
m s™) - (10 kg)(3.0 m s™) = 30 Ns — 30 Ns = 0. According to
the law of conservation of linear momentum, since no external
net force acts on the system, the total momentum of the system
after the collision must also be zero. This means both trolley
will be brought to rest.

=

According to Newton’s second law of motion, the resultant
force acting on each trolley is its rate of change of linear
momentum, £ = (30 N 5)/(0.20 s) = 150 N.

The force exerted by the 6.0 kg trolley on the 10 kg trolley
should be equal and opposite to that by the 10 kg trolley on the
6.0 kg trolley (Newton’s third law of motion).

Hence both trolleys experience a force of 150. The left trolley
exerts a force of 150 N to bring the right trolley to rest, and
vice versa.

15 A proton (mass lu) travelling with velocity +0.100 ¢
collides elastically head-on with a helium nucleus (mass
4u) travelling with velocity -0.050 c.

proton helium nucleus

0.100¢c 0.050¢ :

oo
What are the velocities of each particle after the collision?
proton nhfci::zzns T a
sy
A —-0.140¢ +0.010¢ b
il
B +0.140¢ +0.010¢
o
Cc +0.233¢ —0.083¢
D -0.233¢ +0.083¢c fx

NO09/1/7
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I Answer: A
W oo the relative velocity of approach equals
- nesmery of separation.

s of separation = velocity of approach
=2 —u;=0.100 ¢—(-0.050 ¢} =0.150 ¢
St e @ of conservation of linear momentum,
Ty T Ry = BV T V2
il 00 o) = (4u)(-0.050 ¢) = (1u) vy + (4u) vy
0lc=vi+4w
pizEneously,

v, =+0.010 ¢
vy =-0.140 ¢

TR s

i w2 of mass m travels with velocity +u towards a

s molecule of mass 4m and collides elastically
“wr = e velocity of the molecule of mass m after the
= B =3 u C i D -u
3 5 5
N10/1/6
i Qe Uit | Answer: B
- == collisions, the relative velocity of approach equals
e I =locity of separation, 4 — 0 = vy —v,.
==rvation of linear momentum, mu = mv| + 4mv,.
ez v, = u + vy into the second equation,
rollcv |
o the mu = mvy +4m(u+v))
Svy = -3u
rolley
t, and vy =-(3/5u
Wi Questions
100 ¢
(mass  ~ - —um nucleus moves towards a deuterium nucleus as
2strated in Fig. 1.1,
i~ v v :
A
rTHum deuterium
lision? Fig. 1.1
The nuclei initially have the same speed v. The tritium
-ucleus consists of two neutrons and a proton. The
“zuterium nucleus consists of a neutron and a proton. The
sroton and the neutron have the same mass /.
a) (i) State why the two nuclei will repel one another.
...................................................... [
(ii) State what will happen if v is sufficiently high.
...................................................... [1]
NO0Y/1/T
et (Nov. = Dnnamics 25
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(iii) Explain why it is not possible for the nuclei to
stop at the same instant.

At one instant during the interaction between the
nuclei, they are both travelling in the same direction
with the same speed. Calculate this speed, in terms of

(b)

......................... [2]
Fig. 1.2 is a velocity-time sketch graph showing how
the velocity of each nucleus varies. The interaction
between the nuclei is elastic.

(©)

velocity

_// "
v

not to scale

Fig. 1.2

(i) Label the graph to show
1. which curve is for the tritium nucleus,
the times at which each nucleus stops,
the time at which they are at their distance of
closest approach. [3]

2.
3.

(ii) Determine the final speed of each nucleus in
terms of v. )
final speed of deuterium =
final speed of tritium =

(4]
NO7/111/1
Solution
(a) (i) Like charges repel.

Since both nuclei are positively charged, they repel.

(ii) Nuclear fusion will occur.
If v is sufficiently high, the nuclei will have sufficient
kinetic energy to overcome the electrostatic repulsion.

(iii) The initial momentum of the system before collision

is not zero because the nuclei are travelling in
opposite directions with different magnitudes of
momentum.
According to the law of conservation of linear
momentum, since there is no external net force acting
on the system, momentum must be conserved hence
the momentum of the system at any instant during the
interaction cannot be zero.

(b) Apply the law of conservation of linear momentum and let
v’ be their common velocity.
Imyv—2mv = 3m + 2m)’
mv=S5mv’
VI =v/5
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(c) (i) The labeling is shown in Fig. 1.3 below.

velocity

v

AT

Deuterium Approach  Tritium Tritium Nucleus'
Nucleus Stops Nucleus Stops ~ Curve

Fig. 1.3
The tritium nucleus, being the heavier of the two
nuclei, experiences a smaller reversal in velocity
after the collision. The distance of closest approach
occurs when both nuclei are travelling at the same
speed, just before they separate.

<

(i) For an elastic collision, the relative velocity of
approach equals the relative velocity of separation.
v—(-v)=vp-vr

Vp—vr=2v ... (])

where vy and vy are the velocities of the deuterium
nucleus and tritium nucleus after the collision,
respectively.

From the law of conservation of linear momentum,
3mv —2myv = 3mvy + 2mvp
vt 2vp=v... (2)

3Ix(D+@Q),
SVD ="Tv
vp= 14y
Substitute into (1),
1.4v — Y= 2v
v = -0.6v

Therefore, the final speed of the deuterium nucleus is
1.4v while the final speed of the tritium nucleus is
0.6v. Check: This confirms the answer to (c)(i)1.

18 Fig. 2.1 shows the path of a ball that is kicked off the
ground towards a vertical wall.

incident velocity

6.6ms™
L ball

- \

-~ pathof -

ball 1.8m
N

wall

initial =
; S
velocity ~Z
4

Fig. 2.1

The ball of mass 0.45 k
maximum heig [ 1
horizontal veloc
horizontal direction wit
is in contact with the w

1 s and rebounds in a
city of 5.2 m 5. The ball

3 Dynamics
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(a) Calculate the initial vertical component of the ball’s
velocity.
vertical velocity = ........................ ms’! 2]
(b) Calculate the average force acting on the ball due to
its collision with the wall.
magnitude of the force=................ N
direction of force onthe ball= ...............
(c) State and explain whether the collision with the wall
is elastic. [1]
(d) Explain why the ball does not rebound to the point on
the ground from where it was kicked. [2]
NO9/1I/2
Solution
(a) Using the kinematics equation on the vertical component
of the ball’s velocity, and taking upwards as the positive
direction:
vy2 = uyz +2a,s,
0=u+2(-9.81)(1.8)
u,=5.943ms"

vertical velocity = 5.9 m s
(b)

Applying Newton’s second law of motion, and taking
rightwards as the positive direction:

F=(mv—mu)/t=m(v-u)/t
=045(-52-6.6)/022=-2414 N

magnitude of the force =24 N

direction of the force on the ball = towards the left
(c) Not elastic. The speed of the ball v has decreased from 6.6
m s’ to 5.2 m 5. Since its kinetic energy FEy = Yamv
(where m is its mass), its kinetic energy has decreased,

Another way to explain will be that the relative velocity o

approach (6.6 — 0 = 6.6 m s') is greater than the relativ

velocity of separation (0 —(-5.2) = 5.2 m s7).
(d) Insituations like this where air resistance is negligible, the
time for the ball to rise is equal to that for it to fall.
However, the ball’s horizontal velocity has decreased after
the rebound. In the same time interval that it took to rise.
the ball will thus travel a shorter horizontal distance after
the rebound, and land closer to the wall.
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re Questions

(1) Define linear momentum. [1]

i) State the relationship between the change in linear
momentum of an object, the constant force acting
on the object, and the time for which the force
acts, i

In a collision between two bodies A and B, the force
that ‘A exerts on B varies with time in the way shown
in Fig. 2.1.

i force that
oree A exerts
onB
0 - o
time
Fig. 2.1
(i) Copy Fig. 2.1 and show on your sketch a graph of
. the force that B exerts on A. [1]
(i1} Explain your answer (o (i). [11

(iii) Explain how your answer to (i) is consistent with
the principle of conservation of momentum,  [3]

In a collision, when a truck of mass 12 000 kg runs into
the back of a car of mass 1200 kg, a conslant force
of 72 000 N acts for 0.25 s. Calculate the change in
velocity of

(i) the car, [3]
(1)  the truck. (2]

Suggest one way in which the conditions in (c) are
unrealistic. [1]

Discuss how seat belts and air bags in a car ensure
greater safety. [2]

In order to reduce the number of road traffic accidents,
many countries conduct research into improving road
safety.

(i) Onc areca of research concerns braking. State
three factors that affect braking which might be
considered by researchers. 3]

(ii) State one other aspect of car safety that could be
researched, and suggest briefly how the research
could be conducted. [2]

NO4/A11/2
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Solution

(@ (1)

(i)

(b) (@

(i)
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The linear momentum of a body is the product of its
mass and its velocity, and acts in the same direction
as its velocity.

The change in linear momentum Ap of an object
(impulse) is equal to the produce of the constant force
F acting on it and the time ¢ for which the force acts,
Ap = Ft.

The force that B exerts on A is shown in the figure
below.

force

time

According to Newton’s third law of motion, when
body A exerts a force on body B, body B exerts an
equal but opposite force on body A.

Hence the force that B exerts on A is equal in
magnitude but opposite in direction to that exerted by
A on B.

(iii) The force that A exerts on B is equal in magnitude to

(c) (1)

(i)

that by B on A and the time of contact over which the
forces act is also the same for both bodies.

The change in A’s linear momentum (f F diy is thus
equal in magnitude but opposite to B’s (-] F dr).

Considering A and B as one system, their changes in
linear momentum cancel out vectorially, thus the total
momentum of the system remains unchanged.

Since their mutual contact forces are considered as
internal forces and there are no external forces acting
on the system, the fact that the linear momentum of
the system remains unchanged in the absence of
external- forces is consistent with the law of
conservation of linear momentum.

The impulse (i.e. change of momentum)
= constant force x time
=72000Nx025s

=18 000 N s.

For the car, m Av = 18000 N s

Av = (18 000 N 5)/(1200 kg) = 15 ms™.
For the truck, m Av=-18000 N s

Av=(-18 000 N s)/(12 000 kg)=-1.5ms".
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(d) It is not possible for vehicles to experience a constant
force during a collision.

The force varies as the bodies undergo deformation
during a collision.

(e) By

undergoing deformation, seat belts and air bags

increase the time for the body to be brought to rest.

According to Newton’s second law of motion, the
resultant force (F) acting on a body is directly
proportional to the rate of change of linear momentum (p)
of the body (F « dp/dr). Hence an increase in the time
taken reduces the rate of change of momentum, and hence
the resultant force acting on the body.

® @

(i)

20 (a)

Frictional force between the tire and the road
(material engineering research).

Skidding due to the tires locking in abrupt braking
situations (antilock braking system (ABS) research).

Speed of braking action (replacement of mechanical
system with electronic brake-by-wire systems).

Shock absorption in the event of collision.

Research can be conducted into the efficacy of the
crumple zone at the front and back of the car
(including the bumper).

The material used should be stiff enough so that the
car does not break apart, yet not so stiff as to result in
an extremely large force of impact.

Force sensors placed on dummy drivers can be used
to measure the force of injury in simulated collisions.

Newton’s third law of motion can be stated in the form

wher object X exerts a force on object Y, then object Y
cxerts a force of the same type that is equal in
magnitude and opposite in direction on object X.

(i) Explain what is meant by of the same rype in this
statement of the law. [1]

(i) Object X is a book resting in equilibrium on a
table (object Y). Draw labelled force diagrams to
show the forces on X and on Y. Make it clear
which forces are equal in magnitude and opp
in direction.

(iliy Now suppose object X is a book that h
onto the table (object Y) and has just lan
For the instant of arrival, draw labelled

diagrams to show

3 Dynamics 28
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(b) In planning a railway timetable, three options are being
considered for trains going through a certain town. The
options are

A.  atrain of mass 6.0 X 10 kg that does not stop,

B. a train of mass 6.0 x 10° kg that can accelerate
and decelerate at a rate of 0.50 m 572, which stops
in the station for 200 s,

C. a train of mass 1.0 % 107 kg that can accelerate
and decelerate at a rate of 2.00 m s~2, which stops
in the station for 200 s.

The steady speed of the trains between stations is
50 m s~L. Velocity-time graphs of their movement are
shown in Fig. 1.1 opposite.

(i) Copy and complete the last three columns of the
following table. 91

train A train B train C

distance travelled in
the 400 s that the trains | 20000 m
have different speeds

distance train is behind

train A as a result of 0 15000 m
stopping
time dcl?y as a result 0 300's
of slopping
kinetic energy of tralgi 1.25 %108 J
ataspeed of S0m s~
stopping force cxerted 0
on train by the track
velocity of § , ’
train A ! ¢
1 1
50ms-! : :
i |
1 1
| t
] i
. ; ; . il
time
velocity of | ) )
train B i !
1 1
50ms™ : :
% i 1 1
i i 1 1
] i i !
] i i 1
I i i 1
I I i 1
i i l i
1 T I |
i i i I
0 b= el i ._;: g
o0s ! 200s "o0s ! time
velocity of J |
vanC | ' ;
; H
50ms™T T ]
t ]
+ i
] i
i 1
H H
1 I
i ]
i I
i
o : . =
Fig. 1.1 1, 25s 255 Fme
400's o
(i) Suggest two advantages and two disadvantages of
using trains such as C rather than B. [4]
NOS/III/1
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(i1)

This means that the action and reaction forces obey
the same set of physical laws and are grouped within
the same category, e.g. gravitational, electrical,
contact forces etc.

The labelled force diagram is in Fig. 1.2,

Wy is the weight of book X.
Wy is the weight of table Y.

Fxy is the force that book X exerts on table Y.
Fyy is reaction force that table Y exerts on book X.

Fxy and Fyy are equal in magnitude and opposite in
direction, and they are aclion-reaction forces
according to Newton’s third law of motion because
they act on different bodies.

Wy and Fyy are equal in magnitude and opposite in
direction, but they are not action-reaction forces
because they both act on the same bedy, i.e. book X.
They balance each other so that the resultant force
acting on book X is zero, ensuring that the book is in
equilibrium.

Fig. 1.2

1y

(iii) The labelled force diagram is in Fig. 1.3.

Wy is the weight of book X.
Wy is the weight of table Y.

Fyy is the force that book X exerts on table Y.
Fyy is reaction force that table Y exerts on book X.

Fxy and Fyy are equal in magnitude and opposite in
direction, and they are action-reaction forces
according to Newton’s third law of motion because
they act on different bodies. However, both the action
and reaction forces Fyy and Fyx are greater in
magnitude than their counterparts in (ii).

Wy and Fyyx are not equal in magnitude anymore
although still opposite in direction, they are not
action-reaction forces anyway since they both act on
the same body, i.e. book X. The resultant upward
force (Fyx — Wy) is the decelerating force that brings
the book to rest.
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Fig. 1.3
(b) (i} The completed table is shown below.
train A train B train C

distance travelled in the
400 s that the trains have 20 000 m 5000 m 8750 m
different speeds
distance train is behind
train A as a result of 0 15000m| 11250m
stopping
time delay as a result of
stopping 0 300 s 2255
kinetic energy of train at
aspeed of 50 ms™ 75x10°0 | 7.5x10%0] 1.25x10°)
stopping force exerted on
train by the track 0 30x10°N| 2.0x10°N

(i) Two advantages:

1. Due to its smaller mass, train C is easier to
accelerate and decelerate thus reaching the
terminal station faster, especially if there are
many intermediate stops during the journey.

2. The braking force required is less hence the wear
and tear on the brake pads will also be lower.

Two disadvantages:

1. Lighter trains tend to have smaller engine power
and are able to transport fewer loads per trip.
They thus need to make more trips to transport
the same amount of load.

2. As a proportion of its useful energy, the work

done against air resistance will be greater for the
lighter train, thus making it less energy efficient.
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TOPIC 4
Hooke’s Law
Long Questions

1 In the sport of clay pigeon shooting, a clay disc is launched
into the air by a spring, and the contestant fires a shot at
the moving disc. A launching device has been modified
to project the disc vertically upwards. The spring in the
launching device has a spring constant of 2000 N m~! and the
clay disc has mass 80 g. In use the spring obeys Hooke’s law
and the extension decreases from 13 cm to 7.0 cm.

(i) Sketch a graph of force against extension for the spring
and shade the area which represents the loss of energy

stored by the spring when launching the clay disc.
Calculate

(i)

1. the loss of elastic potential energy of the spring,

2. the initial speed of the clay disc, assuming all the
energy lost by the spring becomes kinetic energy
of the disc,

3. the height to which the disc will rise, assuming
that air resistance is negligible. (8]

NO2III/1 (part)
Solution

(i) The graph of force F against extension e is shown in the
figure below.

F(N)
A A
250
200 \\
150 ) \\
\
100
MO
N
50 \
NN
—» ¢ ()
0 001 002 003 004 0.05 006 0.07 0058 008 0.10 0.11 012 013 014 015

(iiy 1. The loss in elastic potential energy is the area under
the graph
=14 (0.07 x 2000 + 0.13 x 2000) N x (0.13 —0.07) m
=121
2. Kinetic energy = Y%mv* = %(0.080 kg = 12 ],
v=1732=17ms".
3. Gain in gravitational potential energy = loss in
kinetic energy.
mgh = YVamv’ = 12]
(0.080 kg)(9.81 Nkg) h=12]
h=1529=15m.
4 Forces 30
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2 (a) Define force. 2]

(b) A light helical spring is suspended vertically from a
fixed position, as shown in Fig. 6.1.

spring

rnass\\\\fggﬁ

Fig. 6.1
Different masses are suspended from the spring. The
weight I of the mass and the length L of the spring

are noted.
The variation with weight /¥ of the length L is shown
in Fig. 6.2.
g re== R R
: = At T
B : = ‘ : i
Lfem ‘ ——
**: :’ 1 i 1 5 {“‘—-
6 EeEeE i
4 : . ; T
Pacess
REci: : - e
0 1 2 4 5
WiN
Fig. 6.2
(i) On Fig. 6.2, show clearly the area of the graph

that represents the energy stored in the spring
when the weight on the spring is increased from
zero to 5.0 N. [1]
For a spring undergoing an elastic change, the
force per unit extension of the spring is known as
the force constant £.

Show that the energy £ stored in the spring for an
extension x of the spring is given by the

(i)

expression
E=Yakx’.
[2]
(¢) A mass of weight 4.0 N is suspended from the spring
in (b).

When the mass is stationary, it is then pulled
downwards a distance of 0.80 ¢cm and held stationary.
(i) Determine the total length of the spring.

length = (1]
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(ii) For the increase in extension of 0.80 cm,

determine the magnitude of the change in

1. the gravitational potential energy of the

mass,
change = . .opvvmmmmin J

2. the elastic potential energy of the spring.
chalige = ouiannumsnans J

(2]
(3]

(iii) Use your answers in (ii) to show that the work
done to cause the additional extension of 0.80

emis4.0x 107 7.

[1]

N10/I11/6 (part)

~>lution

The resultant force acting on a body is the rate of
change of momentum of the body, and acts in the
direction of the change in momentum. The unit for
force is the newton, which is the force required to
accelerate a mass of 1 kg at a rate of 1 m s in the
direction of the force.

(i) The energy stored is represented by the shaded

area:
10 BIEEER ;
E ESERE=aELRE =
i ;
EEmRED o
. =
T 7
¥ o
Licm R
6
I ; :
4 ~ —
; =
I ]
5 i 5
- s i
0 — '
0 1 2 3 4 5
WIN

ii) The energy E stored in a spring is the work done
to stretch it, which is the sum of the spring’s force
(F) multiplied by incremental displacements (dx).
This can be found by integration with limits from
0 to x,

E=]F dx=] ke dx = Vil

Alternatively, this is also the triangular area
under the force-extension graph.

E = %Fx = Yo)x = %k

The spring constant for this spring
k=(5.0N)/(0.04 m)=125Nm™.

i) From the graph, the length of the spring is 9.2 ¢cm
when the weight is 4.0 N. Adding to this another
0.8 cm, the total length becomes 10 cm.
length = 10 cm

1) 1. The change in gravitational potential energy
= (mg)(h) = (4.0)(0.8 x 107 =0.032 J.

[\

The change in elastic potential energy is the
shaded area shown:

31
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T T =
1

L/ecm

E-Y

n

0 B D! I i :
0 1 2 3 4 5
WIN

= Yolox,” — Vak?
= 14(125)(0.04)* - 14(125)(0.032)*
=0.036J

(iii) Work done to cause the additional 0.80 cm of
extension = gain in elastic potential energy — loss
in gravitational potential energy = 0.036 — 0.032 =
4.0x 107 J. '

Fluids

3 The diagram shows a block of copper suspended in water,
The block experiences an upthrust from the water.

Which statement is the basis of an explanation for this

upthrust?
°
o

_~face R
A Copper is more dense than water.
B The area of face R is greater than the area of face S.
C  The density of water increases with depth.
D The pressure of water increases with depth. NO2/1/7

Solution Answer: D

In Archimedes’s principle, the upthrust is due to the pressure
difference between the top and bottom surfaces of the
immersed object.

Since pressure increases with depth, the upward force exerted
by the liquid on the bottom surface R of the immersed object is
greater than the downward force exerted by the liquid on the
top surface S plus the slanted sides.

The difference between the upward and downward forces is
the upthrust.

(Note: even if the object is turned upside down, the upthrust
will still be upwards).
‘A’ Physics Topical Paper (Nov.)



4 A solid block of material of density p, height h and
horizontal surface area A is immersed in a liquid. The
pressures of the liquid at the upper and lower surfaces arc p,
and p, respectively.

pressure = p,

P pressure = po

Which of the following is an expression for the upthrust on
the block?

A Ahpg C  pA
B Ahpg+pA D pA-pA NO3/1/6
Solution Answer: D

In Archimedes’s principle, the upthrust is due to the pressure
difference between the top and bottom surfaces of the
immersed object,

Since pressure increases with depth, the upward force (p,4)
exerted by the liquid on the bottom surface of the immersed
object is greater than the downward force (p,4) exerted by the
liquid on the top surface.

The difference between the upward and downward forces is
the upthrust.

(Note: p in this question refers to the density of the object and
not the liquid so the upthrust cannot be Ahpg).

5 A submarine is in equilibrium in a fully submerged position.

‘What causes the upthrust on the submarine?

A The air exerts a greater upward force on the submarine
than the weight of the steel.

B The air in the submarine is less dense than sea water.

C  There is a difference in water pressure acting on the top
and bottom of the submarine.
D The submarine displaces its own volume of sea water.
NO4/1/7
Solution Answer: C
In Archimedes’s principle, the upthrust is due to the pressure

difference between the top and bottom surfaces of the
immersed object.

Since pressure increases with depth, the upward force exerted
by the liquid on the bottom surface of the submarine is greater
than the downward force exerted by the liquid on the top
surface of the submarine.

The difference between the upward and downward forces is
the upthrust.

4 Forces 32
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6 A lump of ice floats in water as shown.

=

Which statement is correct?

A The lump of ice floats because the area of its lower
surface is larger than the area of its upper surface.

B The pressure difference between the lower and the
upper surfaces of the lump of ice give rise to an
upthrust equal to its weight.

C  The ice has a greater density than the water.
D The mass of water displaced by the ice is equal to the
upthrust.
NO7/1/8
Solution Answer: B

Upthrust is a result of pressure difference between the lower
and upper surfaces.

Statement A is incorrect because the effective areas acted upon
by both vertically downward and vertically upward forces are
the same,

Statement C is incorrect as ice has a lower density than water.
Statement D is incorrect as mass is measured in kilograms
while upthrust is measured in newtons. The equation is not
homogeneous.

7 An oil tanker, with vertical sides, has an external cross-
sectional area of 36 500 m’ in the plane of the sea.

The tanker carries oil of density 930 kg m™ in its tanks,
which have a constant cross-sectional area of 34 000 m’
and depth 22.0 m. Sea water has density 1030 kg m™.

By how much does the tanker rise in the water when it
unloads its oil?

A 262m B 22.7m C 213m D 1835m
NO9/I/10
Solution Answer: D

The weight of the oil unloaded is (34 000 m* x 22.0 m x 930
kg m™)g = 6.956 x 10° g. The tanker will be lighter by this

amount.

The reduction in upthrust needed to support the tanker i

according to Archimedes’ Principle, equal to the reduction i

weight of the sea water displaced.

(36500 m’ x 1 x 1030 kg m™)g=6.956 x 10° ¢
h=185m

o
e
e
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wazzr droplet in a cloud is falling through air and is in
o oomum. Three forces act on it, its weight W, upthrust
EnC 2ir resistance R.
Wt diagram, showing these three forces to scale, is
A B c D
AR
u
R4U
R R
-h U
wer
. W W W w
N10/1/8
e T A Answer: A
mee 2zs 2 magnitude equal to the weight of air displaced.
1% e Zensity of air is low, the upthrust should be very
B ared to air resistance.
i we= == Zroplet is in equilibrium, the resultant force acting
=z hence the sum of U+ R is equal to W.
ipoT e Qmestions
Explain why a body falling through air reaches a
- i=rminal velocity. {11
r..'._':.._ Explain why the terminal velocity of falling spheres of
pr the same density increases with mass. 31
NO4/TI/13
T
T0SS5—

" - - resistance increases with speed.

= the body falls through air, its speed increases and so

2ot the air resistance opposing its motion.

the body’s weight is constant but the resistive force
: morzases, the resultant force decreases.
: ;;.‘rding.l_ to Newton’s second law of motion, the
woozleration of a body is directly proportional to the
-=zultant force acting on it (a = F/m) thus the acceleration
zs0 decreases.

TS
SR

tanks. -zntually, the speed reaches a value such that the air
00 m° —=ssance plus upthrust is equal and opposite to the
A ~o2v's weight, and the resultant force becomes zero.
"= acceleration becomes zero and the body reaches
shen it =-minal velocity.
m "=z gravitational force acting on the body is proportional
DO/T/ 10 s volume and the cube of its linear dimension », ¥ =
wer: D s = (4f3}1t?‘3pg.
) x 930 _= the other hand, air resistance is proportional to the
by this -—zctive area facing the wind and the square of its linear
—mension r, F= Brzpvz.
aker is. - terminal velocity, acceleration and resultant force is
ction i -=70 hence, Fam=W=U

B v = (4/3)mrpg - U
: v = [(4/3)mrpg ~ UVB
vaVr
-or spheres of the same density, the greater its mass, the
c-zater its dimension » and the higher its terminal

zlocity.
B ~ores 33
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Long Questions

10 (2) A block of ice of mass 150 kg is floating in a fresh-
water lake. The density of the water is 1000 kg m=.
Determine

(i)

(i)
(i)
(iv}

the upthrust on the ice,
the weight of water displaced,
the volume of water displaced,

the volume of water produced when all the ice
melts.
(6]

Explain why, when ice floating in a jug of water mels,
there is no change in the level of the water. 2]

(b)

(c) Fig. 10.1 shows an object that is not in equilibrium
partially submerged in water.

N\

Fig. 10.1

The density of the object is uniform and is less than the
density of water.
(i) Make a rough copy of Fig. 10.1. Draw arrows on
your copy to show the weight of the object and
the upthrust. Pay particular attention (o the
relative positions of the lines of action of the two
forces.
(i) Describe what will happen to the object and
suggest its approximate final position after it
comes to equilibrium. (4]
NO2/II/10

Solution
(a) (i) For a floating body, the upthrust is equal in

magnitude to the weight of the body.

Hence U= W=mg

= (150 kg)(9.81 N kg™

=1472

=1.5x10°N.

(ii) A floating body displaces an amount of fluid of a
weight equal to its own weight (principle of
floatation.

Hence the weight of water displaced is 1.5 x 10° N.

(i) V= Wipg
= (1472 N)/(1000 kg m™)(9.81 N kg™)
=0.15m’.

(iv) Since the weight of ice is exactly equal to the weight
of the water it displaces, the mass of the ice is equal
to the mass of water it displaces.

When the ice melts, it produces the same volume of
water as the water it displaces, i.e. 0.15 m".
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(b) Since the ice floats, in accordance with the principle of
floatation, the weight of ice is exactly equal to the weight
of the water it displaces.

Therefore, the mass of the ice is equal to the mass of
water it displaces,

Thus when the ice melts, it will produce the same volume
of water as the water it displaces.

The water formed by the melted ice will exactly replace
the water displaced by the ice. Therefore there is no
change in the level of the water.

(c) (i) The diagram is shown in the figure below. In the
figure, W represents the weight of the object and U
the upthrust exerted by the fluid on it.

N

(ii) The weight W and upthrust U are equal and opposite.
Since their lines of action are not aligned, they form a
couple exerting an anticlockwise torque on the
object, causing it to rotate anticlockwise,

The object will overshoot the equilibrium position,
with W’s line of action moving to the right of that of
U’s. The couple then exerts a clockwise torque on the
object.

This causes the object to oscillate clockwise and
anticlockwise alternately, until resistive forces acting
on the body bring it to its final equilibrium position,
with the lines of action of W and U aligned and the
centre of buoyancy B directly below the centre of
gravity G.

This is shown in the figure below.

* u

4 Forces
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11 (a)

Solution

(a)

(b)

"area.

WWW.pnysi
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Using definitions of pressure p and density o.
the equation that gives the pressurc at a depth & =
fluid.

=

(6) A compressible object has mass 1.80 kg and volomes &

given by the equation

V=a-bp
where a is 0.0020 m?, & is 3.2 x 1071%m3Pa~1 and p =
the excess pressure above atmospheric pressure.

Seawater can be assumed to be incompressible and o
density 1030 kg m™.

Calculate

(i)  the volume of the object on the surface of the s=z.
[

the density of the object on the surface of the ssa.

(1N

(i)

(iii) the excess pressure from the water at which the
object ceases to rise and starts to sink to the
floor, k.

(iv) the depth in the water at which this change from
rising to sinking takes place.

Pressure p is the force acting normally per unit area th
the pressure at a depth /2 will be given by p = F/d = I"
where W is the weight of the column of fluid above

The density p of the fluid is the ratio of its mass m
volume }" hence mass m = Vp, and weight W= mg = Vpg.

Pressure p = W/4d = Fpg/d but V/4 = h hence p = hpg.
(i) At the surface of the sea, the excess pressure p =
hence ¥ = a=0.0020 m’.

(i) Density = mass/volume
=1.80 kg /0.0020 m’
=900 kg m’,

(iii) The situation described occurs when the density
the object equals the density of sea water.

(1.80 kg)/(0.0020 m* — 3.2 x 107" m*) = 1030 kg m’

p=7888x10°=79x10°Pa

(iv) h=pipg .
=7.888 x 10° Pa/(1030 kg m~ x 9.81 N kg™
=78.07
=78 m.

‘A’ Physics Topical Paper (Nov



of Forces

- llges e ks acted upon by three forces P, Q and R.

Wi Sazrzm could show the position and direction of

s e Torces when the rod is in equilibrium?
A B
of
j(} e : Q
R
/ 1 R
C D
g : Q
I R b R
NOs/I/7
et Answer: B
w1 m==m of non-collinear forces acting on a body which is

o e oeom, the lines of action of all the forces must meet at
e et ( M),

T = oo osatisfy the principle of moments: that a body in
wuuctrim has no resultant moment about amy point, to
s ~zeztional equilibrium.

R

4

. 7= same time, a body in equilibrium should also have no
ot force acting on it, to ensure translational equilibrium.

Q

- znswer B setisfies both conditions.

er (Novile ~-rces 35
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13 A table-tennis ball is released in air and falls vertically. The
graph shows how its velocity varies with time.

A

velocity

0 ol
0 tima

Which graph best illustrates the variation with time 1 of its
acceleration a?

A B
a\/ a‘/
% % o
¢ 5
EK at\
% % .
NO6/1/3

Answer: C

Solution

Acceleration is the rate of change of velocity.
The acceleration-time graph can be obtained by measurmg the
gradient of velocity-time graph.

As the gradient of the velocity-time graph decreases at a
decreasing rate, the acceleration decreases at a decreasing rate.
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14 A hinged shelf is held horizontally against a wall by a chain
PQ. The forces acting on the shelf are its weight, the force
exerted by the chain and the force exerted by the hinge H.

>4

wall

weight
of shelf

Which arrow could represent the direction of the force the
hinge exerts on the shelf?

NOG/V6
Solution Answer: D
A body in equilibrium has no resultant force hence the three
forces acting on it must form a closed vector triangle, as
shown in the figure below.

-[::hain W

15 The diagram shows a ball which has been thrown and is
being acted on by air resistance.
Which labelled arrow shows the direction of the resultant
force on the ball when it is at the position shown?

ball
path of ball ')3_=____ \- =—=—D
7 Sy
/l B
NO7/1/4
Solution Answer: B

There are two forces acting on the ball while it is in flight. The
first is the force of gravity (acting vertically downwards) and
the other is the air resistance (acting towards the left, against
the direction of motion). The resultant of these two forces
would be pointing down and to the left.

On the other hand if there had been no air resistance then C
would have been the answer.

4 Forces 36
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16 A ladder of weight W rests against a vertical wall.

Friction between the ladder and the ground and alse
between the ladder and the wall prevents the ladder from

slipping.

Which diagram shows the directions of the forces on the
ladder?
A B

N08/1/7
Solution Answer: C
For a system of non-parallel forces to be in a state of
equilibrium, their lines of action must meet at one point
(Labelled M) below. This can only be satisfied by either
answer C or D.

Frictional
Forcg — o - _

Wall Reaction
Force

! Normal
Reaction Force

T N T N B

Since it is mentioned that there is friction at the wall, the
reaction force at the wall cannot be normal to the wall as i
must contain a frictional component acting parallel to the wal
Therefore, the answer is C.

Answer D is for the case in which the wall is frictionless.
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vz Questions

T resistive force R on a moving car can be given by the
==uation R = P+ (Qv? where v is the speed of the car and P
2 O are conslants.

State suitabie units for P and Q. [2]

When the speed of the car is very close to zero the
resistive force is 200 N; when the speed is 30 m s}
the resistive force is 2000 N. Calculate the values of
Pand Q. [31

Use your answers to () in order to find the resistive
force at 40 m 5!, [1]

Suggest factors which affect P and Q and cxplain how
there can be a resistive force when the car is stationary.
[4] NO2/II/12
rion
- s in newton (N) since P has the same unit as force R.
is in kg m™' since Ov* has the same unit as force R.

shenv=0,P=R=200N.
<2nce P =200 N.

vhenv=30ms™, P+ Qv =R=2000N.
TXON+Q30msT) =2000 N
=2kgm™.

2 =200 N+ (2 kg m™)(40 m s)* = 3400 N.

- is independent of speed hence it is due to friction.

is dependent on the coefficient of friction y (determined
-+ the roughness of contact surfaces) and the magnitude
-7 the contact force R between the surfaces (P = uR).

_ is dependent on speed hence it is due to air resistance.

_ is dependent on the density p of the fluid medium (in
~is case air), the effective frontal area A of the car and
= drag cogfficient Cp, (O = YapCpAem).

~atic friction is present even when the body is stationary.

Drag is sometimes referred to as fluid friction. Describe
a way in which drag and friction between solids are
similar, and a way in which they differ. [3]

The drag force F is given by the equation
F = Bripv?
where B is a dimensionless quantity.
Apply base units to confirm the form of the equation.
(2]

A one-tenth scale model of a new type of car is tested
in a wind tunnel. The drag force is found to be F when
the air speed is set at v. Suggest and explain what the
drag force will be when the full-size car travels at
speed v through the air. [3]

NO3/II/12 (part)
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Solution

(@)

(b)

(©

Similarity: both forces are resistive forces which oppose
motion and decelerate the object, resulting in dissipation
of heat energy.

Difference: Frictional forces are independent of speed
(once the object is moving) whereas drag force increases
with speed (proportional to speed under laminar flow
condition; and proportional to the square of speed under
turbulent flow condition).

On the left-hand-side of the equation, the SI base unit for
force F is the newton (N} which can be reduced to base
units of kg m s (based on the equation F = ma).

On the right-hand-side of the equation, the SI base unit for
 is m% the SI base units of p is kg m™ and the SI base
units of v is m%s™.

Since B is dimensionless, Bpv* multiplied together have
SI base units of kg m s, which is exactly the same as that
on the left-hand-side of the equation.

Hence the equation is homogeneous.

A full-size car will have linear dimensions ten times that
of the model, hence the variable r becomes 10 r, and
becomes 100 +~. Therefore, the force becomes 100 F.

19 (a) All forces outside the nucleus are caused by objects

being in one or more of gravitational, electrical and
magnetic fields.

(i) For each of these ficlds, state the physical prop-
erty on which the force acts. [3]

State the direction of the force relative to field
direction for each of the fields. £3]

A car travelling along a flat road may be considered to
have three forces acting on it. These are represented in
Fig. 1.1.

(ii)

(b)

resultant force A
of road on car

resultant force B
of air on car

¥ resultant force C

of Earth on car
(i) Explain why it is necessary to regard forces A and
C as resultant forces. 2]

Force A has a magnitude of 8200 N and is at an
angle of 28° to the vertical. Force B is horizontal
and has magnitude 1500 N.

(i)

Calculate

1. the weight and the mass of the car, [23
2. the resultant force on the car, 2]
3.  the acceleration of the car. 11

(iil) For the car, motion is impossible without friction.
Discuss what is meant by friction and the
dircction in which it acts on the car. In your

answer, suggest another example where friction is

useful. {31

(¢} Describe a situation in which motion is produced with-
out friction being required. [2]
NOG/IIL1
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Solution
(a) (i) Gravitational field acts on mass.
Electrical field acts on electric charge.
Magnetic field acts on moving electric charge.

(ii) The gravitational force acting on a mass is always in
the same direction as the gravitational field.
The electrical force acting on an electric charge may
be in the same direction as the electrical field (for a
positive charge) or in the opposite direction (for a
negative charge).
The magnetic force acting on a moving electric
charge acts at right angles to the direction of the
magnetic field (direction determined by Fleming’s
left hand rule).
(b) (i) Forces A and C are not single forces but made up of
component forces.
Force A is the resultant of the vertical normal
reaction force exerted by the road on the four wheels,
and the horizontal forward accelerating force due to
friction between the wheels and the road.
Force C is the resultant force of the weight of every
part of the car from the back to the front, but is
considered to act at a location known as the centre of
gravity — the point at which the entire weight of the
car appears to act.
(i) 1. The weight W of the car is balanced by the
vertical component of the resultant force A,

W= A cos28°

=8200 N cos 28°=7240=7200 N

The mass of the car
m=Wg
=T7240N/9.81 ng'l =738 =740 kg

2.  The resultant force on the car is the difference
between the forward (horizontal) component of
A and the resultant force B of the air.
Resultant F= A sin28°-B
= 8200 N sin 28° — 1500
=3850-1500=2350 N

3. Theaccelerationa=£#/m
= (2350 N)/738kg=3.184=32m 5

(iil) Friction is a type force that exists between contact
surfaces, and which resists relative motion between
the two surfaces or the tendency to such motion.

In the case of the car, the frictional force acts in the
forward direction of the car (i.e. towards the right).

There is friction at the contact point between the tires
and the road. As the wheels rotate clockwise, the
tires exert a leftward frictional force on the road
surface.

By Newton’s third law of motion, the road surface
will exert an equal but opposite rightward frictional
force on each of the rotating tires. This rightward
force is the forward force which accelerates the car.

38

4 Forces
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Friction is also useful in braking. When the brakes ar=
stepped on, there is a tendency for the wheels to ston
rotating and rub against the road surface.

In this instance, the frictional force acts in the
opposite direction to the car’s motion. This producss
a deceleration which brings the car to rest.

(c) Rockets in space which eject gas to accelerate themselves |
produce motion without friction being required.

The principles of their motion are the law of conservation
of momentum and Newton’s third law of motion — ths
backward thrust on the gas produces an equal but opposit=
thrust on the rocket.

Turning Effects of Forces

20 What is not true of two forces that give rise to a couple?

A They act in opposite directions.

B They both act at the same point.

C  They both act on the same body.

D They both have the same magnitude. NO3
Solution Answer; B

Answer B is not true as the two forces in a couple must
separated by a perpendicular distance apart, in order
produce a torque.

If both forces act at the same point, the resultant torque will
ZETO0.

21 A uniform plank of weight 60 N is 2000 mm long. It rests
a support that is 600 mm from end E.

«1*—~w—-——-—+l

600mm

2000mm

At what distance from E must a 160 N weight be placed
order to balance the plank?

A 150 mm

B 225 mm

C 375 mm

D 450 mm NO3
Solution Answer:

A body in equilibrium has no resultant moment hence
anticlockwise moment exerted by the 160 N weight about
pivot must be equal to the clockwise moment exerted by
plank’s weight about the same pivot.

The plank’s entire weight acts through the centre of gra u
which is at the centre of the plank, 400 mm to the right of B
pivot. Let d be the distance from the 160 N weight to pivot. WY ¢

(160 N) d= (60 N)400 mm)
d= 150 mm 1
The distance from E is thus 600 mm — 150 mm = 450 mm.

" iIeCh st
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gition
-2 A uniform rod has a wooden section and a solid rubber
are handle, as shown.
stop = A0 rubber handle
AN
the :
- ~ooden section 2.101
The length of the handle is / and the length of the wooden
section is 4.00 /. The rod balances a distance 2.10 / from
dves the rubber end.
) density of rubber
What is the ratio density of wood 9
ation
_ the A 171 B 225 C 250 D 3.27
osite NO8/1/8
~olution Answer: B
“ a2 weight of the wooden section Wiy and that of the rubber
:ndle Wy act from their respective centres of gravity, as
~own below.
) B 4.001 DR
l )
W,
ionY 0.97 2101
wooden sectionY 0. .
J03/1/5
L' --olving the principle of moments,
st be i _
der to Ww (0.9 ) = Wx (1.60 1))
will be Pw (4.0074¢)0.91) =g (142)(1.601)
— Pw (3.60) = P (1.60)
pR l”p‘\\’ =3.60/1.60=2.25
— . =~ yacht that is in equilibrium has two vertical and two
~orizontal forces acting on it.
———p
placed @
upthrust
from water
N0/
pswer: D sideways force of
ence the wind on yacht
about the
=d by th
of gravit R
oht of th z deways drag of
»iivot. water on yacht
weight of
) mm. ¥ yamt
~ich statement about the forces is not correct?
daper (Noe 77==5 39
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A The sideways drag from the water on the yacht is

equal and opposite to the sideways force of the wind
on the yacht.

B The resultant of all four forces is zero.

C  The torque provided by the vertical forces is the same
as the torque provided by the horizontal forces.

D The upthrust from the water is equal and opposite to
the weight of the yacht.
NO9/I/8
Solution Answer: C
Torque, just like force, is a vector quantity which has both
magnitude and direction.

The correct version of statement C should be “The torque

provided by the vertical forces is equal and opposite to the
torque provided by the horizontal forces.”

24 A uniform beam in a roof structure has a weight of 180 N,
It is supported in two places X and Y, a distance 3.0 m
apart. A load is placed on the beam a distance of 0.80 m
from X. The support provided by Y is 220 N.

220N
J_ 30m
X Y
0.80m
\ beam
load 180N
What is the value of the load?
A 270N B 490N C 520N D 830N
N10/1/9
Solution Answer: B

Taking the pivot at X and applying the principle of moments,
sum of clockwise moments = sum of anticlockwise moments.
(load)(0.80 m) + (180 N)(1.5 m) = (220 N}3.0 m)
load =490 N

Short Questions

25 Fig. 3.1 shows a force diagram that represents a boat that
is being lifted by two ropes so that the boat remains
horizontal and travels vertically upwards at a constant
speed after leaving the water.

rope 1 rope 2

2.00m

0.75m

Y 15000N

Fig. 3.1
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The weight of the boat is 15000 N and the tensions in the
ropes | and 2 are 7' and T, respectively.

(a) The position of the centre of gravity of the boat is not
at its midpoint. Suggest what this implies about the
distribution of mass in the boat.

(b) Explain two conditions required for the boat to be in
a state of equilibrium while it is moving upwards.

(¢) Use the principle of moments to determine the
tensions in the two ropes.
le

(4]
NO9/11/3
Solution
(a) The mass is not uniformly distributed throughout the boat.

The mass of the boat is more concentrated on its left side.

(b) 1. No resultant force acts on the boat, so that the boat is

in translational equilibrium.

2. No resultant moment acts on the boat about any
point, so that the boat is in rotational equilibrium.

(c) Applying condition 1,
T)+ T, = 15000 N

Applying condition 2, and taking moments about the
point where rope 1 is attached to the boat,

sum of clockwise moments = sum of anticlockwise moments
(15000 N)(0.75 m) = T3 (2.00 m)
T,=5625N

7= 15000 —-5625 N=9375 N

Long Questions
26 (a) Define the terms moment of a force and torque of a
couple. For cach of the terms draw a sketch to illustrate
ils meaning. [4]

State the two conditions necessary for a body to be in
equilibrium. (2]

During the construction of many modern bridges,
sections are added from both banks until the two halves
meet at the centre. Fig 1.1 shows a new section S, of
weight 3.0 x 10% N, after it has been attached to an
existing part B of a bridge.

(b)

(c)

4 Forces

40

Solution
(a) The moment of a force is the turning effect of a force
about a point and is the product of the force F and the
perpendicular distance d from the line of action of the
force to that point. This is illustrated in the figure below.

The torgue of a couple is the turning effect of a pair
equal and antiparallel forces known as a couple about
axis, and is the product of the force F of one of the cou
and the perpendicular distance ¢ between their lines
action. This is illustrated in the figure below.

(b) A body in equilibrium should have:

(c) (D)

(i)

www.physics.com.sg
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support
cable

3.0 x10°N
Fig. 1.1

The support cable which keeps section S in equilibrium
is at an angle of 25° to the horizontal. The existing part
B of the bridge provides a horizontal force on S.

(1)  Draw a labelled vector diagram showing the three
forces on S.

(i) Use your diagram to determine the tension in the
cable and the horizontal force which B exerts
onS. (6]

NO2/IIV/1 (part)

A
N
N

g S OF

o)
pivot

s |

A

P

[\:Q‘/ Axis

o A
N\

No resultant force acting on if; and
No resultant moment about any point.

A labelled diagram is shown in the figure below.

In the diagram, 7 is the tension in the cable, W
weight of the section S and £y the force exerted by
on S.

T=W/sin25°=3.0x 10° N /sin 25°
=7.099x 10°=7.1 x 10° N.

Fp = W/tan 25°=3.0 x 10° N/ tan 25°
=6.434 x 10°=6.4x 10° N.
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27 (a} Hydrostatic pressure p is given by the expression
p=pgh

(i)  Explain what is meant by hvdrostatic pressure. [1]

(i) Derive this expression from the definitions of

pressure and density. Explain what you are doing
at each stage in your derivation. 3]
(b) (1) An object of mass m and density d is surrounded
by air of density p. Show that the resultant force F
flum acting downward on the object is given by
- part p
F=mg (l——({). (31
three (i) A chemist uses an accurate balance to weigh a
sample as shown in Fig. 10.1.
n the X X _
Xerts |
[6] A
{part)
force
nd the
of the
low.
standard sample
mass
Fig. 10.1
The chemist ignores the effect of upthrust and
records the mass of the sample as 0.17851 kg.
The density of the sample is 940.0 kg m~, the
o density of the standard mass is 8493 kg m™?, and
pair the density of air is 1.29 kg m™. Calculate the
bout an actual mass of the sample. (5]
- couple
limes of (iii) Calculate the percentage error in the recorded
mass. [1]
NO4/TIT0
ation
i) Hydrostatic pressure is the pressure at a given depth
in a static fluid resulting from the weight of fluid
above that depth acting per unit area.
1) Pressure p is the force acting normally per unit area
thus the pressure at a depth /s will be given by p =

Fid = W4 where W is the weight of the column of

fluid above the area.

The density p of the fluid is the ratio of its mass m to
low. volume V hence mass m = Fp, and weight W' = mg =
e, IV thi Vog.
rted by B

Pressure p = W/4 = Vpg/4 but V/i4 = h hence p = hpg.
2p2r (N s 41
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(b) (i) The resultant force F = ¥ — U where W is the weight
of the object and U the upthrust due to the fluid (air)
displaced.

W = mg while U = Fpg where V" is the volume of the
air displaced (equal to the volume of the object since

it is completely immersed in air) and p the density of
air.

However, the volume " of the object = m/d where m
is its mass and  its density hence U = (m/d)pg.
Therefore,

F=W-U=mg—(midpg = mg(1 - pld)
(iii) Applying the principle of moments,
my g (1—-1.29/8493) x = m, g (1 — 1.29/940.0) x
where mg is the standard mass of 0.17851 kg
mistakenly thought to be the exact mass of m,
(because the chemist ignored the effect of upthrust).
Eliminating g and x from both sides of the equation,
0.17851 kg (1 — 1.29/8493) = m, (1 — 1.29/940)
ms=0.178728162 = 0.17873 kg.

(iv) The error is 0.178728162 kg — 0.17851 kg
=2.1816 x 10 ke.

The percentage error

=(2.1816 x 10 kg / 0.178728162 kg) x 100%
=0.1221

=0.12%.
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TOPICS Work, Energy and Power

1 The diagram shows a wheel of circumference 0.30 m. A rope
is fastened at one end to a force meter (spring balance). The
rope passes over the wheel and supports a freely hanging
load of 100 N. The wheel is driven by an clectric motor at a
constant rate of 50 revolutions per second. When the wheel
is turning at this rate, the force meter reads 20 N.

1

50revs”

wheel of
circumference
0.30m

load 100 N

What is the output power of the motor?

A 03kW

B 1.2kW

C 15kW

D 1.8kW NO02/1/8
Solution Answer: B

The net force exerted on the wheel is the difference between
the load and the force meter reading, i.e. 80 N,

The linear speed of the circumference of the wheel
=50revs' x0.30mrev'=15ms".

Power = Force x Speed =80 Nx 15 ms" = 1200 W.
2 An aircraft moving through air at velocity v experiences a
resistive force F given by the expression
F=kv?,
where k is a constant.

What is the power required to keep the aircraft moving at
this constant velocity?

A kv

B k7

C kA

D i NO3/177
Solution Answer: C
Power = Force x Speed = (kv))(v) = kv’
5 Work, Energy and Power 42
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5
3 Initially, four identical uniform blocks, each of mass m and
thickness /i, are spread on a table. ‘
Sy
Sy
o e
4 i s th hi i
How much work is done on the blocks in stacking them on g
top ol one another? P e o
A 2mgh R
B 3mgh T
C  4dmgh e —
D 6mgh NO4/1/8
Solution Answer: D The
Work done = gain in gravitational potential energy (P.E.). p
e
The gain in P.E. for the first block is zero (not raised), the Ly

second block is mgh, the third block is 2 mgh and the fourth
block is 3 mgh.

(]

The total gain in P.E. is 6 mgh.

4 A small electric 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.

motor
o8

80 cm

Y

The efficiency of the motor is 20 %.

What is the electrical power supplied to the motor?

A 0.080W

B 080W

C 20w

D 200w NO4/14
Solution Answer: C

Power output = rate of gain in gravitational potential energy
=mgh/t= Whir= (2.0 N)(0.80 m)/(4.0 s) = 0.40 W.

Electrical power supplied

= power output / (efficiency/100)
= power output / 0.20

=040 W /020

=2.0W.
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e zxoression may be used to calculate power?

zmzmze X potential difference
‘ooz X distance moved in the direction of the force
=ity X force in the direction of the velocity
~-r« done X time taken

NO5/1/8
A Answer: C
s wern Zone by a constant force = force x distance moved
we zre=ction of the force, dividing both sides of the
= . ume, power exerted by a constant force = force x
= the direction of the force (Answer C).

. charge x potential difference) is the work done by
passing through two points with a potential

~ = force x distance moved) is the work done by the

nwe 2 owork done x time taken) has no physical meaning.
Twe Zizzram shows a trolley being pulled from rest along a
wezonial table by a falling mass. The trolley mass is 1.5 kg
me e falling mass is 0.50 kg. The mass falls through

d). the - N
fourin TI'F—
= }
[0.5kg]

10m
Os
Wzt is the maximum kinetic energy of the trolley?
3.71 B 49] C 151 D 207
NO5/1/9
o o Answer: A

i kinetic energy of the whole system
© r gravitational potential energy of the 0.50 kg mass

0 k2)(9.81 Nkg')(1.0 m)

—m kinetic energy of the trolley
See)/(1.5kg+0.50 kg)] x4.905]
1305 1)=3.679=3.71.

NO4/18
wswer: C
nergy

aper (Nov' © ok, Energy and Power 43
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7 Aball of mass m falls freely from rest. When it has reached a
speed v, it strikes a vertical spring.

The spring is compressed by a distance y before the ball
moves upwards again.

Assume that all the energy the ball loses becomes elastic
potential energy in the spring.

What is the average force exerted by the spring during its

compression?
9, 2
myv_ my”
A 2 C y
B %(v2—2gy) D “ZL;?—(VZ*‘P 2gy)
: ’ NO6/M/7
Solution Answer: D

Applying the law of conservation of energy, the work done
against elastic force equals the sum of the loss in kinetic
energy and loss in gravitational potential energy:

Fy= Vo' + mgy
F=(%mv* + mgy) | y = (m2y) (" + 2gy)

8  Which word equation is not required to derive power as the
product of force and velocity?

A force = mass X acceleration

B power= Work done
time
C  velocity = displacement
time

D work done = force x displacement in the direction of

the force NO6/1/8

Solution Answer: A

The first word equation is not required.

The other word equations are required, as follows:
Power = work done / time

= (force x displacement) / time = force x velocity.

9 A car of mass 1.2 x 10° kg travels along a horizontal road
at a speed of 10 m 5. It then accelerates at 0.20 m s~ At
the time it begins to accelerate, the total resistive force
acting on the car is 160 N.

What total output power is developed by the car as it
begins the acceleration?

A 080kW B 16kW C 24kW D 40kW

NO7/1/10
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Solution
Apply Newton’s 2" law of motion
Fengine - Frcsist =ma
Frngine — 160 N = (1.2 x 10’ kg)(0.20 m %)
Flengine — 160 N =240 N
Fengine =400 N

Answer: D

Power developed
P = Fopginev = (400 N)(10 m s™) = 4000 W

10 A bungee jumper has 24 kI of gravitational potential
energy at the top of his jump. He is attached to an elastic
rope which starts to stretch after a short time of free fall.
The wvalues of gravitational potential energy, elastic
potential energy and kinetic energy are given for the top
and the bottom of the jump.

gravitational potential | elastic potential kinetic
energy/kJ energy/kd energy/kJ
top 24 0 0
bottom 0 24 0

Which row of the table below shows possible values of
these three energies when the jumper is half-way down?
Losses of energy through air resistance are negligible.

gravitational potential|elastic potential| kinetic
energy/xJ energy/kJ |energy/kJ

A 12 10 >

B 12 8 4

c 8 8 8

D 12 2 10
NO7/1/11
Solution Answer: D

Gravitational potential energy (GPE) is directly proportional
to distance travelled (GPE = mgh) hence when the jumper is
half-way down, his GPE is half of 24 kJ =12 kJ.

Elastic potential energy (EPE) is proportional to the square of
extension x (EPE = Yakx’). In the extreme case whereby the
clastic rope stretches immediately the moment he jumps, the
ZPE when he is half-way down will be (%4)"*(24 kJ) = 6 kI.
Since the rope stretches after a short time of free fall, the EPE
stored in it would not have reached 6 kI yet when the jumper
is half-way down.

The only possible answer is D.
11 The driving force F of a car of mass m causes the car to
accelerate. In a time 7 it travels a distance s and its speed

increases from u to v.

What is the useful work done by the car engine?

22
A % B miv—u) C Ft D m—(%—‘i_)

NO8/1/9
5 Work, Energy and Power 44
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Solution Answer: D
Useful work done is equal to the gain in the kinetic energy of
the car = Yamv® — Vol

It can also be noted that the other three answers (A, B and C)
do not even have the units of energy.

Answer A is power (which has unit of watt W), while answers
B and C are impulse (which has unit of kg m s™).

12 A driving force of 200 N is needed for a car of mass 8§00
kg to travel along a level road at a speed of 20 m 5™

What power is required to maintain the car at this speed
up a gradient in which the car rises | m for each § m of
travel along the road?

A 60kW B 72kW C 20kwW D 24 kW
NOY/1/12
Solution Answer: D

The power required to maintain the car at this speed along & -
level road is P = Fy =200 N x 20 m 5™ = 4000 W or 4.0 kW.

If the car rises 1 m for each 8 m along the road, it will rise 2.3
m for each 20 m within a time of [ s.

The rate of gain in its gravitational potential energy is mgh =
(800 kg)(9.81 N kg')(2.5m) = 19,620 J s = 20 kW.

The total power required is 4.0 kW + 20 kW =24 kW,

13 A speed-boat with two engines, each of power output 36
kW, can travel at a maximum speed of 12 m s™. The total
drag D on the boat is related to the speed v of the boat by
the equation shown.

D oc v?

What is the maximum speed of the boat when only ons
engine is working?

A 30ms' B 60ms' C 85ms' D 95ms’
NO9/1/1
Solution Answer: D

At a constant speed (with no resultant force), the engine forcs
= drag force.

Hence Power P = Fv = Dv = Jo’ where k is a constant ¢
proportionality.

Since P av’, then v o PA(1%5).

When P is halved, v becomes (12)"(%4) or 0.794 of its initia
value, i.e. 0.794x 12=9.5ms™"
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Phiais
-D =uicle starts from rest and accelerates uniformly.
y of vtus zraph shows how the power output of the vehicle
oes with distance travelled?
2 ™ A B
[ power
T /
distance DU distance
; S c D
power
s
qiten distance OU distance
N10//11
00N Answer: D
‘9 12 .nput P = Fv where force I is constant since according
D 2 _-wn s second !a\.)v of m_otlon F= - mavand 2ccelerat1(_)n a
orig a Sorm. From the kinematics equation v =2u + 2as, since
W =nicle started from rest, # = 0 hence v = 2as or v =
\ubsntutmg this expression for v into the power
»r. -5 power P = (ma)(N(2as)) = N@m*a’s). As m and a are
T s. Pans.
mgh = = Questions
i,,- rgy plays a key part in all branches of Physu:s
=cuss the energy changes which take place in the
lowing systems. In each case you need to refer to the
put 36 - “ferent forms of energy involved. . -
ol : A mass suspended from a spring and oscillating
it By vertically. . .
- = A nucleus undergoing radioactive decay.
NO7/111/4
oon
hen the mass is at the top of its oscillation, it has
—zximum gravitational potential energy (GPE) (Since
nly one “PE = mgh and the height 4 is maximum), minimum
- zstic potential energy (EPE) (Since EPE = Y%ky” and the
i &8 oiensionsy is mlnlmum) and zero kinetic energy (KE)
m S Since KE = Ymv? and velocity v is Zero).
109/1/13
wer: D “s the mass accelerates downward towards its
ne foree =zuilibrium position, it losses GPE (decreasing height #),
zzins EPE (increasing extension x) and gains KE
] mcreasing velocity v). Loss in GPE = Gain in KE + Gain
stant o1 - EPE.
“ = the mass passes its equilibrium position, it has lost half
= total GPE (taking its lowermost position as the zero
L ~=terence for GPE). Of this GPE lost, half is converted
15 initial oo KE (maximum at this position) and the other half
=ored as EPE (greater extension x).
“fer the equilibrium position, the tension in the spring
“zcelerates the mass. The mass slows down and loses KE
Zecreasing v), continues to lose GPE (decreasing height
7). but gains EPE (increasing extension x). Gain in EPE =
_oss in GPE + Loss in KE.
~inally at the lowermost position, its GPE = 0 (taking the
owermost position as the zero reference for GPE and the
aeight 2 = 0), its KE is zero (v = 0) and its EPE is
per (Nov. = = ork, Energy and Power 45

(b)
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maximum (maximum extension x). Its entire GPE lost is
converted into EPE.

In the case where resistive forces (e.g. air resistance and
dissipative forces within the spring) are present, the
oscillating system will experience damping and
progressively lose total energy due to work done against
these resistive forces. This energy will be dissipated as
heat, which then raises the internal energy of the spring
and the surrounding,

An unstable nucleus can undergo radioactive decay to
emit an alpha particle, beta particle or gamma radiation.

In alpha and beta decay, the stationary radioactive nucleus
disintegrates into two parts: a daughter nucleus and either
an alpha or beta particle.

The products (daughter nucleus plus either alpha or beta
particle) have a total rest mass lower than that of the
radioactive nucleus. The difference Am is released as
energy according to Einstein’s mass-energy equivalence
equation £ = Amc® where ¢ is the speed of light in free
space. Most of this energy is released as the kinetic energy

of the products, with the remainder as electromagnetic
radiation mainly in the form of gamma radiation.

As mass decreases, binding energy increases hence the
products have a higher binding energy and are more stable
than the radioactive nucleus.

The gamma radiation comes from the de-excitation of the
daughter nucleus formed in alpha or beta decay. The
daughter nucleus, which is in an excited state, de-excites
and falls to a lower energy state. The energy difference is
emitted as gamma radiation (radiation energy).

The energy of the gamma ray photon emitted is equal to
the difference in the quantised energy levels within the
nucleus, which are considerably larger than those of the
atomic-orbital electrons system.
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16 A stone of mass 130 g is thrown horizontally from the top

of a cliff of height 32 m, as illustrated in Fig, 1.1.

32m A

sea

Fig. 1.1

Alr resistance is negligible. The stone enters the sea with
aspeed of 34 ms™.

(a) Determine, for the stone as it hits the sea,
(i) the vertical component of the velocity of the

stone,
vertical component of velocity = ...... ms' [2]
(ii) the angle & to the horizontal of the stone’s path.
ooy o

S 2]

(b) On hitting the sea, the speed of the stone is reduced
from34 ms' to 2.0 ms™ in atime of 0.95 s.
Use momentum considerations to determine the
average force on the stone during this time.
force=............... N 2]

(c) Use energy considerations to suggest why, if the
stone causes a large splash on hitting the sea, it will
be slowed down in a shorter distance than when no
splash is produced.

...... e (2]
NO8/11/1
Solution
(a) (i) Use the kinematics equation, applied to the vertical
direction,

5 _ 5
vy =+ 2as,

where v, is the final vertical component of the stone’s
velocity, u, the initial vertical component of the
stone’s velocity (0 m s since the stone was thrown
horizontally), a, the vertical component of the stone’s
acceleration (g) and s, the vertical component of the
stone’s displacement (32 m).

2.2
v =u 4+ 2gs,

v,' = 0" +2(9.81 ms?)(32 m) = 627.84 m’ s

v, =25.06=25ms"

5 Work, Energy and Power 46
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(ii) The vector diagram including the final velocity and
its components is shown in Fig. 1.2 below.

v, = 25.06 m s”v

AAAAAA_LL
Fig. 1.2

sin 0 =v,/v =25.06/34 = 0.7371
(0=47.5°

(b) According to Newton’s second law of motion, the
resultant force /" acting on a body is equal to the rate of

change of its momentum.
F=(mv— mu)t
where m is the mass of the body, v and u its final and
initial velocities and ¢ the time taken for the change

velocity to take place.
F=[(0.130kg x 2.0 ms")— (0.130 kg x 34 ms)}/0.95 s
=[026—-4.421kgms'/0955s=-4379=-44N

The negative sign denotes that this is a decelerating forc
which opposes the direction of the stone’s motion.

The magnitude of the force is 4.4 N.

(c) Ifthe stone causes a large splash, part of its kinetic ene
is converted into the kinetic energy of the water spray
part into thermal energy due to collision with the wate
molecules; and part into sound energy.

With less kinetic energy, the stone will thus be able to @
less work against the resistive force acting against i
motion.

Since work done against resistive force = average resistiy

force x distance moved against the force, the stone will &
slowed down in a shorter distance.
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Fiz. 1.3 shows the variation with displacement d of
Te force / applied to an object, F and 4 are in the
:ame direction.

5 HHHNAH
uni N
0 1.0 2.0 3.0 4.0

d/m
Fig. 1.3

On Fig. 1.4, draw a graph showing the variation with
7 of the work done.

- T e e B e o e St e o
0 1.0 2.0 3.0 4.0
dim
. Fig. 1.4 [4]
‘ NO8/1(b)

-z zraph showing variation with distance o of the work
xooz is shown if Fig. 1.7 below.

0 1.0 2.0 3.0

Fig. 1.7

. Energy and Power 47
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Work done W =[ F dd (i.e. area under the force distance

_graph). The total area under the graph is 47.5 J, hence the

final work done at the end of 4.0 m is 47.5 1. The critical
points are tabulated below.

Distance 4/ m Work Done /J
1.0 5.0
2.0 17.5
3.0 37.5
4.0 47.5 |

Conversely, force F' = dlW/dd hence force F is the gradient
of the Work Done vs Distance graph.
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TOPIC 6 Motion in a Circle

1 An object is travelling in a circle of radius r with angular
velocity wand speed v.

Which expression gives the centripetal acceleration?

A rw C %
B vo D Jij NO3/I/8
i)
Solution Answer: B

The centripetal acceleration a = v¥/r = v(v/¥) = ve.

2 The maximum safe speed of a car rounding an unbanked
corner is 20 m s7' when the road is dry. The maximum
frictional force between the road surface and the wheels of
the car is halved when the road is wet.

What is the maximum safe speed for the car to round the
corner when the road s wel?

A %? ms!

B s
w12

c Ly
2

D Zmyl NO3/1/9
X2

Solution Answer: D

The frictional force (F) provides the centripetal force: /7 =
mlr.

Therefore F a v* and v « VF hence if F is halved, v will
become v/\2.

3 A child on a roundabout is travelling in a horizontal circle
with a constant speed, The child’s velocity, acceleration and
the resulfant horizontal force on the child are all vectors.

Which diagram shows the correet directions for thesc

veetors?
A B
velocity velocity
acceleration
and force
acceleration
and force
€ D

velacity velocity

acceleration

foice acceleration

NO4/T/10
Solution Answer: B
In circular motion, linear velocity is tangential to the
circumference of the circle, while the centripetal acceleration
and centripetal force are both directed towards the centre of
the circular motion.

6 Motion in a Circle 48

4 A body rotates with uniform speed in a circle of radius r ané

Solution

Angular velocity @ = 2n/T.

Linear velocity v =ra = rQ2u/T) = 2mr/T.
Centripetal acceleration a = ro* = r2n/T)* = 4n°r/ T,

S Singapore is on the Equator. Cambridge is at a latitude of 52°

The centripetal acceleration at Singapore is:
a;=rw”=(6.4x 10°m)(7.3 x 10° rad s> = 0.034 m s,
The radius of rotation at Cambridge is:

7 c0s 52°= (6.4 x 10° m) cos 52°=3.940 x 10° m.

The centripetal acceleration at Cambridge is:

a. = ro” =(3.940 x 10° m)(7.3 x 10° rad s')* = 0.021 m s,

www.physics.co
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takes time 7 to complete one revolution.

What are the magnitudes of the angular velocity w, the linsa
velocity v, and the acceleration a?

angular velocity w | linear velocity v | acceleration a
A 4 Anr
T T
B 2 2nr
T T
C 2n 2nr
T T
D 2n hiciia
T T

N, as shown in the diagram.
Cambridge

f

Equator

A student at Singapore has a centripetal acceleration 2
because of the Barth’s rotation about its axis. The centripeta
acceleration of another student at Cambridge is a_.

What are the magnitudes of the centripetal accelerations?

)
(radius of Barth = 6.4 x 10° m; angular velocity of E T
about axis = 7.3 x 105 rad s71.)
L
agms ag/ms™ rm
A 3.4 % 1072 2.1% 1072 -
B 34x1072 2.7% 1072
C 3.4 %1072 3.4% 1072
2 2,
D 47 %10 4.7 %10 NO6 z
Solution Answer:
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“7 zstronomer points a powerful laser beam at the Moon,
- s=znce R away. The beam has a very small divergence
w4, as shown in the diagram (which exaggerates
—=zzly the size of the angle).

laser beam

¢ divergence angle

"z astronomer looks up a value for the distance R. This
vz is in kilometres. He measures the angle ¢ in

IEIYeCS.

2t is the diameter, in metres, of the circle of light the
w=zr produces on the Moon?

1.75x 10° RO
T O175R0
1000 R0
S73x10°R O
NO7/1/12
T T Answer: B

i =zlz in radians is (m/180)¢ = 0.01750. The distance in
mesres s 1000R,

e 2 angle is small, the small angle formula
§=1000R(0.01758) =175 R0

w1 = zoplied where s is the arc length (equal to the diameter

ur e circle of light).

+= oscillating pendulum bob of mass m and weight 7 is
woported by a string of length 7.

+ =2t is the relationship between J and tension T in the
T ng at the instant when the string is vertical and the bob
- moving with speed v?

LA T=W
2
i B Tl «
: r
1 2
T T-w=ml
-
2
D W-T=m_l
»
NO7/1/13
Mo N Answer: C
oo oo the figure below.,

49
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The tension 7" is pointing upwards (towards the centre of the
circle) while the weight W is pointing downwards. The
resultant force T — W provides the centripetal force mv/r.
Hence,

T—W=mvlr

8 A part in an engine is rotating in a circle of radius 8.0 cm
at 3000 revolutions per minute.

What is its centripetal acceleration?
A 25ms?
B 7900 ms”

C 31x10°ms?

D 72x107ms*

NO8/MT/11
Solution Answer: B

Centripetal acceleration
a=ro* = r2n/)* = (0.080 m)(2n 3000/60)* = 7900 m s
9 A pendulum bob of mass 1.27 kg is supported by a string
so that the radius of its path is 0.600 m. It is moving with
velocity 0.575 m s horizontally at the centre of its motion

when the string is vertical.

What is the tension in the string at this instant?

A 118N B 125N C 132N D 137N
. NO8/1/12
Solution Answer: C
Refer to the figure below,
A
PR
VAR
foa N
/ 5
,f a :\\\A"fm
/ | A\
Y U
/ \
/ \
! \
/
W
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The tension T is pointing upwards (towards the centre of the
circle) while the weight W is pointing downwards. The
resultant force 7' — W provides the centripetal force mv?/r.
Hence,

T—W=m’lr

T=W+mir=mg+ m’lr=m(g +v}r)
=(1.27 kg)[9.81 N kg + (0.575 m s)*/0.600 m] = 13.2 N

10 The diagram shows a child sitting on a playground
turntable, which is turning with constant angular velocity.

platform

Which diagram shows the forces acting on the child when
in the position shown?

A B

support force support force
from platform from platform

centripetal

friction torea friction
weight weight
C D
support force support force
from platform from platform
friction centrifugal friction centripetal
force force
weight weight
B N09/1/14
Solution Answer: A

Friction provides the centripetal force required to keep the
child in circular motion. There is no need to draw the
centripetal force separately in the force diagram.

The centripetal force (whichﬁ{s provided by friction) acts
towards the centre of the turntable.

11 What is the linear speed of a point on the Earth’s equator
as a result of the Earth’s rotation about its axis? (radius of
the Earth = 6,38 x 10° m)

A 216x10%°ms"
B 431x10°ms"
C 232ms’!
D 464ms!
N09/1/15
Solution Answer: D

Thz linear speed v = re where r is the radius of rotation, and

(277 the angular velocity of the Earth’s rotation about its

v=rw=rQ2nT)
538x 10°m)(2n/ (24 x 60 X 60 5)) =464 m 5™

A Yo

Zonin a Circle 50

www.physics.com.sg
First Class in Physics Tuition

12 A stone rotates in a horizontal circle with constant angular
velocity w.
What changes occur in the linear speed and in the

cenfripetal acceleration of the stone as the radius of the e
circle increases? f?
linear speed cenir]pet_al
acceleration
A constant decrease
B constant increase
[ increase constant
D increase increase
N10/1/12

Solution Answer: D

The linear speed v = rw and the centripetal acceleration ¢ =

rew” where r is the radius of the circle. Hence both v and a are

directly proportional to r if w is constant.

13 A tennis ball is attached to a light string that is fixed to -
pole. The tennis ball travels round the pole in a horizon o
circle at a constant speed that is high enough for the stri e
to be almost horizontal. —

ball .
d
Which diagram shows the forces acting on the string?
A B
pole ball pole ball “E
puli of pole pull of ball pull of pale pull of bali
on string on string on string on string
c D [
pole ball pole bait
O - O
pull of pale  pull of ball pull of pole pull of bat
onstring  on string on string on string
N10/T
Solution Answer:
pole string ball
O—> = P ——— -
pull of string  pull of pole pull of ball  pull of string
on pole on string onstring  on ball

action/reaction
forces

action/reaction
forces
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e Demmzuish between vector and scalar quantities. [1]
iy Detme acceleration. [1]
~= 1.1. shows the path of a car as it travels on a
zrv=d path.,
N

% {8ms™!

plan view

18ms™!
Fig. 1.1
""" w car ravels at a constant speed of 18 m s, At A the
wr=cmon of the car is from west to east, and at B the
wr=mon is from north to south. The time taken for the car
mel rom AtoBis4.4s.
Determine the magnitude of the change in
velocity of the car.

i

|

b

change in velocity = ...... ms™ (2]
i Calculate the acceleration of the car between A

and B.

acceleration = ...... ms” [1]

i11) The path of the car is part of a circle, On Fig.
1.1, draw an arrow to show the direction of the
resultant force that acts on the car as it passes
through point P. [1]

o) Explain how a resultant force acts on the car to
cause the acceleration, but there is no change to
the kinetic energy of the car.

...................................................... 2]
3 NO9/L/1

B

of string =ior quantities have both magnitude and direction.
= ~czlar quantities have only magnitude but no direction.

r

n

T2 acceleration of an object is the rate of change of its
=locity.

The vector diagram relating the initial velocity, final
velocity and change in velocity is shown Fig. 1.2
below.

Initial Velocity
U=18ms"’

18 ms™’

Final Velocity

1%

Fig. 1.2
initial velocity + change in velocity = final velocity

Paper (N0t /-<ion in a Circle 51
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ut+tAv=vy

The magnitude of the change can be found from
Pythagoras’ theorem as

V' +v) =182 + 183 =2546 m 5™
change in velocity =25 ms™

Note: in the working, the direction of the change is
457 South of West and NOT 45° South of East.

This question is similar to the one in June 1989 Paper
1T Question §.

There is a very high tendency amongst new JCI
students to draw the following diagram, which is
wrong (although the magnitude will be the same as
the correct answer, the direction is wrong).

Initial Velocity
h U=18ms! &

18ms"

Final Velocity

%

(i1) Acceleration = change in velocity / time
a=(2546ms"'/445)=5786ms"

. 2
acceleration=5.8 ms”~

(iii) The arrow is shown in Fig. 1.3.

A 18ms™!

18ms™?

Fig. 1.3

(iv) The resultant force is perpendicular to the velocity.
From Newton’s second law of motion, the direction
of the acceleration is the same as that of the resultant
force, and hence also perpendicular to the velocity.
This centripetal acceleration thus changes only the
direction, but not the magnitude of the velocity. Since
the kinetic energy of a body £y = Yamv? where m is its
mass and v its speed, its kinetic energy remains
unchanged if its speed is unchanged.
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Long Questions
15 (a) An object rotates in a vertical circle. Which of the
following quantities arc constant when the object has
constant speed?

PERIOD, FREQUENCY, ANGULAR VELOCITY,
VELOCITY, ACCELERATION, KINETIC ENERGY,
POTENTIAL ENERGY. [4]

(b) Fig. 2.1 shows aride in an amusement park.

L panel

frls %1

/ t1f Tt

M floor of panel
\ 3.1rads™

rotatmg arms

fixed axis fixed axis

Fig.2.1(a)
fixed axis fixed axis

|

H
1
1g

Rtk

b

pfg §3 4R

Tig, 2.1 (b)

The passengers are strapped firmly to a vertical panel.
The floor of the panel stays horizontal while it is being
moved by two arms rotating with angular velocity
3.1 rad s71. Each passenger rotates in a vertical circle of
radius 2.3 m. Calculate

.
(i) ' the time taken for one revolution of the arms,
(i)  the linear speed of each passenger,
(i) the centripetal acceleration of each passenger. [5]

(c}  Consider a person of mass 60 kg on the ride described
in (b) at the instant when the pancl is at the bottom of
the path. as shown in Fig. 2.1 (b).

(i) State the direction of the acceleration of this
person.

(i1) Calculate the resultant force necessary o cause
this acceleration.

(iif) Draw a force diagram showing the weight W of

the person and the force P which the pancl exerts

on the person.

(iv) Calculate P. (7]

(d) Using energy considerations, suggest why it is difficult
to drive a fairground ride such as described in (b} at a

constant speed. (4]
NO2/111/2
6 Motion in a Circle 52
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Solution

(a) The following are constant: PERIOD, FREQUENCY,
ANGULAR VELOCITY, KINETIC ENERGY.

(b) (i) Period T=2%w =24/(3.1 rad s') = 2.027 = 2.0 5.

(ii) Linear speed
v=ro=Q3m)3.1rads)=7.13=71mg".

(iii} Centripetal acceleration
a=ro*=23m)3.1rads'Y¥=22.10=22 m s2.

(¢) (i} Upwards.

(ii) Resultant force

F=ma=(60kg)(22.10ms?) = 1326 N = 1300 N.

(iii) The force diagram is shown in the figure below.

AP

\87

(iv) P — J¥ = centripetal force = 1326 N
P-mg=1326 N
P—(60kg)(9.81 Nkg')=1326 N
P=1915=1900 N.

(v) As the panel rises and falls, it gains and lo
gravitational potential energy (G.P.E.) respectively.
There is a tendency for the platform to lose kin
encrgy and slow down on the way up, and ¢
kinetic energy and speed up on its way down.
To avoid this, the motor’s power output has to
increased on its way up and reduced on its way do
To complicate matters, the rate of gain or lose
G.P.E. is not uniform throughout the motion, varyi
from zero when the arms are vertical, to maxim
when they are horizontal.
To maintain a constant speed would require v
precise control of motor power output usi
computerized controllers.
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-2 (a}  An object travelling in a circle of radius r at constant
by speed v is accelerating. By drawing a vector diagram to

show the combination of vectors, explain how this is
possible. [2]

An object P moves at a constant speed v through an arc
of a circle of radius r. The arc subtends an angle 0.010
rad at the centre of the circle, as shown in Fig. 3.1.

Fig. 3.1 (not to scale)
(1

Determine, in terms of v, the magnitude of the
change in velocity. [1]

(1]

Deduce, in terms of r and v, the time taken for P

(if)  State the direction of the acceleration of P.

(iif)

to travel 0.010 rad. [2]

(iv) Hence show that the magnitude of the accele-
2

ration of P is - . m

A theme park ride is illustrated in Fig. 3.2. The
carriages accelerate down the slope and then loop the
loop on a circular section of track. The radius of the
circular section of track is 8.6 m.

carriages

Find the minimum speed of the carriages at the
top of the circular track so that the carriages
remain in contact with the track. [2]

a2 considerable safety margin. Bach carriage and
its passengers has total mass 800 kg. At the top of
the loop, the carriage travels at 17 m s-!. Calcu-
late the force that the track exerts on the carriage
at the top of the loop. 3]

1 ma Circle

In practice, it is essential for designers to build in

53
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(d) For the carriage in (¢) o have a speed of 17 m s~ at
the top of the loop, it must have fallen from a height of

at least x.

(i} Deduce a value for x, [3]

(ii) State an assumption that you made in making this
deduction. (1]

*(¢) TForces acting on bodies which travel in a circle are
responsible for the following. Suggest an explanation
for each.

(i) A string may snap if it is attached to an object and
the object is spun around a vertical pole as shown

in Fig. 3.3. 2]

0

(
AT
!

\

\ ~

N

(

Fig. 3.3

(if) 'The rings of Saturn are centred on the centre of
the planet, as shown in Fig. 3 4.

(2]

Fig. 3.4 NOG/III/3

Solution
(a) The vector diagram is shown in Fig. 3.5 below.

Fig. 3.5

In Fig. 3.5, u represents the object’s velocity at one instant
and v its velocity an instant later.

Velocity vectors v and v can be arranged to form a vector
triangle where it can be seen that there is a change in
velocity Av even though there is no difference between the
magnitude of « and v.

Av=v—uy
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It can be further seen that the direction of this change in
velocity Ay is towards the centre of the circle, resulting in
a centripetal acceleration towards the centre of the circle.

(b) (i) Referto Fig. 3.6 below.

(d)

Fig. 3.6

Applying the sine rule
v/sin (90° - 6/2) = Av /sin ¢

If € is small, then sin (90° — 8/2) = sin (90°) = I and
sin 8= @ if @ is expressed in radians.

v = Av /sin €
Av=v8=0.010v
(e)
(ii) The direction of the acceleration is towards the centre
of the circle.
(iii) The tangential displacement s = 0,
The time taken 7 = s/v = r@/v = 0.010 r/v.
(iv) Acceleration a = Av/t=(0.010 v) / (0.010 r/v) = v¥/r.
(c) (i) At the top of the track, the downward reaction force
exerted by the track on the carriages and the weight
of the carriages provide the centripetal force required
for their circular motion (Fig. 3.7).

R+ W=mv’lr
R+ mg=mvir
R=mvr - mg

6 Motion in a Circle
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For the carriages to remain in contact with the track.
the contact force R > 0 hence,

mvir—mg >0
Vir>g
V> rg

v=(rg)

In the limiting condition when v = V(rg), the carriages
are just about to fall off the track since R = (. Hencs
the minimum speed required for the carriages to
remain in contact with the track is V(rg) = V(8.6 m x
981ms%=9.185=92ms".

(ii) Applying the same equation as in (i),

R=mvIr— mg
= (800 kg)(17 m s7)*/(8.6 m) — (800 kg)(9.81 N kg™")

=1.904x 10*=1.9x 10'N
(i) Apply the law of conservation of energy,
Loss in gravitational potential energy = gain in kineti
energy,
mg(x —2(8.6 m)) = Y’
(9.81 m s?)(x —2(8.6 m)) = (17 m s)?
x=3193=32m
It is assumed that the track is frictionless so that

the loss in gravitational potential energy is convert
into kinetic energy.

(i)

(i)

As the string wraps round the pole, the radius of
circular orbit becomes progressively smaller.

Assuming no loss in kinetic energy of the object d
to air resistance, its speed will remain constant.

The tension of the string, which provides
centripetal force for the object’s circular motion,
given by: 7= mv¥r

With a constant mass m and speed v but

progressively smaller orbital radius r, the tensi

becomes progressively greater. The string may snap

this tension exceeds the string’s breaking strength.
(ii) The gravitational force acting on the rings provi
the centripetal force for their circular motion ab
the planet.

Since the gravitational force acts towards the ce
of the planet while the centripetal force acts tow
the centre of the orbit, the plane of the ring’s o
must contain the centre of the planet.

Any asteroid which orbits about a circle not cen
on the centre of the planet will experience a fo
which moves it towards the equatorial plane sho
Fig. 3.4.
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A small ball of mass m is fixed to one end of a light rigid
rod. The ball is made to move at constant speed around
the circumference of a vertical circle with centre at C, as
shown in Fig. 2.1.

ball,
mass m ——
light rod 0.72m
//“\
i/
Gl T
Fig. 2.1

~nen the rod is vertical with the ball above C, the tension
~nthe rod is given by
I'=2mg
cere g is the acceleration of free fall.
= (i) Explain why the centripetal force on the ball is
greater than 2 mg. [1]
(ii) State, in terms of mg, the magnitude of the
centripetal force.
centripetal force =................ [1]
(iii) Determine the magnitude of the tension, in terms
of mg, in the rod when the rod is vertical, with
the ball below peint C.
tension = ............coooeiiiis [1]
= The distance from the centre of the ball to point C is
0.72 m.
Use your answer in (a)(ii) to determine, for the ball,
(1) the angular speed,

angular speed =.............. rad s [3]
ii) the linear speed.
linear speed = .............. ms’ [2]

The ball has a constant angular speed.

1) Explain why work has to be done for the ball to
move from the position where it is vertically
above point C to the position where it is

vertically below C. [2]

i) Calculate the work done in (i) for a ball of mass
240 g.

workidone = e s I [2]

N10/111/2

The tension in the rod alone (2 mg) is not sufficient to
orovide the centripetal force required to keep the ball
= circular motion. The balance has to be provided by
—2 gravitational force acting on the ball (mg).

“he centripetal force required is the resultant force =
T-mg=2mg+mg=3mg.

“When the ball is below C, the tension 7 and the
—avitational force mg are in opposite directions.
“owever, the centripetal force required is unchanged
z= the circular motion is uniform.

T—mg=3mg
T=4mg

b @

(if)
(e ()

(ii)

www.physics.com.sg
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Centripetal force mrew® = 3 mg
ro*=3g
(0.72) " =3 g =3 (9.81) = 29.43
©=6.393 =64 rad s

Linear speed v = ro = (0.72)(6.393) = 4.6 m 5™’

Although there is no change in the ball’s kinetic
energy due to its uniform speed, there is a loss in its
gravitational potential energy.

The rigid rod thus has to exert an upward force on the
ball, against the force of gravity, to prevent this loss
in gravitational potential energy from transforming
into a gain in kinetic energy. Work has to be done.
Since the direction of the exerted force is opposite to
the displacement of the ball, work done is negative.

Taking downwards as the positive direction for the
ball’s displacement,

Work done W= Fd = (-mg)(h)

=(-0.240x 9.81)(2x 0.72) =-3.4 .
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TOPIC 7

1 The diagram shows two points X and Y at distances L and
2L, respectively, from the centre of the Earth. The
gravitational potential at X is -8 kJ kg™

: Earth

X

b4

2L

What is the gain in gravitational potential energy of a | kg
mass when it is moved from X to Y?

A 4kl C  +4kJ
B =2kl D +8KkJ NO2/10
Solution Answer: C

The magnitude of the gravitational potential @ is inversely
proportional to the distance r from the centre of the Earth (& =
-GMir).

The G.P.E. of a 1 kg mass at X is U= m® = (1 kg)(-8 k] kg™
-8 kJ.

The G.P.E. of a 1 kg mass at Y will be U= (1 kg)(-4 kJ ke'h=
-4 k.

The gain in gravitational potential energy = -4 kJ — (-8 kI) =+
4 k.

2 The gravitational field strength outside a uniform sphere of
mass M is the same as that due to a point mass M at the
centre of the sphere.

The Earth may be taken to be a uniform sphere of radius r.
The gravitational field strength at its surface is g.
What is the gravitational field strength at a height /i above
the surface?
b2 c glr=1h)
(r+hy? r
ar g(r—h)?
— S NO4/I/1 1
(r+) B r?
Solution Answer: A

A height of 4 above the surface means a distance of » + /1 from
the centre of the Earth.

Since the gravitational field strength is inversely proportional
to the square of the distance from the centre of the Earth (g =
GM/?), the gravitational field strength at height 4 above the
surface is gr/(r + ).

3 Which statement about a geostationary satellite is true?

A Tt can remain vertically above any chosen fixed point

on the Earth.

B Its linear speed is equal to the speed of a point on the
Earth’s equator,

C It has the same angular velocity as the Earth’s rotation
on its axis.

D Itis always travelling from east to west. NO5//11
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Solution Answer: C
Since a geostationary satellite is always vertically above z
fixed point on the equator, it follows the Earth’s rotation with
the same period (24 hours) and hence the same angular
velocity (Answer C).

Answer A is wrong because the geostationary satellite must be
above the equator and not any chosen fixed point.

Answer B is wrong because linear speed v = rw. The satellite,
which has a larger radius of orbit than a point on the Earth’s
surface, will have a larger linear speed (although its angula
speed w is the same as that of a point on the Earth’s surface).
Answer D is wrong because geostationary satellites follow the
Earth’s rotation from west to east, and not from east to west.

4

An astronomical gas cloud has mass M and radius R.

gravitational potential on its surface S is — G—-[’?Iw and at it

sore  3GM
centre O it is Sk

A unit mass is moved slowly by means of an external foro
from the surface S to the centre O.

What is the work done on the mass by the external force?

_5GM
2R

_GM
2R

GM
c @M
2R

p 3CM
2R

N6/
Solution Answer: E
Work done by external force = change in gravitation:

potential energy
=(-3GM/2R) - (-GM/ R)=-GM/2R.

Due to the attractive nature of the gravitational force, the wo
done by the external force is negative as positive work is do
by the gravitational force.
5 A satellite is orbiting the Earth.

The gravitational force on the satellite is Fg.

centripetal force required to maintain the satellite in or
is Fc.

Which diagram shows the force, or forces, acting on @
orbiting satellite?
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c B
a Th
aie

NG7/1/14
Answer: A
= only once force acting on the satellite and that is the
zonal force Fg.

—zoiripetal force F is a requirement to maintain the
t= in circular motion, and should not be included in the
im= wody diagram of the satellite.

movides Fe.

« model of a black hole is a point mass of 6 x 10* kg.
+ =zt s the force on a point mass of 1 kg at a distance of

% ~ mm from this black hole?

T +nl4 14 16 18
15t IO°N B 2xI10°N C 2x10°N D 1x10°N
. NO7/1/15
il L e + Answer: D

“ewton’s law of gravitation,

* F=GMmlr.
e W
sd = 5.67x 107" N'm? kg?)(6 x 10* kg)(1 kg)/(0.02 m)?
=1x10"N
- satellite of mass m is moved from a circular orbit of
‘:_zn ! =2ius rp around the Earth to a new circular orbit of radius
'm0 - 23 shown.
e T satellie @, ™
P massm

iper {4
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The mass of the Earth is M and the gravitational constant
is G.
What is the increase in the potential energy of the

satellite?

A GMm-L-1)
Iz I

B oMl-1,
I o

Cc GMm(i - i)

Iy 7
D GMm(L-1)
rn n
NO08/1/13
Solution Answer: I

The gravitational potential energy (G.P.E.) at r, is greater than
that at r|.

Increase in G.P.E=G.P.E. atr,— G.P.E. atr
=-GMmlry — (-GMmlr)) = GMm/r, — GMm/r,
=GMm(l/r — 1/r)

8  The radius of the Earth’s orbit about the Sun is 1.50 x 10"
m. The Earth takes 365 days to orbit the Sun.

What is the mass of the Sun?

A 640x10%kg
B 201x10 kg
C 116x10" kg
D 331x10"kg
NO08/1/14
Solution Answer: B

The gravitational force that the Sun (mass M) exerts on the
Earth (mass m) provides the centripetal force required for the
Earth’s circular motion about the Sun,

GMm/rZ = mra)’

GMIF = (21/T)

M = (40 )(T°G)

= (4% x (1.50 x 10"Y’)/((365 x 24 x 60 x 60 5)* x 6.67 x 10™1)

=2.01x 10" kg
9  An object in a space capsule orbiting the Earth seems to

be floating.

Which statement describes the forces acting on the object?

A There are no forces on the object.

B The centrifugal force on the object is equal and
opposite to its weight,

C The centripetal force on the object is equal and
opposite to its weight.

D The weight of the object is the only force acting on it.

NO9/T/6
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Solution Answer: D
The gravitational force (true weight) acting on the object is the
only force acting on it, and is just sufficient to provide the
centripetal force to keep the object in circular motion.

The object thus seems to be weightless (apparent weight = 0).

10 Two stars of mass M and 2M, a distance 3x apart, rotate in
circles about their common centre of mass O.

—’—F-h—‘
% ~
f’ \\
4 ~
N \
il T ¥
5 -7 ~ \
¥ . '
! ’ A v
i
i 3 0. X\ X
i : |
i \ / I
v . 4 '
N L G7 "
- 7
N o __ ;
. 2M ,

The gravitational force acting on the stars can be written

kGM?

as X2

What is the value of £?

N09/1/16
A 022 B 0.50 C 0.67 D 20
Solution Answer: A

The gravitational force of attraction between the two stars can
be found from Newton’s law of gravitation as

GIM)2M) / (3x)* = (2/9) GM* 1 x*
Hence £ =2/9=0.22.

Il A satellite orbits a planet at a distance » from its centre.
Its gravitational potential energy is -3.2 MJ.

Another identical satellite orbits the planet at a distance 2
from its centre.

What is the sum of the kinetic energy and the
gravitational potential energy of this second satellite?

A -040MJ] B -080M] C -1.6M] D -64M]J
NO9/1/17
Solution Answer: B

Atany given location, the gravitational potential energy of an
orbiting satellite I/ = -GM/r whereas its total energy (sum of
kinetic and potential energy) 7 = -GMm/2r (half the
magnitude of the potential energy).

For a satellite at twice the distance, the total energy
T'=-GMm/[2(2r)] = -GMm/[4r] = (-3.2 MJ)/4 = -0.80 MJ

7 Gravitational Field

This leaves B as the only possible answer, with the three fic
indicated in the diagram (not to scale).
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12 A satellite of mass m moves in a circular orbit at spead
and distance r from the centre of a planet of mass M.
'3

planet

What expression gives the total
A m[£.GM) g v GM) ¢
r r 2 r
NI01

N
Solution Answer: B

Total energy = sum of kinetic energy (4mv*) and gravitation
potential energy (-GMm/r).

energy of the satellite?
m[v_%,%J D m(v_
r r 2

13 The neutral point in the gravitational field between &
Sun, the Earth and the Moon is the point at which
resultant gravitational field due to the three bodies is zen
The mass of the Earth is about 80 times the mass of
Moon.

At what position is it possible for the neutral point to be
(The diagram is not drawn to scale.)

Moon
s
N
Oh
Earth
NI10/1
Solution Answer:

Since gravitational field strength g is inversely proportional
the square of the distance r from the centre of each body (2
GMIr®), the neutral point just considering the Earth-Mo
system alone should be closer to the Moon than to the Ez

This leaves either answers A or B as possible answers. Sin
gravitational force must be attractive in nature, the direction
the gravitational field strength due to each body must
towards the centre of that body. Hence there is no way for ]
contribution due to the Sun to cause the neutral point to

located to the left side of the line joining the centres of
Earth and the Moon (see dashed line in the diagram below).

Moon

Earth
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ot Questions

< Towards the end of the eighteenth century, Cavendish

ccessfully measured the force of attraction between two
:-heres. Hence, he became one of the first scientists to
Z=izrmine a value for the gravitational constant G.

Write down an equation representing Newton’s law of
gravitation, explaining any symbols used. (3]

=/ The acceleration of free fall g at the Earth’s surface is
given by the expression
GM
§="0

where M is the mass of the Earth and r is its radius.

Calculate a value for the mass of the Earth, given that
r=640x% 100 m.

Some textbooks describe Cavendish’s experiment as a
means of ‘weighing the Earth’.

Suggest why this statement is incorrect. [21 NO2/T1/ 1

ITon

The equation is F' = GMm/* where G is the gravitational
sonstant.

wowton’s law of gravitation states that the gravitational
-~ce of attraction F between two point masses M and m
: directly proportional to the product of their masses, and
—versely proportional to the square of their separation r.

~ e gravitational field strength at the surface of the Earth
9.8l Nkg'.
_:ing this value for g in the equation,

g= GMIr¥*
- i1 Nkg' =(6.67 x 107" N m? kg )M/(6.40 x 10° m)>
M=6.02x10"kg

- order to weigh an object of mass m, that object must be

-r=sent in a gravitational field g, so that its weight can
= culated from the equation W = mg.

“-= weight of an object thus varies depending on the
~zngth of the external gravitational field in which it is
cated.

- this case, the Earth is not present in an external

—=vitational field generated by some other body.

~-zrefore it is not possible to find the weight of the Earth.

“-= value obtained here is in fact its mass, which is a

m=zsure of the amount of matter in it and is independent

- he strength of the gravitational field in which it is
czted (which is zero in this case).
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15 A satellite orbits the Earth in a circular path, as illustrated in
Fig. 3.1.

satellite
Earth

Fig. 3.1

Both the Earth and the satellite may be considered to be
point masses with their masses concentrated at their centres.

The satellite has speed v and the radius of its orbit about the
Earth is R.

(a) (1) Show that speed v is given by the expression

2 GM
R »
where M is the mass of the Earth and G is the
gravitational conslant. [2]

(ii) The mass of the sate_]!itc is m. Determine an
expression for the kinetic energy Ej of the
satellite in terms of G, M, m and R, [2]

(b) (i} State an expression, in terms of G, M, m and R,
for the gravitational potential energy Ep of the
satellite. [

(i) Hence show that the total energy E; of the

satellite is given by

GMm
2R

E=-
[2]

(¢} As the satellite orbits the Earth, it gradually loses
energy because of air resistance.

(1) State whether the total energy E; becomes more
or less negative, [1]

(i) Hence state and explain the effect of this change

on
I. the radius of the orbit, 2]
2. the speed of the satellite. [2]

NO4/11/3
Solution

(a) (i) The gravitational force provides the centripetal force.
GMm/R* = mv*/R
Vv = GM/R

(ii) Using the same equation GMm/R* = mv*/R,
Kinetic energy £, = Yann* = YaGMmiR.

(b) (i) Gravitational potential energy £, = -GMm/R.

(ii) Total energy
Ei= Ei+ E, = .GMm/R + (-GMm/R) = -Y2GMm/R.
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(c) (i) More negative (since £, decreases).
(ii) 1. Decreases.
As E, becomes mere negative, the magnitude of
the total energy |/2GMm/R| increases implying
that the radius of orbit R decreases.

2. Increases.
As speed v is related to orbital radius R by the
equation v = GM / R, v is inversely proportional
to YR hence as R decreases, v increases. The
speed becomes greater.

16 The Earth may be assumed to be a uniform sphere of radius
R and mass M. At its surface, the gravitational field strength
is g. The gravitational field above the surface is the same as
that due to a point mass M situated at the centre of the Earth.

(a) Explain what is mean by a gravitarional field. [2]

(b) A satellite orbits the Earth at a height 0.30 R above its
surface. Show that the gravitational field strength at
this height is 0.59 g. [2]

(c} A persen in the satellite in (b) experiences ‘weightless-
ness’ although the gravitational field strength is not
ZET0.

(i)  Explain why the person seems to be weightless.
2]
(ii) Show that the angular speed of the satellite about
the Earth is approximately 8.3 x 10~ rad s=!. The
radius R of the Earth is 6.4 x 106 m. )

(iii) Calculate the time, in hours, for one complete
orbit of the satellite.

time = ..oceeeeeevimennnnnnnn.. hours [2]

NOS/IL/3
Solution
{a) A gravitational field is a region of space where a mass
experiences a gravitational force due to the presence of
another mass.
The strength of the gravitational field at a point is defined
as the gravitational force per unit mass on a small point
mass placed at that point, measured in N kg™

(b) Gravitational field strength due to the Earth g = GM/R®
where G is the gravitational constant, A/ the mass of the
Earth and R the distance from the centre of the Earth.
Hence, g is inversely proportional to R,

A distance of 0.3 R from the surface of the Earth is
equivalent to a distance of 1.3 R from the centre of the
Earth.

Let g’ be the gravitational field strength at this height,

glg=(R/13R’

2=059¢g
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() (D)

The gravitational force acting on the person is just
sufficient to provide the centripetal force required to
keep him in circular motion,

Hence there is no contact force between the person
and the floor of the satellite on which he is standing.

The person thus scems to be weightless.

(ii) The radius of orbit
=13R
=13x64x10°m
=832x10°m,
Since the gravitational force acting on the person is
just sufficient to provide the centripetal force required
to keep him in circular motion, the gravitational field
strength is just sufficient to cause his centripetal
acceleration.

g =ra
0.59 g = reo*
0.59 (9.81 Nkg™) = (8.32 x 10°m) @’
w=8341x10"=83x10"rads"
(iii) Angular velocity w = 2n / T where T is the period.
T=2n/w
=2mn/8.341 x 10™* rad 5™
=7533 s
= 2.1 hours.
17 A satellite of mass m orbits a planet of mass A/ and radi
R, The radius of the orbit is R.
The satellite and the planet may be considered to be poi
masses with their masses concentrated at their centres.
They may be assumed to be isolated in space.
(a) (i) Derive an expression, in terms of M, m and R, fi
the kinetic energy of the satellite. Explain yo
working. [21
(i) Show that, for the satellite in orbit, the ratio

gravitational potential energy of satellite
kinetic energy of satellite

is equal to -2. [11
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The variation with orbital radius R of the Solution

zavitational potential energy of the satellite is shown  (a) The gravitational force of attraction (GMm/R®) that

n Fig. 3.1. the Earth exerts on the satellite provides the
centripetal force (mv*/R) required for the satellite’s

circular motion about the Earth.

GMmIR® = mv'/R
2.0 where ( is the gravitational constant.
] GMm/R = mv*
s 0T : Kinetic energy Ex = Vamv* = WGMm/R
(ii) Gravitational potential energy £p = -GMm/R.
¢0H - Therefore, Ey/Eyx = (-GMm/R)( AGMmIR) = -2,
i I (b) () The line is shown in Fig. 3.2.
=0 mER 10.0 1~ o
0 7 L1
" 7 8.0
P 2h, p 4 :"piii“ EREE
H energy .
- /10%
-2.0 san 6.0 -
= » 4.0} -
P
I
2.0 2.0 =
] F T
=53 -_D Vi o 0
/ 1= "p 2R, SHy JEEN
] : =] 1]
~+0,0 EEEEHEHHH l H H mam
Fig. 3.1 &0 g
(i) On Fig. 3.1, draw the variation with orbital —H T -
radius of the kinetic energy of the satellite. Your —40
line should extend from R = 1.5Rp to R =4R;. ’ e
[2]
1
74
(ii) The mass m of the satellite is 1600 kg, _gob
The radius of the orbit of the satellite is changed ’ 1]
from R=4Rzto R =2R,. me
Use Fig. 3.1 to determine the change in orbital y
speed of the satellite. —8.0 4
2 ]
change in speed = .......... ms™! [5] /
NO8/II/3 ,
-10.0H0L
Fig. 3.2
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s

(i) When R = 4Ry, the gravitational potential energy of  Long Questions

the satellite Ep = -2.5 x 10° J. Since Ex/Ex = -2, its
kinetic energy £y = 1.25 x 10° J.

Vam?® = 14(1600 kg)v* = 1.25x 107 J
y=1250ms"

When R = 2Rp, the gravitational potential energy of
the satellite Ep = -5 x 10° J. Since Ep/Ex = -2, its
kinetic energy Fx = 2.3 x 10°7.

Vamy® = 14(1600 kgp? = 2.5 x 10° ]
v=1770ms"

The change in speed = 1770 — 1250 =520 ms™".
18 (c) Measurements are made of the Earth’s gravitational

field strength g for different distances » from the
centre of the Earth, Fig. 1.5 shows the variation with

o lgroflgg. (d) A geostationary satellite is in orbit at a distance of
HAHY i 4.23 % 107 m from the centre of the Earth. Calculate
Ig (g/ims™) p H
G'SE H H (i) the Earth's gravitational field strength at lhisf
Eé‘ st g distance from the centre of the Earth, il
Fl
o 4 HHE (ii) the speed of the satellite, 3N
S §eisiih: IERIEE Rt (e (rm . . .
- H i (iii) the acceleration of the satellite. [2
g H SEEiTe §ass (e) Under the heading Data there is the entry
mgg; . HEEH ————T——————J'r——f—— acceleration of free fall, g = 9.81 m s~
Fig. 1.5 Compare and comment on small differences betwees
this value, the value you obtained in part (b}, and the,
(i) Determine the gradient of the graph. Show your value of 9.79 m s {which is the value obtained by
working. making accurate measurements in Singapore. near the
gradient= ..o [3] cquator). {5
NO3IILZ
(i) Summarise what is suggested by the value of the ~ Solution
gradient of this graph. (a) Newton’s law of gravitation states that the gravitational
3 A R B A force of attraction F between two point masses M and m is
...................................................... [2] directly proportional to the product of their masses, and
NOB/MI/1{c) inversely proportional to the square of their separation 7.
Solution
(¢) (i) Gradient=(-0.72-0.86)/(7.5-6.7)=-1.58 /0.8 The expression is F = GMmlr* where G is the
Gradient = -2.0 gravitational constant.
(ii) The equation is of the form: (b) The gravitational force acting on a mass m at the Earth’s

lgg=-2lgr+loge
where log ¢ is the y-intercept of this graph.
lgg=lgri+logc
lgg=lgc P
b

The gradient of the graph (-2) shows that
gravitational field strength varies according to the
inverse square law with distance r from the centre of
the Earth.
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19 (@) Write down an equation expressing Newlon's law of

{b) Usc the equation in {a) to derive a value for g, ihs

(c) A geoslationary satellite has to be placed above the
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gravitation. Define your symbols. [2

acceleration due to gravity, at the Earth’s surface.
mass of Earth = 5.98 x 102 kg

mean radius of Earth = 6.37 x 106 m 3]

equator.
(i}  State what is meant by geostationary. [}

(i) State the direction of rotation of the satelliiz
around the Earth’s axis. mn

(iii) Explain why the satellitc must be above the
equator. 2}

surface is:

F=GMm/R* = (6.67 x 10" N m* kg?)(5.98 x 10** kg)m
(6.37 x 10° m)” = 9.830m N = 9.8m N.

This force causes the mass m to acceleration, according to
Newton’s 2™ law of motion, F = ma.

The acceleration due to gravity a = F/m = 9.830m N/ m =
0.830=9.8ms".
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1) A geostationary satellite will always be directly
above the same location on the Earth’s equator.
Such satellites will thus have a period equal to the

Earth’s rotational period about its own axis, i.e. 24
hours.

1) A geostationary satellite rotates from west to east
around the Earth’s axis, following the Earth’s own
direction of rotation.

i) The gravitational force acting on the satellite
provides the centripetal force for its circular orbit.

Since the gravitational force acts towards the centre
of the Earth, the plane of the satellite’s orbit must
include the centre of the Earth.

Additionally, since the satellite must be permanently
above a fixed point on the Earth’s equator and follow
the Earth’s rotation, its plane of orbit must also
acheds Ge apaias.

Gravitational field strength

g=GMIF

= (6.67 x 10" N m? kg®)(5.98 x 10* kg)/(4.23 x 10
m)’ ;

=0.22292

=0.223 Nkg.

Speed

L 1))

=r(2a/T)

=423 x 10" m)(2n/ (24 x 60 x 60 5))
=3076.1

=3080ms™.

“cceleration is numerically equal to the gravitational
feld strength, @ =0.223 m s™.
4= value obtained in part (b), 9.83 m s?, does not take
~=2 account the centripetal acceleration due to the Earth’s
--zztion about its own axis.

The value 9.83 m s is the acceleration of free fall at the
~orth or south poles, which are not rolanng.

~1 the equator where Singapore is located, due to the
—arth’s rotation about its own axis, the gravitational field
=rength has to provide for both a body’s acceleration of
—z¢ fall and its centripetal acceleration.

== a result, the acceleration of free fall is slightly less in
—zznitude than the gravitational field strength.

“=2 value of 9.81 m s7 is an average between the poles
= 33 m s) and the equator (9.79 m s72).
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20 (a) A car engine has a maximum rate of rotation of 5000

(b)

(©)

(d)

(e)

revolutions per minute. Express this angular velocity
in radians per second.

angular velocity =
The Earth spins on its axis with a period of one day.

(i) Show that the angular velocity of a point on the
Earth’s surface is 7.27 x 107 rad s [1]

(il) Calculate the centripetal acceleration of a point
on the Earth’s equator. The radius of the Earth’s
equator is 6.38 x 10° m.

centripetal acceleration = ' ms? [2]

The acceleration of free fall g at the equator is not

equal to the acceleration of free fall at the poles.
Explain

(i) why they are different,

..................................................... [2]

(ii) why the difference is small.
..................................................... [1]

(i) State Newton’s law of gravitation
..................................................... (1]

(i) The mass M of the Earth may be considered to be
concentrated at its centre. The radius of the Earth
is R. Derive, in terms of M and R, the equation
relating the Farys gravitational field srength ¢
to the gravitational constant G. [21

(i) Calculate how far a satellite needs to be from the
centre of the Earth for its angular velocity to be
equal to the angular velocity of the Earth.
distance = .................. m [3]

(ii) State two circumstances under which a satellite at
this distance will be a geostationary satellite.
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() Many systems, such as the Global Positioning
System, use several satellites in low orbits that pass
over the Earth’s poles. Suggest two advantages of
these low polar orbits and two advantages of
geostationary orbits.
polar orbits: advantage 1
polar orbits: advantage 2
geostationary orbits: advantage 1

geostationary orbits: advantage 2 [4]
NO7/11S

Solution
(a) 5000 revolutions per minute = 5000 / 60 = 83.33

revolutions per second.
Angular velocity o = 2nf=2n(83.33 Hz) = 524 rad s
(b) (i} The period of the Earth’s rotation about its axis is
T=24x60x60s=286400s
Its angular velocity @ = 2/ =727 X 10° rads™.

Centripetal acceleration

(i)
a=ro’=(6.38 x 10° m)(7.27 x 10 rad sTy?
=337x 10" m 5%,

The equator undergoes circular motion about the
Farth’s axis, whereas the poles do not. At the
equator, part of the gravitational force has to provide
the centripetal force required to keep any mass
Jocated there in circular motion about the Earth’s
north-south axis. Since part of the acceleration due to
gravity has to provide the centripetal acceleration, the
acceleration of free fall is lower.

(c) (i)

The Earth’s angular velocity is low and its equatorial
centripetal acceleration (0.0337 m s?) is significantly
Jess than its acceleration due to gravity. Hence the
difference is small.

(1D

Newton’s law of gravitation states that the
gravitational force of attraction £ between two point
masses M and m is directly proportional to the
product of their masses, and inversely proportional to
the square of their separation r.

(@ ®

Consider a point mass m located at the surface of the
Earth. The distance between the centre of the Earth
and the centre of m is R (the radius of the Earth).

(i)

According to Newton’s law of gravitation, the force
of attraction between the Earth and the mass 7 is

F = GMmIR"
The gravitational field strength g at a point in a
gravitational field is the gravitational force F per unit

mass on a small point mass placed at that point.

g = F/m=(GMm/R*)/m = GMIR*

7 Gravitational Field
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(e) (i) Rearranging the field equation in (d)(i1),

®

GM=gR ... (1)
Let » be the distance from the centre of the Earth to
the satellite. The gravitational field strength provides
the centripetal acceleration hence
GMI¥* = ra”
r=(GMw?)"” ... (2)
Substitute (1) into (2),
ik (ngj,mz)us
= (9.81 x (6.38 x 10°m)*/ (7.27 x 1059
=423x10"m
The satellite lies on a plane containing the

Earth’s equator and is always directly above 2
point on the equator. !

Gi) 1.

7. The satellite rotates from west 10 east, following
the Earth’s direction of rotation.

Polar advantage 1: Satellites in low orbits are closer to the
Earth hence their signals are received more strongly (They
also have better vesolutions if used as photographic
satellites: 50 m per pixel versus 2.5 km per pixel for
geostationary satellites).

Polar advantage 2: Satellites can fly over and serve every
part of the world equally (instead of being limited by the
Earth’s curvature to between 70 N and 70 S5 witk
progressively weaker signal strength the further  the
receiver is from the equalor).

Geostationary advantage L Continuous  transmissio
between the ground station and the satellite, since they ar
always at the same spot above the equator (and the abiliny
to photograph the entire Earth simultaneously, instead @
bits and pieces as in the case of polar satellites which are
above different places at different times).

Geostationary advantage 2: Less energy required to launc?
and maintain (When launching, they can make use of 1f
momentum due to the Earth’s wesi-east rotation to Slin
them into orbit; and while orbiting, they need less fuel t
maintain  their circular motion  since atmosphers
vesistance decreases with altitude. Theoretically no Juel

required but space is not a perfect vacuum).

21 (a) (i) Defined gravitational field strength. (13

(i) State Newton’s law of gravitation and henc
using your definition in (i), show that d
gravitational field strength g at a distance R fro
a point mass M is given by

GM
g —

R’ 3
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(b) A neutron star has mass 5.2 x 10*° kg and radius 1.7 x

10" m.

(i) Calculate the mean density of the star,
density = .......cocovnnnn.. kg m” [3]

(i) Suggest, with a reason, whether the density is
likely to vary with distance from the centre of the
star. [3]

The mass of the star in (b) may be considered to be a

point mass at its centre.

(i) Calculate the gravitational field strength at the
surface of the star.
field strength = ..ccivviniin N kg 2]

(i) Determine the centripetal acceleration of a
particle moving in a circular path of radius 1.7 x
10* m and with a period of rotation of 0.21 s.
acoeleration = oo ms? [3]

(iii) The star rotates about its axis with a period of
0.21s.
Use your answers in (i) and (ii) to suggest
whether particles on the surface of the star leave
the surface owing to the high speed of rotation of
the star. [2]

A stream of protons is accelerating towards the star.

Suggest why this stream may be a source of X-ray

radiation. (3]
NOS/II/S

The gravitational field strength at a point in a
gravitational field is the gravitational force per unit
mass on a small point mass placed at that point.

Newton’s law of gravitation states that the
cravitational force of attraction /~ between two point
masses M and m is directly proportional to the
product of their masses, and inversely proportional to
the square of their separation 7.

From this definition, considering two point masses M
and m separated a distance R apart, the gravitational
force that M exerts on m is:

F=GMm /R

where G is a constant of proportionality known as the
cravitational constant.

Since gravitational field strength g is the force per
unit mass #, the gravitational field strength at a
Jistance R from M is:

g=F/m=(GMm | R)m=GM/ R
Density = Mass / Volume.

5 =MV =(52x 1043t (1.7 x 10%?)

=25x 10" kgm™

wrzmional Field 65
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(ii) The density is likely to be higher nearer the centre.

The closer it is to the centre, the greater the amount of
matter above with gravity pressing inward and
exerting a greater pressure, forcing neutrons closer
towards one another.

Since gravitational force varies inversely with the
square of separation, the closer spacing between
neutrons near the centre will pull them even closer
toward one another, making the core even denser.

Neutron  stars are  prevented  from  further
gravitational collapse by Pauli exclusion principle,
that no two neutrons (which are fermions) can occupy
the same quantum state (H2 Physics — Semiconductor
Band Theory).

(c) (i) Using the gravitational field strength equation,

g=GM/R
=(6.67x 1052 x 10°%) /(1.7 x 10*?

=12x10"Nkg"

(i) The centripetal acceleration:

a=Rw*=R2xn/ T}
=(1.7x10%(2n/021)?

=1.5x 10" ms?

(iii) No. The particles will not leave the surface.

The gravitational field strength (1.2 x 10" N kg'™") is

much greater than the centripetal acceleration (1.5 x
10" m s?).

Therefore, the gravitational force acting on a particle
on the surface is more than sufficient to provide the
centripetal force required to keep it in circular motion
about the centre of the star.

(d) The strong gravitational field strength (1.2 x 10" N kg™
accelerates the protons to very high speeds as they stream
towards the star.

As the protons smash into the star’s surface, they arc
decelerated and their kinetic energy is converted into
electromagnetic waves as braking radiation.

The wavelength A of the radiation emitted is inversely
proportional to the kinetic energy K of the protons (4 =
hel/K). Since the protons have very large kinetic energy,
their wavelength is very short and in the X-ray region of
the electromagnetic spectrum.
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TOPIC 8

Simple Harmonic Motion

I A body moves with simple harmonic motion about a point P.
The graph shows the variation with time ¢ of its displacement
x from P.

VAR
v

Which graph shows the variation with time ¢ of its B

acceleration a?

A B C D
a a* aI a[ — 8 p
0 0 0 0
f t T t T t

NO3/1/14 C D
Solution Answer: C
The defining equation of simple harmonic motion is a = -w’x Ep | Ep 4

displacement from the equilibrium position.

where @ is the acceleration of the particle and x its
s __S

It can be seen from the equation that the acceleration i
directly proportional to, and in the opposite direction to, th
displacement.

Since the displacement-time is a negative cosine graph, th
acceleration-time is a cosine graph.

8 Oscillations
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Oscillations

2 A particle is moving such that the force £ on it changes with
the distance r from a fixed point as shown.

&

BN

Which graph best shows the relationship between the
potential energy Ep of the particle and the distance r?

A B

e 0 : r

c

NO4/1/16
Solution Answer: A
A particle acted upon by an elastic restoring force which &
directly proportional to displacement executes simp
harmonic motion.
Its potential energy £, =| F dr =[ kr dr = Vakr? = Vama’F".
This is the equation of an upright parabola.

3 Which graph correctly represents the variation
acceleration ¢ with displacement x for a body moving
simple harmonic motion?

A B
a at
% X 0 X
C D
a a
0 X 00 X
I i
NO5/T
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~:lution Answer: B
—ple harmonic motion (s.h.m.) is defined as oscillatory
=-2on in which the acceleration ¢ of the body is directly
-~ cortional to its displacement x from the equilibrium
-~ zion, and directed opposite to its displacement, towards the
o_ilibrium position.

- defining equation of sh.m. is @ = -w* where w is the
o z2lar frequency of the body.

o= zraph is a straight line passing through the origin, with a
=z=ive gradient of -co’.

simple harmonic oscillator has a time period of 10
szconds.

““hich equation relates its acceleration a and displacement

4 a=-10x

E a=-(20m=x

C a=-(20m)%x

D a=-(2nM10yx N06/1/13
WRETHO 11 Answer: D

- Z=fining equation of simple harmonic motion is that the
wm=eration @ = — w” x where the angular frequency o = 2n/T,
e T s the period of oscillation.

er=ore, a=— (2n/TY x =—(2n/10)° x
* nody performs simple harmonic motion with a period

“0.063 s. The maximum speed of the body is 3.0 m 5™
“7at are the values of the amplitude x, and the angular

T=quency w?
'1 Xo/m olrads™
A | 0.030 100
s | 019 16
C f 5.3 16
D 33 100
NO7/1/16
oo Answer: A

celocity @ = 21/T = 271/(0.063 s) = 100 rad s™".
1 velocity vo = wxg whefe x; is the amplitude of

: =, = v/ = (3.0 m 5)/(100 rad 5') = 0.030 m.

"=z defining equation for a particle moving in simple
“zonic motion is

2
a—-wx

wm==z g is the acceleration of the particle, x is the
~ = zcement and o is the angular frequency.

= zraph shows how @ varies with x for a particle
2 in simple harmonic motion.
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=it

What is the amplitude and period of the motion?

amplitude/cm period/s
A 5.0 0.44
B 5.0 14
o 10 0.44
D 10 14
NO8/1/15
Solution Answer: A

Amplitude refers to the maximum displacement in either
direction, which can be read directly from the graph as 5.0 cm.

The maximum acceleration g, occurs when the particle is at its
maximum displacement x, position,
ag = 'OJEXQ
do=-(2u/T)%,
-10 m s = -(20/7)%(0.050 m)

T=044s

7 A body moves with simple harmonic motion and makes »
complete oscillations in one second.

What is its angular frequency?

A nrads’ B frads? € 2wnrads™ D 2% rags™
n
NO9/1/18

Solution Answer: C

Angular frequency w = 2z where [ is the frequency (in this
case 7).

8  An particle is moving such that the force / on it changes
with the distance r from a fixed point as shown.
F

(\?

Which graph shows the relationship between the potential
energy FE, of the particle and the distance r?

NO9/1/19
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Solution Answer: A
A body on which the force F is directly proportional to its
displacement r from a fixed point moves with simple
harmonic motion.

The potential energy of a body moving in simple harmonic
motion is given by the equation £, = “%ma’* and has the
shape of an upright parabola.

9 A mass of 8.0 g oscillates in simple harmonic motion with
an amplitude of 5.0 mm at a frequency of 40 Hz.
What is the total energy of this simple harmonic
oscillator?

A 016ml B 63m] C 13mJ] D 640mJ
N10/1/17
Solution Answer: B

The total energy of a simple harmonic oscillator of mass m
oscillating with an amplitude of x, at an angular frequency w
(or frequency f) is given by the equation
E = Vimaw'x,* = Vam(2mf) xo”
= 15(0.008 kg)(2r 40 Hz)’(0.005 m)*
=6.3x107]J

8 Oscillations
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Short Questions

10 A student sets up the apparatus illustrated in Fig. 4.1 in order
to investigate oscillations.

weight

_

I — 7
e 7L
I“ ek L 7
P =
ruter card attached
bench to ruler
Fig. 4.1

The variation with time 7 of the displacement v of the end of
the ruler is shown in Fig. 4.2. :

I S

T
Lt

T

Fig. 4.2

{a) The student claims that the curve of Fig. 4.2 may
represented by the equation

Y=Yy sinweL

Identily two features of Fig. 4.2 which show that |
student’s claim is incorrect. [2

(b) Calculate, using data from Fig. 4.2, values for
(i) the angular frequency of the oscillations,

(ii)  the acceleration of the end of the ruler at ti
t=1.5s. 4

(¢c) The card on the ruler is replaced with one having
larger surface arca and the same mass. The experim
is then repeated.

On Fig. 4.2, draw another graph to show the effect
this change on the variation with ¢ of the displace
of the ruler. [2]1 NO2/
Solution
(a) Firstly, a sine graph starts at the origin so that when time
=0, the displacement y = 0. This is not the case here.

Secondly, a sine graph has a constant amplitude but
graph here has a decreasing amplitude.
(b) () Angular frequency
@ =2n/T
=2m/(1.55)
=4.189
=42rads’.
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Acceleration

a= _wa

= {4139 1ad sY{0.022 m)
=-0.3860

=-039ms>.

“ larger surface area results in a greater degree of
~2mping.

Jamping results in a more rapid reduction in the
zmplitude of oscillation, and a slight increase in natural
~eriod.

Tnis is illustrated in the figure below.

an
ey

~Cawnt s
)

atons
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11 (a)
(6}

Define simple harmonic motion.

(2]

A bosizonial metse tale is champed 2t one end. The free
end oscillates vertically as shown in Fig. 4.1.

metrerule  weight

)

Fig. 4.2 shows the variation with time ¢ of the velocity
v of a peint at the free end of the rule.

clamp

Fig. 4.1

4.0

viems™  Hi
3.0

2.0 HH

o

Fig. 4.2

(i) On Fig. 4.2, shade an area that represents the
amplitude of the oscillations of the free end of
the rule, [1]
(i)

Determine, for these oscillations,

I thefrequency, 2. the amplitude. [4]

(iii)

TTTTTTT

v/cm st

N e

st

Q
3
LT

HH
R s

Azis

e

ool e ibdeldde I M eI T e T oo

A

Fig. 4.3

On the axes of Fig. 4.3, sketch a graph to show

the variation with displacement d of the velocity v!

of the end of the rule. Mark a scale on the d-axis.
[2} NO3/11/4

Solution
(a) Simple harmonic motion is oscillatory motion in which

the acceleration of the object is directly proportional to its
displacement from the equilibrium position.

The acceleration is opposite in direction to ifs
displacement, and towards the equilibrium position.

(b) (i) Displacement is equal to the area under the velocity

time graph from ¢ = 0 (when velocity is maximum) to
1= T/4 (when velocity is zero).
The shaded area is shown in the figure below,

‘A’ Physics Topical Paper (Nov.)
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viermn -1 “om 12 A metal tube of uniform cross-sectional area 1.3 x 1073 m?2
3.0} is sealed at onc end. It floats upright in water, as shown in
Fig. 1.2
2.0 =
I open end of wbe
1.0 : ixt metal tube /
OoF 10 5 k;;r' 2 STHTE 3.0 H H t water lovel
-1.0 ¥ gﬁ' H rassdis _______f; 8
2o = = = | - = -
e e owms owe B 1 (| L O A
-3.0 — = = e { — — = —
: —sealedendof "~ — — — — — — — —
~4.0 : tubs, with .~— — — — — — — T T
area of o
- cross-section
(i) I. Frequency 13 x 102 m2
=T Pig. 1.2
=1/(1.55)
=0.6667 When the tube is stationary, the base is 5.5 cm below the
=0.67 Hz. surface of the water.
2. Amplitude The p.rfssurc p due to water of depth /i is given by the
=l expression !
=(9.8x 10") h,
= w/2n/T) PN 10
=(3.0 cms™Y(2n/1.5 5) where p is in pascals and /i is in metres.
j Qo (i) 1. Calculate the force acting on the base of the tube
=0.72 cm. .
due 1o the pressure of the water, (2]
(]1]) The Ve]ocity_disp]acement equation 2. State the direction of the force calculated
vo = +eV(x," —x) is the equation of an ellipse. in 1. (11
3. State the weight of the tube. [1]

This is illustrated in the figure below.
(ii) The wbe is pushed vertically a short distance into the

T 4,01 T walter and then released.
v/em e~
= [ Fig. 1.3 shows the variation with time ¢ of the depth /;
Q of the base of the tube below the surface.
s 2.0 8 ; ; .
% ]‘ 1 i
1 e :
hiem - +
1 u L EEEE.
0 g 6%
H--1.0H-0.8}--0.6H-0.45-0. j; 710.4-0.690.851.0dd/cmT a8
—1.0
T 1 -
H H
50 4
!
111
Tt
HH 2
-4.0
B i
0 3 i 1 s+ —
0 0.2 G.4 0.6 0.8 1.0 1:2
s
Fig. 1.3

I. Use Fig. 1.3 to determine the amplitude of
the oscillations of the tube. (1}

=2

Determine the frequency ol the oscillations.
(21
3. Using your answers to 1. and 2., determins

the maximum speed of the tube. 23
NO4/II/1 (part
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il LR | 13 H ?IGUG
Using the equation, the pressure acting at the base of - : JAARAEES
the tube is H H .
H 30001 H
p=(9.8x10%) A= (9.8 x 10°) (0.055 m) = 539 Pa :
F=pA =(539 Pa)(1.3 x 10° m?) 20004
=0.7007=0.70 N j__
1000
- Upwards. HH
0.70 N (Principle of Floatation). EEELRS 1
~0.6 —0.4 —0.2 ) 0.2 4 8
Amplitude xo= (7.0 cm —4.0 cm) /2 = 1.5 cm. i H
} . . -1000 =
- Frequency f = 1/T" (where T is the period of the
oscillation, 0.30 s).
£=1/0.30
=3333 Hz - 200
=3.3 Hz.
Maximum speed in simple harmonic motion vy = wx, HHH 1 g
where @ is the angular frequency and x, is the k
amplitude. H
Vo = wxg 4000-H
= (2TfﬂxG .
= (21)(3.333Hz)(0.015 m) Bl
ig'gid“ o Fig. 3.1 shows the variation with displacement x of the
2% LS acceleration a of a particle P attached to the cone of a

loudspeaker.
(a) UseFig.3.1t0

(1) explain why the motion of particle P is simple
harmonic, [2]

(i) show that the frequency of oscillation of particle
Pis 460 Hz. (2]

{b) (i) The magnitude of the gradient of the line in
Fig. 3.1 is G. Show that, for a particle of mass m
oscillating with amplitude 4, its maximum kinetic
energy Eyy .y is given by [3]

Eyiax = 5 mGA™.

(i) Determine Ey 5 for particle P of mass 2.5 x 103
kg. [2]
NO6/1I/3
Solution
(a) (i) Simple harmonic motion is oscillatory motion in
which the acceleration a of a particle is directly
proportional to its displacement x from its equilibrium
position, and directed towards the equilibrium
position, ie. opposite to the direction of its
displacement.

From the graph, it can be seen that the acceleration
of particle P is directly proportional to its
displacement x (straight-line graph through origin);
and ¢ is directed towards the equilibrium position and
opposite to the direction to x (negative gradient).

Thus the conditions for simple harmonic motion are
satisfied.
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(ii) The gradient of the graph is
(-3400 — 3400 m s)/(0.00040 — (-0.00040) m)
=-6800 m s/ 0.00080 m
=-85x10°s™

Comparing this with the defining equation for simple
harmonic motion a = -w’x, it can be seen that the
gradient is equal in magnitude to w”.

w® = Q2nfP=85x10°s7
2nf=2916s
=464 =460 Hz

(b) (i) As shown in (a)(ii), the gradient of the graph G has a
magnitude equal to the square of the angular
frequency, i.e. w”.

For a particle undergoing simple harmonic motion,
its velocity v = tw¥(4* — x%) and the maximum speed
of the particle vyax = @A, which occurs when it is at
its equilibrium position x = 0.

The maximum kinetic energy of the particle is:
Enax = Yamvyax: = Yamw® A = YamGA 2

(i) From the graph, the amplitude A = 0.40 mm = 0.40 x
107 m.

EMAX = ‘/szAz
=14(2.5 x 10 kg)(8.5 x 10° s2)(0.40 x 10° m)”
=1.7x107]

14 A flat horizontal plate is made to vibrate in a vertical
plane as shown in Fig. 2.1.

plate
vertical
oscillations
T
Fig. 2.1
The variation with displacement x of the acceleration a of
the plate is shown in Fig. 2.2.
i
H o mse
HH ~ 10 =
ST e T e e i ‘ NG
Ht ; ; | x‘/mm H
H 7 H piisat T
—10
it L : g5 Tl
Fig. 2.2
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(a)

(b)

Solution
(a) It can be seen from the:

ii.

These two features defines simple harmonic motion.

(b) (i)

(ii)
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Explain how it may be deduced that the oscillations of
the plate are simple harmonic.

Some sand is sprinkled on to the plate. The amplituds
of vibration of the plate is gradually increased from
zero. At one particular amplitude, the sand is seen to
lose contact with the plate.

(i) State the acceleration of the plate at which the
sand first loses contact with the plate. Explain
your reasoning.

(ii) Use Fig. 2.2 to determine the amplitude of
vibration of the plate at which the sand first loses
contact.

AMplitnds = .oesmesnmmos mm (11
NO8/112

straight line graph passing through the origin that the
acceleration a of the plate is directly proportional te
the displacement x from its equilibrium position; and
negative gradient that its acceleration a is opposite =
direction to its displacement x, and towards the
equilibrium position.

-9.81 m s — the acceleration of free fall.

When the sand is at its amplitude position, it =
momentarily at rest and experiences a downward
acceleration equal to that of free fall.

If the plate also has the same downward acceleration
of free fall, then there is no relative acceleration and
no relative velocity between the sand and the plate,

The contact force between the sand and the plate will
disappear, and the sand loses contact with the plate.
The amplitude at which the acceleration of the plate is
-9.81 m 7 is 3.8 mm, as shown in Fig. 2.3.

| gl

12 0rs £, 4

—10 PN

1117 i
Fig. 2.3
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wmyy Questions

Distinguish ~ between frequency and anguiar
requency for a body undergoing simple harmonic
motion,

A spring that has an unstretched length of 0.650 m is
zrached to a fixed point. A mass of 0.400 kg is
zitached to the spring and gently lowered until
=quilibrium is reached. The spring has then stretched
clastically by a distance of 0.200 m.

Calculate, for the stretching of the spring,

(i) the loss in gravitational potential energy of the
mass,

[1]

(i) the elastic potential energy gained by the spring.
gain = ......coien J 2]

© The load on the spring is now set into simple
harmonic motion of amplitude 0.200 m.

Calculate

(i) the resultant force on the load at the lowest point
of its movement,

resultantforce = wosmnionn N [2]
(ii) the angular frequency of the oscillation,

angular frequency = ............... rad s™' [2]
(iii) the maximum speed of the mass.

maximum speed = ........o..ien. ms’ 1]

=1 Fig. 6.1 is a table of the energies of the simple
harmonic motion. Complete the table.

gravitational | elastic kinetic total
potential potential  |energy energy
energy / J energy /J |/ /1

v 0

s Thrium
)
Fig. 6.1
(5]
_=cillations
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(f) On the axes of Fig. 6.2 below, sketch four graphs to

show the shape of the variation with position of the
four energies. Label each graph.

energy

2 ot

T
highest point
(3]

NO8/I/6

T
fowest point equilibrium position

Fig. 6.2

Solution

(a)

(b)

k=

(c)

(d)

Freguency is the number of complete oscillations per
unit time, measured in hertz (Hz).

Angular frequency is the product of frequency and the
angle subtended by the circumference of a circle (2n
radians). It is a measure of the rate of change of
angular displacement of the motion with time,
measured in radians per second (rad s™').

(i) Loss in gravitational potential energy

mgh = (0.400 kg)(9.81 N kg™)(0.200 m) = 0.785 J

(ii) The spring constant
F/e=(0.400 N x 9.81 N kg'")/(0.200 m) = 19.62 N m”’

The elastic potential energy stored
U= Vake* = 14(19.62 N m™)(0.200 m)* = 0.392 ]

The difference is work done against the external force
needed to support the mass while lowering it gently.
This force is the difference between the mass’s weight
and the tension in the spring. The work done is

dissipated as heat.

(i) At the lowest point, the total extension of the
spring is 0.400 m.

Tension 7= ke = (19.62 N m)(0.400 m) = 7.848 N
Weight ¥ = mg = (0.400 kg)(9.81 Nke'')=3.924 N

The resultant force
F=T-mg=7848N-3924 N=392N

(ii) Angular frequency of mass-spring system
w = (k/m) =(19.62 N m™ / 0.400 kg) = 7.00 rad 5™

(iii) Maximum speed
Vo = wxg = (7.00 rad s73(0.200 m) = 1.40 m s
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(&) The completed table is at Fig, 6.3.

E SR : g
gravitational | elastic kinetic total
potential potential  |energy energy an :
energy /I energy /J |/ /]
lowest 0 1:57 0 1.57
point ] . .
equilibrium 0.785 0.392 0.392 | 1.57 =
position =
highest 1.57 0 0 1.57 a5
point H s
Fig. 6.3 ~0.3 0.2 0.1 e, O ¥ 0.3
: T x fmm
(f) The graph is shown at Fig. 6.4, o : T
4 Total Energy -
energy ¥
1.50 d
Elastic
: * B
Eﬁf:,m'al Gravitational 1 us
B o0 Potential Energy BEEEEE: ! e
DR N ! | I Nam
Kinetic Energy Seama: EEREE HH |
Fig. 1.1
Iowrest point equilibrium position highest ;:)Din'tr (¢} In normal use, the loudspeaker in (b) produces a
Fig. 6.4 range of frequencies of sound.
Suggest why it is important that the natural frequency
16 (a) Define simple harmonic motion (s.h.m.) of vibration of the cone of the loudspeaker is not
S o within this range of frequencies.
......................................................... [2] R R R I I I RO B S T TSR
(b) The C()ne Of a loudspeaker iS undergoing Simple .................................................................
harmonic motion With a frequeHcy Of 620 HZ_ The ----------------------------------------------------------- 1" [3]
amplitude of the oscillations is 0.2 mm, _ NS/
Solution
(i) Calculate, for the oscillations of the cone. (a) Simple harmonic motion (s.h.m.) is a type of oscillatory
. ’ ’ motion of a body in which;
1. the angular frequency, .. . . . :
angular frequency = ............. rads’  [1] I its acceleration « is directly proportional to its
displacement x from the equilibrium position; and
o thetakinium acceleration il. its acceleration a is always directed towards the
S — e 2] equilibrium position, in a direction opposite to that of

its displacement x.
(if) Use your answers in (i) to plot, on the axes of

Fig. 1.1, a graph to show the variation with (b) () 1. The angular ﬁeguer_lcy @ = 2nf where f is its
displacement x of the acceleration a of the cone. frequency of oscillation.
w =2af=2r(620 Hz) = 3896 rad s™'.

angular frequency =3.9 x 10’ rad 5™

2. The acceleration a is related to angular frequency
w and displacement x by the equation: a = -w*x.

Hence the maximum acceleration ay = -w’x,
where x; is the amplitude of oscillation.

ay = -0’ = -(3896)%(0.21 x 10° m) =-3187 m s
acceleration=3.2 x 10° m s~
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i1) The graph is shown below.

T T T
-+ - —me
a/ms2 A LR

IaYa 1 ! 1

gt

s
Fai

T
fas!

If the frequency of the sound produced matches the
natural frequency of the cone of the loudspeaker,
resonance will occur, causing the cone to vibrate at
maximum amplitude. As a result, the frequency response
of the loudspeaker will no longer be uniform, as it will
vibrate more at certain frequencies and less at others. The
sound output will be distorted.

that

Speakers reproduce  sound without wmvanted

frequency emphasis or resonance have high-fidelity (hi-
f1). Those that resonate and distort the sound have “low-

fidelity (lo-fi) .

(a) Define force. [2]
(b) A light helical spring is suspended vertically from a
fixed position, as shown in Fig. 6.1.
LLL

spring

Fig. 6.1
Different masses are suspended from the spring. The
weight W of the mass and the length L of the spring
are noted.
The variation with weight ## of the length L is shown
in Fig. 6.2.
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10

0 1

III![1

o 1 2 3 4 5
W/N
Fig. 6.2
(i) On Fig. 6.2, show clearly the area of the graph
that represents the energy stored in the spring
when the weight on the spring is increased from
zero to 5.0 N. [1]
(ii) For a spring undergoing an elastic change, the
force per unit extension of the spring is known as
the force constant £.
Show that the energy E stored in the spring for an
extension x of the spring is given by the

expression
E="%k’.
(2]
A mass of weight 4.0 N is suspended from the spring
in (b).

When the mass is stationary, it is then pulled
downwards a distance of 0.80 cm and held stationary.
(i) Determine the total length of the spring.

length = ....... S— cm [1]
(ii) For the increase in extension of 0.80 cm,

determine the magnitude of the change in

1. the gravitational potential energy of the

mass,

ChAlgE = i I [2]
2. the elastic potential energy of the spring.

ChalEe™ wemimmmrsress J [3]

(iii) Use your answers in (ii) to show that the work
done to cause the additional extension of 0.80 cm
is4.0x 107 J. 1]

The mass in (¢) is now released. The mass performs

simple harmonic motion.

(i) State the total energy of oscillation of the mass.
S J [1]

(i) Calculate, for the mass,

1. its maximum speed,

SPREILS s s iR ms" [2]
2. the frequency of oscillation.
frequency = ............... Hz [3]

The spring in (d) is assumed to be light. In practice,

the spring will have some mass.

Assuming that the spring constant & is unchanged,

suggest and explain the effect on the frequency of

oscillation of having a spring with mass. 2]
NI10/1M/6
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Solution
(a) The

resultant force acting on a body is the rate of

change of momentum of the body, and acts in the
direction of the change in momentum. The unit for
force is the newton, which is the force required to
accelerate a mass of 1 kg at a rate of 1 m s? in the
direction of the force.

(b) ()

Liem

(in)

() (®

(i)

8 Oscillal

The energy stored is represented by the shaded

area:
S ezEes:

@

Fy

n

WIN

The energy E stored in a spring is the work done
to stretch it, which is the sum of the spring’s force
(£) multiplied by incremental displacements {dx).
This can be found by integration with limits from
0 to x,

E=|Fdxe=]kxdx=Yeke

Alternatively, this is also the iriangular area
under the force-extension graph.

E = %Fx = hke)x = Yk’
The spring constant for this spring
k=(5.0N)/(0.04m)=125Nm".

From the graph, the length of the spring is 9.2 cm
when the weight is 4.0 N. Adding to this another
0.8 cm, the total length becomes 10 cm.

length =10 cm

1. The change in gravitational potential energy
= (mg)(h) = (4.0)(0.8 x 10%)=0.032 J.

2. The change in elastic potential energy is the
shaded area shown:

tions
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Liem [ —ta :

i

Q it 2 3 4 5

= Yaky” — Vakoo”
= 15(125)(0.04)" - 14(125)(0.032)*
=0.036]

(iii) Work done to cause the additional 0.80 cm of
extension = gain in elastic potential energy — loss
in gravitational potential energy = 0.036 — 0.032 =
4.0x 107 ).

(d) @ 4.0x10°1

(if) 1. Maximum speed occurs when the mass
possesses maximum kinetic energy while
moving pass its equilibrium position, and its
kinetic energy is equal to its total energy:

Vi =4.0x107 1
5(4.0/9.81 W =4.0x 107 )
1504077V =4.0x 107 ]
v=014ms"

2. For spring mass systems,

7= (1/2nWN(kim)
= (1/2mN(125/0.4077)
=28 Hz

(e) If the spring has mass, its frequency of oscillation will
decrease.

If the spring has mass e, the inertia of the system
will increase since the mass of the system becomes
effectively m + fing,, where f/ is some fraction
depending on the shape of the spring.

Since the spring’s force constant (k) remains
unchanged, the acceleration of the system will
decrease according to Newton’s second law of motion.

Using the defining equation for simple harmonic

motion (a = -w’x), a smaller acceleration will result in
a lower angular frequency and frequency of oscillation.
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J=cillations & Resonance

% It is important that a car suspension system should be
critically damped.

The equilibrium height above the ground of the bodywork of
such a car is H. The body of the car is raised to a greater
height H and released at time ¢ = 0. Assume that the car tyres
remain in contact with the ground throughout and there is
critical damping.

‘Which graph shows how the height of the car body above the
ground varies with time?

A B
height height |
0 t o} t
C D
height} height
H, \.._- Hq _\
0 t 0 t
NO2/1/13
w:lution Answer: C

~~mcal damping occurs when the system returns to its
=-.2librium in the shortest possible time without overshooting
= zquilibrium position (Answer C).

«=swer A is light damping.

«=swer B is slightly under critical damping,

szswer D is heavy damping.

Which diagram shows the variation with time ¢ of the
displacement y of an object that is undergoing lightly-
damped oscillations?

AN
u\/\/U,

C D

AWa
VA

NO8/1/16
~olution Answer: D
«ih light damping, there is a progressive decrease in the
r—plitude of the oscillation.

“oswer A is wrong because the first two peaks are of the same
reight.

~oswer B is wrong because the amplitude is not continuously
“=creasing (towards the end).

¢ Oscillations TT
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Answer C is wrong because the graph is no longer sinusoidal
towards the end.

The damped graph is still sinusoidal, as seen from the
complete equation for damped simple harmonic motion (mass-

spring system):
bl

y=y,e>sin (wr)

where

— |k _ b
A= m T A

where m is the mass, & the spring constant and 4 the damping
constant,

20 A mass, suspended from a helical spring, is made to
oscillate.
The graph shows the variation with frequency f of the

amplitude x, of vibration of the mass.
pulley._

oscillator

Tt % 0 f

A sheet of cardboard of negligible mass is now fixed to
the mass on the spring to cause light damping of the
oscillations.

Which graph shows how x, will vary with f'over the same
frequency range?

B

Xy

N10/1/16
Solution Answer: D
Damping causes a decrease in the amplitude x, at all
frequencies. The resonant frequency f; is slightly reduced.
.
0T 27 /m T 4m?
where £ is the spring constant, m the mass and b the damping
constant.

f:_‘Lk
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Short Questions

21 Fig. 4.1 shows the variation with frequency f of the ampli-
tude x; of the forced oscillations of a machine.

2.0

x(}/ cm

1.5

1.0

0.5

mng Fig. 4.1
8 10 12

0

14 fHz 16

(a) State
(i) what is meant by a forced oscillation, [1]
(i1) the name of the effect illustrated in Fig.4.1. [11

(b) At any value of frequency, the oscillations of the
machine are simple harmonic.

(1) Calculate, for the machine vibrating at maximum
amplitude, the maximum magnitudes of
L. the linear speed

maximum speed = .......... ms~! [3]

2. the linear acceleration.

maximum acceleration =............ ms~2 [2]

(ii) Determine the time interval between a maximum
linear speed and the subsequent maximum linear
acceleration. S i)

(c) 1In order to reduce the maximum amplitude of the oscil-
lations, the mass of the machine is increased. Suggest
what effect this increased mass will have on the shape
of Fig. 4.1. You may draw on Fig. 4.1 if you wish. [3]

NO5/MI/4

i} 5 LR ——

Solution

(a) () Forced oscillation refers to a situation in which a
system is made to oscillate through the application of
an external vibrating force of a frequency not
necessarily equal to the natural frequency of the
system.

(ii) Resonance.
(b) (i) 1. Maximum velocity
Yo = Xgv
= xo(21f)
=(0.016 m)(2n x 12 Hz)
= 1,200
=12ms’"

2.  Maximum magnitude of acceleration
dg — ﬂ)2x0

8 Oscillations 78
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= (2n/)xy

=(2n x 12 Hz)* (0.016 m)
=90.96

=91 ms?

(ii) The acceleration-time graph leads the velocity-time
graph by phase angle of /2 rads, equivalent to a time
interval of 7/4.

The period T=1//=1/12 s
Hence the time interval is 1/48 s = 0.02083 = 0.021 s.

Generally a system’s natural frequency f, varies inversely
with mass, e.g. for a mass spring system with spring
constant & and mass m, fo = (1/20)N(k/m).

By increasing the mass m, the system’s natural frequency
Jao decreases and the peak of the graph shifts to a lower
frequency. As a result, the machine’s vibration (12 Hz) is
no longer near the system’s natural frequency. The system
is no longer in resonance hence the amplitude of vibration
at 12 Hz is reduced (refer to graph below).

Note:

The new frequency response graph has a peak which is
higher and sharper than the original one due to a higher
quality factor (Q factor) in the new system.

QO =~(mk)/R

where m is the mass of the oscillating object, k the spring
constant and R the mechanical resistance (degree of
damping). The higher the O factor, the higher and sharper
the resonant peak.

Increasing the mass of the system leads to a higher and
sharper resonant peak. Conversely, reducing the mass
leads to a lower and less sharp resonant peak. In fact i
the mass is too low, resonance cannot be detecled since
the presence of inertia (in the form of a mass) is a
prerequisite for simple harmonic motion of a mass-spring
system.

The resultant graph is illustrated in Fig. 4.2 below as the
solid curve (the original graph is shown dotted).

2.0

Xg/em N

1.5

- = -

0.5 Z

8 10 12 14 16
fiHz

Fig. 4.2
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TOPICY9 Thermal Physics

Temperature Scales Short Questions
A student draws a linear graph on the axes shown in order to 2 (a) State two reasons why the temperature of a body is not
convert temperatures in kelvin to lemperatures in degrees a measure of the quantity of thermal energy in the
Celsius. body. [2]
What is the intercept on the vertical axis and the gradient of (b) The variation with thermodynamic temperature 7 of the
the line? resistance R of a thermistor is shown in Fig. 4.1 .
4000 ITE
3
temperature/°C
i1
\
3500 )
R/Q
0 =
g
temperature /K 3000
A}
1Y
2500
intercept gradient
A 0 17273 2000 \
B =273 | ‘ 3
C +273 1 i
D 0 273 NO5/1/13 1500
~iiution Answer: B
“-= relationship between the Celsius scale °C and the Kelvin
2 Kis: °C=K-273.15. 1000 +- a
-=ing °C on the y-axis and K on the x-axis and comparing it
— the equation of a straight line y = mx + ¢ where 1 is the
—=2znt of the graph and ¢ the y-intercept, it can be seen that 500+ i
- zradient is 1 and the y-intercept is -273.15. EARSS
0
273 293 313 333 353 373

Fig, 4.1 i

(i)  Suggest, with a reason, why the thermistor, used
as a thermomeler, is more appropriate for measur-
ing temperatures in the range 273 K to 293 K than
in the range 353 K t0 373 K. [2]

(i1) Use Fig. 4.1 to determine the temperature corre-
sponding to a thermistor resistance of 1500 Q
when measured on the thermodynamic scale of
temperature.

LEMPETALUIE = (oot KI[1]
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#(c) The thermistor is connected into the circuit of Fig. 4.2.

12000 thermistor
=
' N
6.00V | A O, B
12000 1200Q
Fig. 4.2

The voltmeter connected between A and B has infinite
resistance. The battery has e.m.f. 6.00 V and negligible
internal resistance. The resistors each have a resistance
of 1200 Q.

(i) Determine the thermodynamic temperature at
which the volimeter reads zero. Explain your
working.

EITPETALIIE = ..eiveereierecrieeneeenensessenesaesnesnbenes K [3]

(i1) The temperature of the thermistor is now changed

and the voltmeter reads 1.20 V.

1. Suggest why the thermistor could be at one of
two different thermodynamic temperatures.[2]

2. Calculate the lower of these two thermo-
dynamic temperatures.

(EMPETAMIE S s Tl oy
NO6/II/4

Solution
(a) 1. Temperature is a measure of the average kinetic

energy of the molecules whereas the thermal energy
in a body is its toral energy.

2. Temperature only measures the kinetic energy of the
molecules whereas thermal energy includes both their
kinetic and potential energy.

(b) (i) This is because the graph is steeper between 273 K
and 293 K as compared to between 353 K and 373 K.

This means that the rate of change of resistance with
respect to temperature is greater between 273 K and
293 K as compared to between 353 K and 373 K.
Therefore, the thermometer is more sensitive to
temperature changes between 273 K and 293 K as
compared to between 353 K and 373 K.

(ii) Reading from the graph, the temperature is 297 K.

9 Thermal Physics
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In order for the voltmeter to read zero, there mus: b
no potential difference between points A and B. 1=
Vap = 0. This means that the potential at A must &
equal to the potential at B, i.e. Vs = Fg.

Using the potential divider principle, the potenza
difference across the lower resistor on the side of 4 =
[1200 Q /(1200 +1200) Q] x 6.00 V=3.00 V.

For ¥, = Vg, the potential difference across the lowss
resistor on the side of B must also be 3.00 V.
[1200 /(R +1200) Q] x 6.00 V =3.00 V.
R1= 1200 Q (where Ry is the thermistor’s resistance .

Reading from the graph, when Ry = 1200 &L
temperature 7= 304 K.

A potential difference of 1.20 V could meas
either Vo > Vg or Vs < V.

Vs> Vg means that Fap =120 V.
The thermistor has a resistance higher than 1208
Q and a temperature lower than 304 K.

VA < VB means that VAB =-1.20V.
The thermistor has a resistance lower than 1200
€ and a temperature higher than 304 K.

2. At the lower temperature, the thermistor has = '
resistance higher than 1200 Q, hence Vs > 1%
which means that Vg = 1.20 V.

Since V4 is held permanently at 3.00 V, this
means that Fg=1.80 V.

Applying the potential divider principle,

[1200 Q /(R +1200) 2] x 6.00 V=180 V.

Ry = 2800 @ (where R; is the thermistor’s
resistance).

From the graph, when Ry = 2800 Q, the
temperature is 282 K.
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wecific Heat Capacity and Latent Heat
“hat is meant by the term specific heat capacity of a
sidstance?

% The thermal energy required to change the state of
I kilogram of the substance.

w

The thermal energy required to change the state of the
substance without change of temperature.

—  The thermal energy required to raise the temperature of
1 kilogram of the substance by [ kelvin.

D The thermal energy required to raise the temperature of
the substance by | kelvin.
NO3/1/12
wdmtion Answer: C
Tz specific heat capacity of a substance is the thermal energy
=ooired to raise the temperature of 1 kilogram of the
w-=tance by 1 kelvin.
The unit is T kg™ K.

« In an experiment to determine the specific heat capacity
o7 2 liquid by an electrical method, a student obtained the
‘ollowing results.

mass of liquid heated 1.5kg
initial liquid temperature 300K
final liquid temperature 357K
electrical power of heater 1.0 kW
time of heating 180 s

What is the specific heat capacity of the liquid?

2.1 kgt K!

181 kg K-

18007 kg™ K-
D 2100Jkg ' K!

solution

- =Pr=mcA0,

= (PH/(mAO)

= 11000 W x 180 s)/(1.5 kg x 57K)=2105=2100J kg K.

O w

NO4/1/15
Answer: D

% A vapour in a container is at a high temperature and loses
heat to its surroundings.
The graph shows how its temperature changes over the

next few minutes.
=mperature &

0 -
0 time
Which feature of the graph indicates that the specific
latent heat of vaporisation of the substance is greater than
its specific latent heat of fusion?

- Thermal Physics 81
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A The gradient of the graph at P is greater than the
gradient at R.

B The gradient of the graph at T is greater than the
gradient at R.

C  The length of the line Q is greater than the length of
the line S.

D The value of X is greater than the value of Y.
NOB//17
Solution Answer: C
Latent heat = rate of heat loss during change of state x time for
change of state to take place.

The rate of heat loss to surrounding during condensation (line
Q) should have been higher than that during freezing (line S)
due to higher temperature during condensation, yet the time
taken for the substance to condense (line Q) is greater than that
during freezing (line S). This shows that the specific latent
heat of vaporisation is significantly greater than the specific
latent heat of fusion.

Answers A and B are wrong because the gradient of P and T
being greater than the gradient at R means that the specific
heat capacities of the substance in the vapour and solid states,
respectively, are lower than that in the liquid state.

Answer D is wrong because X being greater than Y means that
the substance’s boiling point is higher than its melting point.

6  An clectric kettle contains 500 g of water at 15 °C. The
heating element of the kettle is rated at 2.2 kW and the
specific heat capacity of water is 4.2 x 10° J kg K.

What is the minimum time it takes to raise the temperature
of the water to 100 °C?

A 22s B 8ls C 955 D 81x10%s
NO08/1/19
Solution Answer: B

Heat absorbed O = meAf

Where m is the mass of the water, ¢ its specific heat capacity
and Af the increase in temperature.

Pt=mcAl
t=mcAB /P
= (0.500 kg)(4.2 x 10° T kg K™")(100 — 15)K / (2200 W)

=8ls
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7 Two spheres P and Q are both made of steel. Sphere P has  Shorr Questions

a radius that is larger than that of sphere Q.

- 8 A student sets up the apparatus illustrated in Fig. 2.1 in order

Lo determine a value for the specific latent heat of fusion of
ice.

sphere P sphere Q
temperature Tp temperature Tq heater
Initially, sphere P is at temperature 7 and sphere Q is at
temperature T, where 7p > T, funnel

There spheres are brought into contact and their final
temperature is 7. No thermal energy is transferred from

the spheres to the surroundings. beaker—__|

Which expression gives the relation between Ty, 7 and

A Tr=T)=(T-Ta) Fig. 2.1

B (Te—T)>(T-T. _ _ . :
LR=TEe (P A heater is placed in the funnel, surrounded by pure meltinz

C [Fe~TP= (T=Tel ice. The student measurcs the mass of melted ice in the

D (Te=T)=(T+Tg) beaker at regular time intervals before and after switching on

N10/1/19 the heater. The variation with time 7 of the mass m of melted
Solution Answer: C ice in the beaker is shown in Fig 2.2.

Since there is no thermal energy lost to the surroundings, the

thermal energy lost by P must be equal to the thermal energy

gained by Q, so that the final equilibrium temperature 7 is i
between Tp and Ty, Since they are made of the same material, (a) By reference to Fig. 2.2,

their specific heat capacity ¢ is the same. (i)  suggest a time at which the heater is switched on,

Orost by P = Opained by @ (1l

mpc(Tp — 1) = moe(T - Ty)

(To — DT = Ty) = mg/mp

During the heating process, the current is adjusted so that the
readings on the ammeter and voltmeter are constant.

(ii) determine the mass of ice melted in 1.0 minute
l.  with the heater switched off,

2. with the heater switched on. [2]

Q.12

ymikg

0.10

0.08)

0.04

0.02

-

9 24 5 8 10 2 14
Fig. 22 ! minutes

(b) The readings of the ammeter and the voltmeter arc

5.2 A and 1 1.5 V respectively. Use your answers in (a)

to calculate a value for the specific latent heat of fusion

of ice, {31

(¢} State and explain the effect on your calculated value
for the specific latent heat of fusion if ice taken directly
from a freezer were used 1o replace the ice in the
funnel. 2]

NO04/11/2
9 Thermal Physics 82 ‘A’ Physics Topical Paper (Nov.




www.physics.com.sg
First Class in Physics Tuition

~olution Long Questions
1) 4 minutes.
9 (@) Ina space, such as a swimming pool enclosure, water at
i) 1. 0.011kg/ 4 minutes 30°C and water vapour, also at 30°C, coexist.
=2.750x 107 .
=28x10° kg () Compare the pattern of movement and the speed
of molecules in water and water vapour at the
2. (0.105 —0.05) kg / (13 — 9) minutes same temperature. (4]
=1.375x% }20—2 (i) ~State what is meant by the internal energy of a
=14x10%kg system. (2]
Amount of ice melted in one minute due to heater alone = (iii) Using your answer to (i), compare the internal
1.375x 102 kg — 2.750 x 107 kg =0.011 kg. energy per unit mass of water and water vapour at
the same temperature. [3]

Heater’s power P=1V/=52Ax 11.5V =598 W. (iv) Explain, in terms of internal energy, why the

e, B : specific latent heat of vaporisation of a substance
Amount of heat absorbed by ice in one minute P P

~50.8 Wx60s—3588 1 is greater than its specific latent heat of fusion. [2]
Specific latent heat of fusion of ice (b) A canal connects a reservoir to a town. The canal sup-
/:=3588J/0.011 kg plies the town with fresh water. During a summer
:13 262 x 105' month, the town is supplied with water at an average
—33x10°J ke rate of 2.7 m* s71. The canal is 51 km Jong and 9.2 m
’ wide. In the daytime, the average power from the Sun
The calculated value of the specific latent heat of fusion that is absorgcd per unit area by the surface of the water
will be an over-overestimate of the true value. is 900 Wm™. The temperature of the water does not
[ce taken from the freezer is below the melting point of change.
water (0 °C). (i) Explain why more water needs to be supplied
Part of the heater’s energy is used to raise the ice’s from the reservoir than is used by the town.  [1]
;Zr:[]; ?;2??5 ;Zéézszléltmg Febll. TRl nsmorssR ey (i) The density of water is 1000 kg m™ and the

specific latent heat of vaporisation of water is
226 x 10% J kgl Calculate the rate at which
water needs to be supplied from the reservoir. [4]

(iit) Suggest two ways in which the loss of water from
the canal could be reduced. Indicate the problems
that could arise if your suggestions were to be
implemented. [4]

t NO6/IL/2
Solution

(a) (i) Water in both liquid and vapour states is a fluid, in
which particles have freedom of motion and move
about in continuous random motion.

However, water molecules in the liquid state are
much closer spaced compared to those in the vapour
state. Hence liquid molecules have much more
restricted motion whereas vapour molecules move
over larger distances.

Nevertheless, the root-mean-square speed of water
molecules in both liquid and vapour states are the
same. This is because root-mean-square speed is
proportional to the square root of thermodynamic
temperature. Fluids at the same temperature have the
same average kinetic energy and same root-mean-
square speed, regardless of whether they are in the
liquid or vapour state.
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(ii) The internal energy of a system is the sum of the
kinetic energy of its molecules due to their random
motion, and potential energy due to intermolecular
forces of attraction between molecules.

(iii) The internal energy per unit mass of water is lower
than that of water vapour.

This is not due to kinetic energy differences, since
the average kinetic energy of liquid molecules at 30
°C is the same as that for vapour molecules at 30 °C
(average kinetic energy is directly proportional to
thermodynamic temperature).

The difference is due to potential energy differences
as a result of intermolecular forces of attraction
between molecules. Liquid molecules are spaced
close to one another hence their potential energy is
lower; vapour molecules are spaced far apart hence
their potential energy is greater.

(iv) When water changes into vapour state at a constant
temperature (100 °C), there is no change in the
molecules” average kinetic energy but a large amount
of work has to be done to separate the molecules to a
large distance apart (approximately 2.09 x 10° J kg'™")
and a smaller amount to push back the atmosphere
(approximately 1.70 x 10° J kg™). This work done is
converted into the potential energy of the water
vapour. Hence the specific latent heat of vaporisation
is very large (2.26 x 10°J kg™).

When water changes from solid to liquid state at a
constant temperature (0 °C), there is also no change
in  the molecules’ average kinetic energy.
Furthermore, the difference in volume between water
in solid and liquid states is negligible hence there is
negligible work done against intermolecular forces of
attraction and by the atmosphere. A relatively smaller
améunt of energy (3.35 x 10° J kg™ is required to
modify the intermolecular bonds to allow relative
motion between molecules.

(b) (i) Some of the water is vapourised by the solar energy
) and escape into the atmosphere.
(i1) The surface area of the canal
A=51,000mx 9.2 m=4.692 x 10° m”.

The power P incident on the water surface is related
to its intensity 7 by the equation:
P=14
= (900 W m™)(4.692 x 10° m?)
=4223x10° W

The mass rate at which water is vapourised is:
4223x10° 751 /226 x 10° Tkg' = 186.9kg s~

The volume rate at which water is vapourised is:
186.9kg s/ 1000 kg m™ =0.1869 m’ s
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Therefore, the rate at which water needs to @
supplied from the reservoir
=27+0.1869 m’ 5!
=2.887=29m’s"

(iii) One way is to cover up the canal and make 3
underground to shield it from the sunlight.

The cost of implementation will be prohibites
considering that it is 51 km long and w
economically justifiable.

Another way is to narrow the canal to reduce =
surface area of the water exposed to the Sun.,

However, this will reduce the rate of flow of wz
through the canal and the rate of supply of water
the town.
10 (a) State what is meant by latent heat of vaporisation.
(b) A student carries out an experiment to determine
specific latent heat of vaporisation of water,

Water is boiled in a beaker by means of an electe
heater, as shown in Fig. 1.1.

S —_

to power
beaker \ﬂ

supply
water —_ |7 |

The power P supplied to the heater is measursd
When the water is boiling at a constant rate, the mass
m of water evaporated in 5.0 minutes is determined.
Data for the power P and the mass m for two differess
values of 7 are shown in Fig, 1.2,

PIW m/g

140 141

95 8.2
Fig. 1.2

(i} Suggest why, in order to obtain a reliable resu®
for the specific latent heat, the mass m i=

determined for two different values of P. (1
(ii) Calculate the value for the specific latent heat L

of vaporisation.

1 — Jg! (3]

NTO/IIL T
Solution
{a) The latent heat of vapourisation of a substance is the
amount of thermal energy required to convert the
substance from liquid to vapour phase {or vice versal
without a change in temperature.
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= (i) This is to allow the power loss (Py) to be eliminated
from the calculation of the specific latent heat of
vaporisation. Since the temperature in both instances
is the same, the power loss is also the same.

(i) Heat absorbed by the boiling water O = Pt = ml,.

Using the first set of values,

(140 — P )(300) = (14.1 x 107)4, ... (1)

Using the second set of values,

(95 — Pogs)(300) = (82 x 107, ... (2)

Subtracting (2) from (1),

13500 J = (5.9 x 10~ kg)/,

[,=23x10°) kg =23001) g,

“irst Law of Thermodynamics

L1 The first law of thermodynamics may be stated in terms of

AU, the increase in internal energy of the system,
O, the energy transferred to the system by heating,
W, the work done on the system,

What is the formula connecting these quantitics?

A AU=Q+W

B AU=Q-W

C AU=-Q-W

D AU= W-0 NO2/1/12
s2lution Answer: A
oo the terms defined in the manner above, the first law of
nermodynamics can be stated as: the increase in internal
=zrgy of the system is equal to the sum of the heat absorbed
= the system and the work done on the system.

2 The air in an aircraft when travelling has

8 MIJ of kinetic energy as a result of the motion of the
aircrafl,

30 MJ of kinetic energy as a result of the random
movement of the air molecules,

75 MI of potential energy as a result of the altitude of
the aircraft,

-3 MI of potential energy as a result of intermolecular
attraction between the air molecules.

What is the internal energy of the air in the aircraft?

A 2TMI C 35MJ
B 33MJ D {i0MJ NO3/1/13
~:lution Answer: A

"=z kinetic and potential energy terms in internal energy
=-zrs only to the kinetic energy due to random motion of the
“lecules (30 MJ) and potential energy due to intermolecular
-ces (-3 MJ), and not the kinetic and potential energy of the
=—ire bulk of gas.
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13 The contents of a refrigerator arc at a constant temperature,
and the surroundings of the refrigerator are at a higher
temperature. Because of this, thermal energy flows into the
refrigerator from outside, and is removed at the same rate by
the cooling mechanism.

The first law of thermodynamics may be applied to the
contents of the refrigerator. This law is represented by
AU = Q + W, where AU is the increase of internal energy of
the contents of the refrigerator, Q is the net heating of the
contents, and W is the mechanical work done on the
contents. FFor the refrigerator contents, which of the
quantities AlJ, O and W is/are zero?

A AUonly

B Qonly

C  Wonly

D eachof AU, Q and W NO4/1/14
Solution Answer: D

AU = 0 because there is no change in temperature (AK.E. = 0)
and no change in volume of the contents (AP.E. = 0).

O is zero because there is no net rate of heat transfer.

W is zero because the refrigerator contents’ volume remains
constant.

14 A system absorbs 80 J through heating while doing 100 J of
external work.

What is the change in the internal energy of the system?

A -1007

B 201

C  +807

D +1807F NOS5/I/14
Solution Answer: B

Apply the first l]aw of thermodynamics, the increase in internal
energy AU = O + W where @ is the heat transferred to the
system and J/' the work done on the system.

In this case the work is done by the system hence the work
done on the system ¥ is negative.

AU=Q+ W=+80-100J=-2017.

15 Two bodies are in thermal equilibrium,

‘Which condition must apply?

A Their heat capacities are equal.
B Their internal energies are equal.
C  They are at the same temperature.
D They emit and absorb electromagnetic radiation at the
same rate. NOG/I11
Solution Answer: C

When two bodies are in thermal equilibrium, there is no heat
transfer between them. This can only mean that they are at the
same temperature.

Two bodies can have the same temperature even if they have
different heat capacities, internal energies and radiation.
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16 An ideal gas is compressed at constant temperature.
Which line of the table is correct?
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A fixed mass of ideal gas at high pressure is contained in =
balloon. The balloon suddenly bursts, causing the gas =

work done heating of gas expand and cool.
A | work is done by gas heat energy goes into gas In this situation, which row describes the values of AU &
B | work is done by gas heat energy goes out of gas el i >3
C | work is done on gas heat energy goes into gas i
D | work is done on gas heat energy goes out of gas AU q w
NO6/1/12 A negative negative positive
Solution 7 Answer: D ) )
The internal energy U of an ideal gas is its kinetic energy B negative zero negative
alone and is directly proportional to its thermodynamic c positive zero negative
temperature T' (U = 3nRT/2) where n is the amount of gas o . N
molecules in moles and R the molar gas constant. D positive negative positive
. . . NO09/1/21
Therefore, if temperature remains constant, the internal energy Solution Answer: B

remains constant hence the increase in internal energy AU=0.

The first law of thermodynamics, AU = Q -+ ¥ where ( is the
amount of heat energy transferred to the gas and W the work
done on the gas.

Since AU= Q + W =0, it can be inferred that O = -.

W is positive since the gas is being compressed and there is
positive work done on the gas.

Therefore, O must be negative implying that heat energy goes
out of the gas,

17 An ideal gas undergoes an expansion in volume from 1.3
x 10* m’ to 3.6 x 10" m® at a constant pressure of 1.3 x
10° Pa. During this expansion, 24 ] of heat is supplied to
the gas.

What is the overall change in the internal energy of the

gas?
A decrease of 54 ]
B decrease of 6J
C increase of 6 J
D increase of 54 ]
NO07/1/20
Solution Answer: B

Work done by the gas
W=pAV=(13x10°Pa)2.3x 10*m*)=299]
Hence work done on the gas is -29.9 J.
Apply the first law of thermodynamics,
AU=Q0+W=424]-299]=-59]

18 The first law of thermodynamics may be expressed as

shown.

AU=g+w
where AU is the change in internal energy,

q is the heating of the system,
w is the work done on the system.
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In a sudden expansion, there is no time for heat exchange
between the gas and its surrounding, hence such processes ars
adiabatic (g = 0).

Since the gas expands, work is done by the gas, hence the
work done on the gas, w, is negative.

Applying the first law of thermodynamics,

AU=0+w
AU must be negative if w is negative.

In an ideal gas, there being no potential energy due to the
absence of intermolecular forces of atiraction, the internal
energy of the gas comprises only the kinetic energy of its
molecules and is directly proportional to its thermodynamic
lemperature. Hence a decrease in internal energy results in a
cooling of the gas.

19 The work done # by an expanding gas is calculated using
W=pAV.
What must remain constant for this equation to be used?

A the pressure of the expanding gas
B the pressure of the surroundings
C  the temperature of the expanding gas
D the temperature of the surroundings
N10/1/10
Solution Answer: A

The work done () by a constant force is W = FAs where F is
the constant force and As the displacement in the direction of
the force. Consider a gas exerting a force F against a piston of
cross-sectional area A.

Since pressure p = F/4 where A is the area of the surface
perpendicular to the displacement, substituting £ = pA into the
work done equation, # = pAAs = pAV where p is the pressure
of the expanding gas which thus must be constant, If pressure
is not constant, the equation becomes = [ p dV.

The pressure is that of the gas and not the surrounding, Even if
the surrounding is a vacuum but the piston is rusty and exerts a
constant frictional force against the moving piston, work daone
by the gas is still pAV where p is the pressure of the expanding
2as,
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20 Which statement about the first law of thermodynamics is
correct?

A The heating of a system equals the increase of its
thermal energy plus the work done on the system.

B The increase in the internal energy of a system equals
the heating of the system plus the work done by the
system.

C  The increase in the internal energy of a system equals
the heating of the system plus the work done on the
system,

D The work done on a system equals the increase of its
thermal energy plus the heating of the system.

N10/1/18

solution Answer: C

"~z first law of thermodynamics can be expressed in equation

-m as: AU = (J + W where AU is the increase in the internal

—zrzv of a system, O the heating of the system and I the
-~k done on the system.

Skort Questions

21 (a) State
(i) the meaning of the term internal energy,

(b) An ideal gas undergoes a cycle of changes A — B —
C — A, as shown in Fig. 4.1.

B
~essure ([

-/ 10%Pa

1f-- A

(81 Sk

20 volum—e Viem?
Fig. 4.1

(i) Calculate the work done by the gas during the
change C — A.

work done by the gas= ............... ] [2]

(i) Fig. 4.2 is table of energy changes during one
cycle. Complete Fig. 4.2.

-=ction of | heating Work done | Increase in
ocle supplied to ongas/J Internal
gas /] energy of
gas /]

A—B ZEero 4.2

B—C -8.5

C—A

Fig. 4.2 [4]
NO8/111/4
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Solution
(a) (i) The internal energy of a system is the sum of the
kinetic energy due to the random motion of its
molecules, and the potential energy due to
intermolecular forces of attraction.

(ii)y The first law of thermodynamics states that the
increase in internal energy of a system is the sum of
the thermal energy added to the system by heating
and the work done on the system.

(b) (i) Work done
W=pAV=(1x10°Pa)20-5)x 10°m*=1.57

(ii) The completed table is shown in Fig. 4.3. Using the
first law of thermodynamics O + W= AU.

section of | heating Work done | Increase in
cycle supplied to ongas/J Internal
gas /J(Q) (I energy of
gas/ ] (AL))
A—B Zero 472 4.2
B—C -8.5 Zero -8.5
C— A 5.8 -1.5 4.3
Net 2.7 2.7 zero
The last row ‘Net’ is included to enable the

completion of the table.

The net increase in internal energy in a cyclic process
is zero, as internal energy is a function of state, i.c.
internal energy only depends on the state of the
system, and not how the state is arrived at.

Long Questions

22 (a) Convert the temperature of the boiling point of
nitrogen, 77.30 K, to a temperature on the Celsius

scale.
temperature = .......eeeeen.n. G 2]
(b) State what is meant by saying that a temperature is on
an absolute scale.
e TN
(c) Explain what is meant by
(i) the internal energy of a gas,
e 12
(ii) the ideal gas.
e (1]
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(d) (i) A car tyre has a fixed internal volume of 0.0120
m’. On a day when the temperature is 25 °C the
pressure in the tyre has to be increased from 2.62
x 10° Pa to 3.23 x 10° Pa. Assuming the air is an
ideal gas, calculate the amount of air which has
to be supplied at constant temperature.

amount of air =

(3]
(ii) A portable supply of air used to inflate tyres has
a volume of 0.0108 m’ and is filled with air at a
pressure of 8.72 x 10° Pa. Show that, at 25 °C,
there is more than enough air in it to supply four
tyres, as in (i), without the pressure falling below
3.23 x 10° Pa. [3]
(e) (i) Show that the internal energy of a molecule of
air at a temperature of 25 °C is 6.17 x 107" J.
Assume that the air behaves as an ideal gas. [2]
(ii) Hence calculate the internal energy of one mole
of the air at a temperature of 25 °C.

internal energy = [1]

(iii) Calculate the increase in the internal -energy of
the air in the tyre in (d)(i) as a result of
increasing the pressure.

increase =

[2]
(f) (i) Give a word equation stating the first law of
thermodynamics.

(ii) Apply this law to the pressure increase in (d)(i)
in order to calculate the amount of work which
.has to be done to increase the pressure.

work done =

[1]
NO7/111/6

Solution
(a) Temperature in Celsius = 77.30 — 273.15 =-195.85 °C.

(b) This means that the temperature on such a scale is not

dependent on the thermometric property of any
particular substance and has absolute zero as its
minimum temperature.

lis fixed point, absolute zero, is not dependent on any
particular substance but rather is the temperature at
which all substances have a minimum internal energy.

(¢) (i) The internal energy of a gas is the sum of the

kinetic energy due to the microscopic random
motion of its molecules, and potential energy due
to intermolecular forces of attraction.

(ii) An ideal gas is a hypothetical gas that obeys the

equation of state of an ideal gas perfectly at all
temperatures and pressures.

88
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A real gas approaches ideal behaviour at very low
pressures and high temperatures,

(d) (i) Apply the equation of state of an ideal gas,
pV=nRT
n=pV/RT
An = ApV/RT
= (61000 Pa x 0.0120 m*)/(8.31 J K™ mol” x 298 K)
=(.296 mol.

(ii) To supply four tyres, the amount of gas in moles
transferred from the supply to the tyres is

An=4x0.296 mol = 1.18 mol
The fall in the supply’s pressure is

Ap = AnRT/V
=(1.18 mol x 8.31 J K™ mol" x 298 K)/(0.0108 m*)
=2.71x10° Pa

The supply’s pressure will fall to 8.72 x 10° - 2.71
x 10°=6.01 x 10° Pa.

This is still above 3.23 x 10° Pa.
(e)

(i) For an ideal gas, the internal energy is its kinetic
energy alone (since potential energy is zero).

Vem<c™> = (3/2)kT
=(3/2)(1.38 x 10 JKH(298 K)
=6.17x 107" J.

(i) One mole = 6.02 x 10” molecules.
Internal energy,
U=6.02x10%x6.17x101J=371x10°]

(iii) Increase in internal energy,

AU=0.296molx 3.71 x 10° Jmol" = 1.10x 10°J
(f) (i) The increase in the internal energy of a system is
equal to the sum of the thermal energy added to
the system by heating and the work done on the
system.
(i) Apply the equation of the first law of
thermodynamics. Since there is no heat supplied to
or removed from the system, 0 = 0.

AU=Q+W
LIOX 10° I =W

Work done on the system is 1.10 x 10° J.
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Tue Ideal Gas Equation

*F In an cxperiment w investigate the relationship between the
-olume V of a fixed mass of an ideal gas and its pressure p, a
zraph of pV against p is plotted.

"Which graph shows the correct relationship at constant
:emperature?

A B G D
: ‘ pv pVh pv
D T . 0L 0
i P % p 0 p 0 3
NO3/1/10
~olution Answer: C

-—m the equation of state for an ideal gas: p/" = nRT it can be
=zn that for a fixed mass of gas at constant temperature, the
-r-duct pVis constant regardless of pressure,

24 The equation of state for an ideal gas is pV = nRT,

Which of the following correctly describes n and 777

n T

amount of gas in moles kelvin temperature

amount of gas in moles temperature change

A

B

C | number of molecules of gas kelvin temperature
D

number of molecules of gas temperature change

NOa//12
~olution Answer: A
= the equation of state for an ideal gas, ‘»’ is the amount of
225 in moles and 7 the kelvin temperature.

25 An ideal gas is contained in an insulating cylinder fitted with
a piston, as shown.

insulating
-~ cylinder

ki 77 7 7 A

] .
gas_| 74 piston

P~
e
VSV AT

The piston is suddenly moved inwards so thal the volume of
the gas is reduced.

What happens (o the temperature of the gas?
A It increases because the gas molecules bounce off the
piston at higher speeds.

B It increases because the gas molecules collide with
each other more often.

C It stays constant because pressure X volume is constant
for an ideal gas.

D Itstays constant because the cylinder is an insulatar.
NOS/T/12

9 Thermal Physics 89

www.physics.com.sg
First Class in Physics Tuition

Solution Answer: A
When the piston is moved inward suddenly, there is no time
for heat energy to enter or leave the cylinder (which is
insulated anyway). Hence the change is an adiabatic
compression (Q = 0).

Apply the first law of thermodynamics, the increase in internal
energy AU = Q + W where O is the heat transferred to the
system (in this case zero) and W the work done on the system,
Since O = 0, AU = I¥. When a gas is compressed, the work
done on the system is positive hence there is an increase in its
internal energy U.

For an ideal gas, the internal energy is directly proportional to
thermodynamic temperature (U = (3/2)nRT) hence the
temperature increases.

What happened at the molecular level is that the molecules
bounce off the in-moving piston with a speed higher than the
speed of collision. The molecules gain kinetic energy from the
in-moving piston.

26 A fixed amount of an ideal gas has pressure p and volume
%

The graph shows the variation of 1/p with J" at a constant
temperature.

0.4 o mm s
1/p
0.3+
0.2

0.1+

0 T T
0 1 2

Py eI e e

3 —

%
The amount of gas and the thermodynamic temperature
are both doubled.
Which line will be produced?

|1 S— B e - —
1lp P '{\5““ position of
0.3 g E original graph
& i
02 e fe A ic
0 Sl A ‘D
0 | +
9] 1 2 3 4
1
NO8/1/18
Solution Answer: D

The ideal gas equation of state pl” = nRT where p is the

pressure of the gas, V its volume, » the amount of gas in moles,

R the molar gas constant and 7 the thermodynamic

temperature.

Rearranging this into a linear equation of l/p vs
lip=(1/nRT) V

The gradient is 1/nRT.

Hence if the amount of gas (n) and thermodynamic

temperature (7) are both doubled, the gradient will become

one-quarter of its initial value.
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27 What is the number of hydrogen atoms, in terms of the
Avogadro constant Ny, in one mole of water (H,0)?

A (13)Ny B (2/3)Nys C N, D 2N,
N09/1/20
Solution Answer: D

The number of water molecules in one mole of water is the
Avogadro constant V.

Since there are 2 hydrogen atoms per molecule of water, the
number of hydrogen atoms is 2NV,

Short Questions

28 (a) The variation with volume ¥ of the pressure p of a
fixed mass of gas at constant temperature is shown in

Fig. 1.1.
3
\
p/10% Pa

2

1H BEERY

0

0 100 200 300 400
V/om?d

Fig. 1.1

(i) Using values from Fig. 1.1, plot a second graph
using the axes drawn in Fig. 1.2, to show that p
is inversely proportional to V.

0
0

Fig. 1.2 [2]
(ii) State how inverse proportion is demonstrated by

your graph.
...................................................... 1]
NOB/ITI/1(a)
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Solution
(a) (1) A graph of 1/p plotted against } is shown in Fig. | 6.

1/p/10° Pa’’
2.5
2.0 ] X
1.5
1.0
0.5 1 s
‘ i ] :
0 100 200 300 400
Vicm?®
Fig. 1.6
Viem® p/10°Pa Lp/10° pa’
100 2.00 0.5
200 1.00 1.0
300 0.67 1.5
400 0.50 2.0

(if} The graph of 1/p against ¥ is a straight line through
the origin. This shows that 1/p is directly proportional
to ¥ and pl’= constant, hence p = constant/V.

29 (a) (i) Explain the concept of absolute zero on the

thermodynamic temperature scale. [1]

(i) State how the temperature of an ideal gas is

related to the energy of the molecules of the gas.

(1]

An oven has a volume of 0.064 m’. The pressure and

temperature of the air in the oven are 1.0 x 10° Pa and

27 °C respectively. The mass of one mole of air is

0.030 kg. The air behaves as an ideal gas.

(i) Calculate the mass of air in the oven.

kg (3]

The oven is heated to a temperature of 180 °C.

The oven door is opened.

Calculate the mass of air that must escape from

the oven for the pressure in the oven to return to

1.0 x 10° Pa.

(b)

(i)

[2]
NI10/1/3
Solution
(a) (i) Absolute zero is the temperature at which all

substances have a minimum internal energy.

(i) The temperature of an ideal gas is directly
proportional to the average kinetic energy of the
molecules in the gas.

(b) (i) Applying the equation of state of an ideal gas,

p¥ = nRT, the amount of air

n=pV/RT= (1.0 x 10°)(0.064)/(8.31)(27 + 273)
=2.567 moles

Since one mole of air has a mass of 0.030 kg, the
mass of 2.567 moles = 0.030 x 2.567 = 0.077 kg.
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i) Applying the equation of state of an ideal gas,
p V¥ =nRT, the amount of air remaining
n=pVIRT= (1.0 x 10°)(0.064)/(8.31)(180 +273)
= 1.700 moles
Mass of air remaining = 0.030 x 1.700 = 0.051 kg.
Mass of air that escaped = 0.077 — 0.051 = 0.026 kg.

s.netic Theory
Srort Questions

30 2) (i) State which two quantities are conserved in any
collision.

(ii) State what is meant by an elasric collision. 3]

5) An ideal gas is contained in a cylinder by means of a

piston, as shown in Fig. 3.1.

piston—__ I

cylinder
\

atom of

" ideal gas

Fig. 3.1

The cylinder and piston are made of a thermal
insulator. An atom of the gas collides with the piston,
as illustrated.

State, with a reason, whether the momentum of the
atom is conserved in the collision, 2]

(c) The piston in () is lowered so that the volume of the
gas is reduced.

(i) State what change, if any, occurs in the speed of
a gas atom during an elastic collision with the
moving piston. [n

(ii) Use the kinetic theory of gases to explain why the
temperature of the gas rises. (2]

(iity Write down a word equation to represent the
conservation of energy for this change in volume
of the gas. 121
NO3/11/3
~olution
=1 (i) Linear momentum and total energy.

(i1) An elastic collision is a collision in which the total
kinetic energy of the system is conserved.
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(b) The momentum of the atom is not conserved.
Momentum is a vector quantity hence there is a change in
momentum when there is change in the direction of the
atom’s velocity.
The law of conservation of linear momentum states that
momentum rtemains constant provided here is no net
external force acting on the system.
If the atom is considered as the system, the system
experiences a net external force during the collision (the
reaction force by the piston on the atom} causing the
atom’s momentum to change.
However, if the piston, cylinder and atoms are considered
as one system, then the momentum of the whole system is
conserved since the forces are internal.

(¢) (i) The speed of the gas atom increases.

(ii) The internal energy U of an ideal gas is the sum total
of the kinetic energy of all the atoms in the gas, which
is directly proportional to the thermodynamic
temperature 7 (U = M<c®> = (3/2)nRT) where n is
the amount of gas in moles and K the molar gas
constant.

When the downward-moving piston collides with the
gas atoms, it imparts energy on the atoms and causes
their speed and kinetic energy to increase.

As a result, the mean-square speed, kinetic energy
and temperature of the gas increase.

(iii) Work done ¥ on the gas by the piston equals the
increase in internal energy AU of the gas (heat
transfer O is zero due to thermal insulation).

Long Questions

31 A container of gas holds 3.6 x 10> molecules of an ideal gas
each with a mass of 4.6 x 10726 kg. The root-mean-square
speed of the molecules is 270 m s~} and the container is on
an aircraft travelling at 240 m s~!. Calculate

(i) the kinetic energy as a result of the random
motion of all the molecules in the gas,

(ii) the kinelic energy the gas has as a result of being on the
aircraft,

(ii1) (he internal energy of the gas. [5]
NO2/11/3 (part)
Solution
(i) Kinetic energy due to random motion of gas molecules
VM<c®> = 1%(3.6 x 10° x 4.6 x 10 kg)(270 m ')
=6.036 x 10"
=6.0x10*1.

(ii) Kinetic energy due to the bulk motion of the entire gas
VMY = 4(3.6 x 107 x 4.6 x 102 kg)(240 m s™)?
=4.769 x 10
=48x10"].

(iii) The internal energy of an ideal gas is the total kinetic
energy due to the random motion of its gas molecules, and
not the kinetic energy due to the bulk motion of the entire
gas.

Hence the internal energy is 6.0 x 10* J.
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32 (c) The four main constituents of air are nitrogen, oxygen,
argon and carbon dioxide. The gases, assumed to be
ideal, are all in thermal equilibrium. The masses of the
molecules are listed in Fig. 3.1.

mass of molecule/u
nitrogen 28
oxygen 32
argon 40
carbon dioxide 44
Fig. 3.1
(i)  State what is meant by thermal equilibrium.  [1]
(ity Show that the mean-square speed of the
molecules in air is inversely proportional to the
mass of each molecule. [3]
(iii) State which gas has the molecules with the
smallest root-mean-square speed. ]
(iv) The root-mean-square speed of oxygen molecules

is 480 m s7!. Calculate the rool-mean-square
speed of nitrogen molecules. [3]

Estimate the rool-mean-square speed of a particle of
dust, of mass 1.2 x 1072 kg, in the air.

()

State any assumption you make. [4]

NO3/11/3 (part)

Solution

(c) (i) Two different substances are at thermal equilibrium
when there is no heat transfer between them.

This happens when they are at the same temperature.

The average kinetic energy of each molecule Vm<c™>
= (3/2)kT hence mean-square-speed <¢’> = 3kT/m.
Since the four gases are at thermal equilibrium, they
havg the same temperature 7.

The Boltzmann constant £ is also a constant.

Hence <¢*> « 1/m.

(i)

(iii) Carbon dioxide (which has the largest mass).

(iv) Root-mean-square speed V<c™> o 1/\m.
Therefore, root-mean-square speed of nitrogen
Vee?>=(32/28) x 480 ms' =513 m s’

(b) Assuming a room temperature of 300 K,
<> = N(3kTIm) .
=@ x 1.3 x 10 T K" x 300 K/1.2 x 10 kg)

=1.017x 10"
=10x10"ms".

An assumption is that the dust particle behaves like an
ideal gas molecule.
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33 (d) (i) By puiting each quantity into base units, show
that the equation
pV=nRT
is homogeneous, [
(iiy Explain why a homogeneous equation may nat
necessarily be correct. (1}
{e) The pressure of an ideal gas, as derived from the

kinetic theory, is given by the cquation

_LNm

<c2>,
3V

P
(i) State the meaning of cach of the symbols N, =
and <¢2>. -
(if) Use this equation, together with the one in (d)i.
to calculate the root mean square speed of
the oxygen molecules in air at a temperatuss
of 27 °C. The mass of one mole of oxyz=s
molecules is 32 g. =

(iii) Assuming the gas to behave ideally, calculz
the internal energy of a mole of oxygen at the
lemperature. |
NO4/III/ {pat.
Solution
(d) (i) The unit for pressure p is the pascal (Pa)
One pascal Pa=Nm” = (kgms?) m” =kgm" 5.
The base unit for volume ¥ is m’.
The base units for the expression pF on the left-hans-

side of the equation is (kg m™ s?)(m*) = kg m? s™.

The base unit for » is the mole (mol).

The base units for R is J K mol” = [N m] K mol™ =
(kgms?H)mK"' mol' = kg m’ s? K mol™.

The base unit for 7'is the kelvin (K).

The base units for the expression #nRT on the righ=
hand-side of the equation is

(mol)(kg m* s K™ mol™)(K) = kg m? s™.

Since the base units for the expression on the lef-
hand-side of the equation are the same as those on the
right-hand-side of the equation, the equation i=
homogeneous.
(i1) An expression may contain dimensionless constants
which do not appear in the dimensional analysis.

(e). (i) N isthe total number of gas molecules in the gas,
m is the mass of one gas molecule,
<c®> is mean-square speed of the gas molecules.
(ii) Use the equation in (e), pV = ViNm<c>.
Equating this with the equation in (d)(i),
ViNm<c™> = nRT.

The number of moles of gas molecule n is equal 1o
NINs where Ny is the Avogadro constant,
Nm<c™> = (NIN;)RT

Eliminating N from both sides of the equation and
multiplying N, across the equation,
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Vs Na m<c’>=RT Solution
% M<c>=RT (a) Non-SI units for p and V are directly proportional to their
V<c®> = V(3RTIM) SI counterparts, thus the non-SI product of p¥ will still be
where M is the molar mass directly proportional to nRT.
Substituting R = 8.31 J K" mol™, 7= 300 K and M =
0.032 kg, However, the Celsius scale, even though linearly-related,
V<c*>=483.4=480ms" is not directly proportional to the Kelvin scale. A graph of
pV against 7' in °C will not start at the origin, hence pV is
(iii) Internal energy of one mole of ideal gas\ not directly proportional to T in °C.
U= YsM<c®> = 14(0.032 kg)(483.4 ms™)* (b) 273.15K.
=3738=37001.
(c) (i) Assuming no leakage of helium gas so that the
34 (a) The ideal gas equation is pV = nRT. Explain why non- amount of gas in moles (#) remains constant,
ST units may be used for p and V but the temperature 7
cannot have the unit °C. 2] o VT = pa Vol Ts

(b) Write down the exact temperature on the Kelvin scale (101,000 Pa)(15,000 m’) / (288 K) = (890 Pa) ¥, / 228 K)

of zero degrees Celsius, 1]
(c) In an attempt to beat the world altitude record for a V,=13476 x 10°=1.35 x 10° m®
ballcon, a helium balloon containing 15 000 m? of
helium at a temperature of 288 X was launched from (i) Mass of air displaced
sea level, where the pressure of the gas was 101 kPa. m = ¥, x density
The balloon, carrying a payload, rose to an altitude of =1.3476 x 10° m* x 0.0134 kg m”
32.0 km before reaching equilibrium. Data concerning =1.8058 x 10* ke
atmospheric conditions are given in the table.
— Weight of air displaced
i sea level equilibrivm W= mg
%_ altitude =0 | altitude = 32.0 km = 1.8058 x 10" kg x 9.81 N ke'!
pressurc of helium | 101 kPa 0.890 kPa =1.7715x 10°=1.77x 10°N
t tur 288 K 228K : ; f
emp.era uu:. 3 3 (111) Magnitude of weight of air displaced
density of air 123kgm 0.0134 kg m — magnitude of upthrust.
kaaiiate At equilibrium altitude, resultant force is zero hence
(i)  the volume of helium at 32.0 km, (2] the total weight = 1.77 x 10° N

ii c wel ir di ; th 1 at g oo
(i) the weight of air displaced by the balloon ity At sen Bl prmso Pt ikiced

) ] 2 :
equilibrium altitude, [2] # = ¥, sdensty
(iii) ¢he total weight of balloon, helium and payload, =15,000m’ x 1.23 kg m™
{1] =1.845x 10" kg
(iv) the resultant force on the balloon at sea level, . [2] Weluhof air dispiied
W=mg
(v) the acceleration of the balloon at take-off. [2] =1.845 x 10* kg x 9.81 N kg'l
_ 5
(d) (i) Using the equations pV = —;Nm < ¢ > and 18099 x 10" N

pV = NkT, derive an cxpression for the relation-
ship between the average translational kinetic
energy of a helium atom and the temperature. [1]

Magnitude of weight of air displaced
= magnitude of upthrust=1.8099 x 10° N

{(iiy Hence find the average transiational kinetic Resultant force = upthrust — total weight
cnergy of one of the helium atoms in the balloon =1.8099x 10° N~ 1.7715x 10° N = 3840 N
in {c), when the balloon is at an altitude of
32.0 km. [1] (v) Acceleration = Resultant Force / Mass

(ii) Calculate the amount, in mol, of helium in the =3840 N /1.8058 x 10" kg
e 2] =0.21265=0.213 ms”

(iv) Assuming that the gas behaves as an ideal gas,
calculate the kinetic energy of all the helium at
equilibrium altitude. [2]

e} Suggest why the change in the potential energy of the
gas in the balloon as it rises does not change its internal
energy. [2]

NOS/IL2
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{d) (i) Equating,
ViNm<c> = NkT

Dividing by N on both sides of the equation,
Vim<c’> = kT
Multiplying by 3/2 to both sides of the equation,
Ey = Yam< ¢*> = (3/2)kT.

(i) At 32.0 km, the temperature is 228 K.
Ec=(3/2)kT
=(3/2)(1.38 x 107 J K228 K)
=4.7196 x 10% =472 x 107! J.

(iif) Using the equation of state for ideal gas, pV’ = nRT at
sea level,

(101 x 10° Pa)(15,000 m’) = n(8.31 J K" mol")(288 K)
n=16.3302 x 10° = 6.33 x 10° mol.

(iv) The total kinetic energy at equilibrium altitude,
where the temperature T = 228 K, is given by:

(3/2)NKT = (3/2)nRT
=(3/2)(6.3302 x 10° mol)(8.31 J K mol")(228 K)
=1.80x10°J.

(e) The internal energy of a system is the sum of its kinetic
energy due to the random motion of its molecules and
potential energy due to intermolecular forces of attraction.

When the balloon rises, there is an increase in the bulk
gravitational potential energy of the entire system, but not
in the potential energy due to internal interaction between
molecules,

Bulk changes in the potential energy of the entire system
have no effect on internal energy.
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TOPIC 10

The diagram shows a transverse wave at a particular instant.
The wave is travelling to the right. The frequency of the wave
is 12.5 Hz.

PQ,
distance

At the instant shown the displacement is zero at the point P.

What is the shortest time to elapse before the displacement is
zero at point Q7

A 00ls

B 003s

C 008s

D 0.10s NO2/1/15
~olution Answer: A
“zriod T=1/f=1/(12.5 Hz) = 0.08 s.

- wave travels a distance of one wavelength in a time interval
-~ one period.

~o mravel 1/8 of a wavelength, the time needed is 1/8 of a
~zriod = (1/8) x 0.08 s = 0.01 s.

> A transverse progressive wave travels along a rope. The
graph shows the variation of displacement with distance
along the rope, at a certain time. The wave is travelling to the
right.

displaoement[ direction of trave|—————
0 C [o
[\/ \_/Q distance
In which ditection are P and Q moving?
movement of P | movement of Q
A | downwards downwards
B | downwards upwards
C upwards downwards
D upwards upwards NO3/U/15
~:lution Answer: C

~~zw the graph an instant later (the dotted curve shown
=0w) and observe the positions of particles P and Q,
rlicated as P* and Q respectively,

zn be seen that P’ is above P, while Q” below Q.

direction of trave| ———

\ O/j
\ Ko

- Wave Motion
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Wave Motion

3 The diagram shows a vertical cross-section through a water
wave moving from left to right.

At which point is the water moving upwards with maximum
speed?

NO4/1/17
Solution Answer: C
Draw the graph an instant later (the dotted curve shown below)
and observe the positions of the particles, indicated as A’, BB*,
Cand D.
It can be seen that particle C’ is above C while particle A’ is
below A.
Particles B” and D’ are at the same positions as B and D
respectively, which means they are instantaneously at rest,

4 The intensity of a wave depends on the amplitude. The
intensity is also proportional to the square of the frequency.

A wave has frequency 3.0 Hz, amplitude 1.5
intensity /.

cm and

What is the intensity of a similar wave of frequency 6.0 Hz
and amplitude 0.5 cm?

A 4 B A & 25 D 36/
9 3 4
NO3/116
Solution Answer: A

The intensity of a wave is proportional to the square of the
amplitude 4 and also the square of the frequency f.

The relationship can be expressed as / = kA’f* where k is a
constant of proportionality.

If 4 is replaced with A/3 while f replaced with 2f, the new
intensity I° = k(4/3)°(2f)" = (4/9) k4*f = (4/9) I.

‘A’ Physics Topical Paper (Nov.)
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5 The diagram shows the trace produced by a sound wave on a

intensit amplitude

cathode-ray oscilloscope. The time base is calibrated at 2.00 4 P
ms em™L A I A
8 4
ol B L, A
64 4
\ 71N | & | 4
64 8
[—-— ]7 D 1 A
256 16

NVARANY Solution Jnguee©

Intensity = Power / Area.

The second area’s linear dimension is 8 times the first’s, hencs

Tt the second area is 8 or 64 times the first area. Since the same
amount of power passes through the two areas, the intensity of
What is the frequency of the sound wave? the waves when they reach the second area is 1/64.
A 625Hz ; . . . ;
B 125Hz The intensity / of a wave is proportional to the square of is
C 250 Hz amplitude A. Therefore, amplitude 4 is proportional to the
D 500 Hz NO05/1/17  square-root of intensity /.

Solution Answer: B

The period of the wave 7= (4 cm)(2.00 ms cm™) = 8.00 ms. Hence the amplitude of the waves when they reach the second

Frequency /= 1/T=1/(8.00 x 107 5) = 125 Hz. area is A/N64 or A/3.

6 A sound wave is emitted from a point source. The intensity 8  The diagram shows the variation with distance d along 2
of the sound wave is inversely proportional to the square of sinusoidal wave of displacement y of particles in the
the distance from the source. At a distance r from the source, wave, The amplitude of the wave is ys.
the amplitude of the wave is 8X p

Yo
What is the amplitude at a distance 2r from the source?
1
A 8X € 9% z Yo7
B 4X D X NOe/l/15 P

Solution Answer: B 0 1

Intensity / o 1/#%. . Q

Intensity 7 g 4° where 4 is the amplitude of the wave. BERCH R

Hence 4 o [/r.

At a distance 2r, the amplitude becomes 8.X (1/2) = 4.X. ~¥

7 Waves from a point source pass through an area that is 2.0 What is the phase angle between the two particles P and Q
cm wide, as shown. in the wave?

A 30° . B 45° Cc 90° D 180°
N09/1/23
Solution Answer: A

In a sinusoidally-varying motion, the phase difference between
a particle at equilibrium and a particle mid-way between
equilibrium and amplitude is 30° based on the trigonometric
quantity sin(30%) = 0.5.

In this example, particle P is at a phase angle of 180° from the
origin and Q at a phase angle of 210° The trigonometric
quantity sin(180°) = 0 and sin(210%) = -0.5.

point source
of waves

Within this area, the intensity of the waves is [ and their
amplitude is 4. The waves reach a second area of width
16 cm.

What will be the intensity and amplitude of the waves
when they reach the second area?
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* Ripples on the surface of a pond spread out in circles
from the point of an initial disturbance.
Assume that the energy of the wave is spread over the
entire circumference of the ripple.
For one such ripple, the amplitude of the ripple at a
distance of 150 mm from the disturbance is 2.0 mm.,

1200 mm .
—

_E'/« initial disturbance
T i

ripple on surface
of pond

What will be the amplitude of the ripple at a distance of
1200 mm from the disturbance? (Assume that no energy
is lost in the propagation of the ripple).
4 003lmm B 013mm C 025mm D 0.71 mm
N10/1/20
Solution Answer: D
4 surface wave’s power is confined to the water surface and
Zistributed around the circumference (diagram below left).
This is different from an isotropic wave where the power is
Zistributed around a spherical surface (4n?) (diagram below
“ight). Hence a surface wave’s intensity / ¢ 1/ and amplitude
< o 1/Ar whereas an isotropic wave’s intensity / o 1//* and
:mplitude 4 « 1/r (where # is the distance from the source).

L et
p
Since the energy of the wave is spread over the entire
circumference of the ripple, the intensity of the wave / o
1/(2nr) and is hence inversely proportional to the distance
Tom the source. At a distance of § times (1200 mm: 150 mm),
the intensity will fall to 1/8. However, intensity / is
proportional to the square of amplitude 4 hence 4 o VI
Therefore, the amplitude will become 2 mm/v8 = 0.71 mm.

Short Questions

10 Explain the meaning of each of the following terms as
applied to waves. You may include labelled diagrams if

you wish.
(c) coherence [2]
NOS/IL/3
Solution

¢) Coherence refers to the relationship between two wave
sources which emit waves with a constant phase
difference. Waves from two coherent sources have a
constant phase difference as time goes on. If they arc in
phase, they remain constantly in phase; if they are out-of-
phase, they remain constantly out-of-phase by the same
angular difference as time goes on,

Coherence is a critical condition for the interference of
waves to produce maxima and minima in space. Fig. 3.4
shows two coherent waves, arriving at a point, which are
constantly out-of-phase by 90°.

7 Wave Modor
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Long Questions

11 (a) Tilustrate and explain the meaning of the terms
longitudinal and transverse when applied to a wave.

[4]

{b) A satcllite passing the planet Neptunc communicates
with its controller on the Earth using a microwave
transmitter with output power 22.0 W and wavelength
79600 um. Neptune is 4.35 x 10'2 m from the Earth at
the time when the communication takes place.

(i  State whether the microwaves arc progressive or
stationary.

(1) State whether the microwaves are longitudinal or
transverse.

(iif) Calculate the time taken for a signal to travel
from the satellite to the Earth.

*{iv) Calculate the energy of a photon of the micro-
waves. i8]

{c} (1) Assuming that the power transmitied by the
satellite in (b) is radiated uniformly in all
directions, calculate the power received on the

Earth by a dish acrial of effective arca 260 m2.

(i1) The actual power received at the dish aerial is
12x 1075w,

1. Suggest why the actual power received is
greater than that calculated in (¢ )(i).

2. Calculate the actual rate at which photons of
microwaves arrive at the dish aerial. [8]
NO2/M1/6
Solution
(a) 1In alongitudinal wave, the direction of the disturbances is
parallel to the direction of propagation of the wave,
forming regions known as compressions (C) and
rarefactions (R), as illustrated below.
In the figure below, the vertical lines represent the
equilibrium positions of the particles and the dots
represent the actual positions of the particles.

| s
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In a transverse wave, the direction of the disturbances is
perpendicular to the direction of propagation of the wave,
as illustrated below.
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(iii} Time = distance / speed
= (4.35x 10" m)/(3.00x 10° ms')=1.45x 10*s.

(iv) E = he/d
=(6.63 x 107 J 5)( 3.00 x 10° m s)/(79600 x 10° m)
=250x 107" 1.

(c) (i) Intensity at a distance » = 4.35 x 10" m away (where
the Earth is located) is
1=Pl4 = Pl(4nr*) = (22.0 W)/(4n(4.35 x 10'* m)?)
=9.2520x 10™* W m™.

In the figure above, A, B and C are three points along the
wave.

The solid curve represents the wave at one instant and the
dotted curve represents the location of the wave a short
instant later.

Power received
P=14=(9.2520 x 107 W m™)(260 m?)
=24055x 107 =241 x 107 W,

(b) (i) Progressive.
(The wave energy needs to be transported from the
satellite to the controller).

(ii) 1. In practice, the antenna is designed to focus the
power in the direction towards the Earth and not
radiate the power uniformly in all directions.

(ii) Transverse.

; 2. Rate of photon arrival
(All electromagnetic waves are transverse waves). P

n = rate of energy arrival / energy of each photon
=(1.2x 107" I s1/(2.50 x 10* ] photon™!)
=4.8 x 10° photons s™.

12 Fig. 4.1 shows a displacement-distance graph for two sound waves A and B. of the same frequency and amplitude. Wave A is
travelling to the right and wave B is travelling to the left.

2

’ A B A B
displacement = 3 v NEZa N ]
mm 1 ¥ AY i N <
\ i1 f 7
3 \ A { - distance
O R S N =2 s X -
0 N C 0.47T1TT0.6V10 1,071,271 471 61 87112 0412 D 4 Y Ji m
A I /
-1 H -
Y 4 N i
N ~ b o h
-2
. Fig. 4.1

(a) (i) From the graph, deducc the phase difference
between the two waves at the instant shown.  [1]

(it) The period of cach wave is 7. Determine the
maximum displacement ol the resultant of the two
waves

1. at the instant shown,

2. at the instant shown + —éT_
3. atthe instant shown + %T. (5]
(b) Describe features of the resultant wave set up by the
two waves (ravelling in opposite directions. [3]
(c) Fig. 4.1 has the disadvantage that it makes the sound
wave appear to be a transverse wave, when 1t is not.
(i)  What type of wave is sound? [1]

{11) Explain why sound waves cannot be polarised. [2]

(d) Describe how a cathode-ray oscilloscope (c.r.o.) may
be used to determine the frequency of a sound wave. [5)

(ej The waves in Fig, 4.1 have a frequency of 484 Hz.
Deduce their speed to three significant figures. (3]
NO3/MI/A4
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Solution
(a) (i) Phase difference AQ =(1/4) 2n = n/2 rad.

(i) 1. 1.55V2 =22 mm (at the intersection points of
the two graphs).
Alternatively, add the individual displacements:
I.1mm+ 1.1 mm=2.2 mm.

2. 2x1.55mm=23.1 mm
{twice the amplitude since the two waves will be
in phase and undergo constructive interference).

3. 0Omm
(since the two waves will be @ rad out of phase
and undergo destructive interference).

The resultant wave will be a stationary wave. It will have
an amplitude twice that of each individual wave.

The waveform of this resultant wave will not advance in
either direction and there is no transportation of energy
either way.

The particles will vibrate about their equilibrium positions
with simple harmonic motion, with the maximum
amplitude of vibration at locations known as antinodes
and zero amplitude of vibration at locations known as
nodes.

All particles between two adjacent nodes vibrate in phase
with one another, but are n rad out of phase with particles
in the adjacent half-wavelength segment.

The wavelength of the wave is equivalent to twice the
distance between successive nodes or between successive
antinodes.

(i) Sound wave is a longitudinal wave.

(i) Only transverse waves can be polarised as
polarisation involves the transmission of vibrations in
a plane perpendicular to the direction of the wave’s
propagation,

Sound waves, being longitudinal waves, do not have
vibrations in the plane perpendicular to the direction
of propagation.

In longitudinal waves, the vibrations are parallel to
the direction of propagation hence the entire wave
will pass through the polariser.

They cannot be polarised.

4 microphone can be placed in the path of the sound
tave, with its output connected to a cathode-ray
ascilloscope (c.r.0.).

The microphone acts as a transducer which converts
sound energy into electrical energy, such that the
amplitude of microphone’s voltage output is proportional
to the amplitude of the sound wave.

Since the x-axis of the oscilloscope is the time base, the
oscilloscope displays the voltage-time graph of the
microphone output, and thus the displacement-time graph
of the sound wave.

The time taken for one complete oscillation displayed in
the c.r.o. is the period 7.

Frequency /= 1/T.
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(e) The wavelength
A =2.82 m/ 4 wavelengths
=0.705 m.

Speed v=f4

= (484 Hz)(0.705 m)
=341.22

=34l ms".

13 The wavelength of sound in air is of the order of one million
times greater than the wavelength of light in air. Describe
how you could check this statement experimentally. [8]

NO4AIL3 (part)

Solution

The wavelength of a wave can be determined using two-

source interference experiments.

To determine the wavelength of sound, connect two
loudspeakers to a single sound oscillator (to ensure
coherence).

Face the two speakers towards a wall several metres away.
Move a microphone along the wall to detect variations in
sound intensity.

There will be intensity maxima corresponding to
constructive interference of the two sound waves, and
minima corresponding to destructive interference, as
illustrated in the figure below.

X

loud
audio-frequency
source soft
loud
soft
loudspeakers

loud

Y

Select a maximum that is #»™ order from the central axis
maximum,

Measure the distance from each speaker to this maximum
and subtract them to obtain the path difference.

The path difference divided by ‘#” will be the wavelength
of the sound wave.

(In the illustration above, 1 = 1).

To determine the wavelength of light, use Young’s double-
slit experiment.

A monochromatic light source is placed behind the double
slits, with a third slit (single slit) between them to ensure
coherence.

Bright and dark fringes will be observed on the screen, as
illustrated in the figure below.

single  double screen
H screen
slit slit pattern
l central
maximum
source of c? [ 4

light

b
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Since the angle of diffraction is small in this experiment,
the Young’s double-slit formula y = AiD/d can be used to
calculate the wavelength / of the light (where y is the
fringe separation, D the slit-to-screen distance and d the slit
separation).

The experimental results will show that the wavelength of
sound waves is in the order of metres; while that of light
waves in the order of micrometres.

The ratio is approximately a million is to one.

14 (a) Explain what is meant by a progressive transverse

wave.
PLOETESSIVE Lo\ttt cit e
TFANISVETSE .oiiittirit vt aerieisereiesneniranenens [3]
(b) State how a polarised transverse wave differs from an
unpolarised transverse wave. [2]

(c) Light is polarised when it passes through a sheet of
material known as polaroid.
The component of the displacement of the wave in
the direction of polarisation produced by the polaroid
is unaffected as the wave passes through the polaroid.
The component normal to the direction of
polarisation is completely absorbed by the polaroid.
Two sheets of polarcid P and Q are placed close to
each other. Their directions of polarisation are
parallel to one another, as shown in Fig. 7.1.

potaroid P polaroid Q

unpolaris_gd polarised light
incident fight amplitude A
intensity I
direction of
polarisation
Fig. 7.1

A parallel beam of light passes through polaroid P.
The' beam, after passing through polaroid P, has
amplitude 4 and intensity /.
The beam then passes through polaroid Q.
For the light transmitted through polaroid Q, state
(i) the amplitude (in terms of A),
amplitiide = cuprrnmmrmms
(ii) the intensity (in terms of /),
HIensity = suvspovasisas
(iii) the relation between the answers to (i) and (ii).
............................... 2]
(d) The polaroid Q in (¢) is now rotated about the axis of
the light beam, as shown in Fig. 7.2.
polaroid P polaroid Q

unpolarised
light
Fig. 7.2
The plane of polaroid Q remains parallel to the plane
of polaroid P.

10 Wave Motion
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The angle between the direction of polarisation of
polareid P and polaroid Q is .

Complete Fig. 7.3 to show the amplitude, in terms o
A, and the intensity, in terms of 7, for angle 8 equal =
180°, 90° and 60°.

angle ¢ amplitude intensity
180° | e L e
1210 S —
60° | i | e
Fig. 7.3
NI10MI/7 (part
Solution

(a) A progressive wave is a wave in which the waveform
advances and there is a transfer of energy along ths
direction of propagation of the wave.

A transverse wave is a wave in which the vibrations are
perpendicular to the direction of propagation of the wave.

(b) In a polarised wave, the vibrations are in only one plans:
whereas in an unpolarised wave there are infinite planss
of vibrations.

Transmission Axis
Ao
— \I’\,

Polariser pgjarised
wave (only

Transmission Axis
A

1 plane of Analyser

vibration) T AO cos &
Unpolarissd A 2
wave (infinite laA
planes of vibrati
but only 3 planes Malus' Law:

are shown here) 5
I=lyc08°8

Transmission

(c) (i) amplitude = A4.
(i) intensity = /.

(iii) [ = k4*, where & is a constant of proportionality.

(d)
angle & amplitude intensity
180° A !
90" 0 0
60" 054 0257
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TOPIC 11

~tationary Waves

The diagram shows a long rope fixed at one end. The other
end is moved up and down, setting up a stationary wave.

What is the phase difference between the oscillations at X
and Y?

A 0 C ]/2 7 rad
B Yymrad D ¥ mrad NO2/1/16
~lution Answer: A

« particles between two successive nodes oscillate in phase
.0 one another.
“zrefore, the phase difference between X and Y is zero.

I A stationary sound wave is set up in a pipe using an
~scillator of frequency 440 Hz. The extent of the vibration of
the molecules in the pipe is illustrated. A centimetre scale is
shown alongside the pipe.

e e mem e e a e e

e e e+ mw wew

HIl|ll|||IIIIlIIliIIIiI'IIII[IillllIlIltIH|H3I]i]ll]|llll
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Superposition
type of wave frequency/kHz

A longitudinal 3.3

B transverse 3.3

C longitudinal 6.6

D transverse 6.6

NO07/1/21
Solution Answer: A
Sound wave is a longitudinal wave.
The distance between two successive nodes is half-a-
wavelength.
A2=0.05m
A=0.10m

Frequency /=v/A=330ms"/0.10 m = 3300 Hz.

4 The diagrams show particle movement in an air column
when a stationary wave exists in the column.
L

% s

& - i i o A -t —~f— - & P — P — P —— P ———
- o ——— ——— ——— — —— <P — P — P ——p ————

antinode

5 10 15 20 25 30 3B 40 45 50 5 60 65cm e —— ——— —— — A — At P — > ———

What is the speed of sound in the pipe? node antinode node

A 176 m 5! S e e e e — B 8 —— ——— ———
=1 &P P P —p ——— e e e — P e § - S — i —— ———

5 328ms e bt — —

C 337ms! The first diagram shows the displacement of some

D 352ms™ NO4/1/18 particles at one instant and the second diagram shows the

“idution 1, Answer: D displacement of some particles half a cycle later.

= nter-nodal distance is 0.40 m.

"= wavelength of a stationary wave is twice the inter-nodal
ceznce, l.e. A= 0.80 m.

Tz speed of sound v = f4 = (440 Hz)(0.80 m) =352 m g,

4 long horizontal tube, containing a fine powder, is
-losed at one end. A loudspeaker, connected to a signal
Zenerator, is positioned at the other end.
tube
cudspeaker.

wor fine powder
heap

“: a particular frequency, a stationary wave is set up
-=ide the tube and the powder forms heaps at the nodes.
“ne speed of sound is 330 m's™'.

20ecm

~ 7zt type of wave is the stationary wave and what is its
—zquency?

101

~merposition

What is the length L of the column in terms of wavelength
2, and at which position within the column does the

pressure change by the largest
amount?
length L maximum pressure change at
A 22 node
B 32 antinode
c 11 node
D i antinode
NO8/1/22
Solution Answer: A

The distance between two adjacent nodes is half-a-wavelength.
Therefore, 1/2 =2L/3 and L = 31/4.

The pressure antinode (where pressure changes by the largest
amount) is at the displacement node. This is because the
displacement node experiences the greatest compression and
rarefaction. On the other hand, the pressure node (where there
is no pressure change) is at the displacement antinode.
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Displacement T e
- =5 7 .
P / ~ /\\ s N
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AN P N -

5 A tuning fork is made to vibrate above a tube filled with
water. The water is allowed to run out of the tube.

tuning fork;
L

water~__ |~

A loud sound is heard when the length of the air column
is L; and again when the length is L,. What is the
wavelength of the sound in the tube?

A 2L, B IL,-1L, C 2AL,-L) D 2L,
N09/1/22
Solution Answer: C

A loud sound is heard (resonance) when a stationary wave is
formed within the tube.

A stationary wave is formed in a closed pipe with a node at the
closed end and an antinode at the open end (or slightly above
the open erd due to end-correction of pipes).

water ~ ]

The distance between successive nodes (L, — L) is half-a-
wavelength, hence the wavelength is 2(L, — L,).

6 A continuous progressive wave is incident on a barrier.
The diagram shows just the incident wave at one instant.

N g

.

The wave is being reflected from the barrier, forming a
stationary wave.

www.physics.com.sg
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Which diagrams represent the reflected wave and e

resultant wave at the same instant?

reflected resultant

o
A —————F g
; :
4 :
. :

R N,

TR

/\ 7
? /

\

TR

N10/172%
Solution Answer: C
When a progressive wave is reflected from a barrier, &
undergoes a m radians phase change at the point of reflection.
The incident and reflected waves undergo destructive
interference at the barrier to produce a node in the resultas
wave at the point of reflection (eliminate answers A and D}
The incident and reflected waves further underge
superposition at all other locations along the wave to producs
the resultant wave (eliminate B) which at this instant in time
all happen to have zero displacement (not zero amplitude) 2=
shown in answer C.

Short Questions

7 A string is stretched between two points. When the string
is plucked, a stationary wave is produced on the string, as
illustrated in Fig. 4.1.

Fig. 4.1
The stationary wave has {requency f and wavelength A.

(iy 1. State, in terms of A, the minimum separation
of two poinls that have zero amplitude of

vibration. (1]

2. State the phase angle between the vibrations
of points on the string situated at adjacent
antinodes. [1]

(ii) The speed v of a progressive wave is given by the
expression
v=fA

A stationary wave does not have a speed. By
reference o the formation of a stationary wave,
explain the significance of the product fA for a
stationary wave. [3]

NO4/1L/4 (part)
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L
U .
180°,

sztionary wave is formed by the superposition of two

wavelength
o=ite directions.

T product £ in a stationary wave refers to the speed of
ne Two progressive waves that superpose to form the
TETONATY Wave,

“w= 10 the two waves having the same speed f 4 but
ozrent directions, their velocity vectors cancel out
—=ulting in the stationary wave not travelling in either
Zection.

and amplitude travelling in

—xplain the meaning of each of the following terms as

zoplied to waves. You may include labelled diagrams if

wou wish.

=) stationary wave [2]

NOS/II/3

wiEtion
* stationary wave is a wave which’s waveform does not
=dvance, and there is no transfer of energy in any
direction. However, there are localised vibrations with
zmplitude ranging from maximum at points known as
antinodes, to zero at points known as nodes. Points in
zdjacent half-wavelength segments vibrate 180° out-of-
nhase. The wavelength of the wave is twice the distance
between two  successive nodes or two successive
zntinodes. It is formed by the superposition of two
orogressive  waves of the same type, frequency,
wavelength and amplitude moving in opposite directions,
as Shown in Fig. 3.1.

A{/ ,//'—'“‘\_\_/““-\}vx
'AF\“—-‘/ T e N—

Y
A A A A
2A 1 . — '-_\ P i \\
= - SN S ~
ok i \ v N X
AN AN AN P
A g e = i e i
1y % N
Fig. 3.1

The superposition of two progressive waves to produce a
stationary wave is shown in the Flash animation below.

e

iapmug spedse Sp-uca mm@ SpeHIQ ﬁpeld!Q 5p!cd1BQ

(5] Physu:s com.sg - First Class in Physics Tuition®

~+p://www physics.com.sg/H2/Stationary_Waves.swf
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Long Questions

9

{a) Explain what is meant by the term stationary wave.

(3]

{b} A long glass tube has a small loudspeaker, connected to
a signal generator, placed at one end. A small micro-
phene that can be moved through the tube is connected
to a cathode-ray oscilloscope (CRQ), as shown in

Fig3:1.
loudspeaker microphone
/
A
signal
generator oscilloscope
Fig. 3.1

For some frequencies of the signal generator, the
microphone detects large-amplitude signals at certain
positions and low-amplitude signals at other positions.
The results obtained are given in the table of Fig.3.2.

frequency/ | distance of microphone from the loudspeaker
Hz for maximum amplitude signal / mm
270 102 724 1348
405 82 499 913 1332 Fig. 3.2
540 62 375 685 1000 1310
675 32 302 532 800 1050 1300
810 47 253 462 670 880 1088 1296
(1)  Using the distances in the table, deduce the wave-

length of the sound at each frequency. Show your
working. [4]

Use your values from (i) to determine five values
for the speed of sound in the wbe. 31

Calculate the average value for the speed of
sound. (1}

Suggest a value for the uncertainty in the speed of
sound you have found in (iii). Explain how you
obtained this value. [2]

Microphones are devices that detect variations of air
pressure. By describing the movement of molecules in
a stationary sound wave, explain where the air pressure
varies most and where it varies least. [4]

Suggest how stationary electromagnetic waves might
be set up. [3]
NO5/I/3

(i)
(ii)

(iv)

{c)

{d)
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Solution

(a) A stationary wave is a wave produced by the
superposition of two progressive waves of the same type,
with the same speed, frequency, wavelength and
amplitude, travelling in opposite directions.

A stationary wave’s waveform does not advance, nor is
there transportation of energy in either direction.
However, there are localized vibrations with varying
amplitudes ranging from maximum amplitude at locations
known as antinodes, to zero amplitude at locations known
as nodes.

All particles between two successive nodes vibrate in
phase with one another, but are 180° out-of-phase with all
particles in the adjacent half-wavelength segment.

The wavelength in a stationary is twice the distance
between two successive nodes or two successive
antinodes.

(b) (i) The wavelength of a stationary wave is twice the
distance between two successive nodes or two
successive antinodes.

Since the positions of the antinodes (maximum
amplitude signals) are given, the antinodes are used
for determining the wavelength,

At 270 He,

wavelength = 1348 — 102 = 1246 mm = 1.246 m.

At 405 Hz,

take average of 831 mm (913 — 82) and 833 mm
(1332 - 499).

Wavelength = 832 mm = 0.832 m.

At 540 Hz,

take average of 623 mm (685 — 62), 625 mm (1000 —
375) and 625 mm (1310 — 685).

Wavelength = 624 mm = 0.624 m.

At 675 Hz,

take average of 500 mm (552 — 52), 498 mm (800 —
302), 498 mm (1050 — 552) and 500 mm (1300 —
800).

Wavelength = 499 mm = 0.499 m.

At 810 Hz,
take average of 415 mm (462 — 47), 417 mm (670 —
253), 418 mm (880 — 462), 418 mm (1088 — 670) and
416 mm (1296 — 880).
Wavelength =417 mm = 0.417 m.
(ii) Speed v =f1 where fis the frequency of the wave and
A its wavelength.

270 Hz: v=270 Hz x 1.246 m = 336.42 =336 ms"
405 Hz: v =405 Hz x 0.832 m = 336.96 =337 m s
540 Hz: v=540 Hz x 0.624 m = 336.96 =337 m s
675 Hz: v=675Hzx 0.499 m = 336.83 =337 ms"
810 Hz: v=810 Hzx 0.417m=1337.77=338 ms™"

11 Superposition
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(c)

(d)
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(ifi) The average value for the speed of sound
v={(336+337+337+337+338)/5
=1685/5=337ms’

(iv) The uncertainty is | ms™.

The data for frequency are all given to 3 significam
figures.

The antinodal distances, being the subtraction of twe
whole numbers, are all evaluated to the lowest ordes
of 10° (i.e. a place value of 1), which translates ine
either 3 or 4 significant figures. Therefore, the vales
for speed is evaluated to 3 significant figures (take the
lower of 3 and 4 s.f.s).

This implies an uncertainty of + I m s™.

The sum of the five speed values is thus 1685 = 5 (far
additions, the absolute uncertainties are added).

Dividing this sum by five yields 337+ I m s (whem
dividing by a constant “five”, the uncertainty is alss
divided by the same constant “five™).

In a sound wave, which is a longitudinal wave, a=
molecules vibrate in a direction parallel to the direction
propagation of the wave.

Although the stationary sound wave does not propaga=
there are localized vibrations with amplitudes ranging
from maximum at the antinodes to zero at the nodes.

The molecules at the antinodes have maximum freedom
motion and hence experience the lowest pressu=s
variation. The molecules at the nodes, however, are n
free to move.,

Their pressure increases when molecules on both sides
the node move towards it (compression), and decreas
when molecules on both sides move away from @
(rarefaction).

Therefore, the displacement nodes are the locations of &
pressure antinodes (maximum pressure variation) whil
the displacement antinodes are the pressure nod
{minimum pressure variation).

To set up a stationary electromagnetic wave
microwave, the loudspeaker should be replaced bw
microwave antenna and the signal generator by
microwave source.

Instead of a tube with an open end, two microws
sources can be placed facing each other, one at each
of the tube. This ensures that the two interfers
progressive waves are as similar in amplitude as possi
{whereas reflected waves are weaker than the inci
wave, resulting in incomplete cancellations at the nodes!

To detect the microwave nodes and antinodes, *
microphone is replaced with an antenna connected to
amplifier aftached to a high-frequency oscilloscope wits
range of up to several GHz.

‘A’ Physics Topical Paper (Ne



= (1) State the principle of superposition. [3]
(ii) A sound wave passes into a pipe that is open at
both ends, as shown in Fig. 7.4.
ngl of pipe

2
i

67¢cm

Fig. 7.4

The sound wave travels along the axis of the

pipe.

Explain the formation of a stationary (standing)

wave in the pipe. [2]
The frequency of the sound wave in (e)(ii) is
gradually increased from a low value.
A loud sound is heard in the pipe for the first time at
a frequency of 250 Hz.
The length of the pipe is 67 cm.
(i) On Fig. 7.4, mark all the positions of

. the displacement antinodes (use the letter

A),
2. the displacement nodes (use the letter N).

(1]
(ii) Calculate a value for the speed of the sound in
the pipe.,
speed = s ms’ 2]

An alternative, more reliable, method of measuring

the speed of sound shows that the value in (f)(ii) is an

underestimate.

This underestimate cannot be attributed to the

uncertainty in the measurement of either the

frequency or the length of the pipe.

State and explain what can be deduced about the

positions of either the nodes or the antinodes of the

stationary wave in the pipe. [2]
‘ NI1O/I11/7 (part)

s

~clution
= (1) The principle of superposition states that when two
or more waves of the same kind exist simultaneously
at a point in space, the displacement of the resultant
wave at that point is the vector sum of displacements
of the individual waves.

(ii) When the sound wave reaches the open end, it is
reflected due to a change in boundary conditions.

Since the boundary is an open end, the reflected wave
experiences no phase change at the point of reflection
and interferes constructively with the incident wave
to produce an antinode there with twice the amplitude
of the incident wave.

The incident and reflected waves, travelling in
opposite directions, also undergo superposition
throughout the tube to produce regions of high and
low amplitude along the pipe.

_1 Superposition
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The highest amplitude positions occur at locations
where the two waves always arrive in phase to
undergo constructive interference, and are known as
antinodes; while the zero amplitude positions occur at
locations where the two waves always arrive
radians out of phase to undergo destructive
interference, and are known as nodes.

f. (i) 1. The displacement antinodes are marked A.
2. The displacement nodes are marked N.
‘ﬁ_‘_‘g"\‘\-‘ P e .
A e A
p - N \7\7\‘—-_

—

L=%i=067m
Open Pipe (First Harmonic)

(ii) The distance between two adjacent antinodes is half-
a-wavelength.
YA =0.67m
A=1.34m
Speed v = f1 = (250 Hz)(1.34 m) =335 m 5™,

g. The underestimation is due to the end correction (¢) of
pipes, whereby the antinodes are not exactly at the open
ends but located slightly outside. The nodes, however,
remain at the same position, as shown.

g i
A el A
T N
c L c

Open Pipe (First Harmonic)

Therefore, the wavelength is not 2L but actually 2(L + 2¢)
where ¢ is the end correction (distance between the
antinode and the open end of the pipe).

Interference

11 A student sets up an experiment to demonstraic double slit
interference, using light of wavelength 6.0 x 107 m. The
main features of the apparatus, and some of the dimensions,
are illustrated.

single double SCr88N
sfit shit
gt li I%O'wm
g o 30me
source O T T e iio 5
!T aumm
‘ 0601 r 1.50m

What is the separation of the bright fringes on the screen?

A 0.12mm

B 0.30mm

C 090 mm

D 1.80mm NOG/1/16
Solution Answer: B

Using Young’s double-slit formula, the fringe separation:

y=ADld=(6.0x 107 m)(1.50 m)/(3.0 x 10” m)
=3.0x 10" m = 0.30 mm.
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12 A double-slit light interference experiment is set up.

Under which conditions will the separation of bright
fringes be greatest?

distance distance from slits to | wavelength
between slits screen of source
A small large short
B small farge long
Cc large small short
D large small long
NO7/1/22
Solution Answer: B

Fringe separation y = AD/d where 4 is the wavelength of the

source, D is the distance from the slits to the screen and d the
distance between slits.

13 Two coherent sources S; and S, of radio waves are
separated by a distance 4.

A satellite is travelling overhead in the direction shown.,

—TT T CTteeen satellite
" orbit

W% Earth's
d surface

The satellite, travelling at speed v and at altitude H,
detects /' maxima of intensity of the radio waves per unit
time.

What is the wavelength of the radio waves?

d af df av

£ E = ¢ == Db =

A fH H vH fH
N09/1/24

Solution Answer: D

In one second, the satellite travels v metres and detects f
maxima. Hence the separation between successive maxima (or
fringe separation) is v/,

Assuming the altitude A to be significantly larger than the
source separation &, Young’s double slit equation can be
applied,

vif=AH/d

A= dvifH
Since this is a multiple choice question, the answer can also
be selected based on dimensional analysis of the answers.
The first answer (4) has the SI unit of second (s), the second
answer (B) has the unit of s, the third answer (C) has the unit
of m”. Only the last answer (D) has the unit of m.
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14 A double-slit interference experiment uses coherent
monochromatic light.
Which graph shows how the distance x between fringes
varies with slit separation ¢, when the distance from the
double slits to the screen is kept constant?

A B (ot D
XT‘ XT xf x?
3& \ {/'
S T\ S
N10/1/22
Solution Answer: A

Fringe separation x = AD/a. Since wavelength 1 and distance
from the double slits to the screen D are kept constant, x is
inversely proportional to a.

Short Questions

15 (a) Explain what is meant by coherent sources. n

{b) Two small coherent sound sources S and S, are set up
as shown in Fig. 5.1.

A
TP sound
@,./ detector
S‘ ® N
Sg'
B

Fig. 5.1

A sound detector is moved along a line AB that
is parallel to $;5,. N is the point on AB such that
S;N=5§,N.

The sound waves from S, and S, have frequency
2.80 kHz and speed 336 m s~L.

(i)  Show that the wavelength of the waves is 12.0 cm
(1]
(ii) The detector, when placed at N, indicates 2
maximum intensity of sound. As it is moved from
N to a point P, the intensity varies between high
and low values. At P, the distance S,P is

372 cm and S,P is 402 cm.

. Determine, with suitable explanation,
1. whether the intensity of sound at P is high or
low,

2. the number of high intensity regions that ar=
found between N and P. Do not include the
maximum at N.

AEMBERS s [0

(iii) The intensity of sound produced at N by §, alons
or by S, alone is /. Calculate the intensity at N, &=
terms of I, when both S | and S, are producing
sound.

' RLENSILY = woveeeeiesssres e
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Solution
(a) Two sources are said to be coherent if they produce waves

16 Coherent light is incident normally on a double slit, as
shown in Fig. 6.1.

with a constant phase difference.

b) (i) Wavelength

A=vif

= (336 m s)/(2.80 x 10° Hz)
=0.120 m

=12.0 cm.

(ii) 1. Low.
The fact that N, which is equidistant from both
sources, is an intensity maximum shows that the
two sources oscillate in phase.
Since the two waves that are emitted in phase, a
point on the screen will have an intensity
maximum if the path difference S,P — S;P = ni,
and a minimum if §;P — S;P = (n + ¥%)4, where n
is an integer.
The path difference between S,P and S,P
=402 cm - 372 cm
=30 cm = 2.5 wavelengths.
Since the path difference = (n + 2)4, where n =
2, the two waves arrive 180° out-of-phase and
undergo destructive interference, producing a
low intensity at P.

2. Two.
For waves that are emitted in phase, intensity
maximum occurs at every location where the
path difference between S,P and S;P is an
integer multiple of 1.
Since P is the third minimum where the path
difference = 2.5 2, there is one maximum where
the path difference is A and another one where it
is 24,
There are altogether 2 maxima between N and P,
excluding the central maximum at N where the
path difference is zero.

) The two waves arrive in phase at N and undergo
constructive interference such that the resultant
amplitude at N is 24, where 4 is the amplitude of
each wave.

Since intensity is proportional to the square of
amplitude, the intensity at N is 4/, where [ is the
intensity of each wave.

menosition 107

double
slit screen |
e
coherent 1075 mm P
3 —_— e el cemmmmmmsemossemnene
light Q
——— i R
—
28m

Fig. 6.1 (not to scale)

The sepazation of the slits in the double-slit arrangement is
0.75 mm.

A screen is placed parallel to, and at a distance of 2.3 m
from, the double slit. P is a point on the screen that is equi-
distant from the two slits.

Fig. 6.2 shows the variation with distance from P of the
intensity [ of the light on the screen.

B T O T ]
| I )
L intensity /7
/
A
i i1
ld
1
i
\
J 1
| 5 H
—61 -5 4 - -2 T R O E T TR 2345 8
| Hidistance/ mm:::ﬂ
R !ng_: “sll[liHH
1 iiﬂu’_:l %HH!HTHTF
Fig. 6.2
(a) Calculate the wavelength, in nm, of the coherent light.
WAVEIETIZEN = vvvevvecececcrcsnncsss e I [4]

(b) Points Q and R are points on the screen. Their positions
are indicated on Fig. 6.2. Determine the phase angie
between the waves from the double slit when the waves

meet at

(i) pointQ,
phageianple = s J2d 1]

(i) pointR.
PHESEABEIED winmmsmnsnirantsrms e essinss rad [2]
(c) Suggest why the maxima on Fig. 6.2 are not all of the
same intensity. [2]
NO6/II/e
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Solution
(z) The fringe separation is 2.2 mm (Fig. 6.2).

The wavelength can be calculated using Young’s double-
slit formula: fringe separation y = AD/d, where 1 is the
wavelength of the light, D the distance from the double-
slits to the screen (2.8 m) and d the slit separation (0.75 x
107 m). Rearranging the equation,

A=ydlD

A=(2.2x 10° m)(0.75 x 10” m)/(2.8 m)
A=5.89x 107 m=589 nm Fig. 6.3

(b) (1) Point Q has zero intensity hence the waves must have 17 (a) State what is meant by a progressive wave.
undergone destructive interference.

The phase difference is thus 7 rad.

(b) Two sources S; and S; produce waves of the same
frequency on the surface of some water.

(ii) The separation between a bright and dark fringe on
the screen is 1.1 mm and this corresponds to a phase
difference of nt rad.

(i) State three conditions that must be satisfied for

Point R is 0.60 mm from the first maximum. The waves from the two sources to produce an

(c)

11 Superposition

phase angle = (0.60 / 1.1) x n = 0.5455 n = 1.71 rad.

A more accuraie way is 1o use trigonomelric
relations. Lel the phase angle be 0,

If one of the waves is assumed to be a cosine wave
starting at the origin, the other wave is displaced to
the right by angle ().

The point of intersection berween the two waves will
be at phase angle 0/2, and this point will be where
the two waves superpose to produce the amplitude of
the resultant wave.

Since the intensity of the resultant wave at R is 5/12
that of the first order maximum (Fig. 6.2), the
amplitude of the resultant wave is N(5/12) that of the
Jirst order maximum (which is 2 A, where A is the
amplitude of each individual wave).

A cos (0/2) =~(5/12) A hence 0 = 1.74 rad.

The light diffracted out from each slit produces an
intensity pattern which is greatest at the central position
and tapers off towards both sides.

Since the intensity of the light from each individual slit
decreases with distance from the central axis, the higher
order maxima will correspondingly be of lower intensity
as they are constrained by the diffraction envelope (shown
as the dotted line in Fig. 6.3 below).

(ii) Wavefronts produced by the two sources are

108

observable interference pattern on the water
surface.

illustrated in Fig. 3.1.

Fig. 3.1

Waves of maximum amplitude are observed
along the directions AB and CD, amongst others.

1. Determine the number of directions between
AB and CD along which maximum
amplitude occurs.

2. On Fig. 3.1, draw a line to show one
direction along which the waves have
minimum amplitude. [1]

NO7/11/3
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2) A progressive wave is a wave which’s waveform
advances and there is a transfer of energy along the
direction of propagation of the wave.

=) (i) 1. The two sources must be coherent, meaning they

must have a constant phase relationship.

]

The two sources should produce waves with
approximately the same amplitude.

The separation between the two sources should
be greater than the wavelength of the wave.

4. The waves should meet.

There is another condition which applies o
(ransverse waves in general:

2] The two sources should produce waves which are

either unpolarised, or polarised in the same plane.
= However, it is difficult to imagine how surface water
waves could be polarised in different planes.

o (i) 1. Seven (excluding AB and CD).

- These are lines joining the intersections between
the wavefironts. Refer to Fig. 3.2.

Fig. 3.2

: Fig. 3.3

Assuming the wavefronts to be cresis, then the
troughs lie mid-way between the cresis.
Destructive interference occurs where the crests
of one wave meet the troughs of the other.

11 Superposition 109

www.physics.com.sg
First Class in Physics Tuition

18 Explain the meaning of each of the following terms as
applied to waves. You may include labelled diagrams if
you wish.

(b) diffraction [2]
NO8/HI/3
Solution
(b) Diffraction is the spreading of waves through an aperture,

or bending of waves around an obstacle. It is observable

when the wavelength of the wave is of the same order of
magnitude as the width of the aperture (Fig. 3.2). When
the width of the aperture is significantly greater than the
wavelength of the wave, the diffraction is less observable
(Fig. 3.3).

g
W N
\\ \\
.
Djrection of(Wave | \
) )
/élit b
7
Wavefronts v
Fig. 3.2

19 (a) State the meaning of
() diffraction,
(i1) phase difference,
(ii1) coherence. (3]
(b) Fig. 3.1 shows two microwave emitters M, and M,. A
microwave detector is moved along the line AB.
B

-

My
microwave ,,R
: <
smitters "
M

microwave__//"'{{:l
deteclor
A
Eig, 31
(i) Explain how interference fringes are formed

along the line AB. [3]
(ii) The following changes are made independently.

Describe, in each case, the effect on the position

and intensity of the fringes.

1. The intensity of the microwave emitted from
both M; and M, is increased. [2]
The phase difference  between  the
microwaves emitted from M; and M, is
changed by n radians. [2]

NI10/11/3

2.
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Solution
(a) (i) Diffraction is the spreading of waves through an
aperture or around an obstacle. It is observable when
the wavelength of the wave is of the same order of
magnitude as the width of the aperture or size of the
obstacle.
(ii) The phase difference between two waves meeting at
a point (or two points along a wave) is an angular
measure of the difference in their states of motion as
a fraction of a complete cycle, expressed in degrees
or radians, where one complete cycle is equivalent to
360° or 2x radians.

(ifi) Two wave sources possess coherence if the waves
emerging from them have a constant phase difference
(or phase relationship).

The microwaves diffract from each emitter and
spread out.

(b) ()

Where the waves meet, they undergo interference.

Assuming the emitters are coherent and also emit
waves which are in phase, at locations along AR
where their path difference is sl (where n is an
integer and 4 the wavelength), they arrive in phase
and undergo constructive interference producing
fringes with maximum intensity.

At locations where their path difference is (n + '4)2,
they arrive n radians out-of-phase and undergo
destructive interference producing fringes with zero
intensity.
(ii) 1. Increasing the intensity of the microwave does
not affect the position of the fringes.

However, the maximum intensity fringes become
‘more intense due to the constructive interference
of two waves of larger amplitude; while the
minimum intensity fringes remain unchanged
due to the destructive interference of two waves
of larger but equal amplitude.

The contrast increases.

Changing the phase difference by n radians does
not affect the intensity of the fringes but causes
the maximum and zero intensity fringes to
exchange places.

Whereas previously a path difference of nl
results in the two waves arriving in phase and
undergoing constructive interference to produce
high intensity fringes; while a path difference of
(n + ¥2)4 results in the two waves arriving =
radians out-of-phase and undergoing destructive
interference to produce zero intensity fringes, the
reverse is frue when the phase difference
between the emitters is changed by n radians.

110
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Long Questions
20 (i) Show how the principle of superposition of waves
can be used to explain the formation of two source
interference fringes. 3
(i) Two-source interference fringes using light can only
be obtained if light from the two sources is coherest
Explain

[.  the meaning of the term coherent, [
2. why, in practice, interference fringes can be seem
only if light from a single source is split into two.
(2]
(iii)

Coherent, monochromatic light from two narrow slits 2
distance 0.38 mm apart causes an interference pattern
on a screen 1.20 m from the slits, as illustrated =
Fig. 3.1.

screen
pattern

central
0.38 ./ maximum

mm 1=

not to scale
Fig. 3.1

The distance from the sixth bright fringe on one side of
the pattern to the sixth bright fringe on the other side of
the pattern is found to be 26 mm. Calculate the wave-
length of the monochromatic light. 3

State the experimental advantage gained by
determining the fringe width in the way that was usec
in (jii). (n

Another way of obtaining fringes similar to those
described in (iii) is illustrated in Fig. 3.2.

—

Fig. 3.2

(iv)

(v)

A single slit is viewed both directly and by reflection
from a mirror surface. Explain why this system
produces a fringe pattern. 2]

NO4/ML/3 (part)
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Solution

(i) When waves spread out from the two coherent sources,

the spreading wavefronts interfere with each other.

At locations where the wave trains are in phase, their
displacements add up vectorially, according to the
principle of superposition, to produce a resultant wave
with double the amplitude and four times the intensity.
These are the regions of consfructive interference, also
known as maxima.

At locations where the wave trains are 180" out-of-phase
with each other, their displacements cancel vectorially to
produce a resultant wave with zero amplitude and
intensity. These are the regions of destructive
interference, also known as minima.

At other locations where the wave trains are neither in
phase nor completely out-of-phase, the amplitude and
intensity are between the minimum and maximum.
Energy is neither being created at the maxima or
destroyed at the minima. It is merely re-distributed from
the regions of lower intensity to those of higher intensity.

%) 1. Two sources are said to be coherent if they produce
waves with a constant phase difference.

2. Most light sources are not coherent (one exception is
the LASER).
The splitting of a single source ensures that the two
interfering wave trains are from a single point source
so that they are coherent.
Source coherence is a condition for interference
fringes to be observed, as the bright and dark fringes
can only be formed if there is a constant phase
relationship between the two interfering wave trains.

i) The fringe separation y =26 mm/ 12 = 2.167 mm.
Use the Young’s double slit formula, fringe separation y =
iD/d where A is the wavelength, D the distance between
the screen and the slits and d the distance between the
slits. s
Wavelength
L=yd/D
=(2.167 x 10° m)(0.38 x 107 m)/(1.20 m)
=6.862 x 107
=6.9x 107 m.

By taking the average of 12 fringe separations rather than
just one fringe, the uncerfainty in the measurement is
reduced from +£1 mm to =(1/12) mm.

The mirror image of the single slit in the mirror acts as a
second light source. The reflected beam of light appears
=5 though it originates from the image of the slit.

The source and the image (acting as another source) have
e same frequency and constant phase difference
coherent) hence their waves are able to interfere.

it locations where the two waves are in phase,
-onstructive interference occurs to produce intensity
maxima.

1t other locations where the two waves are 180° out-of-
-hase, destructive interference occurs to produce intensity
minima.

~_perposition 111
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Diffraction Grating

21 A narrow beam of monochromatic light falls at normal
incidence on a diffraction grating. Third-order diffracted
beams are formed at angles of 45° to the original direction.

What is the highest order of diffracted beam produced by
this grating?

A 3rd C 5th
B 4th D 6th NO2/U1T
Solution Answer: B

Use the diffraction grating formula d sin 0 = nd.

For the third order diffracted beam, n =3 hence d sin 45° =34.
The highest order r’s angle 8 cannot exceed 90°.

To find the maximum order, calculate n from d sin 90° = nd.
Dividing the second equation by the first, d and A are
climinated, resulting in n = 4.24.

The highest order is 4 (always round down).

22 A source of monochromatic light is viewed through a
diffraction grating.

diffraction grating

:

monochromatic R I
light o ]

first bright fringe

L]

Which of the following causes the angle 8 to increase?

A decreasing the distance between adjacent slits on the
grating
B decreasing the wavelength of the monochromatic light
C  increasing the distance of the eye from the grating
D increasing the number of slits of the grating but
keeping the slit spacing the same R
Solution Answer: A
Use the diffraction grating formula d sin 8 = nd.
Rearranging the equation, sin 6= nA/d.

To increase 6, the denominator d can be decreased.

93 When monochromatic light of wavelength 5.0 x 1077 m is
incident normally on a plane diffraction arating, the second-
order diffraction lines are formed at angles of 30° o the
normal to the grating. What is the number of lines per
millimetre of the grating?

A 250

B 500

C 1000

D 2000 N0O4/1/19
Solution Answer: B

Use the diffraction grating formula d sin 8 = al.
Rearranging the equation,

= = plfsin 0=2(5.0x 107 m)/(sin 30°) =2.0 x 10° m.
Number of lines per metre = 1/d = 1/(2.0 x 10 m) = 500.000.
The number of lines per mm = 500.
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24 Monochromatic light is incident normally on a diffraction

grating. Second order diffraction is observed at an angle of
38.9°,

At what angles will the first and third orders be observed?

first order third order
A 18.3° 5728
B 1B3° 70 40
& 19.5° 58.5°
D 19,57 77.8° NOS/I/19
Solution Answer: B

Use the diffraction grating formula d sin 8 = nl where d is the
slit separation, ¢ the observed angle of the intensity maxima,
the order and 4 the wavelength.

For the second order,
d'sin 38.9° =21
Ald=0.31398 -

For the first order,

dsin 8=1
sin = A/d=0.31398
0=183°
For the third order,
dsin @=32
sin @=31/d=3(0.31398)=0.94194
0=1704°

25 Light of frequency 6.0 x 10" Hz passes through a
diffraction grating with 4.0 x 10° lines per centimetre.

What is the angle between the two third-order diffraction

maxima?
A 12° B 23° Cc 37° D 74°
N07/1/23
Solution Answer: D

Slit separation d = I/p= 1/(4.0 x 10°m™) =2.5 x 10° m.
Wavelength
A=cff=3.00x10°ms"/6.0x 10*Hz=5.0x 10" m.
Apply the diffraction grating formula,
dsind=31
(2.5x 10°m) sin =3 (5.0x 107 m)
g= 37°

where ¢ is the angle between each third-order diffracted
maximum and the central axis.

The angle between the two third-order diffracted maxima is
thus 2 x 37° = 74°,

'l Superposition
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26 A beam of monochromatic light of wavelength 600 nm is
incident normally on a diffraction grating that has 3.0 x
10° lines per metre.

What is the total number of images produced by light
transmitted through this grating?
A 5 B 8 C 9 D 11

NO8/T/23
Solution Answer: D

Slit separation d = 1/p=1/(3.0x 10°m™") = 3.333 x 10 m.

Apply the diffraction grating formula with maximum angle of
diffraction being 90°,

dsin 0= nl
(3.333 x 10 m) 5in 90° =1 (6.0 x 107 m)
n=556=>5

(always round down to the lower integer)

The total number of images is 11, comprising 5 on each side of
the central maximum, plus the central maximum.

27 Monochromatic light of wavelength 1 is incident normally
on a diffraction grating with line separation 4.
At which angle with the normal to the grating is a
diffracted beam observed?

A sint 24 B sint £ sin' & D sin L
d 2d A i
NI10/1/23

Solution Answer: A

Diffracted beams are observed at angles ¢ which satisfy the
following condition: d sin 8 = nd or 0 = sin™ nl /d, where 1 is
an integer.

Short Questions

28 (a) Explain what is meant by
(i)
(i)

A narrow beam of coherent light of wavelength 589 nm
is incident normally on a diffraction grating having
4,00 x 10 lines per metre.

the diffraction of a wave,
the principle of superposition. {4]

(b)

(i)  Determine the number of orders of diffracted light
that are visible on each side of the zero order. [3]
(ii) A student suspects that there are two wavelengths ‘

of light in the incident beam. one at 589.0 nm and
the other at 589.6 nm.

1. State the order of diffracted light at which
the two wavelengths arc most likely to be
distinguished.

The minimum angular separation of the
diffracted light for which 1wo wavelengths
may be distinguished is 0.10°. Make
calculations to determine whether the
student can observe the two wavelengths as
scparate images. [4]

NO3/ILS
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Diffraction is the spreading of waves through an
aperture or around an obstacle.

It is observable when the wavelength of the wave is
of the same order of magnitude as the dimensions of
the aperture or obstacle.

The principle of superposition states that when two
or more waves of the same kind exist simultaneously
at a point in space, the displacement of the resultant
wave at that point is the vector sum of displacements
of the individual waves.

Slit separation 4= 1/(4.00x 10° m™") =2.5 x 10° m.
The maximum possible angle of a diffracted beam is

90°.
Using the diffraction grating formula & sin 8 = ni
with @=90°,

(2.5 x 10° m) sin 90° = 17(589 x 10 m)
n=4.24 =4 (always round down)
i 1. 4
(The higher the order, the greater the separation

between fringes).

2. Use the diffraction grating formula d sin d = n/,
where the order n = 4.

For the wavelength 589.0 nm,
(2.5 % 10° m) sin 6= 4(589.0 x 10” m)
0=70.459°
For the wavelength 589.6 nm,
25 10 m) sin 6= 4(589.6 x 10 m)
7=170.624°

The angular separation
A0 =70.624° —70.459° = 0.165".

This is greater than the minimum required, hence
the student can observe the two wavelengths as
separate images.

113
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Long Questions

29 (a) Give reasons for the following.

(i) Sound waves and water waves can go round
comers but light waves seem to travel only in
straight lines. [2]

Sound waves cannot be polarised but radio waves
can be polarised. 11

Fig. 4.1 represents a stationary sound wave in
2 pipe. This figore locks ke 2 transverse wave
aJthough sound waves are longitudinal waves. [2]

(i)

(iii)

antinode node antinede

Fig. 4.1
(iv)

A small radio receiver situated between a radio
transmitter and a large reflector will not detect a

signal in certain areas. [2]

(c) @

State a wavelength of light in the visible
spectrum. (1]
(1i) Calculate the angle of the first-order diffraction
when light of the wavelength you have given in
(i) is incident normally on to a diffraction grating
having 200 lines per millimetre. [3]

NOG/TI/4 part

Solution
(a) (i) When waves arrive at an aperture or obstacle, they

may undergo a process known as diffraction.
Diffraction is the spreading of waves through an
aperture, or in this case, the bending of waves around
an obstacle or corner. However, diffraction is only
observable if the wavelength of the wave is of the
same order of magnitude as the dimension of the
obstacle.

The wavelengths of sound and water waves are of the
order of magnitude of metres, similar to that of the
corner around which they are diffracting, hence
diffraction 1is observable. Light waves, with
wavelengths  of the order of magnitude of
micrometres, do not undergo observable diffraction

around corners. However, they may undergo
diffraction around obstacles of micrometre-
dimension.

(i) Sound waves are longitudinal waves whereas radio
waves are transverse waves. Only transverse waves
can be polarised as polarisation involves the
transmission of vibrations in a plane perpendicular to

the direction of the wave’s propagation.
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Sound waves, being longitudinal waves, do not have
vibrations in the plane perpendicular to the direction
of propagation. In longitudinal waves, the vibrations
are parallel to the direction of propagation hence the
entire wave will pass through the polariser. They
cannot be polarised.

(iif) The figure is only a schematic graphical
representation  of the displacement of the air
molecules in the sound wave. Since sound wave is a
longitudinal wave, the air molecules vibrate parallel
to the axis of the pipe.

The air molecules actually vibrate in a horizontal
direction (left and right) but the schematic graphical
representation is such that a rightward displacement
is represented as positive while a leftward
displacement negative.

(iv) The transmitted wave and the reflected wave travel in
opposite directions. When two waves of the same
type, amplitude, wavelength, frequency and speed
travelling in opposite directions superpose with each
other, a stationary wave is produced.

Along a stationary wave, there are locations where
the two waves are 180° out-of-phase with each other.
At these locations, the two waves undergo destructive
interference resulting in a location with zero
amplitude and intensity.

These are known as nodes and a detector placed at
such locations will not detect a signal.
(c) (i) 600 nm.
(i) Using the diffraction grating equation,
dsin = ni
(]/p) sin @ = nd
(1 /200 ,000 m™) sin 0 = (1)(600 x 10° m)

sin @=0.12
8=6.892=6.9°

where ¢ is the grating spacing, € the angle of
diffraction, » the order and 1 the wavelength of the
light.
30 (a) Explain the following terms with reference to the
light diffracted by a diffraction grating that is used
with a monochromatic light source.

(i) diffraction [1]
(ii) coherence [1]
(iii) superposition [1]

(b) A parallel beam of white light that consists of
wavelengths from 350 nm to 650 nm is incident
normally on a diffraction grating that has 500 lines
per millimetre.

11 Superposition
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(i) Calculate the maximum angle in the second order
spectrum.
maximum angle = ................... 2]

(i) Calculate the minimum angle in the third order
spectrum.
minimum angle = ................... ¢ [2]

(ili) Explain a problem with viewing the second o
third order maxima of the white light with th_
diffraction grating. [1]
NO9/I 4
Solution
(a) (i) Diffraction refers to the spreading of light waves
when they pass through each of the apertures of the
diffraction grating. Diffraction is significant and
observable if the width of the apertures is of the same
of order of magnitude as the wavelength of the wave.

(i} Two sources, such as two apertures in the diffraction
grating through which the light waves emerge.
possess coherence if the waves emerging from them
have a constant phase difference (or phase
relationship).

(ili) The principle of superposition states that when two or
more waves of the same kind, such as those emerging
from the apertures in the diffraction grating, exist at =
point in space, the resultant displacement of the wave
at that point is the vector sum of the displacements of
the individual waves.

(b) The separation between adjacent slits in the diffraction
grating d = 1/p = 1/(500,000)=2.0 x 10° m

(i) For the second order spectrum, # = 2, the maximum
angle can be found using the longest wavelength /.
650 x 107 m.

Applying the diffraction grating equation:

dsin 0=nl
(2.0 x 10 m) sin @ = 2(650 x 10™ m)
sin 8=10.65
0 =40.5°

(i) For the third order spectrum, n = 3, the minimum
angle can be found using the shortest wavelength 1 =
350 x 107 m.

Applying the diffraction grating equation:

dsin 0= ni
(2.0 x 10 m) sin 6 =3(350 x 10” m)
sin @ =0.525
g= 315"

(iii) There is an angular overlap of 8.8° between the
second and third order maxima. Within this 8.8°, the
colours are mixed up. It is difficult to tell whick
colour belongs to which order of the spectrum.
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TOPIC 12

4 small positive charge, placed at a point L inside a uniform
slectric ficld, experiences a force of magnitude F.

f X o
eI ™ electric
B e . field lines
y \
,.---______________--.__--_--...--.‘?:a.;

The charge is moved from point L to point M.

What is the change in the potential energy of the charge?
A gainof Fx

B gainof FV(x2+y?)

C  lossof Fx

D loss of FN(x2+1?) N02/1/9
ation Answer: C
-ositive charge’s potential energy U increases with potential
=gV

~-= direction of electric field lines is from higher to lower
=ntial hence the left side of the diagram is at a higher
~=ntial than the right.
~2n the positive charge moves towards the right, it losses
=-mric potential energy.

~-= amount of energy is lost is equal to the work done by the

-~ric force W = Fx where x is the distance moved along the
~~=ction of the field.

* Two horizontal conducting plates R and S are a fixed
distance apart. Plate S is at potential +V with respect to plate
R. MN is a line perpendicular to the plates.

S +V
N

M

0
R

Which graph shows how the magnitude E of the electric field
strength varies along the line MIN?

A B
E E
% N M N

C D
I3 E |

= ) I
OM N OM N
NO2//18
- Flectric Fields
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Electric Fields

Solution Answer: D
The electric field strength between two parallel plates is
uniform and given by the equation £ = V/d where V' is the
potential difference between the two places and d the distance
separating them.

*3 A gold nucleus of radius r is represented by the symbol
197Au. The charge on the nucleus may be considered 1o be
concentrated at the centre of the nucleus.

Taking e as the elementary charge and g as the permittivity
of free space, what is the electric field strength at the surface
of an isolated gold nucleus?

A addl. c 19
4ngof2 41t€0r2
2
_19_7;%9_ D _19_22.1_ NO3/17
Ameyre 4negyre
Solution Answer: A

The formula for the electric field strength at a distance » from a
charge Q is given by E=(Q/ dneg.

The charge in a nucleus of proton number Z is Ze, where ¢ is
the elementary charge.

The proton number for gold Z = 79. Hence the electric field
strength at a distance r from the nucleus is £=79¢/ dney”.

4
plate X +
L 1
positivel
charge
particle
plate Y

Two large parallel metal plates X and Y are situated in a
vacuum as shown.

Plates X and Y carry equal and opposite charges.

What happens to the force on a positively charged particle as
it moves from plate X to plate Y?

A It decreases because the positively charged particle is
moving away from the positively charged plate.

B It decreases because the positively charged particle is
moving in the direction of the electric ficld between the
plates.

C It increases becausc the positively charged particle is
moving closer to a negatively charged plate.

D It remains constant because the positively charged
particle is in the uniform clectric field between the
plates. N04/1/20

Solution Answer: D
The electric field strength between two parallel plates is
uniform and given by the equation £ = V/d where V' is the
potential difference between the two places and d the distance
separating them.
The electric force F = gE = g(V/d) remains constant.
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5 The diagram shows the variation of the electric potential V
with distance d along a straight line in a particular electric
field.

At which point is the magnitude of the electric field greatest?

A D
V
0 o
0 d
NO5/1/20
Solution Answer: C

The electric field strength £ at a point in an electric field is the
negative of the potential gradient at that point, £ = -dV/dx.
The magnitude of the electric field strength is the greatest at
the point where the gradient is the steepest, i.e. at point C,

6  An oil-drop of mass m, carrying a charge ¢, is in the region
between two horizontal plates. When the potential difference
between the upper and fower plates is V, the drop is
stationary. The potential difference is then increased to 2 V.
What is the initial upward acceleration of the drop?

Ao
B 2¢
c 2V
w8
2qV
D e NOS5I/28
Solution Answer: A

Ignoring upthrust effects due the low density of the fluid
medium (air), initially when the charge was stationary, the
clectric force is equal in magnitude and opposite in direction
to the gravitational force (g& = g(V/d) = mg).

When the potential difference } is doubled, the electric force
becomes g(2V/d) = 2q(Vid) = 2mg. h
The resultant upward force = 2mg — mg = mg.

The initial upward acceleration a = F/m = mg/m = ¢.

7 Four identical point charges are arranged at the corners of a
square as shown.
+0 +Q
X
+0 +0
Which statement about the values of the electric field
strength E and the electric potential V at point X in the
middle of the square is true?
E v
A not zero ZEro
B not zero not zero
€ 7ero not zero
D zero ZEro NOG//17
12 Electric Fields 116
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Solution

Electric field strength is a vector quantity.
Electric field lines are directed away from positive charges
hence the field at X due to charge at the top-right cornsr
cancels vectorially with that due to the charge at the bottom-
left corner.

Similarly, the field due to the charge at the top-left cornsr
cancels that due to the charge at the bottom-right corner.

The resultant electric field at X is thus zero.

Electric potential is a scalar quantity.

Since all four charges are positive, the potentials at X due =
all charges are positive and add up numerically to produce =
positive value for potential at X,

Answer: C

8 The diagram shows two charged horizontal metal plates X
and Z, The magnitudes of the charges on the plates are
equal. Between the plates, suspended stationary in the
uniform electric field, is a charged sphere Y.

X
&Y
Z
What could be the signs of the charges on the thres
components?
plate X sphere Y plate 2
A negative positive negative
B negative positive positive
Cc positive positive negative
D positive negative positive
NO7/1/24
Solution Answer: B

To hold the sphere Y in mid air, the electric force must be
upward (opposite to its weight).

This can only be achieved if the top plate X and the sphere Y
are of opposite polarity, while the bottom plate Z and the
sphere Y are of the same polarity.

9  An object with a positive charge is placed at P and =

similar object with a negative charge is placed at Q.

The diagram shows a number of lines along which the
potential has a constant value.

+100V
+200V
+300V
+400V

)

Which graph shows the variation with distance x along
line PQ of the ¢lectric field strength E?
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NO7/1/25
saolution Answer: A

- z7er to the following figure.

- the figure, the rightward direction is considered to be
sositive,

Ep Eq

!
/

=

f

l
. g

i

Feeo Ly

|

I

[
|/
l!

- —z figure above, the dashed curve (and axis) _ _ _
~—r=zents £p while the dot dashed curve (and axis)
resents Eq.

" s0lid curve represents the resultant field.

~lectric field strength is defined as force per unit positive
charge on a small test charge.

A is it necessary for the test charge to be small?

e

so that the test charge does not distort the electric

fleld

so that the force on the test charge is small

so that the test charge does not create any forces on

nearby charges

so that Coulomb’s law for point charges is obeyed.

NO08/1/24

s Answer: A
<=zl test charge’, it means the magnitude of the charge is

q measured in coulombs), and not the physical dimension
= ~odv holding the charge.

™ o

]

1= === charge has to be small so that its presence in the
s Tield does not distort the field.

=ecmic Fields
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11 A point electric charge —g is brought from a point P; in
space to another point P; by an external agent. The electric
potentials at points P; and P, are V; and V5 respectively.

What is the work done on the charge?

A g+ V) B g-V,-1)C qa=V) D g(Vi-17)

NO8§/1/25
Solution Answer: D
Work done by external agent is equal to the increase in the
electrical potential energy of the charge.

W=AU=U,~U=-qVa—(-qV)) = q(V1 - V3)
12 A small positively-charged particle P is balance halfway

between two horizontal plates when a potential difference
Vis applied between the plates.

When / is increased, P rises towards the upper plate.
When V is decreased, P falls towards the lower plate.
Which statement is correct?

A Decreasing /' decreases both the electric and the
gravitational potential energy of the particle,

B Decreasing V increases the electric potential energy
and decreases the gravitational potential energy of the
particle.

C Increasing ¥ increases both the electric and the
gravitational potential energy of the particle.

D The change in electric potential energy of the particle
must equal the change of gravitational potential
energy of the particle.

NO9/T/11
Solution Answer: B
In order to hold the positively-charged particle P halfway
between the two plates, the upper plate must be at a lower
potential with respect to the lower plate.

By decreasing V and causing the positively-charged particle P
to move towards the lower plate (which is at a higher
potential), the electric potential energy of the particle
increases. This is because a positive charge’s electric potential
energy increases with electric potential.

However, as the particle has fallen to a lower position, its
gravitational potential energy decreases.
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13 The diagram shows point charges, each of magnitude O,
placed at three corners of a square.

What is the direction of the resultant electric field at the
fourth corner?

A B

Sl N

+Q +Q
N09/1/25
Solution Answer: A
The electric field due to a positive charge is in a direction
away from the charge.

Since all three charges are positive, their resultant fields are in
the direction as shown below (with E, by charge O,, £; by O,
and £; to O3).

The three fields will add up vectorially towards the direction
of A given in he question.

14 Four point charges of magnitude +2Q, +Q, -2Q and -Q
are fixed at the comers of a rigid square, resting on a
frictionless surface.

A uniform electric field is applied in the direction from
left to right in the plane of the surface.
In which situation will the square be in equilibrium?

A B
-Q +20Q +2Q —2Q
-2Q +0 -Q +Q
C D
—2Q +Q +2Q
+2Q +Q
-Q -2Q
-Q
N10/1/24
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Solution Answer: B
Positive charges experience an electric force /' in the same
direction as that of the electric field £ where /' = gE, while
negative charges experience a force in the opposite direction to
that of the field. In diagram B, the forces on the two charges of
magnitude 20 at the upper part of the square cancel out; while
the forces on the two charges of magnitude O at the lower part
of the square cancel out, leaving no resultant force and no
resultant moment.

F= F=
120,206 20E g
E
F=QE F=QE

-Q +Q

15 Two small metal spheres have equal but opposite charges.
Which diagram shows a possible distribution of charge on
the sphere and the electric field near the spheres?

N10/1/25
Solution Answer: A
Since both are metal spheres, charges are able to move freely
within each sphere. Since unlike charges attract, charges will
move closer toward each other hence the charge concentration
will be greater on the sides facing each other (eliminate answer
B). However, it wouldn’t be possible to have absolutely no
charge (and zero field) on the far sides (eliminate answer D).
The field strength around point charges decreases with
distance hence the field lines cannot be evenly spaced
(eliminate C). The field lines should be further apart at where
the field strength is lower.
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Short Questions

L6 fa) Define electric field strength. (2]

{b) Fig. 5.1 shows a positively charged metal sphere,

positively
charged sphere\<>

earthed
metal plate

L

Fig. 5.1
As the sphere is moved close to the earthed plate, the
plate becomes negatively charged.

(i)  Suggest how the negative charge on the earthed
plate arises. [2]

(i)  On Fig. 5.1, draw lines to represent the electric
field between the sphere and the plate. [3]

fc) Two electrons are separated by a distance of
5.0 x 107" m (the approximate diameter of an atom).
Determine the ratio

electric force between the electrons

weight of an electron (4]
NO4/11/5

~:lution

The electric field strength at a point in an electric field is
defined as the electric force per unit positive charge on a
small test charge placed at that point,

The direction of the electric field is the direction of the
clectric force on a positive test charge.

(i) Unlike charges attract.

The positive charges on the sphere attract electrons to
move up through the earth wire towards the upper
surface of the metal plate.

The excess of the negatively charged electrons over
the positive charged nuclei of the metal ions causes
the upper surface of the metal plate to be negatively
charged.

(ii) Electric field lines radiate away from positive charges
and terminate at negative charges.

Furthermore, electric field lines must always be
perpendicular to the equipotential lines, and both the
charged sphere and the metal plate are equipotential

surfaces.
Therefore, the electric field lines must be
perpendicular to both surfaces, as shown in the figure
below.

~ Electric Fields 119
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positively
charged sphere

///

There are electric field lines above the sphere as well
but the question only requires the field between the
sphere and the plate.

earthed
metal p!a

The electric force between two point charges ¢, and g is
give by the equation F = g,g,/4ney” where g, is the
permittivity of free space and r the distance of separation
between the two charges.

For a pair of electrons,

F qiqﬂﬂ-ﬂégl‘
=(1.6x 10 CY /4n(8.85 x 10 Fm")(5.0 x 107" m)?
=9208x 10N

The weight of an electron
W=mg=(9.11x10"" kg)(9.81 Nkg')=8.937x 10°°N

The ratio of F/IW
=9208x 10"°N/8937x 10°°N
=1.030x 10* = 1.0 x 10%,

(a) Define electric field strength at a point.

(b) Electrons are emitted from a cathode C and are
accelerated towards an anode A, as illustrated in Fig.
2.1.

anode A

Fig. 2.1

The anode is earthed. CX is a line drawn from C
normal to the anode A. The distance CX is 4.0 cm.

The variation with distance o from C along CX of the

magnitude of the electric field strength £ is shown in
Fig. 2.2,
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(i) On Fig. 2.1, mark with an arrow the direction of
the electric field along CX. (1]

(if) Use Fig. 2.2 to determine the force F on an
clectron at a point mid-way between C and X.
T8 St e e N 2]
(¢) (i) A student assumes that the force F on the
electron remains constant as the electron moves
from C to X.

Use the value of F calculated in (b)(ii} to
estimate, on the basis of this assumption, the
potential difference between C and X.

potential difference=............... \% [2]

(ii) Suggest, with a reason, whether the magnitude of
the potential difference calculated in (i) will be
an over-estimate or an under-estimate of the
dctual potential difference.

...................................................... [1]
NO7/11/2
Solution
(a) The electric field strength at a point in an electric field is
the electric force per unit positive charge on a small test
charge placed at that point.

(b) (i) The arrow is indicated in the reproduced figure in
Fig. 2.3 below.

anode A
C Electric Field
e S X
cathode
Fig. 2.3

Electrons, being negative charges, experience an

electric force opposite in direction to that of the

electric field.
= Llectric Fields
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(i) The electric field strength at the mid-point between €
and X is E=2.40 kV m™ or 2400 N .

The force FF=gE=ck
=1.60x 10" Cx 2400 N C'
=3.84x10"°N
(¢) (i) Assuming a constant force F, the work done by thJ
field to accelerated the electron from C to X is
W= Fd
=(3.84 x 107° N)(0.040 m)
=1.536x 1077}
The potential difference
V=Wlg
=(1.536 x 1077 I)/(1.60 x 107 C)
=96V,
Check: V = Ed = (2400 V m™")(0.040 m) = 96 V.

(if) Under-estimate.

The actual potential difference is the area under t
field-distance graph (V = -] £ dr), which is great
than the area under the assumed constant-field graph.

The under-estimation to the left of the mid-point i
greater than the over-estimation to the right of ¢
mid-point. Refer to Fig. 2.4.

sem

8;\?:- _,__ FER S U T N O I

Siane
77

N

HEEEREERERER manE RaREE A 4{

Asaissaan o

R B R B —H4
cm

Fig. 2.4

18 Fig. 2.1 is drawn full scale and shows the pattern of t
electric field (solid lines) in and around a pair of parallel
charged metal plates. It also shows lines joining points
the same potential (dotted lines).

Note: the diagram in the original exam script was draw
Jull scale but the diagram in this book has been reduce
by 50%.
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a) The plates have a separation of 2.5 cm.
From the diagram, deduce

(i) the value of the electric field strength between
the plates,
electric field strength = ........oocviiiinnnn, [3]

(ii) the work that needs to be done to move a charge
of 8.0 x 10" C from point A to point B.
WOrk done = coumsissmenensiy J 2]

b) Explain why, in the absence of any other charged
bodies, the potential will be zero along the centre line
between the plates.

N ot 2]
NO7/111/2

ation
i) Electric field between parallel plates,
E=V/d
= (600 — (-600))V / (0.025 m) = 4.8 x 10* V m"

ii) Work done F#'= change in potential energy U
w=U=gqV
= (8.0 x 1077 C)(500 — (-400))V=7.2x10"°]J

The electric field strength between parallel plates is
mmiform.

Since electric field strength is the negative of the potential
zradient (E = -dV/dr), the potential decreases uniformly
“om the left plate (+600 V) to the right plate (-600 V).

Therefore, the central equi-potential line, which is mid-

vay between the +600 V and -600 V plates, must be the
-zro-volt equipotential line.
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19 A particle P, is moving with speed v directly towards a
second particle P,. Fig 5.1 represents P, when it is a
distance 2.0 x 10" m from P,. The charge on each particle
is+1.6x 10" C.

v

o Dparticle
2 ; i P1
‘ 2.0x107%m ‘
Fig. 5.1
(a) Calculate the electric force between the two particles
at this separation.
electric force = ... N 3]

particle ¢
P

(b) Fig. 5.1 shows the variation with separation x of the
electric force F as P, moves towards P..

i
=2
2.0x 1012 xim
UD |\ .
N
Fig. 5.2
Explain what the shaded area on the graph represents.

[2]

(c) The two particles fuse when they are at a separation
of 2.0 x 10" m. Explain the energy changes when
fusion occurs. 12]
NO9/1I/5
Solution
(a) The electric force:

F = (1/4meo)(Q10) / ()
= (8.9918 x 10%)(1.6 x 107°)" /(2.0 x 107°)* =57.55 N

electric force =58 N

(b) It represents the work done by an external agent in
bringing the two particles from a distance of 2.0 x 10 m
apart to an infinite distance apart (negative because the '
two charges repel hence positive work is actually done by
the electric forces). It is also the negative of the electric
potential energy stored in this system comprising the two
particles when they are 2.0 x 10" m apart.

() When the particles fuse, the products have less mass than
the reactants. The mass difference becomes the kinetic
energy of the products and radiation energy of the gamma
rays emitted.

An example of such a reaction would be proton-proton
fusion to produce a deuterium ¢.H), a positron (*1e) and a
neulrino (ve).

’,H+’,H%2;H+”;e+vc+energy

While the positron (*je) then annihilates with an electron
("_1e) to further form 2 gamma ray photons (y).

Ue+" e — 2y + energy
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12 Electric Fields

Long Questions

20 (a) Define the term electric field strength and state the

SI unit in which it is measured. [2]

(b) Two charged parallel plates are separated by a distance
d and have a potential difference V between them.
Using your definition in (a), obtain an expression for
the electric field strength of the uniform field between

the plates (3]

(¢) A stream of nuclear particles, travelling horizontally
at 3.9 x 106 m 57!, is deflected as it passes through a
vacuum between two parallel plates as shown in
Fig.4.1.

|3000 \%

stream of
nuclear particles

lov
Fig. 4.1
The separation of the plates is 5.0 mm, their length is 40 mm

and the p.d. between the plates is 3000 V. It is found that the
angle 6 of deflection is 4.3°,

Determine
(i) the field strength between the plates, [1]
(ii) the time for which a particle is between the plates.

[2]
(d) The experiment in (¢) is designed to determine the

charge to mass ratio % of the nuclear particle.
(i) Determine, in terms of r% c

1. the acceleration of a particle vertically

downwards,

Y 2. the horizontal and vertical velocities of a

particle as it leaves the electric field.
p {4}
(it) Calculate = [2]

(e} For the experiment in (c) suggest

(1) how @ may be measured, 2]
(i) how the speed of 3.9 x 106 m s7! could be
determined, 2]
(iii) a particle that might have this value of f% 2]
NO5SMI/4

Solution
(a) The electric field strength at a point in an electric field is

defined as the electric force per unit positive charge on a
small test charge placed at that point.

The direction of the electric field is the direction of the
electric force on a positive test charge.

The SI unit of electric field strength is newton per
coulomb (N C™.
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(b) Consider a small positive test charge +g placed between

(©)

(dy () L

the plates.

From the definition of electric field strength (F = F/g) the
force acting on this small positive test charge is # = g£ in
the direction of the field (since the direction of an electric
field is the same as the direction of the force acting on a
positive charge).

From the definition of work done by a force being the
product of the force and the displacement in the direction
of the force, the work done by this electric force to move
the positive charge across the plates is ¥ = Fd.

The potential difference V between two points is the work
done per unit positive charge to move charge across the
two points. Hence V= W/g = Fd'q = (F/g)d = Ed

Hence, £ = V/d.

(i) Electric field strength
E=Vid
=(3000V-0V)/(5.0x10%m)
=6.0x1°Vm'orNC".

(i)

Horizontal displacement s, = u,f + Vaa,t* where U, 1S
the horizontal velocity (3.9 x 10° m s™) and a, the
horizontal acceleration which is zero.
40x10°m=(3B9x10°ms") ¢
t=1.026x10°=1.0x10%s.
F= gk and also F' = ma.
ma=qE
a=(g/mE=6.0x10° g/mm s>
2. The horizontal velocity remains unchanged at 3.9
x 10° m s since the horizontal acceleration a, is
Zero.
The wvertical velocity can be found from the
equation v, = u, + a where u, is the initial
_ vertical velocity (which was zero since the
particles were travelling horizontally) and a, the
vertical acceleration 6.0 x 10° g/m.
vy = (6.0 x 10° g/m m s7)(1.026 x 10 5)
=6.153 x 107 g/m
=62x10° g/mms™,
(i1} The deflection is 4.3° hence,
v, / v, =tan 4.3° = 0.07519
6.153 x 10° (g/m) /3.9 x 10°=0.07519

gim=4.766x10"=4.8x 10" Ckg"
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(¢) (i) Place a zinc sulphide-coated fluorescent screen along
the path of the particles. Where the particles hit the
screen, a glow will be detected.

The angle # may be found by measuring the vertical
deflection (y) on the screen and also the distance
from the centre of the parallel plates to the screen (x),
as illustrated in Fig. 4.2.
3000V

stream of
nuclear particles X

Fig. 4.2
From the figure, tan & =y/x and 0 = tan™ (y/x).

It has to be noted that this method of measurement is
approximate as the tangent to the curve does not
exactly meet the central axis at the centre of the
parallel plates, but slightly to the right of it.

Nevertheless, for small angles of less than 5°, as in
this example, the error is negligible.
(ii) The speed could be determined by applying the
concept of cross-fields velocity selector.

Firstly, since the particles deflect in the same
direction as the electric field E, it can be deduced that
they are positively charged.

A magnetic field B is then applied between the
parallel plates in a direction pointing into the plane of
the paper.

This will produce a magnetic force F acting upwards
(Fleming’s left hand rule), in the opposite direction to
the electric force FE.

Adjust the magnetic field until the path of the
particles is straight (i.e. no deflection), which occurs

when:
Fp=Ffg
Bgv=qE
yv=E/B=VIBd

where v is the velocity, V' is the potential difference
between the plates and d the separation between the
plates.

(iii) Since the particles deflect in the same direction as the
electric field, they must be positively charged.

The value for g/m satisfies that for a-particles (g = +2
e=2x16x10°C=32x10" Candm =4 u=4x
1.66 x 107 kg = 6.64 x 107 kg).

gim=48x10" Ckg".
-lectric Fields
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21 (a) (i) Defined electric field strength.

(ii) Fig. 5.1 shows a charge +¢ at X in a uniform
electric field of electric field strength E.

d

+q

Fig. 5.1

The charge at X is moved to Y through a distance
d. Using your definition in (i), deduce an
expression for the work done.

(iii) The potential difference between X and Y is V.
Using your answer from (ii), deduce an
expression for I in terms of £ and d.

(b) In the vacuum of an X-ray tube, electrons are

accelerated from rest through a potential difference of

60 kV between the cathode and the anode. The

current in the tube is 8.6 mA.,

Calculate

(i) the number of electrons passing through the tube
in one second,

number = ... [2]
(i} the speed of electrons arriving at the anode,

speed = ...oooiinnnn ms’ [4]
(iii) the power supplied by the electrons hitting the

anode.

181 (T S— W [2]

(¢) X-ray production uses a negligible fraction of the
power reaching the anode in (b), so it has to be cooled
by passing a coolant through the anode. The specific
heat capacity of the coolant is 3500 Tkg™ K" and the
temperature rise of the coolant is 30 K.

Calculate the rate at which the coolant must be
pumped through the anode.

TAEE = ©eeeeraneeeeeennes kg s (3]
{(d) A conducting sphere of radius 0.10 m carries a charge
of +0.060 pC. The electric field around the sphere is

shown in Fig. 5.2.
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Fig. 5.2

(i) By reference to Fig. 5.2, suggest why it appears
as if the charge is concentrated at the centre of
the sphere.

(ii) Calculate the magnitude of the electric field
strength at the surface of the sphere.

electric field strength = .......... NC! [2]

(ii1) On Fig. 5.2, A is 0.40 m from the centre of the
sphere and B is 0.50 m from the centre of the
sphere. The potential difference between A and
B is equal to the potential difference between B

@nd C.

Calculate the distance from the centre of the
sphere to C.

distance = ................. m 2]

NO8/IL/5
Solution
(a) (i) The electric field strengrh at a point in an electric
field is the electric force per unit positive charge on a
small test charge placed at that point.

(ii) Since electric field strength £ = F/g, the force acting
on the charge +q is
F=+gFE
in the direction of the field since it is a positive

charge.
Work done W= Fd = +gEd.

(iif) The potential difference V' between two points is the
work done per unit positive charge when a small test
charge is moved between the two points.

V=Wig=+qgkd!qg=Ed

12 Electric Fields

124

www.physics.com.sg
First Class in Physics Tuition

(b) (i) n=(8.6x10"Cs™")/(1.60x 107" C electron™)
=5.38 x 10" electrons s
(i) Gain in kinetic energy = loss in electrical potential
energy
Vamyv® = el
v =(2eV/m)
=V2x 1.60x 107 Cx60x10°V/9.11 x 107 kg)
=145x10°ms’"
(iii) The energy of each electron = 60 keV.

The electrons arrive at a rate of 5.38 x 10" s7L.

Power supplied
P=60keVx538x10°s"

=323x 10" eV’
=323x 10" eVl x1.60% 10 JeV?!
=517W

(c) Since X-ray production uses negligible fraction of the
power, the 517 W has to be dissipated by the coolant.

dQ/dt = (dm/dl)eAd
517 W = (dm/df)(3500 ] kg™ K)(30 K)
dm/dt=4.92x 10" kg 57!
(d) (i) Extrapolating the field lines backwards, they meet at,
and appear to originate from, the centre of the sphere.
At distances r = R (radius), the sphere’s electric field
is indistinguishable from that of a point charge at its
centre,
(ii} Electric field strength
E = gldney?”
=0.060 x 10° C/ 4n(8.85x 102 F m")(0.10 m)*
=54x10°NC"
(iii) Ve = Vas
Ve Wis = Poi— ¥
gldmeg [Urg — 1/ re] = gldmey [1rs — 1/ rg)
Urg=1/re=Ura—1/rg
1/(0.50 m) — 1/ re = 1/(0.40 m) — 1/(0.50 m)

| Zolan 0.67m
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TOPIC 13

1 The resistance of a thermistor depends on ils temperature,
and the resistance of a light-dependent resistor (LDR)
depends on the illumination.

Under what conditions will the resistance of both a
thermistor and a light-dependent resistor be highest?

thermistor light-dependent resistor
A highest temperature highest illumination
B highest temperature lowest illumination
C lowest lemperalure highest illumination
D lowest temperature lowest ilfumination
NO2/1/21
Solution Answer: D

Soth the thermistor and light-dependent resistor (LDR) are
:zmiconductor-based devices.

Soth rely on energy input (either in the form of heat as in the
Termistor or light as in the LDR) to free electrons from their
-onds and hence increase the charge carrier density.

“his then results in a drop in resistance.

= the absence of energy sources, the resistance of both the
—ermistor and LDR will be high.

1 The electron beam current in a cathode-ray oscilloscope is
50 pA. The time-base causes the beam to sweep horizontally
across the screen at a speed of 1.0x 10% em s™!.

What is the number of electrons arriving at the screen in one
centimetre length of the horizontal trace?

A 3.1x1010
B 31xi10b
C 13x108
D 80xI10M N0O2/1/22
~olution s Answer: A
o= time taken for the electron beam to sweep a distance of
2 cm st

m/1.0x 10 ems?)=1.0x107%s.
~-= amount of charge arriving at the screen within this time is:
C=Ir=(50x10°A)1.0x 10*s)=5.0x 10°C.
== number of electrons arriving is:

:=(5.0x 10° C)/(1.60 x 10™” C) = 3.1 x 10" electrons.

Two lamps X and Y are rated as follows.

X | 230V, 100W
Y | 230V,60W

“nen operating normally, which has the larger current and
w=ich has the larger resistance?

larger larger
current | resistance
A X X
B X ¥
C Y X
D Y Y NO3/1/19
uent of Electricity 125

www.physics.com.sg
First Class in Physics Tuition

Current of Electricity

Solution

For lamp X, the normal operating current
I=PIV = (100 W)/(230 V) =0.43 A

and its resistance

R=12/P = (230 V)*(100 W) = 530 Q.

Answer; B

For lamp Y, the normal operating current
I=P/V=(60 W)/(230V)=026 A

and its resistance

R=T17/P=(230 V)*/(60 W) =880 Q.

4 Two wires P and Q, cach of the same length and the same
malerial, are connected in parallel to a battery. The diameter
of P is half that of Q.

What fraction of the total current passes through P?

A 020 B 025 C 033 D 050
N04/1/21
Solution Answer: A

The resistance of a wire R = pl/A, where p is the resistivity of
the liquid, 7/ its length and A4 the cross-sectional area
perpendicular to the current flow.

Since P’s diameter is half that of Q’s, its area A is one-quarter
that of Qs hence its resistance is four times that of Q’s.

The current 7 = E/R is inversely proportional to R hence P’s
current is one-quarter that of Q’s.

Therefore, the fraction of the total current passing through P is
/(1+4) = 1/5=0.20.

5 The potential difference across a tungsten filament lamp is
slowly raised from zero to its normal operating value.
Which graph represents the variation of current / in the bulb
with potential difference?
A B
| |4 " | 1/
0 0 =
0 : % 0 1%
C D
0
% v 0 v
N04/1/22
Solution Answer: B

Resistance R is the ratio of potential difference ¥ to current /.

The resistance of a metallic conductor such as tungsten

increases with temperature.

As the potential difference V increases and the filament heats

up, its resistance R increases and so does the ratio of its V1o /.
‘A’ Physics Topical Paper (Nov.)



6 A battery of em.f. £ and internal resistance r delivers a
current / through a variable resistance R.

R is set at two different values and the corresponding
currents / are measured using an ammeter of negligible

resistance.
RIC) IiA
1.0 3.0
2.0 2.0
What is the value of the e.m.f. E?
A 30V
B 35V
C 40V
D 60V N04/1/23
Solution Answer: D

The terminal potential difference V' = JR = E — Ir where r is the
internal resistance of the battery.

In the first setting,
(BOAYLIOQ)=FE—-3.0Aythus3.0=E—-3.0r

In the second setting,
RO0AROQ)=E-20A)xthus4.0=E—-2.0r

Eliminating 7, 0.5 £=3.0 V hence £=6.0 V.

7 A composite wire is made by connecting in series four
uniform wires made of the same material but having
different diameters.

9 )

X b

Lo Eemmy

The resistance R of this composite wire is measured between
X and other points on the wire at distances d from X.

Which graph best represents the relationship between R and
d?
A B

" D
i
; R
2 o ° e
d 0 ‘
NO05/1/22
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Solution Answer: A

The resistance R of a conductor is related to its length / by the
equation R = pl/A, where in this question / is replaced with &
hence the equation becomes R = pd/A or (p/A)d. A graph of &
against d is a straight line with a gradient of p/4.

Since the resistivity p of the material is the same throughout,
its resistance is inversely proportional to the cross sectional
area A of the wire. The smaller the cross-sectional wire, the
steeper the gradient of the graph R = (p/4)d.

With each subsequent section, the wire’s cross-sectional area
decreases hence the graph of R against d becomes steeper.

8 Some early electric lamps used carbon filaments. The
resistance of these filaments decreases as their temperature
increases.

Which graph shows how the current [ in the filament varies
with the potential difference V across it?

A B

- O : o
OD % 0 v
C D
&
i J
0 - ) -
a v 0 Vv NO6/1/21
Solution Answer; B

The resistance of a conductor is the ratio of the potential
difference ¥ cross it to the current / flowing through it.

As the voltage increases, the power generated in the carbon
filament increases hence its temperature increases. Since this
results in a decrease in its resistance, the ratio of ¥ to 7 should
decrease.

This implies that the increase in current should outpace the
increase in potential difference, as shown in answer B.

9 Acell ofem.f. £ is connected in series with a resistor R.

The potential difference across R is J3. The potential
difference across the internal resistance r of the cell is V..

What is the energy transferred by the cell in driving unit
charge round the complete circuit?
A R=-T, B In C E-V D FE
NO7/1/26
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Solution Answer: D
—nergy transferred by the cell in driving unit charge round the
:omplete circuit is the electromotive force (e.m.f.) of the cell.
_his is the definition of e.m.f.

10 The resistivity of aluminium is 2.0 times that of silver. An

aluminium wire of length L and diameter d has resistance
R.

What is the diameter of a silver wire, also of length L and
resistance R?

v 0.50d B 071d C l4d D 20d
NO07/1/27
~2lution Answer: B

--r a wire of length [ and cross-sectional area 4, the formula
-~zating resistance R to resistivity g is

R = plid = pli(nd*14) = 4pli(nd)
ere d is the diameter of the wire.
- zzrranging, d = 2[;)1’/(11}2)]”2
dSiIver / dAlum - [pSilver!SilverRAlum /pAIum!AlumRSilvcl']”2
- ~ce both wires have the same length and resistance,
dsitver / datum = [siner / pasam] ™ = [1/2] " = 0.71
dsitver = 0.71 daym
The material of a wire has resistivity 1.3 x 10® Q m. The
wire has diameter 0.50 mm and its length is just enough to

enable it to be wound tightly round an insulating rod 30
rimes. The rod has diameter 1.5 cm.

wr= wound round rod 30 times insulating rod
. diameter 1.5cm

\What is the resistance of the wire?
1x10'Q B9.4x10°Q C7.0x10°Q D4.7x10°Q

NO8/1/26

ation Answer: B

=stance R = pl/A.

<ostivity p= 1.3 x 10° Q m.

= 2th 1= 30 (2nR ) =30 (2n x 0.0075 m) = 1.414 m.

22 4 = MRy = m(0.25 x 107 m)> = 1.963 x 107 m?.
R =pl/A

= 1.3x10° Qm)(1.414 m)/(1.963 x 107 m*) = 0.094 Q
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12 A battery of e.m.f. 6.0 V and internal resistance 0.40 € is
connected to an external resistor of resistance 2.9 €.

What is the power supplied to the external resistor?

A 13W B 53W C 9.6W D 124W
NO8/1/27
Solution Answer: C

Using the potential divider principle, the potential difference
across the external resistance is:

V=[R/(RtN]x E=[29Q/(29+040)Q]x 6.0V =5273V
The power generated in the external resistor:
P=1AR=(5273VY29Q=9.6W

13 The diagram shows a battery connected in series with a
resistor R.

battery

resistor R

The current in the circuit is /. Power P is dissipated in the
resistor R. Power p is dissipated in the battery itself.

What is the electromotive force (e.m.f.) of the battery?

x 2 g B2 g £ Pip

I I I I
NO09/1/26
Solution Answer: B

The electromotive force £ is the total energy delivered per unit
positive charge by the cell around the circuit, and must be
equal to the total energy dissipated per unit positive charge
flowing around the circuit, both in the load itself (W) and in
the internal resistance of the battery (w).

Hence E = W/Q +w/Q = P/ + p/I=(P+p)/ 1.
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14 The graph shows the variation with potential difference
of the current / in an electrical component.

\'d

The resistance is measured for current /v and for current
1.

What is the change in the resistance of the component?

Vi, =V, Ve W V. -V, V,-V
B ity X C Rty L L D ap 0 . 2¥ Q
A zero IY_IX Ix IY IY Ix
NOY/I1/27
Solution Answer: C

The resistance of a device, at any point on the graph, is the
ratio of the potential difference across the device to the current
in it.

Hence Rx = Vx/]x and RY = Vy/[y

The change in resistance Ry — Ry = Fy/ly — Vil

15 A variable resistor is connected across the terminals of a
cell as shown.

oy TR S 1

The cell has constant internal resistance.

The resistance of the variable resistor is gradually
reduced.

What happens to the terminal potential difference and the
power wasled in the internal resistance of the cell?

www.physics.com.sg
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Solution Answer: B
The terminal potential difference V' = E — Ir where £ is the
cell’s electromotive force (which is constant), / the curren:
drawn from the cell and # its internal resistance. As the
variable resistor’s resistance is reduced, the current drawn
from the cell increases hence the terminal potential difference
V falls, while the power wasted in the internal resistance /r
increases.

16 A battery of internal resistance r and e.m.f. £ can supply 2
current of 6.0 A to a resistor of resistance 1.2 Q. Ths
circuit is shown in the diagram.

___________________

6.0A
1.20

When the resistor is changed to one having a value of 1.6
Q, the current becomes 5.0 A.
What are the values of the e.m.f. E and internal resistance

r?
EIV /o
A 7.8 0.073
B 12 2.0
c 12 0.80
D 15 8.0
NI10/1/27
Solution Answer: C

Initially, 6.0 = E/(1.2 + r);
Later, 5.0 = E/(1.6 + F).
Solving simuitaneously, £=12 V and r = 0.80 Q.

17 The graph plots current 7 against potential difference ¥ for
a filament lamp.

4 : g

IIA ; i

0 2 4 6 8 10

terminal potential power wasted VIV
iffi i | . . . ;

difference e e What is the resistance when the potential difference across
A decreases decreases the lamp is 6 V?
B HeCraasE HArETaaE A 0250 B 0358Q C 17Q D 4.0Q

; N10/1/28
c increases decreases Solution Answer: C
D increases increases Resistance R is defined as F//i=6V/3.5A=17Q.

N10/1/26
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Short Questions

!5 (a) An electrical component C has an /-V characteristic
as shown in Fig. 3.1,

I 3 i1 1 L

/A I B T 1
1.5 ERRR===S
1.0
/]
7
0.57 1
/.
..__../‘
1L
5 =g
% 2 4 6 8 10
Vv
Fig. 3.1

(1) Calculate the resistance of component C when a
p.d. of 6.0 V is applied across it.
resistance = ................. Q [1]

(ii) Deduce the minimum value of the resistance of
component C over the range 0 — 10 V.
resistance = ................ Q [2]

(b) Component C is then connected into a circuit with a
supply of internal resistance 0.80 ) and a resistor of
constant resistance 5.0 2, as shown in Fig. 3.2.

P”{ 0.80Q

5.08

e

component C

—_

Fig. 3.2

The current through the 5.0 €} resistor is found to be
0.85 A.

Calculate

(i) the p.d. across component C,
o c LR R —_—— vV [2]

(ii) the total current from the supply,
CUITENt = oy unvuvenns A [2]

(iii) the e.m.f. of the supply,

L e Vv {2]
(iv) the energy supplied to component C in 20
minutes.
EHETOY ™ sovs coiitnnennn (3]
NO7/111/3
= Current of Electricity

129

www.physics.com.sg
First Class in Physics Tuition

Solution
(a) (i) Resistance R is the ratio of potential difference J to
current /.
R=VI=60V/143A=420Q

This is illustrated in Fig. 3.3.

T ] LS
/A 13 Amun
1.5 + +H =

0.51F

0 2 4 6 8 10

Fig. 3.3

(if) The minimum value occurs at a point where the ratio
of Fto [ is lowest.
This occurs when V=33 Vand /= 1.1 A.
The resistance R =33 V/ 1.1 A = 3.0 Q. Refer to
Fig. 3.4.

I/A
1.571 i -

—_
O b

0.5

Fig. 3.4

(&) (i) The p.d. across the compenent C is the same as that

across the 5.0 & resistor, since both of them are
connected in parallel.
V=IR=(0.85A)Y5.0Q)=425=43V

(i) The total current from the supply is the sum of the
current through the 5.0 £ resistor (which is 0.85 A)
and the current through C (from the graph, when the
p.d. across C is 4.3 V, the current through it is 1.3 A).
Total current =0.85 A+ 1.3 A=2.15=22 A,

(iii) Terminal p.d. V' = E — Ir hence
E=V+Ir=425V+(2.15A)0.80Q)=597=6.0V.

(iv) Energy
W=Pi={Vt
=(1.3 A)(4.25V)(20x 060 s)
=6.63x 10°=6.6x10°J.
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19 A variable resistor R is connected between the terminals
of a battery of e.m.f. £ and internal resistance r, as shown
in Fig. 4.1.

_____________________

] i

' :

i E r i
; H |_______ | —_t

H I | SR | 1

i i

[} I

b e, ¥
I P

The resistance of resistor R is varied.

The potential difference across R is V and the power
dissipated in R is P.

The variation with V of P is shown in Fig. 4.2.

5.8

PIW

5.6 RS AR

5.4

52

Viv

Fig. 4.2
(z) For the maximum value of P, use Fig. 4.2 to

(i) calculate the current in the circuit,
CIMTERE = s snmmomssssamnas A [2]

(i) show 'that the resistance of R is 3.6 Q. [1]

(b) When R has resistance 2.03 Q, the current in the circuit is
1.60 A.
Use these data and your answers to (a) to determine the
internal resistance r of the battery.
e P — Q [3]
NO8/11/2
Solution
(a) (i) The maximum power P =5.62 W when I'=4.5V,
Current I=P/V=562 W/45V=125A

(i) Resistance R=V1=45V/125A=3.6Q.
(b) The terminal potential difference J” across the battery is
related to its e.m.f. £ and internal resistance » by the
equation:
V=E-1Ir
45V=E-(125A)r...(1)

When R =2.03 Q2 and / = 1.60 A, the potential difference

across the resistance (which is also the terminal potential
difference) F'= IR = (1.60 A)2.03 Q) =3.25 V.

13 Current of Electricity
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W T—

Using the same equation as above,
V=FE~Ir

325V=E—(1.60 A)r ... (2)

M-
125V =(0.35 A) r

F=3.6.0

Remark: This result agrees with the Maximum Power
Theorem, which states that the power generated in a
load resistor has the maximum value when it is equal
to the internal resistance of the cell (refer to Fig. 4.2

and (a)(ii)).

20 A car headlamp, rated at 12 V and 24 W, is used with a
constant 12 V supply for 1800 s.
(a) Calculate, for the lamp used in this way,
(1) the resistance of the lamp,

TEeSIStance = .......oooiiieiiinn .. Q 2]
(ii) the energy transferred in the lamp,

ENEIEY = e ] [1]
(iii) the number of electrons passing through the

lamp.

number =.................. [2]

(b)

The [-} characteristics of the lamp are investigated
using the circuit shown in Fig. 2.1.

Fig. 2.1
The variable resistor can be adjusted to have
resistance values between 0 and 10 €. Readings of
potential difference (p.d.) V' across the lamp and the
current / in the circuit are taken. The results obtained
are shown in Fig, 2.2.

2.0 R IO ASES N I N O O W
B A RSRERNSEREEREEMASE
\ : :i_,/i _:
: 7 4dn!
1.5 : Gauw o
S S [
IIA EERA i
jpuny A
d T
1.0 A
7
P4
P4 I
HEE R 13
3.5 =
R ] : R s
O i

0 2 4 6 8 10 12
ViV
Fig. 2.2
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(i) Explain how the resistance of the lamp can be
obtained from Fig. 2.2. [1]

(ii) On Fig. 2.3 sketch the variation in resistance of
the lamp when the p.d. across it is varied over
the range of 2 V to 10 V. (Numerical values for
the resistance are not expected.)

A

resistance/Q

Fig. 2.3
2]
(iii) Explain why, in the circuit of Fig. 2.1, the p.d.
across the lamp cannot be varied from 0 to 12 V.

(2]
N1W/I11/2

Solution
a) (i) Power P = F*/R hence resistance R = V*/P = (12)"/24

=6.0 Q.

(ii) Energy transferred in the lamp E = Pt = (24)(1800) =
432x10°1=43x10*J (2 s.£).

(i) Potential difference ¥ = E/Q hence the amount of
charge passing through the lamp O = £/} = (4.32 x
10% 1)/(12) = 3600 C.
The charge carried by one electron = 1.60 x e @
Hence the number of electrons passing through =
(3600)/(1.60 x 10"°) =225 x 102 =23 x 10% (2 5.f)

5) (i) The resistance (R) at any particular set of values of
potential difference (¥) and current (/) is the ratio of
the potential difference to current, R = F/1.

(i) The variation of resistance with p.d. is shown in the
diagram below.

|

resistance/Q +

T T T T T T

0o 2 4 8 8 10 12
ViV
(iil) The p.d. across the lamp cannot be 0 V even with the
variable resistor set to its maximum value (10 €2), as
the circuit resistance in not infinite and there will still
be current through the lamp.

The p.d. across the lamp cannot be 12 V even with
the variable resistor set to its minimum value (0 )
because there could be p.d. across the internal
resistance of the cell and the ammeter, which may not
be ideal.
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Long Questions

21 Suggest why, in the SI system, it was not chosen to define
potential difference as the product of electric current and
resistance. [2]

NO4ATL/1 (part)

Solution

In the SI system, the resistance R of a material is defined as the

ratio of the potential difference F across it to the current /

flowing through it.

Since R is defined as a function of ¥, J cannot be defined as a
function of R, as this will lead to ¥ being used to define itself,
an invalid definition under the SI system.

22 Two resistors of resistance R| and R, are connected in
parallel. The equivalent single resistance is R.
(a) Show, using Kirchhoff’s laws, that R is given by
3 RIR'.Z
Ry +R,y

In your deduction of this equation, state clearly when
each of Kirchhoff’s laws is used. 5]

NO6ATL/6 part

Solution
(a) Referto Fig. 6.2.
. I Ry d
+ -
I 'EIER,
—>X Y —»
AR
+ <2
AR s R, e
I, R, ¢
Fig. 6.2

Let the current entering the combined resistances be /,
the current through R, be 7, and the current through R,
be I,. Applying Kirchhoff’s Current Law at junction X,
= [1 + 12.

Considering the loop abed, applying Kirchhoffs

Voltage Law,
Zemf.=Zpd.
0= [2R2 _IjRj
]2]{2 = I]Rl

R} :12R2/1| (])

The effective resistance of the combined resistance,
R=VII...(2)

Where V' is the potential difference across both
resistors.

A]SO, J= [2R2 = 1|R1
From equations (1) and (2},
VR=1V
=l + L) hR,
= Il/[ZRQ #$ I/‘Rz
=1/R, + 1/R;
= (R R)/(R, + Ra)
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TOPIC 14

1 In the circuit, a 10.0 V supply of negligible internal
resistance is joined to two 30 k{2 resistors in series. A volt-
meter of resistance 60 k£ is connected in parallel with one of
the resistors.

1|0.0 Vv
|

30 k0 30 kO

— 1

O
What is the reading on the voltmeter?
A 40V
B 50V
C 60V
D 67V NO2/1/23
Solution Answer: A

The effective resistance across the voltmeter (which is in
parallel with the 30 kQ load that it is measuring) is (1 / 60 + 1
/30y kQ =20 kQ.

Using the potential divider principle, the potential difference
across this parallel combination is

20k /(0K +30kQ) x 100 V=40V,

2 The diagram shows three lamps in series with a 12 V supply.

L
X 8 ¥ g z 8
b 4o contact
12V

8

To test the circuit, the contact is connected in turn to points
X, Y and Z. The lamps do not light because lamp L has a
broken filament.

Which line of the table below shows the readings of the

voltmeter?
reading at X reading at Y reading at Z

A 12v 8V 4V

B 8V Y ov

C 2v 12V ov

D 8V 12V 4V
N05/1/23
Solution Answer: C

Since there is no current flowing through the lamp between X
and Y, the potential difference across it Vyy is zero (Fyy = IR
= (0 A) R = 0 V) hence placing the contact at Y is same as
placing it at X. In both cases, the voltmeter is just reading the
terminal potential difference across the 12V supply.
14 D.C. Circuits
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Since lamp L (the middle one) is broken, there is no currsm
flowing through the lamp on the right hence the potential
difference across it V;— is zero (J,~=TR=(0A)R=0V
where ‘Z’ refers to point Z and ‘~ refers to the negative
terminal of the battery.

Placing the contact at Z is the same as placing it at the negative
terminal. The voltmeter is reading the potential difference
between the negative terminal and itself which is, of course.
7€10.

resistance R, is greater than that of R,

Q o~ O
S,
e
S,
R

Which switches must be closed so that the heater produces
the maximum possible power and the minimum non-zero

power?
maximum minimum
possible power | non-zero power

A Sy and S, 5,

B Siand S, Sy

8 S, S,

D 5, 3,
NO5/I/24
Solution Answer: A

Since the potential difference V' across both resistances are the
same (parallel combination), use the formula power P = J*/R
to compare their power.

The resistor with the higher resistance (R;) will produce the
smaller amount of power (minimum non-zero power).

For maximum power, both resistances should be operating
hence both switches should be closed.

4 In the circuit shown, the voltmeter has infinite resistance.

1041

10a (V)

What is the voltmeter reading?

A 3V B 4V C &V D 8V

NO6/1/20
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~olution Answer: B
—- effective resistance of the two parallel 10 € resistors is
10 +1/10)" =5 €.

_<ing the potential divider principle, the potential difference
-—nss them (i.e. the voltmeter reading) is:

[5Q/(10Q+5Q)]x12V=12V/3=4V.

2 A potential divider has a constant supply of 6.0V as shown
in the diagrams.

Which circuit will provide a potential difference between X
and Y that can be varied between zero and 3.0V7

A 2]
-0 Y
R X
+ G
8.0V
o -
R
c D
— Y
R R
+ ©
/ X g0V Y
R T R
—0 X
NO6/1/19
~olution Answer: B

- answer B, when the movable contact X is at the topmost
~~<ition (so that it is at the same position as Y), the potential
- “erence between Y and X is zero.

“en the movable contact X is at its lowermost position, it i
--sitioned’ exactly midway between the two resistors. Using
= potential divider principle, Vyx=R/(R+ R) x 60=3.0V.
- answers A, C and D, the range is between 3.0 V. and 6.0 V.

In the circuit, the battery has an e.m.f. of 12 V and an
internal resistance of 3.0 €. The ammeter has negligible
resistance.

The switch is closed.
What is the reading on the ammeter?

D 20A
NO07/1/28

1 050A B 10A C 13A

1 D.C. Circuits
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Solution Answer: B
The two 6.0  resistors are in parallel and can be combined to

form a 3.0 Q effective load resistance.

The circuit can be redrawn as in the following figure.

12V
2A - 3.00
| | E—

—{ T
3.0Q

The current delivered by the battery is
[=12V/(3.0+3.0)Q=20A.

However this current is shared equally by the two 6.0 Q load
resistors hence the current flowing through each is 1.0 A.

7 The diagram shows a resistor network connected toa 12V
battery of negligible internal resistance. The variable
resistor has the range indicated, and the voltmeter has
infinite resistance.

1.0k

1.0kQ

T

b1

12V
What are the maximum and minimum possible values of
the voltmeter reading as the variable resistor is altered?

0-1.0kQ2

maximum/V minimum/ﬂ
A 4 0 ‘
B 8 4
c 8 8
D 12 8
NO7/1/29
Solution Answer: D

When the variable resistor is set to 0 £, the effective resistance
across the two parallel resistors is also 0 €. The entire terminal
potential of 12 V across the battery is applied across the
voltmeter hence the voltmeter reads 12 V.

When the variable resistor is set to 1.0 k., the effective
resistance across the two parallel 1.0 kQ resistors is 500 £2.
The potential difference across the voltmeter can be found
using the potential divider principle,
[10kQ/15kQ]x12V=8V
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8  An array of resistors, each of resistance R, consists of N
parallel branches. Each branch contains N resistors
connected in series.

N resistors

N branches

A -~ B B ¢ RrR DR
RN N

NO09/1/28

Solution Answer: C

For N identical resistors each of value R connected in series,
the total resistance is NVR.

For & identical resistors each of value R connected in parallel,
the total resistance is R/N.

Hence for N resistors connected in series and then in parallel
for N branches, the total resistance is (NR)/N = R.

9 A 12 V battery of negligible internal resistance is
connected across two 2000  resistors in series. A
voltmeter of resistance 6000 ) is connected in parallel
across one of the resistors.

12V

-

20000 20000

N o S
O

60000

What wil be the reading of the voltmeter?

A 514V B 6.00V C 686V D 720V
N09/1/29
Solution Answer: A

The effective resistance across the voltmeter is (1/2000 +
1/6000)" = 1500 Q.
Applying the potential divider principle, the potential
difference across the voltmeter is:

(1500/3300)x 12V =514V

10 The graph shows the current-voltage (/-F) characteristics
of two resistors R and X.

T P i ) 5 S e
0.8 T‘,lre‘sistorR{—
N et
! L —resistor X1
s s imeana ettt
i I e o
0.4 A e e
g | TR p A N i
o 2 o ]
#4_‘_ i , 4 {}' i
5 "5 H 1 Iw"
024 : ;
7 i
ral 1
s T
AR G+
HH : 1
0 ! I 0 T 1
0 1 2 3 4
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The resistor R and X are connected in series with a cell of
negligible resistance. The current in the circuit is 0.3 A.
The resistors R and X are then connected in parallel with
the same cell.

What is the em.f. of the cell and the current in the cell
when the resistors are connected in parallel?

em.f/V current/A
A 1.0 0.3
B 1.5 0.7
c 25 0.5
D 2.5 1.0
N10/1/29
Solution Answer: D

When R and X are connected in series, they have the same
current of 0.3 A in them. From the graph, when the current is
0.3 A, the potential difference across R is 1.5 V while that
across X is 1.0 V. The e.m.f. is equal to the sum of these two
potential differences (since internal resistance is negligible).
When both resistors are connected in parallel, the p.d. across
them is the e.m.f. (2.5 V). From the graph, when em.f. is 2.5
V, R draws 0.50 A and X draws 0.50 A hence the current
drawn is 1.0 A,

11 In the arrangement shown, R is a resistor that has an

unknown resistance between zero and infinity.
400

Between what limits must the resistance of the whole
arrangement lie?

minimum maximum
resistance/Q resistance/Q
A 18 20
B 20 20
C 20 infinity
D 23 56
N10/1/30
Solution Answer: A

When R is zero, it effectively short circuits the left section of
the circuit, which becomes zero ohm. The resistance of the
whole arrangement is thus left with the middle section in series
with the right section = 10 + (1/10 + 1/40)" = 18 Q. When R is
infinity, it can be ignored hence the resistance of the whole
arrangement is (1/6.0 + 1/3.0)" + 10 + (1/10 + 1/40)" = 20 Q.
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Short Questions

12 The variation with current of the potential difference (p.d.)
across a component X is shown in Fig. 2.1,

12 =
i
p.d.N 10
8
6
4
2
00 1.0 2.0 3.0
Fig. 2.1 current/A
{a) (1) State how the resistance of component X varies, if
at all, with increase of current. [1]
(ii) On Fig. 2.1, draw a line to show the variation
with current of the p.d. across a resistor R of
constant resistance 3.0 Q. 2]
(b) l <{
}___ i
|
X R
s RGN o TR
3.0Q Fig.2.2
The component X and the resistor R of resistance 3.0
are cennected in scries with a battery of negligible
internal resistance, as shown in Fig. 2.2,
The current in the circuit is found to be 2.0 A.
(i) Use Fig. 2.1 to determine the p.d. across
component X.
(ii) Determine
1. the p.d. across R,
2. thee.m.f. of the battery. [3]
{c} The resistor R and the component X are now connected

< D.C. Circuits

in parallel with the battery, as shown in Fig. 2.3.

3.0

| Fig. 2.3

Using your answer (o (b)(ii) and the graph of Fig. 2.1,
determine the current from the battery. [4]
NO3/M12
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Solution
(a) (i) Resistance R is the ratio of potential difference J to

current /.
As the current / increases, the ratio of ¥ to [ increases,
thus the resistance R increases with current.

(i) The line is drawn as shown in the figure below.

12 T T r A

p.d.nN 10 B E

o] 1.0 20 30
current/A

(b) (i) From Fig. 2.1, when the current is 2.0 A, the p.d.

(c)

13

across X is 5.0 V.

(ii) 1. P.d.across Ris 6.0 V when /is 2.0 A (read from
the straight line graph above).
Alternatively, V=71R=(2.0A)3.0Q)=6.0V.
2. Sum of e.m.f. = sum of p.d. hence

E=50V+60V=11.0V.

Since both X and R are connected in parallel across the
battery, their p.d. are both equal to the em.f. of 11.0 V.

The current through X can be read from the graph:
when V= 11.0 V, the current through X is 2.9 A.

The current through R can be calculated from
I=VIR=11.0V/3.0Q=3.667 A=3.7A.

The total current drawn from the battery is thus
Dot =2.9 A +3.667 A =6.567=6.6 A.

A circuit consists of three resistors Ry, R, and Rs, and two
switches A and B, as shown in Fig. 4.1.

R, R,
Zo 1 T | | o X
A
o [
—{ ] ] oY
I
Fig. 4.1

The resistance between terminals X and Y is measured for
different settings of the switches A and B. The results are
shown in Fig. 4.2.
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switch A | switch B | resistance between X and Y
iR
open open 12
open closed 10
closed open 6
closed | closed 6

Fig. 4.2

(a) Determine the resistance of
(i) resistor R,,

resistance = ............. Q [1]
(ii) resistor R,,

FESIStANCE = vnipunaniis Q [1]
(ii) resistor Ry,

resistance = e ne Q [1]

(b) Switch A is now closed and switch B is open.
Calculate the resistance between terminals X and Z.
resistance = [2]

N10/111/4

Solution
(a) Working:

(b)

14 D.C. Circuits

With A & B open, the circuit is effectively a series
connection of the 3 resistors:

HQ R1
o X
SR | XSRS
HS
S T oY

R‘ +R2+R3: 12 £
With A open & B closed, resistor R; is shorted, the circuit
is effectively a series connection of R, and R;:

H2 H!
{ { 0 X
B o SR
& OY

R;+ Ry =10 hence R; =2 Q.

With A tlosed, both R, & R; are shorted (regardless of
whether B is open or closed), the circuit is effectively just
R, alone:

H1

—{—oX

Ry =610.

Hence R, =4 Q.
(i) Ry=06L.
(ii) R,=4 Q.
(ii) Rz =2 Q.

With A closed and B open, the effective resistance

between X and Z is effectively:
RE

Zo—y—{ 40 }—+—{80}—0oX

RS
(20 }—

Rue=(1/4 + 12Y' +6=733 Q.
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Potential Divider

14 The diagram shows two resistors connected in a circuit with
a power supply and a voltmeter.

)
8.0V
o

What range of voltages can be obtained between points X
and Y?

A zeroto 1OV

B  zeroto 60V

C 10VisoV

D 1.0Vw60V NO3/12¢
Solution Answer: D

When the variable resistor is set to zero, the potential
difference across the 15 kQ is
V=((15kQ)/(I5KkQ+0Q))x 6.0 V=6.0V.

: : ; s -
When the variable resistor is set to 75 k(, the potential

difference across the 15 kQ} is
V=((15kQ)/(15kQ+75kO)x6.0V=1.0V.

15 The graph shows how the resistance R of a thermistor
varies during part of a day.

4.0
RIkQ \
3.0
N
2.0 =
1.0 ==
0-
0500 0800 0700 0800 0900
time of day
The thermistor is connected in the potential divider circuit
shown.
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+9.0V
1.5kQ
Fd
[}
output
1.5kQ 7
ov

In order to obtain an output of 6.0 V at 0730, to which
value should the variable resistor be set?

1y 15kQ B 3.0kQ C 45kQ D 60kQ
NO8/1/28
~olution Answer: C

=2 0730, the resistance of the thermistor is 1.5 k2.
=1 Riananie be the resistance of the variable resistor.
< oply the potential divider principle,

[(Rvariable + 135 m) / (Rvariable +4.5 kQ)] x90V=60V
Rvariablc =4.5kQ
6 A battery of em.f. 6.0 V and negligible internal resistance

is connected to three resistors, each of resistance R, and a
variable resistor T, as shown.

=5

T
i

The resistance of T changes from R to 5R.

What is the change in the reading of the high resistance

voltmeter?
A zero B 2V C 4V D 5V
NO8/1/29
~clution Answer: B

“=z four junctions are labelled A, B, X and Y, as shown.

6.0V
xJA——+F4 Y (%)
R
R
L =g
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[nitially, the circuit was symmetrical above and below the
battery.

Using the potential divider principle, the potential difference
across AY was R/2ZR x 6.0 V = 3.0 V; and the potential
difference across BY was R/2ZRx 6.0 V=3.0V.

The potential difference between A and B (as measured by the
voltmeter) was 3.0 V-3.0V=0.0V.

When T changes from R to 5R, the potential difference across
AY changes to R/6R x 6.0 V = 1.0 V; while the potential
difference across BY remains unchanged at 3.0 V.

The potential difference between A and B (as measured by the
voltmeter) isnow 1.0V -3.0V=-20V.

The reading of the voltmeter has changed from 0.0 V to -2.0
V. The change in reading is 2.0 V.

Long Questions

17 (a) Electromotive force (e.m.f.) and potential difference
(p.d.) may both have the volt as a unit.
(i) Define the volr. [1]
(ii) By reference to energy transfers, distinguish
between e.m.f. and p.d.

e.m.f.
p.d. (2]
(b) Acell of em.f. 1.5V and internal resistance 0.25 Q is
connected in series with a resistor R, as shown in Fig,
7l
A RV :
: |15 0.25Q !
0.24 A
R
b T e B
metal wire
Fig. 7.1

The resistor R is made of metal wire.
A current of 0.24 A passes through R for a time of 5.0
minutes.
Calculate
(1) the charge that passes through the cell,

CHATEE S s ¢ (1]
(ii) the total energy transferred by the cell,

EHETEY = s J [2]
(iii) the energy transferred in the resistor R,

EHETEY S i J [3]
(iv) the resistance of R.

FESISTANCES (i b didtnnns Q [2]

(c) A second similar cell is now connected in series with

the cell in (b) and the resistor R.
The current in the circuit is 0.41 A and the resistance
of R changes.
(i) Calculate the new resistance of R.
resistance = Q [2]
(ii) Resistor R is made of metal wire. Suggest why the
answers in (b)(iv) and (c){i) are different. [1]
‘A’ Physics Topical Paper (Nov.)



(i) 1.

14 D.C. Circuits

(d) The cells in (c) are now connected in series with a

fixed resistor of resistance 2000 Q and a thermistor,
as shown in Fig. 7.2.

200082

Fig. 7.2
The thermistor has resistance 4000 € at 0 °C and
1800 Q at 20 °C.

(i) Explain why, in this circuit, the internal
resistance of the cells may be considered to be
negligible,

(i) Determine the potential difference across the
thermistor

1. at0°Cg,
potential difference = ............... A% [1]
2. at20°C.
potential difference = ............... A% [1]
(iii) In one particular application of the circuit of Fig.
7.2., it is desired that the potential difference
across the fixed resistor should range from 1.2 V
at0°Cto2.4Vat20°C.
Determine whether, by substituting a different
fixed resistor in the circuit of Fig. 7.2, it is
possible to achieve this range of potential
differences. [3]
3 NO9/1IAT

(a) (i) One volt is the potential difference between two

points in a circuit if one joule of energy is converted
from electrical to non-electrical form per coulomb of
positive charge flowing between the two points.

em.f. of a source is the non-electrical energy
converted into electrical energy and transferred
from the source to the circuit, when unit positive
charge is driven by the source round a complete
circuit.

2. p.d. across a load is the electrical energy
converted into non-electrical energy and
transferred from the circuit to the load, when
unit positive charge flows through the load.

(b) (i) Charge = electric current x time.

O=11=(024A)5.0x60s)=72C.

charge =72 C

138
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(i)
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Energy transferred = EQ = (1.5 V)}(72 C) = 108 I.
energy = 108 J

(iii) Energy loss in the internal resistance

=Pt= FRi= (024 AY¥(0.25 Q)(5.0x 60 s)=432]

Energy transferred in the resistor R = 108 ] - 4.32 J =
103.68 J

energy = 104 J

(iv) Since the current through R is the same as that of

(if)

()

(i)

through the internal resistance, the ratio of their
resistances is the same as that of their power and also
that of their energy transferred.

Hence R =(103.68 /4.32)x 0.25 Q2 =6.0 €2,
resistance = 6.0 Q

The total resistance in the new circuit

R =(1.5V+1.5V)/ (041 A)=7317Q
New R = R — (025 Q +0.25 Q) =6.817 Q.
resistance = 0.8 Q)

A higher current causes more heating and an increase
in the wire’s ionic lattice vibration, which results in
more frequent collisions between drifting electrons
and the lattice. This increases the wire’s resistivity.

The external loads will have a minimum total
resistance of 3800 Q (at 20 °C), transferring energy at
least 7600 times as much as in the combined internal
resistance (0.50 Q) of the two cells.

1. At0°C, V=(4000/6000)x 3.0 V=2.0V.
potential difference = 2.0 V

2. At0°C, F=(1800/3800)x3.0V=1421V.
potential difference = 1.4 V

(iii) In order for the potential difference across the fixed

resistor to be 1.2 V at 0 °C, its resistance R should be
such that:
[R/(4000+R)] x3.0 V=12V
R=2670Q

In order for the potential difference across the fixed
resistor to be 2.4 V at 20 °C, its resistance R should
be such that:

[R/(1800 + R)] x3.0V =24V
R=7200 Q

There is no single value of R that satisfies both
conditions.
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Potentiometer Solution
(a) (i) Resistance
Short Questions R =pllA
= (1.1 x 10° Q2 m)(1.2 m)/(m(0.55 x 107 m)?)

18 (a) A uniform wire XY of length 120 cm and radius =1.389

0.55 mm is connected in series with a cell of e.m.f, =14Q.

3.0 V and internal resistance 0.70 £, as shown in

Fig. 6.1 (i1) Applying the potential divider principle,
Viy=(14Q/(14Q+0.70 ) x3.0V=20V.

The p.d. per unit length
=20V/12m
=1.667

=17Vm'

(b) (i) The direction of the current through C is shown in the
figure below.

120cm

X
Fig. 6.1

(1) The resistivity of the material of the wire is
1.1 x 108 Q m. Show that the resistance of the
wire XY is 1.4 L.

(ii) Calculate the potential difference (p.d.) per unit

length of XY.
potential difference per unitlength=........ V m! . i . .
5] Current is forced into the. positive terminal of cell C
because its e.m.f. (1.5 V) is less than Vyy (2.0 V).
A cell C of em.f. 1.5 V and internal resistance 0.50
is connected to the circuit of Fig. 6.1, as shown in (i) For there to be no current through cell C, the potential
Fig. 6.2. difference across the wire must be equal to its e.m.f,
R S SR S (1.5 V).
: ; The balance length is
t 30Vl o70 i [=(1.5V)/(1.667 Vm")=0.90 m
: E (measured from X).
! S (iii) To shift the balance point closer to Y, the p.d. across
- XY (i.e. Fxy) should be reduced.
X This can be achieved by adding a resistor in series
with the 3.0 V driver cell.
_____________________ Alternatively, use a driver cell with an e.m.f. of lower
'3 & : skl than 3.0 V.
ﬁ—i : contact J
5V 050Q |

Fig. 6.2

The moveable contact J can be connected to any point
zong the wire XY,

Initially, the contact J is connected to end Y. The
p.d. across the wire XY is then equal to the p.d.
applied across cell C. On Fig. 6.2, mark with
an arrow the direction of the current through the
cell C.

Determine the position of the contact J on XY
such that there is no current through the cell C.

POSTLON: c.ooiiiceiie s

Suggest one way in which the circuit in Fig. 6.2
may be modified so that the position found in (ii)
isnearer toend Y. {5]
NO2/IV/6
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TOPIC 15

Force on Current-Carrying Conductor

1 A straight, horizontal, current-carrying wire lies at right
angles to a horizontal magnetic field. The field exerts a
vertical force of 8.0 mN on the wire.

The wire is rotated, in its horizontal plane, through 30° as
shown. The flux density of the magnetic field is halved.

wire ;30}‘— wire
magnetic : magnetic
field : fleld
What is the vertical force on the wire?
A 2.0mN C 4.6mN
B 35mN D 80mN NO2/1/25
Solution Answer: B

The magnetic force F' = BIL sin @ where B is the magnetic flux
density, [ the current, L the length of the conductor and @ the
angle between the field and the current.

Initially, the angle # = 90° and sin 90" = 1.

After being rotated by 30° the angle & = 60° and sin 60° =
0.866.

Furthermore, the magnetic flux density is halved.

The magnetic force
F= (0.5 B)(NH(L) sin 60°
=0.433 BIL
=0.433 x 8.0 mN
. =3.5mN.

2 A horizontal wire carries current at right angles to a

horizontal magnetic field. The wire is then turncd through

90° and so hecomes parallel with the magnetic field.

What describes the initial and final force on the wire?

initial force final force
A vertical vertical
B vertical 78TO
C Zero horizontal
D ZET0 vertical NO3/1/22
Solution Answer: B

The magnetic force /"= BIL sin ¢ where B is the magnetic flux

density, [ the current, L the length of the conductor and 6 the

angle between the field and the current.

Initially, the angle ¢ = 90° and sin 90° = | and the magnetic
force is maximum.

Using Fleming’s left hand rule, the direction of the magnetic
force (the thumb) should be perpendicular to both the field
Arst finger) and current (middle finger).
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Since both the current and the field lie on the horizontal plane,
the force should be vertical.

After being rotated by 90°, the angle =0 and sin 0° = 0. The
force F= BIL sin 0° = 0.

3 A horseshoe magnet rests on a top-pan balance with a wire
situated between the poles of the magnet.

wire
horseshoe magnet

top pan
balance

With no current in the wire, the reading on the balance is
142.0 ¢.

With a current of 2.0 A in the wire in the direction XY, the
reading on the balance changes to 144.6 g.

What is the reading on the balance, when there is a current of
3.0 A in the wire in the direction YX?

A 1381g

B 1407¢

C 1459¢

D 1485¢ N0O4/1/24
Solution Answer: A

The magnetic force £ = BIL sin § where B is the magnetic flux
density, [ the current, L the length of the conductor and @ the
angle between the field and the current (in this case 90° and sin
90°=1).

Initially, the downward magnetic force exerted by the wire on
the balance is 144.6 g —142.0g=2.6 .

When the current is increased from 2.0 A to 3.0 A, the
magnetic force, being directly proportional to the current, will

also increase by a factor of 1.5, from 2.6 g to 3.9 g.

However, since the direction is reversed, an upward magnetic
force is exerted by the wire on the balance.

The balance thus reads 142.0 g - 3.9 g=138.1 g.

*A’ Physics Topical Paper (Nov.:
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4 A straight wire PQ carrying a constant current [ is-placed at
right angles to a uniform magnetic field, as shown by the
dotted line in the diagram.

Y Y
magnetic field

The wire is then rotated through an angle 6 about an axis
perpendicular to the plane of the diagram.

Which graph shows how the magnitude of the magnetic
force F on the wire varies with @ in the range 0° to 90°7

A B
F i/ £ R
D0 w0 % 90
8/° el°
c D
| l/ ; j’\
00 90 O0 90
et° g

¥ N0O6/1/23
~olution Answer: D
~n¢ magnetic force /= BIL sin & where B is the magnetic flux
c=nsity, [ the current, L the length of the wire and & the angle
setween the current and the field, and o was initially 90°.
- nce a = 90° — @, the equation can be rewritten as:
“=BILsina=F=BILsin(90° - ) =F = BIL cos {.
“=swer D is a cosine graph starting from ¢ = (° (the initial
-osition of the wire).

© Electromagnetism
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5 A single-turn rectangular wire loop hangs from a balance
reading in grams so that its lower part is in a region of
uniform magnetic field. The direction of the field is at
right-angles to the plane of the loop. The arrangement is
as shown in the diagram.

support from balance
5 and current leads

/ magnetic field

When there is no current in the loop, the reading of the
balance is 10.060 g. When the current in the loop is 3.0 A,
the balance reading is 10.040 g.

What is the magnitude of the flux density of the field?

A 65x10%T

B 13x10°T

C 13x10°T

D 66x107TT
N07/1/30
Solution Answer: B

The difference between the two readings is due to the magnetic
force hence
BIL = mg
BIL=(0.020 x 10~ kg)(9.81 N kg™
BIL=1962x 10*N
Magnetic flux density
B=F/AL=(1.962x 10* N}/(3.0 Ax 0.05m)=13x 10°T

6 In an electric motor, a rectangular coil WXYZ has 20
turns and is in a uniform magnetic field of flux density
0.83T.

The lengths of sides XY and ZW are 0.17 m and of sides
WX and YZ are 0.11 m. The current in the coil is 4.5 A.
What is the maximum torque provided by the motor?

A 0070Nm B 063Nm C 14Nm D 28Nm
NI10/1/31
Solution Answer: C

The forces acting on XY and ZW have the same magnitude
(although opposite directions) and can be found using the
equation F = NBIL = (20)(0.83)(4.5)(0.17) = 12.7 N,

These two forces form a couple with a torque 7 = Fd =
(12.7)0.11) = 1.4 Nm (where F is the force of one of the
couple and ¢ the perpendicular distance between them).

The derived formula for the torque of a rectanguiar coil is:

T'=Fd=(NBIL)d = BANI where A is the area of the coil.
‘A’ Physics Topical Paper (Nov.)



Forece on Moving Charges

7 An electron enters the space between two parallel charged
plates with an initial velocity .

While in the electric field its direction changes by 30° and
it emerges with a velocity v. What is the relation between v

and 1?7
S, TV . N
cos 30° sin 30°
B  v=ucos30° D v=usin30° NO02/1/20
Solution Answer: A

Since the electric field acts perpendicular to the electron’s
initial velocity u, the electric force does not alter the horizontal
component of the electron’s velocity.

Therefore, by the time the electron leaves the parallel plates,
the horizontal component of its velocity v cos & is still equal to
u. Therefore, v = u / cos 30°.

8 The diagram illustrates a method of velocity selection of
charged particles.

electrons of
speed v

electrons of
different speeds Py

A beam containing electrons of different speeds passes
through a hole in plate P|. P, is a plate, paraliel to P, also
with a hole mn it. In the region between the plates a uniform
electric field of intensity E and a uniform magnetic field of
flux density B are applied at right angles to each other, as
shown. The magnitudes of E and B are adjusted so that only
electrons of speed v pass undeviated through the holes in P,
and P,

Which point indicates where electrons of a speed greater
than v could strike P57
N02/1/28

Solution Answer: C
The electric field exerts an upward force g£ on the electrons
(opposite to the direction of the electric field, since electrons
are negative charges).
The magnetic field exerts a downward force Bgv on the
electrons (Fleming’s left hand rule).
Those electrons with a particular speed v whereby Bgv = gE or
v = E/B will pass straight through undeflected through hole P».
Electrons with speeds greater than v would experience a
greater downward magnetic force Bgv while its electric force
¢E remains unchanged.
Hence these electrons would be deflected downwards.

15 Electromagnetism
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9  The diagram shows an electron as it enters a magnetic field.
The path of the electron and the magnetic field are in the
plane of the paper.

field

incoming path
of electron

In which direction is the electron initially deflected?

A into the plane of the paper
B outof the plane of the paper
C  to the left of its incoming path

N03/1/21
Solution Answer: B
The movement of negative charges such as electrons produces
an electric current I in the opposite direction to their motion.

D o the right of its incoming path

Applying Fleming’s left hand rule, with the first finger
pointing in the direction of the horizontal component of the
magnetic field (towards the right, since only this component of
the magnetic field, which is perpendicular to the current’s
direction, will result in a magnetic force); the second finger in
the direction of the current (downwards, i.e. opposite to the
direction of the electron beam), the thumb points in the
direction of the force, out of the plane of the paper.

10 A beam of electrons enters a region in which there are
magnetic and electric fields directed at right angles. It passes
straight through without deviation.

region of
magnetic field B

e

glectric field £

electrons

x X
H X

A second beam of electrons travelling twice as fast as the
first is then directed along the same line.

How is this second beam deviated?

downwards in the plane of the paper
upwards in the plane of the paper
out of the plane of the paper

into the plane of the paper

0w

NO3/1/27
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- ~olution Answer: A 13 A charged particle, initially traveliing @ & Vaomm = =
- — - electric field exerts an upward force gE on the clectrons straight line, enters a uniform feld. This casses S
“oposite to the direction of the electric field, since electrons “particle to travel in a curved path that is not the arc of a2
i~z negative charges). circle.
¢ magnetic field exerts a downward force Bqv on the
- =ctrons (Fleming’s left hand rule). Which type of field, and which initial direction of the
~ose electrons with a particular speed v whereby Bgv = gk or particle with reference to the ficld, causes this to happen?
= E/B will pass straight through undeflected.
- zctrons with speeds g,r'eater than v wioui_d experi_ence a mitial direction of the particle
—zater downward magnetic force Bqv while its electric force field type compared to the field
-~ remains unchanged.
“2nce these electrons would be deflected downwards, in the A electric paraliel
- ane of the paper. B electric perpendicular
" magnetic parallel
11 An electron of charge e and mass mg is injected into a _ )
uniform magnetic field of flux density B in a vacuum. Its | magnetic perpendicular
initial velocity v makes an angle 8 with the direction of the NO08/1/30
field as shown. Solution Answer: B
Vv A magnetic field causes a charged particle to move in either
_ circular (or helical) motion. Since the curved path is not the arc
= of a circle, the field type is not magnetic but likely to be
' electric, which causes charged particles to move in parabolic
s o motion within it.
o B
o Which of the following correctly describes the component of For‘tl‘f path to b? curved E;}cmg a par'ab-o la, the initi? ! V_elo‘cily
: f_.; the electron velocity parallel to B in the subsequent motion? must be perpendicular to the field (similar to a projectile in a

uniform gravitational field).
Lo A constant speed equal to v sin ¢

On the other hand, a charged particle with initial velocity

B constant speed equal to v cos @ I
parallel to an electric field will either be accelerated or

| ::; C  speed increasing with acceleration Hey decel et Eike origl] The :
| P ecelerated along the direction of its original path. The motion
== © will then be that of a straight line and not a curve.
D  speed increasing with acceleration Bevcos 6 ) ) ) .
NMe 14 The diagram show different particle beams entering a
e 2T NO4/1/28 region between two metal plates in which there are
ESEE ~olution Answer: B uniform electric and magnetic fields.
. magnetic field exerts a force on charged particles in a
- rection perpendicular to both the particle’s velocity and the In which arrangement would it be possible for the beam to
3 B “21d (Fleming’s left hand rule). pass through undeflected?
P “were is no force component in the direction parallel to the A B

—agnetic field B.
—orefore, the parallel component of its velocity v cos d
~-mains unchanged.

alectrons

12 The acceleration of an electron of mass m and charge e,

moving with uniform speed v at right angles to 2 magnetic +
= O field of flux density B, is given by
C D
Bev Be By + o
A — B = | & = D Bevm. " -magneticfield S /
NO6/1/27
~olution Answer: A electrons protons
e magnetic force provides the centripetal force:
Bev=mvlr _ —
AT “he centripetal acceleration Vr = Bevim. NO&/1/31
xr (No < Electromagnetism 143 ‘A’ Physics Topical Paper (Nov.)




Solution Answer: B
For the beam of particles to pass through undeflected, the
electric and magnetic forces must be equal in magnitude and
opposite in direction.

In diagram B, the beam of protons will experience an electric
force into the plane of the diagram. This is because positive
charges such as protons experience an electric force in the
same direction as that of the electric field (which is from the
positive to the negative plate, into the diagram).

The magnetic force on the beam of protons is out of the plane
of the diagram, applying Fleming’s left hand rule with the
current finger pointing in the same direction as the protons’
velocity (since protons have a positive charge, the direction of
the current is the same as that of their velocity).

The electric and magnetic forces are hence in opposite
directions and could possibly cancel out.

In diagram A, both the electric and magnetic forces are out of
the plane of the diagram.

In diagram C, the electric force is into the plane of the diagram
while the magnetic force is downwards.

In diagram D, the electric force is out of the plane of the
diagram while the magnetic force is downwards.

15 A beam of particles or radiation is directed horizontally

into vertically gravitational, electric and magnetic fields
in turn.

beam —>—u

Yy

field

The table shows features of the force on the beam and the
shape of the beam in each case.

Y Y

l gravitational field electric field magnelic field

force negligible upwards oul of the page

shape of beam a horizental line acurve a circle

Which particles or radiation are used in the beam?

A alpha particles
B beta particles
C gamma rays
D protons
N09/1/9
Solution Answer: B

Beta particles are high speed electrons with a negative charge.

They thus experience an electric force in a direction opposite
to that of the electric field (i.e. upwards); and a magnetic force
in a direction perpendicular to that of the magnetic field, and
out of the page (applying Fleming’s left hand rule).
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16 A charged particle is moving in a region where there is a
uniform magnetic field acting out of the plane of the
paper. The path of the particle begins at P and is as shown.

uniform magnetic
field out of plane
of paper

What can be deduced about the charge on the particle anc

its speed?
charge speed
A negative decreasing
B negative increasing
c positive decreasing
D positive increasing
N09/1/30
Solution Answer: C

Applying Fleming’s left hand rule, it can be seen that, with ths
magnetic force providing the centripetal force acting towards
the centre of rotation, the direction of the current is the same as
that of the charge’s velocity, Hence the charge on the particle
must be positive,

From the equation: radius of rotation r = mv/Bg (derived by
equating the magnetic force to the centripetal force) where n1 is
the mass of the particle, v its velocity, g its charge and B the
magnetic flux density, it can be deduced that a decreasing
radius of curvature implies a decreasing speed.

Short Questions

17 There are two situations in which a charged particle in =
magnetic {ield does notexperience a magnetic force. State thess
two situations. A
NOAIL/T (pare
Solution
Situation 1: The charge is stationary
(£ = Bqgv sin § = Bg(0) sin 8 = 0).

Situation 2: The charge is travelling in a direction paralle! =
the magnetic field.
(F'= Bgv sin 8= Bgv sin 0 = 0).
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18 (a) A small mass experiences a force when placed in a (D) (i) The path of the electron is shown in the figure below.
field of force. The field may be electric, magnetic ar The direction of the magnetic force (which provides
gravitational. State the Lype of field when the mass is the centripetal force) can be found from Fleming’s

; . . left hand rule.
(i) uncharged and the force is in the direction of the

field,
(i1) charged and the force is in the opposite direction region of uniform
to the field, magnetic field into

lane of paper
(iii) charged and a force is experienced only when it is P pape

moving. (3]

(b) An electron is travelling at right angles to a uniform
magnetic field of flux density 1.5 mT, as illustrated in
Fig. 6.1.

region of uniform
magnetic field into
plane of paper

(ii) 1. F=Bgvsin90°
=(15x10° T)(1.60x 107 C)2.9 x 10" ms™

=6.96x 10"
=7.0x 10° N.
2. Since Bgv = mv*/r, the radius
r=mv/Bg
i 1 —(©.11x 10" kg)(2.9 x 10" m s)
The magnetic field is directed into the plane of the /(15%x10°Tx 1.60x 107 C)
paper.
: : 0 SR =0.1101
When the electron is at P, its velocity is 2.9 x 10" m s 1 1
in the direction shown. This is normal to the magnetic ’ ’
field. (¢) A uniform electric field £ directed into the plane of the
(i) On Fig. 6.1, sketch the path of the electron, paper will cause an electric force (F = eFE) to act on the
assuming that it does not leave the region of the electron in the opposite direction (i.e. out of the plane of
magnetic field. (2] the paper).
(i) Calculate, for this electron, This causes the el'ectron to a_ccelerate oqt of the plane: of
the paper in a helical path with progressively larger pitch
I.  the force on it due to the magnetic field, between successive helices, as shown in the figure below.

“
T

fOICE = oo eeeeeeeeeeeesiaens N

2. the radius of its path.

Direction of both
Tadius = oo T

(¢) A uniform electric field is now produced in the same
region and in the same direction as the magnetic ficld.
Suggest the shape of the resultant path of the electron.
You may draw a sketch 1o illustrate the path, if you
wish. (2]

NO3/1l/6

Helical path of electron

~olution
21 (i) Gravitational field.
(ii) Electric field.

(iii) Magnetic field.
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19 (a) Define the radian.

2] 3. The magnetic force provides the centripetal foros
(b) The path of an ¢-particle travelling at a linear speed of hignee, B = m)
2.8 x 107 ms~! is an arc of a circle of radius 1.4 m, as gy WO
shown in Fig. 2.1. r=mviBg
B = mvirg
(i) Calculate the angular speed of the o-particle =(4ux28x 107msH/(l.dmx2e)
about the centre C of the circle.
angular Speed = ....o.ooovvvercresccronersnnnens Tad 571 [2] =(4x1.66x 107 kg x2.8x 10" ms")

(14mx2x1.60x 107 C)

28x10"ms™ =0415=042T

where B is the magnetic flux density, g e
charge of the a-particle, v its speed, m its mass
L and r the radius of its orbit.

Fig. 2.1 E T (¢) The particle is losing kinetic energy as it collides with
o ' : fluid particles in the medium.
(i) The c-particle is moving in a uniform force-field.
1. State the name of the force-field that would As its speed decreases, the radius of curvature r of I
produce this motion. 1] motion also decreases, as seen from the formula r = mv/Eg
derived in (b)(ii)3.
2. State the direction of the force-field. [1]
3. Calculate the magnitude of the field strength. The direction of motion of the u-particle is marked by the
arrow in Fig. 2.3 as shown below.
field Strength = oo (4]
(¢) The track of a second c-particle in the same force-field \
is seen to spiral, as shown in Fig. 2.2.
Fig. 22 Fig. 2.3

Suggest a reason for the spiral path and hence, on Fig. 2.2,

20 a-particles, each of speed v and mass m, are travelling in a
mark the direction of motion of the a-particle. 3]

narrow beam in a vacuum, as shown in Fig. 4.1.
NO6/IL2 uniform magnetic

field, flux density 8
Solution
(a) The radian is a unit of angular measure defined as the w- particles
angle subtended at the centre of a circle by an arc of a
length equal to the radius of the circle. i U u

(b) (i) Angular speed @ = v/r where v is the linear speed and
 the radius of the orbit.

w=vr Fig. 4.1
=(2.8x 10" m s")/(1.4 m) The a-particles enter a region where there is a uniform
=2.0x10"rads” magnetic field of flux density B. The a-particles in the
magnetic field move along the arc of a circle of radius r.
(i) 1. Magnetic field.

(a) State the direction of the magnetic field.
2. Into plane of the paper (Fleming’s left hand ... iy
rule).

(b) Show that, for an a-particle in this beam,

(i) the magnitude p of its momentum is given by the
expression

p = 2Ber,

where e is the elementary charge. [2]
15 Electromagnetism

146 ‘A’ Physics Topical Paper (Nov.)




(ii) the kinetic energy £y is given by the expression

2
g, - 2B’
m

¢) On Fig. 4.1, sketch the path of an a-particle that has a
speed greater than v, 2]
NO7/11/4
szlution
= Out of the plane of the paper.
Use Fleming’s left hand rule. The direction of the current
is the same as the direction of the velocity of the a-

particles (since a-particles have a positive charge).

- (i) The magnetic force acting on the a-particle provides
the centripetal force for its circular motion.

Bgv = mvi/r
Where g is the charge of the a-particle (g = 2e).

BQeyv = mlr

2Be = mvir
2Be = plr
p = 2Ber

(ii) Kinetic energy
Ey = Yorv® = (mv)22m = p*12m = (2Ber)’12m
= 4(Ber)* | 2m =2(Ber)’ | m

2) Rearranging the equation in (b)(i), the radius of curvature
r=p/2Be

An a-particle with a greater speed will have a greater
momentum p and hence a greater radius of curvature r
within the magnetic field.

Once outside the magnetic field, the resultant force acting
on the a-particle is zero. Newton’s first law of motion
applies and the w-particle travels in a straight line with
uniform speed.

Its path is shown in Fig. 4.2.
uniform magnetic
field, flux density B

o - parlicles
speed v Path of u-particle
mass m with a speed

greater than v
s
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Long Questions

21 (b} Fig. 5.1 shows a beam of clectrons entering 2 magmem
ficld of magnetic flux density 8.4 mT. The clecwons ==
travelling with velocity 3.4 x 107 m s at right angles

to the field.
region of
magnetic field
vertically down
into the paper
electron
beam
toscalel:2
Fig. 5.1
Calculate, for the electrons in the field, the magnitude
of
(i} the force on an individual electron, 2]
(ii) the acceleration of the electron. {1]
(¢) (i) Calculate the radius of the path of the electrons
within the magnetic field. [2]
(i) Sketch the path travelled within and beyond the
field. 2]
(d) Charged particles from the Sun, on approaching the

Earth, may become trapped in the Earth’s magnetic
field near the poles, as shown in Fig. 5.2. This can
cause the sky to glow. The phenomenon is called the
aurora borealis.

Earth's magnetic
field

particles trapped
in field

Fig. 5.2

Some of the charged particles travel in a circle ol
radius 50 km in a region where the magnetic flux
density is 6.0x 1075 T.

(iy For a charged particle of charge to mass ratio
e/m, deduce an expression for its speed v when
travelling in a circle of radius r within a magnetic
field of flux density 5. 2]
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(ily Use your answer to (i) and the information about
the path of the particles to show that the charged
particles causing the aurora cannot be electrons.

(2]

(iii) Suggest a particle that could cause the aurora and,
for your suggested particle, calculate its speed as
it travels in a circle. (3]

(¢) The Earth has an electric field as well as a magnetic
field. The electric field is shown in Fig. 5.3.

Fig. 5.3

Describe the effect that the electric field has on charged
particles approaching the Earth from the Sun. [3]
NO4/TI/S (part)
Solution
(b) (i) Magnetic force F = Bgv where B is the magnetic flux
density, ¢ the charge and v its velocity.
F=(84x10°T)(1.6 x 107 C)(3.4x 10" ms™)
=4.570 x 10™
=4.6x 10" N.

(ii) Acceleration
a=wFm
=(4.570x 10 N) /(9.11 x 10™' kg)
=5.016 x 10"
= 5.0% 10%m s*.

(c) (i) The centripetal acceleration a = v/r, hence
5.016x10°ms?=34x10"ms")/r
r=10.02305=0.023m
(ii) The path of the electron is sketched in the figure

below as the solid curve. The dotted part of the circle
shows the circle with radius of curvature » = 0.023 m

on which the path lies.
(Note: the scale is 1 : 2).
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(d) (i) The magnetic force provides the centripetal force for

(ii) Using the equation v = Br(e/m) and substituting

(e) Positive charges experience an electric force in the same
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-—region of

magnetic field
- vertically down
~ inta the paper

electron
beam

toscale1 =2

the circular motion of the charged particle.
Bev = mvYr

v = Br(e/m)

known values for the charge and mass of electrons,
v = Br(e/m)

= (6.0 x 10 T)(50,000 m)(1.6 x 1077 ©)
/(9.11 x 107" kg)

=5269x 10"
=53x%x10" ms”

It is not possible for a particle to travel faster than the
speed of light in free space (3.00 x 108 ms™).
Hence the particle cannot be an electron.

(iii) The solar wind which causes the aurora borealis
comprises a mixture of protons and electrons.

If the particle is not an electron then it is a proton.
v = Br(e/m)

= (6.0 x 10™ T)(50,000 m)(1.6 x 107 C)
/(1.67 x 107 kg)

=2.874x 10°
=29x10* ms’

direction as the electric field. This causes them o
accelerate towards the Earth.

Negative charges experience an electric force in the
opposite direction to the electric field. This causes them to
decelerate or, for slower particles, accelerate away from
the Earth.

In the case of charged particles trapped in circular motion
by the Earth’s magnetic field, the electric field will causs
their circular motion to turn into a helical motion either
towards the Earth (proton) or away from the Earth
(electron).

‘A’ Physics Topical Paper (Nov.!
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22 A student makes a solenoid with insulated copper wire.
The solenoid has length 12.0 cm and the average length of
one turn of wire on the solenoid is 8.8 cm, as shown in
Fig. 2.1.

-
1
'
'
'

12.0cm

\
i circumierence
1 ) B.8Bcm

) :

254

Fig. 2.1

The copper wire has a circular cross-section of diameter
0.60 mm. The resistivity of copper is 1.6 x 10® Q m.
It is found that the current in the solenoid is 2.5 A when
the potential difference across its terminals is 4.5 V.

(a) (i) Calculate, for the solenoid, the resistance of the
wire.
resistance = .......oovvveeeninnns Q [1]

(ii) Use your answer in (i) in order to calculate the
total number of turns of wire on the solenoid.
1118511317 S M. [3]

(iii) Use your answer in (ii) to show that the number
of turns per metre length of the solenoid is 3000.

[1]

(b) The magnetic flux density B (in tesla) inside the
solenoid and parallel to its axis is given by the
expression

B =g nl,

Where # is the number of turns per metre length of
the solenoid, / is the current in the solenoid expressed
in amperes and g, is the permeability of free space.

(i) Define the tesla. [3]
(ii) Calculate the magnetic flux density in the
solenoid.
A denSIV = wamnrammen T [1]

(c) The solenoid in (b) is in a vacuum.
An electron is injected into the magnetic field of the
solenoid with a speed of 4.0 x 107 m s at an angle of
30" to its axis, as shown in Fig. 2.2.

j %\? g
1Y)
W

Fig. 2.2

\
\

a.0x107ms, \

5

Nl

S
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Calculate the magnitude of the component of the
electron’s velocity

(i) along the axis of the solenoid,
HAEHItde = svae s mmses ms 1]

(i1) normal to the axis of the solenoid.

magnitude = . v ossivisinnn, ms’ [1]

(d) A particle of mass m and charge ¢ is moving with
speed v normal to a magnetic field of flux density 5.
Show that the particle will move in a circular path of
radius r given by the expression

Explain your working. 3]

(e) The radius of the cross-section of the solenoid in (c)

is 1.4 cm.
Use data from (c¢) and (d) to determine quantitatively
whether the electron will travel down the length of the
solenoid or will collide with its wall. [31
NOY/IL/2

Solution
(a) (i) The resistance of the wire R = F/I where V is the

potential difference across its terminals and [ the
current in it.

R=(45V)/25A)=180
resistance = 1.8 Q

(ii) The resistance R of a wire is related to its resistivity p,
length / and cross-sectional area 4 by the equation:

R=pll A
Hence the total length of the copper wire
1= Ralp=(1.8)m(0.30 x 10°))/ (1.6 x 10%) =31.8 m

The number of turns = 31.8 m / (0.088 m per turn) =
361.4 turns.

turns = 36

0.12 m = 3000 turns n.

(b) (i) One tesla is the magnetic flux density of a magnetic

field in which a magnetic force of one newton acts on
a metre-long conductor carrying a current of one
ampere, placed at right angles to the magnetic field.

This is based on the definition of magnetic flux
density, which is the magnelic force per unit lengih,
per unit current, on a current-cariying conduclor al
right angles to the magnetic field.
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(d)

(e)

15 Electromagnetism

(ii) Using the formula given,
B = o nl = (47 x 107)(3000)(2.5) =9.425 x 10° T

flux density = 9.4 x 0T

(i) Along the axis,

v=4.0x 10" cos 30° = 3.464 x 10’ m 5™

magnitude =3.5x 10" ms™

(ii) Normal to the axis,

v=4.0x10"sin30°=2.0x 10" ms"

magnitude =2.0x 10" ms™

The magnetic force acting on the particle " = Bgv.

This force provides the centripetal force (mv*/r) required
to keep the particle in a circular path. Hence,

Bgv = mv*r
r=mv/Bg
It will collide.

The normal component of the velocity determines the
radius of the electron’s helical path, which is:

r=mv/Bg
=(9.11 x 1071 x 2.0 x 107)/( 9.425 x 10°x 1.6 x 10™)
=0.012m
The diameter of the electron’s helical path (starting at the
axis of the solenoid) is thus 0.024 m, greater than the

radius of the solenoid (0.014 m), as shown below (cross-
sectional view).

=
wn
E
~
=
k. o
=
<
o™~

From the above figure, it can be worked out geometrically
that the two circles intersect when the electron has
travelled 0.015 m with respect to a plane perpendicular to
the solenoid’s axis. The time taken for this to happen is
0.015m/(2.0x10"ms)=75x10"s.

In 7.5 x 10"% s, the electron would have travelled only
(3.5x 10" ms™)( 7.5 x 107" ) = 0.026 m along the axis of
the solenoid, still far from the end of the tunnel (which is
12.0 cm away) and hence is still within the solenoid.

Hence the electron will collide with the solenoid’s wall.
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Force-fields may be represented using lines that have
direction.

(a) State
(i) what is meant by a field of force, [1]
(ii) how, using lines of force, changes in the strength
of a force-field are represented. [2]

(b) Conventionally, atrows on field lines define the
direction of a force acting on an object.
State the property of the object that experiences 2
force in this direction for

(i) a gravitational field, [1]
(i) an electric field, [1]
(iii) a magnetic field. (1]

(c) Explain how an electric field and a magnetic field
may be used for the velocity selection of charged
particles. You may draw a diagram if you wish.  [4]

NI10/111/3

Solution

(a)

(b)

(©)

(i) A field of force is a region of space where a body
experiences a force due to the presence of another of
similar type.

(ii) The denser and closer the field lines are to one
another, the greater the strength of the force-field.

(i) Mass.
(i1) Positive charge.

(iii) Nothing. (The force is perpendicular to both the field
and the direction of motion of the moving charge).

The electric and magnetic cross fields (i.e. mutually
perpendicular fields) act as a velocity selector which

ensures that particles passing straight through them have 2 -

certain velocity.

The electric field exerts a force ¢£ on the charges while
the magnetic field exerts a force Bgv in the opposite
direction.

Only in the case of charged particles with a particular
speed v will these two forces cancel out so that the
particles pass straight through undeflected.

The condition is that Bqv = qE or v = £/B.

The speed v of particles to be let straight through into the
mass spectrometer can be adjusted by varying the ratic
EIB.

This is illustrated in the figure below for an electron.
which carries a negative charge.

qE qV/d

+++++1++++

x
X RE
il

$F qu
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Magnetic Fields due to Currents 25 Xand Y are two coaxial circular coils lving on a table. O,

P and Q are three points on the table.
24 Parallel conductors WXYZ, carrying cqual currents, pass

vertically through the four corners of a square. In two Q
conductors, the current is flowing into the page, and in the
other two out of the page.

<P
W X
@ ®
Xy
a2 ()
resultant
magnetic
field
Z' .Y Initially, there is a constant current in coil X and no
current in coil Y.
What are the directions of the current in order to produce a A small current is now passed through coil Y, which
resultant magnetic field in the direction shown at O, the decreases the magnitude of the magﬁetic i densi’ty at O
centre of the square? E ’
; How does the magnitude of the flux density change at P
into the page out of the page and Q?
A W and X Y and Z
B Wand Y Xand Z
C X and Z W and Y P Q
D Yand7Z W and X :
L NO5/1/25 A decreases decreases
Solution Answer: A :
' The direction of the magnetic field produced by a long straight B decreases increases
| -onductor can be found using the right-hand grip rule with the
: “umb pointing in the direction of the current and the fingers Cc increases decreases
, curling in the direction of the field. . )
D increases increases
il “he application of the right-hand grip rule using the NO9/I/3 1
‘ combination in answer A is shown below, producing a Solution Ansmerg
~zsultant magnetic field towards the left, ;

Assuming that the current in X is clockwise and that in Y
anticlockwise (it could also be the other way round as long as
they are in opposite directions).

The magnetic field due to X is shown below as hollowed
crosses and dots; while that due to Y is shown as dark solid
crosses and dots (using the right-hand grip rule version with
the thumb as the current and fingers as the field).

0 X,q 0,

It can be seen that in region P, the two fields are in the same
direction, whereas in the region Q (as well as centre O), the
two fields are in opposite directions,
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Short Questions

26 (b)

*c)

Solution

(b) (i)

15 Electromagnetism

A loosely-coiled spring is suspended from a fixed point
as illustrated in Fig. 7.1.

LTI

spring

\!Iexible lead

Fig. 7.1

Electrical connections are made to the ends of the
spring. When a cument is switched on in the spring,
there is a small change in the length of the spring.

(i) On Fig. 7.1, mark the dircction of the current in
the individual turns of the spring.

(i)  On Fig. 7.2, draw the pattern of the magnetic field
due to a straight current-carrying wire.

!

current-carrying
wire

Fig. 7.2

(iii) Using your answers 1o (i) and (ii), explain why
the spring changes in length when the current is
switched on.

(iv) State whether the spring expands or is
compressed. (8]

The free end of the spring in (b) is made to oscillate
vertically. Explain why small fluctuations in the current
in the spring are found to oceur. [3]

NO2/11/7 (part)

The direction of the current is marked in the figure
below,

Cl LA

spring

“flexible lead

152
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(i) The magnetic field pattern is shown in the figure

below.

currentca%
wire

REJ//

(iif) When the current is switched on, each coil of the
spring produces a circular magnetic field that is
intercepted by the currents in the neighbouring coils,

The neighbour above will experience a magnetic field
radially outwards from the centre of the coil; while
the neighbour below will experience a magnetic field
radially towards the centre of the coil.

Using Fleming’s left hand rule, each coil will
experience a force which is perpendicular to the plane
containing both the current and the magnetic field.

The force has to be vertical and in such a direction as
to cause the neighbouring coils to be attracted
towards one another.

(iv) Compressed.

{c) When the spring oscillates, each coil cuts the magnetic

field produced by its neighbouring coil hence there is a
change in the magnetic flux linking all the coils.

According to Faraday’s law of electromagnetic induction.
an e.n.f. will be induced in the coils the magnitude of
which is directly proportional to the rate of change of
magnetic flux linkage.

According to Lenz’s law, the polarity of this e.m.f, will be
such as to oppose the change in flux linkage.

This induced e.m.f. opposes the battery’s e.m.f. and
causes slight reductions in the net e.m.f around the
circuit, which in turn reduces the current delivered by the
battery.

Since the velocity of the oscillating coil fluctuates
sinusoidally in simple harmonic motion, so too does this
induced e.m.f. which opposes the battery’s e.m.f,

Thus there are small sinusoidal fluctuations in the current
in the spring,
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TOPIC 16

I The North pole of a bar magnet is pushed into the end of a
coil of wire. The maximum movement of the meter needle is
10 units to the left.

W) -~ =
®

The South Pole of the magnet is then pushed into the other
end of the coil at twice the speed.

What is the maximum movement of the meter needle?

A less than 10 units to the left

B lessthan 10 units to the right

C  more than 10 units to the left

D more than 10 units to the right N02/1/24

~olution Answer: C
-zraday’s law of electromagnetic induction states that the
= zctromotive force (e.m.f.) £ induced in a circuit is directly
-roportional to the rate of éhange of its magnetic flux linkage.

Electromagnetic Induction

Solution Answer: B
The magnetic flux @ through a surface is the product of its
arca A and the magnetic flux density B perpendicular to the
surface. Hence & = BA. The unit for & is Wb, the unit for B is
T and the unit for 4 is m*. Hence 1 Wb=1T m%

Also, Faraday’s law of electromagnetic induction states that
the electromotive force (e.m.f) E induced in a circuit is
directly proportional to the rate of change of its magnetic flux
linkage N&.

(E = -d(N®)/di where the negative sign complies with Lenz’s
law that the e.m.f. opposes the change).

The unit for £ is V, the unit for @ is Wb and the unit for 7 is s
(while N is dimensionless). Hence 1V = 1 Wb s and
rearranging, | Wh =1V s,

4 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
whole operation is 60 ms.

What is the average value of the e.m.f. induced in the coil?

23 +hien the magnet is pushed in at twice the speed, the coil will A 0

=d =perience twice the rate of change of magnetic flux linkage B o012V
=d hence twice the e.m.f. C 024V
- both cases, the polarity of the induced e.m.f. is the same D 094V NO4/1/25
-=cause in both cases a north pole will be induced at the right  Sglution Answer: C
=4 of the coil while a south pole at the left end (apply Lenz’s

e = and the right-hand grip rule). Em.f

2 |E] = d(ND)/dr

- Which of the following correctly relates the units for = ANBA/

magnetic flux and magnetic flux density?

A 1Wb={Tm?
B 1Wb=1Tm?

= (500)(20 x 107 T = (-20 x 10 T)(x (15 x 107 m)?)
/(60 % 107 s)

C 1Wb=1Tm? =0.2356
n D 1 Wb=1Tm? NO2/1/26 =024V,
- ~olution Answer; C

“ne magnetic flux @ through a surface is the product of its
iza 4 and the magnetic flux density B perpendicular to the
—rface. Hence @ = BA.

"2 unit for @ is Wb, the unit for B is T and the unit for 4 is
=~ Hence 1 Wb=1Tm’.

5 P.Q.RandS are SI units.

P volt second™!
Q  voltsecond
R tesla metre™2

S tesla metre?

Which two are equivalent to the weber?

A PandR
B Qand§
C PandS
D QandR N03/1/23
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5 The magnetic flux linkage through a coil varies with time as
shown.

flux

linkage \
0 L

(lS time

Which graph shows the variation with time of the em.f
generated by the coil?

e.m.f.
’ f / \
DI »
(‘) time
e.m.f. I
= 1/
) >
T w time
e.m.f. ;
© L
]} ==
lll time
emf. T —
>
Ol .
0 time
l NO5/M/26
Solution Answer: C

According to Faraday’s law of electromagnetic induction, the
e.m.f. £ generated by a circuit is directly proportional to the
rate of change of its magnetic flux linkage N@.

E o -d(ND)di or E = -d(N®)/dr if SI units are used, with the
negative sign taking into account Lenz’s law.

Therefore, it can be seen that the e.m.f. generated is the
negative gradient of the flux linkage-time graph.

(Although answer C shows the e.m.f. as the positive gradient
of the graph, this is acceptable since whether the measured
e.m.f. is positive or negative depends on how the oscilloscope
probes are connected to the coil. Just interchange the probe
with the ground clip and the waveform will be reversed).

6 The eem.f. induced in a coil by a changing magnetic flux is
equal to the rate of change of flux with time.

Which is a unit for magnetic flux?

A kgm?s?a- C kgms?A-!
B kgm?s?A D ms?A NO6/T/1
Solution Answer: A

E = dd/dt where E is e.m.f., @ magnetic flux and 7 the time.
[@] = [E]l] =V 5 = ( C)(s) = (N m)(C)(s)

= (kg m s )(m)(A s)'(s) =kgm’ s A™.
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7 A coil P is connected to a 50 Hz alternating supply of
constant peak voltage. Coil P lies close to a separate coil Q
which is connected to the Y-input terminals of a cathode-ray
oscilloscope. A sinusoidal trace appears on the screen of the
oscilloscope.

[lr o B

']: 1 111 3

What would be the effect on the trace of linking the coils by
a soft-iron core?

[e]

height of trace number of cycles on screen
A increases increases
B increases stays the same
e stays the same increases .
D stays the same stays the same
NO&/I/24
Solution Answer: B

The soft-iron core concentrates the magnetic flux lines and
increases the rate of change of magnetic flux linking coil Q.
Hence the induced e.n.f. increases (Faraday’s law of
electromagnetic induction). '
However, the increase in magnetic flux linkage does not alter
the frequency of the induced e.m.f. hence the number of cycles

on the screen remains unchanged.

8 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 0.060 s.

position X position Y
_ _—
T magnelic "
_—
S e e, TRIBT P
_ —_— =

What is the average e.m.f. induced in the coil during the
rotation?

28V B 36V C 113V D 1800V
NO7/1/31

Solution Answer: A

Apply Faraday’s law of electromagnetic induction,
|| = dN@/dr = NBA/t

= (3000)(1.8 T)(x (0.010 m)®) / (0.060 5) =28 V
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A square loop of wire is placed in a region of uniform
magnetic field. The direction of the field is perpendicular
to the plane of the loop of wire.

The loop is pulled out of the field at a uniform speed v.
During this operation, the loop remains in the same plane.
Which graph shows how the total work # done in pulling
the loop out of the field depends on the speed v?

A B

o

Wi w
00 %; 0O T{
C D
i w w
| - 0 -
1‘ 00 v 0 v
\. NO08/1/10
| ~olution Answer: B

| =1 the dimension of the square loop be L by L.

I “ork done = force x distance moved = FL.
e distance moved L is constant and equal to the length of
-2 side of the square loop parallel to the velocity.

=arce F = BIL = B(E/R)L = B(BLv/R)L = B’L*W/R

: © is magnetic flux density, £ the induced em.f, R the
-=sistance of the wire loop, I the induced current and L the
=nzth of one side of the wire loop.

“ence work done W = (B*L*w/R)(L) = B*L*V/R

i ork done W is directly proportional to speed v.

185
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10 A coil has area 4 and » turns.

A uniform magnetic field of flux density B acts at an angle
& to the plane of the coil, as shown.

flux density B

What is the change in magnetic flux linkage when the coil
rotates so that the angle ¢ is reduced to zero?

A BAncos® B BAnsin@ C 2BAncos@D  2BAssind

NO08/1/32
Solution Answer: B
Magnetic flux @ through a surface is the product of the
component of the magnetic flux density B sin & perpendicular
to the surface, and the area A of the surface, i.e. @ = BA sin @
where 0 is the angle between the magnetic flux density and the
plane of the area.

Magnetic flux linkage = number of turns of the coil x magnetic
flux = nBA sin 6. The change in magnetic flux linkage is
hence:

And = nBA sin § — nBA sin 0 = nBA sin ()
Note: Il the angle o is defined as that between the magnetic
flux density and the normal to the area of the coil, then the

corresponding formula will instead be nBA cos ¢.

11 The graph shows the variation with time of the magnetic
flux linking a coil.

flux 4

[

2t time

o
Y —

Which graph shows the variation with time of the e.m.f.
induced in the coil?
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A B
emf. & emf 4
0 i > 0 >
0 t 2t time 0 t 2t time
C D
e.m.f. e.m.f.
0 - 0 : -
0 2t time t 2t time
NO8/1/33
Solution Answer: C

According to Faraday’s law of electromagnetic induction, the
e.m.f, induced in a circuit is directly proportional to the rate of
change of magnetic flux linking it.

E = -da/dt

Therefore, the em.f. induced is the negative gradient of the
magnetic flux linkage graph,

(The negative sign is from Lenz’s law, to demonstrate that the
induced e.m.f. opposes the change in magnetic flux linkage).

12 A solenoid with a large number of turns of wire is
connected in series with an ammeter and a battery.

An iron rod is passed through the solenoid at constant
speed.

Which graph shows the variation with time ¢ of the
reading / of the ammeter?

A B
1 I
0 0
¢ !
c D
g r
0 > 0
t !
NO9/1/32
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Solution Answer: A
Iron has the ability to concentrate magnetic field, thereby
causing the magnetic flux linkage in the solenoid to increase
when the rod enters, and decrease when it leaves.

According to Faraday’s law of electromagnetic induction,
there will be an e.m.f. induced in the solenoid when there is a
rate of change in its magnetic flux linkage.

According to Lenz’s law, the induced e.m.f. opposes the
change in magnetic flux linkage.

Therefore, when the iron rod is entering the solenoid, causing
its magnetic flux linkage to increase, the induced e.m.f. will be
of an opposite polarity, to oppose this increase in magnetic
flux linkage.

This induced e.m.f. thus opposes the battery’s e.m.f., causing a
temporary drop in the current delivered by the battery when
the iron rod enters the solenoid, and vice versa when it leaves.

13 A soft iron ring of variable cross-section has two coils
wound around it. One coil has 7 turns. The other, of 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 flux linkage
NO09/1/33
Solution Answer: B

The 3-turn coil produces a magnetic field of flux density B
which, when multiplied by the cross sectional area A4 of the
coil, is the magnetic flux @ in the core.

Assuming no flux leakage, the entire flux @ is trapped within
the core of the iron ring, and is also the flux through the 7-turn
coil.

Magnetic flux density (magnetic flux per unit area) is higher at
the part of the core with smaller cross-sectional area: while
magnetic flux linkage (number of turns multiplied by magnetic
flux) is higher at the coil with greater number of turns.
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14 A soft-iron ring of variable cross-section has four coils
wound round it at the positions shown. The coils have 2,
3, 4 and 5 turns. The 3-turn coil is connected to an a.c.
supply.
In which coil does the magnitude of the magnetic flux

density have the greatest variation?
&

N10/1/32
solution Answer: C
“Magnetic flux density B = &/4 where @ is the magnetic flux
7 the core which is the same throughout, and A4 the cross-
s=ctional area of the core. Since section C has the smallest
-ross-sectional area, it has the greatest magnetic flux density.

Short Questions

15 Two coils, A and B, arc placed one on top of the other, as
shown in Fig. 6.1.

coil A

&

Fig. 6.1

Coil A is connected in series with a battery and a switch., A
millivoltmeter is connected across the terminals of coil B.

(a} On Fig. 6.1, draw an arrow inside coil A to show
the direction of the magnetic field in coil A when the
current is swilched on. (1]

(b) State Faraday’s law of electromagnetic induction and
hence explain why, when the current in coil A is
switched on. the millivoltmeter indicates an induced
c.m.f. for a shert period of time. [4]

(c) (i} On Fig. 6.1, draw an arrow inside coil B to show
the direction of the magnetic field duc to the
induced current in coil B, [

(ii) State Lenz’s law and hence explain the direction
chosen in (i). 21

(d) The current in coil A remains constant. Explain why
the millivoltmeter indicates an induced e.m.f. as a

ferrous core is lowered into coil A. 2]
NO4/11/6
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Solution

(a)

(b)

(c)

(d)

The direction of the magnetic field is shown in the figure
below.

coil A —
\ b N
cw—f
b
<"“"__—M
b
.n——'__"—-.—-—-
v 1
A
=
coil B CL_———----—"‘—"_-";
\c -——_'_-—a

Faraday’s law of electromagnetic induction states that the
clectromotive force (e.m.f.) induced in a conductor is
directly proportional to the rate of change of its magnetic
flux linkage.

When the current in coil A is switched on, a magnetic
field is produced by A. This results in a change in the
magnetic flux linking coil B, and an e.m.f. is induced in B.

Once the magnetic flux produced by A has reached its
steady maximum value, the rate of change of flux linkage
in B is zero, and induced e.m.f. then falls to zero.

(i) The direction of the magnetic field due to the induced
current in B is shown in the figure above.

(ii) Lenz’s law states that the e.m.f. induced in an electric
circuit has a polarity such that the current it drives
around a closed circuit produces a magnetic field
which opposes the change in magnetic flux causing it.

The magnetic field produced by the induced current
in coil B thus acts in a direction to oppose the
increase in magnetic flux linkage generated by coil A.

Since the magnetic flux density produced by A is
increasing in the downward direction, the magnetic
field produced by the induced current in B has to act
in the upward direction.

Ferrous core has a higher permeability than air hence
when lowered into coil A, it concentrates and increases
the magnetic flux density produced by coil A.

This results in an increase (a change) in the magnetic flux

linking coil B, and according to Faraday’s law of
electromagnetic induction, an e.m.f. is induced in B,
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16 Electromagnetic Induction

A simple generator consists of a coil with a large
number of turns that rotates at a constant rate in a
uniform magnetic field, as shown in Fig. 2.1.

V' &

Fig. 2.1

(iy Explain why an e.m.f. is generated when the coil
rotates. (2]

(ii) State two factors that affect the magnitude of the
maximum e.m.f.

(iii) Explain briefly, in words, why the em.f. is
sinusoidal. (2]

The output from a similar generator is connected to
the input of a transformer. The transformer has 30
turns on its primary coil and 600 turns on its
secondary coil. The transformer may be considered to
be ideal. The input e.m.f. is 72 V r.m.s. The output
from the transformer is connected to a resistor of
resistance 160 Q, as shown in Fig. 2.2,

transformer 30 600 H 16800
input turns turns
Fig. 2.2
Deduce
(i) the peak input e.m.f,
peak input emef = covamrinien \% [1]
(i) the r.m.s. value of the p.d. across the resistor,
P8 Pl Senamsnmennns Vv [1]
(iii) the r.m.s. value of the current in the resistor,
T8 BUITENE= sevmmronpvams A [1]
(iv) the mean power dissipated in the resistor,
POWEL = supsvumnans v W [1]
(v) the r.m.s. value of the current from the generator,
CUITEI = s snespsanni A [2]
NOg/111/2
Solution

(a) (i) When the coil rotates, there is a rate of change of

magnetic flux linking the circuit. According to
Faraday’s law of electromagnetic induction, an e.m.f.
is induced in a circuit when there is a change in its
magnetic flux linkage. The magnitude of the induced
e.m.f. is directly proportional to the rate of change of
magnetic flux linkage.
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The magnetic flux density within which the coil
is located.

2. The frequency of rotation of the coil.

(iii) Magnetic flux is the product of magnetic flux density

(&) @)

(i)

(i) Jyms. =

perpendicular to the surface, B sin ¢, and the area of
the coil, where @ is the angle between the plane of the
coil and the field (Fig. 2.3).

flux density B

As the coil rotates at a constant angular frequency w.
the angle # = wr changes at constant rate. Hence the
magnetic flux density perpendicular to the coil (B sin
0 or B sin wf) varies sinusoidally, and the rate at
which it is changing (the e.m.f.) is also sinusoidal.

Note: If the angle ¢ is defined as that between the
magnetic flux density and the normal to the area of
the coil, then the magnetic flux density perpendicular
to the surface will be B cos ¢ or B cos i, still
sinusoidal.

For sinusoidally varying waveforms, the peak e.m.f.
Ey=V2XE ns=Y2xT72V=102V.

For a transformer, the voltage ratio between the
secondary and primary is equal to its turns ratio.

stVp:Nsi"Np
s/ 72V =600/30
Vs =1440 V

Vime /R=1440V /160 Q2 =9.0 A,

(iv) Mean Power

4

Punean = Jems. Vims, = (9.0 AY(1440 V)= 1.3 x 10* W.

Since transformer is ideal, input power = output
power. Hence at the input,

Lime = Puocan! Vems = 1.3x 10" W/ 72V =180 A

‘A’ Physics Topical Paper (Nov.|




Ll %]

Fig. 6.1 shows a rectangular coil.

Pa

Pa

R L coil of 15 turns
30cm

24cm
Fig. 6.1

(a) The coil has dimension 30 cm by 24 cm and has 15
turns.
A uniform magnetic field of flux density 0.018 T is at
right-angles to the plane of the coil.
Show that the magnetic flux linkage of the coil is
0.019 Wb turns. [1]

(b) The uniform magnetic field in (a) is kept constant for
2.0 s and then reduced to zero over a time of 4.0 s, as
shown in Fig. 6.2.

0.018
magnetic flux
density /T
0 : f t ‘ i
0 2.0 4.0 6.0 8.0
t/s
Fig. 6.2
(i) Explain why an e.m.f. is induced in the coil.
.................................................... [1]
(ii) Calculate the magnitude of the induced e.m.f.
emf = ... v [2]

(iii) On Fig. 6.3, sketch a graph to show the variation
with time of the e.n.f. £ induced in the coil.

EiIV
0 3 L 1 It
0 2.0 4.0 6.0 8.0
. t/s
Fig. 6.2
N09/11/6
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Solution

(a) Magnetic flux linkage of the coil = number of turns x
magnetic flux density x area of the coil perpendicular to
the magnetic field.

=15 turns x (0.018 T) x (0.30 x 0.24) m*
=(.01944 = 0.019 Wb turns
(b) (i) The change in magnetic flux density between 2.0 s
and 6.0 s results in a rate of change of magnetic flux
linkage.  According to Faraday’s law  of
electromagnetic induction, this will result in an
induced e.m.f. which is directly proportional to the
rate of change of magnetic flux linkage.
(ii) Based on the values calculated in (a),
E=(0.019 Wb turns)/4.0s=48x10"V
em.f=48x10°V

(iii) In the first 2.0 s, there is no e.m.f. because there is no
rate of change of magnetic flux linkage.

EIV
0.0048
D ' L 1 1
0 2.0 4.0 6.0 8.0
t/is
18 (a) Define magnetic flux. [1]

(b) A coil with 500 turns is placed in a uniform magnetic
field of flux density 5.0 x 107 T. The area of the coil
perpendicular to the field is 2.5 x 107 m’, as shown in

Fig. 4.1.
———axis of rotation
;7
magnetic 4
field
A + L area of coil
/] %
/
LiEse (VR |
- A3 5
YoV oy o coil with 500 turns
/
e Fn
/7/
/

Fig. 4.1
Calculate the magnetic flux linkage of the coil. Give
an appropriate unit.
magnetic flux linkage = ................... [2]
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(c) The coil in (b) is rotated around the axis shown in  Long Questions

Fig. 4.1. The flux linkage & of the coil varies with
time ¢, as shown in Fig. 4.2.

] [ 5 O O ,...4...1 SERULE SN I RO W e : !

] L i I FRENE 1 I
TT T R pr HE I ! T H

Fig. 4.2
(i) Explain why the flux linkage changes as the coil
is rotated. [1]
(ii) Calculate the average e.m.f, induced across the
coil when it rotates through the first quarter of a

revolution.

emf=. ... \% [2]
(iii) Explain how the maximum e.m.f. induced across

the coil is determined from Fig. 4.2, [1]

N10/11/4
Solution
(a) The magnetic flux through a surface is the product of the
magnetic flux density perpendicular to the surface and the
area of the surface.

{(b) Magnetic flux linkage
= NBA = (500)(5.0x 102 T)( 2.5 x 107 m?)
= 0.625 weber-turns (Wb-turns)

(¢) (i) As the coil rotates, the magnetic flux density (B) is no
longer perpendicular to the plane of the surface.

The component of the magnetic flux density
perpendicular to the surface (Bcosf where @ is the
angle between the magnetic field and the normal to
the plane of the surface) changes hence the magnetic
flux linkage changes.

(ii) Average e.m.f.
= (change in magnetic flux linkage)/time
= AD/t
= (0.625 - 0)/(0.25 x 107)
=2500V

(iii) The maximum e.m.f. is the gradient at the steepest
parts of the graph (e.g. at = 0.25 ms, 0,75 ms, 1.25
ms ete.). According to Faraday's law of
electromagnetic induction, the induced e.m.f. (£) is
directly proportional to the rate of change of
magnetic flux linkage, i.e. £ a d@/dr. Hence when the
rate of magnetic flux linkage is the greatest, the em.f.
is the highest.

16 Electromagnetic Induction 160

19 (a) Define the following-quantities, and state the SI unit for

cach,
(1) magnetic flux density
(i) magnetic flux (4]

{b) Fig. 5.1 shows the position of a wire in the radial
magnetic field of an electric motor where the magnetic
flux density is 0.20 T,

N wire with current
upwards out of the
plane of the paper

N S

N

Fig. 5.1

The wirc. which is of length 0.060 m, carries a current
of 4.5 A out of the plane of the paper.

(i) Draw a diagram to show the shape of the
combined magnetic field of the current in the wire
and the motor’s magnet. [3]

(i1) State the direction in which the force on the wire
acts. [1]

(iti) Calculate the force on the wire. [3]

{c) When the current in the wire is switched off, the motor
acts as an electrical generator when the wire is moved
o cut magnetic flux.

(i) Name this process of electrical generation. [1]

(i) Calculate the speed of the wire required to give an
instantaneous e.am.f. of 0.12 V. (4]

{d) Describe the energy changes that take place in () and
(c). [4] NO3/TIVS

Solution
(a) (1) Magnetic flux density B is defined as the magnetic

force per unit current per unit length on a wire at right
angles to the magnetic field. Its unit is the tesla (T).

(ii) Magnetic flux @ through a surface is the product of it
area A and the magnetic flux density B perpendicular
to the surface. Its unit is the weber (WDb).

(b) (i) A diagram of the combined magnetic field is show=

in the figure below.
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(ii) The force acts in a direction perpendicular to the
plane containing both the current and the radial
magnetic field, in the upward direction slightly tilted
to the right, as shown in the figure below (Fleming’s
left-hand rule).

i ;Force F

(iii) Force
F=B1[sin90°
=(0.20 T)(4.5 A)(0.060 m)
=0.054 N.

(i) Electromagnetic induction.

(i) Em.f
E=B{vhence
v=E/BI
=(0.12 V)/(0.20 T x 0.060 m)
=10ms".

In (b), electrical energy is converted into mechanical
energy. '

In (c), mechanical energy is converted into electrical
energy.
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20 fa) Define magnetic flux and state the S| unit in which it is

measured. 12}

(&) In a power station generator, a large rectangular coil is
rotating at 50 revolutions per second in a magnetic field
of magnetic flux density 0.29 T. The coil, as shown in
Fig. 6.1, has 38 turns each 2.0 m long and 1.2 m wide.

D R
s s el

axisof N \\

rotation s

Fig. 6.1

The maximum output e.m.f. of the coil occurs when it
moves near the plane of the magnetic field as shown in
Fig. 6.2.

roR—

Fig. 6.2

For the coil moving through an angle of 1.0° near the
plane of the magnetic field, calculate

(i) the time taken for it to rotate 1.0°, (2]
(i) the flux cut by one tum of the coil in this time, {3}

(iii) the e.m.f. gencrated by one turn of the coil in this
time, [2]

(iv) the em.f. generated by all 38 turns of the coil in
this time. 1]

(¢) (i) The value obtained in (b)(iv) is the peak value of
the sinusoidal output of the coil. Calculate the

r.m.s. value of the output of the coil. {11

(ii) State the direction of the current induced in side
AD as a result of this e.am.f. Explain how you
deduced your answer. 2]

(d) Explain why, from both the scientific and economic
points of view, the transmission of electrical energy is
carried out using alternating currents and high voltages.

{3l

(e) Draw a circuit diagram of a bridge rectifier being used
to give full-wave rectification of an alternating current.

(2]

NO5/G
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(b)

ONO

16 Electromagnetic Induction

Solution
(a) (i) The magnetic flux @ through a surface is defined as

the product of its area 4 and the magnetic flux
density B perpendicular to the surface.
The SI unit for magnetic flux is the weber (Wb).

The period of rotation

T=1/=1/50

=0.020 s (for one complete revolution of 360°).
The time to rotate 1° is )
(= (1/360) x 0.020 s =5.556 x 10°=5.6x 107 5.
(ii) The flux @ = B 4 cos ¢ where B is the magnetic flux
density, A the area of the coil and # the angle between
the normal to the plane of the coil and the magnetic
field.

Initially when the plane of the coil was parallel to the
magnetic field, 6 = 90° hence @ = B A cos 90° = 0.
After rotating 1.0°, the angle ¢ = §9° hence

@ =B A cos 89°=(0.29 T)(1.2 m x 2.0 m) cos 89°
=0.01215=0.012 Wh. )
Therefore the flux cut by the coil = 0.012 Wb.

(iii) According to Faraday’s law of electromagnetic
induction, the em.f. generated is equal to the rate of
change of magnetic flux linkage.

For one turn, the rate of change is
0.01215 Wb /5556 x 10° s=218.7=220 V.

(iv) For 38 turns, the change in flux linkage (N®) is 38
times the change in flux (&) hence the total e.m.f. is
38x 2187V =28311=8300V,

For a sinusoidal varying e.m.f. generated by a
rotating coil,

Vims, = Vo /N2 =8311/2=5877=5900 V.

(i) The direction of the current is from A to D.

Detailed explanation (Fleming’s left-hand rule)

The upward motion of the mobile free electrons
contained in wire AD results in an equivalent current
in the downward direction (conventional current
flows in opposite direction to the movement of
negative charges).

Using Fleming’s left-hand rule, with the first finger
in the direction of the magnetic field and the middle
finger in the direction of this downward current, the
force acting on these electrons will be from D to A.
As these electrons are accelerated from D to A, the
conventional current flow in the wire will be from A
to D (conventional current flows in opposite direction
to the movement of negative charges).

Shorter explanation (Lenz’s law)

As the coil rotates from its horizontal position, there
is an increase in its magnetic flux linkage (with more
magnetic field lines passing through the coil, towards
the right). According to Lenz’s law, the induced
c.m.f. and resulting current will oppose this change
by attempting to produce a magnetic field towards
the lefl. Using the right-hand grip rule, the current
has to be in the direction ADCB.
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A simple rule-of-thumb would be to use “Fleming s
right-hand rule” (strictly speaking nol acceptable
with the first finger pointing to the right (in the
direction of the magnetic field), the thumb upwards
(in the direction of the motion of AD) and the middle
finger points in the direction of the current (4 to D).

(d) Alternating currents (a.c.) are used because they can be

(e)

easily stepped up and down using simple transformers
which are cost effective.

Transformers work based on the principle of
electromagnetic induction, which requires an alternating
magnetic field only an a.c. can produce.

With the ability of being stepped up and down, a.c.
voltage supplies at households need to have only one
value (e.g. 230 V) and transformers will make the
necessary conversions for different clectrical appliances.
Direct currents (d.c.), on the other hand, do not produce an
alternating magnetic field hence they cannot be stepped up
and down using transformers. The stepping up and down
of d.c. requires switching circuits which are complex anc
expensive.

Power is transmitted at high voltages because at high
voltages, current transmitted can be low, since current / =
PV Where P, is the power output of the generator and
' the transmitted voltage. The power loss in the
transmission cable P, = I°R where R is the resistance of
the transmission cable.

With a lower current, the power loss in the transmission
cable can be lower, or alternatively, with the same power
loss, a thinner cable (with higher resistance R) can be used
thus saving on cabling costs.

Again, to reduce transmitted current by stepping up the
voltage, the transmitted power has to be an a.c. so that
transformers can be used to step them up and down
economically.

A full-wave bridge rectifier is shown in the Flash
animation in Fig. 6.3

http://www.physics.com.sg/H2/Alternating_Currents.swf

Fig. 6.3

The output could be smoothed by connecting a capacitor
in parallel with the load resistor (not shown in figure).
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TOPIC 17  Alternating Currents

1 There is a sinusoidal alternating current in a resistor.
What is the mean power dissipated in the resistor?
A L (maximum current)?
2
B % (maximum power)
C %(maximum current)?

D -% (maximum power) NO4/1/26

Solution Answer: D

For a sinusoidal current, 7, = ly/N2.

Mean power Prcan = fims R = Uf/NZYR = IR /2 = Py /| 2

where Py is the maximum power.

2 A cathode-ray oscilloscope screen with a grid of 1 cm
squares displays an alternating voltage waveform. The
settings of the oscilloscope are: gain = 0.30 V cm™!, time-
base = 5.0 ms cm™! .

\ \

The voltage V of this waveform is related to time ¢ by the
expression

A V=1.0cos 50
B ¥=10cos 130
C V=10cos310

D V=1.0cos 630 NO6/1/25
solution Answer: C
22 period 7'is 4 cm x 5.0 ms cm™ = 20 ms.

=15 cos wt = 1.0 cos (2n/T)¢
= Jcos(2n/0.020) = 1.0 cos 310 ¢

A sinusoidal alternating current has a peak value /.
“Which expression is correct for the root-mean-square

current e ?
7
A Img= ?”
B Tims = ;{0_
2
C Ims = ‘VZ[Q
D Ims= 214
NO7/1/32
(]| Answer: B
© ¢ sinusoidally alternating current, the root-mean-square
Joms = o™ 1,7 sin’wt dt 1 (T/2)]V* = Iy\2
«r=mmating Currents 163

Explanation of the above equation

The root-mean-square value of a waveform is found by

1) Squaring the waveform (/,” sin’wr).

2) Finding the mean of the square, which is the area under
the squared graph in a time interval of one period, divided
by the period (In this example, the period is 7/2 since that
is the time interval after which the sine-squared graph
repeats itself). The area under the graph is found by
integrating from limits 0 to 7/2.

For sinusoidal waveforms, the mean-square current is
simply half of the square of the peak current, i.e. /;%/2.

3) Square-rooting the result (which is 7y/\2).

4 The graph shows an alternating current with a square
waveform.

current 4
10
0 - >
0 time
The peak value of the current is /.
What is its root-mean-square value?
I !
A0 B 2 c L D ]
2 V2 ’
NO8/1/34
Solution Answer: D

The first step to finding root-mean-square is to square the
graph, as shown.

current’h
1
hf==  r—=a -7
I | I I [
0 . 1 : : ] >
0 ] | | { ; time
l L_uJ L d Lo

The next step is to find the mean value of the squared graph,
which is /;* (since it’s a constant value).

The last step is to square-root the mean-squared value, which
brings it back to /.

5

The graph shows how an alternating current / of peak
value [, varies with time z.
15

I

/ t/ms
\/2.5 5.0
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Which expression gives the alternating current /?
A I =1Iysin(5xi)

B I=I,sin 2%
25

c I=1I sin| —xt
(0.0025
D I=1I,sin(800xt)
N09/1/34
Solution Answer: D

The equation is /= I sin (wf) = Iy sin Qrzt/ T)
= Iy sin (2nt / 0.0023 s) = [, sin (800m)

6 A sinusoidally-alternating voltage supply at 50 Hz
connected across a load resistor of 200 Q delivers a peak
current of 2.0 A. The frequency of the supply is doubled
to 100 Hz.

What is the mean power dissipated in the load resistor at
the higher frequency?

A 200W B 400 W C 800w D 1600 W
N09/1/35
Solution Answer: B

The mean power dissipated in a load is independent of the
frequency of the supply.

The mean power
Prean = Lrms” R = (I/N2)°R = (2.02)%(200 Q) = 400 W.
7  The graph shows how the potential difference across an

alternating supply varies with time,
pd.fV

IO f o m g m o e e

\

1 T
20 25 30 35 \40' 45 30 55 80 \85 tma/me

O f - m e ey

What are the frequency f and root-mean-square potential
difference V', of the a.c. supply?

fiHz Vims iV
A 40 158
B 40 78
C 400 156
D 400 78
N10/1/33
Solution Answer: B

Frequency /= 1/T=1/(25 x 10° s) = 40 Hz.
For sinusoidal waveforms, Vi, = Vo/N2 = 110/V2 =78 V.,
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Long Questions

8 (a) Explain what is meant by the terms peak voltage and
rool-mean-square voltage when applied 10 a sinusoidal
alternating voltage. [3]

(b) The equation V = 564000 sin 100n¢ represents =z
sinusoidal alternating voltage for an overhead cable on
an clectrical distribution system. State the frequency.
peak voltage and root-mean-square voltage for this
alternating voltage. 3]

(c) Explain why such a high voltage is advantageous for
the transmission of electrical energy. (3]

{d) Describe briefly how such high voltages are obtained in
practice. (3]

{e) A cable used for the transmission detailed in () has
a circular cross-section of radius 0.012m. Fig. 4.1 is
a full-scale drawing showing the eclectric field
surrounding the cable together with lines of cqual
potential at an instant when the potential of the cable is
+564 000 V.

4
Fig. 4.1

(i) State the equation relating field strength with
potential gradient.

(i) Use Fig. 4.1 to estimate the potential gradient
near the surface of the cable.

(iii) Explain why a cable of larger radius, but at the
same potential, will have a smaller electric field at

its surface.
(5]
{f)  Sketch a diagram suggesting electric ficld lines near a
" cable of square cross-section. [3]
NO2/IIV/4
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17 Alternating Currents

wlation

Peak voltage refers to the maximum instantaneous value
of the alternating voltage that occurs at regular intervals,
in either polarity direction.

Root-mean-square voltage refers to the equivalent value
of the steady direct voltage that will dissipate heat at the
same average rate as the alternating voltage, when applied
across a given resistance.,

Comparing this equation with the general form ¥ = ¥ sin
(2nf't), it can be seen that:

Frequency /= 100/2 = 50 Hz.
Peak voltage V', = 564000 V.

Root-mean-square voltage ¥, ., = Vy/\2
= 564000/V2 = 398808 = 399000 V.

A high voltage is advantageous because when the
transmitted voltage (V) is high, the transmitted current (/)
is low since / = P/V where P, the transmitted power, is a
constant for a particular generating system.

The power loss in the transmitting cable Py = PR where
R is the resistance of the cable.

With a low current, the power loss is minimized or
alternatively, a thinner cable with a higher resistance R
can be used for the same amount of power loss, thus
saving on cabling costs.

Voltages are stepped up using step-up transformers.

In transformers, the voltage ratio Vy/V, is equal to the
turns ratio Ny/N,,. Thus if the transformer’s secondary has
more turns than the primary, then the secondary voltage
will be higher than the primary.

By connecting the power generator to the primary coil of
a transformer, the transmitted voltage can be stepped up
to a high value for transmission.

(i) Electric field strength £ is the negative of the
potential gradient (£ = -di/dx), where x is the
distance from the centre of the cable.

(if) On the diagram the radius of the cable is measured as
0.0075 m whereas the actual radius given in the
question is 0.012 m.

The scale of the diagram is 7.5 : 12, or 15 : 24.

On the diagram, the measured value of the distance
of separation between the 550000 V and 564000 V
equipotential lines is 0.0015 m hence the actual
distance is (24/15) x 0.0015 m = 0.0024 m.

Therefore, near the surface of the wire,

|E| = §Vidx = (564000 — 550000)/0.0024 m)
=S89 x10°= 58% 10° ¥
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(iif) The electric field £ at the surface of the conductor is
directly proportional to its surface charge density .
E = aley where & is the permittivity of free space.
A cable with a larger radius has a lower surface
charge density ¢, since the charges are distributed
over a larger surface area.
Hence the electric field strength is weaker.

(f) The electric field lines near a cable of square cross-section

9

are shown in the figure below.

Electric  field lines (solid arrows) are always
perpendicular o equipotential lines (dotted). The surface
of the conductor is an equipotential line.

Electric field strength is greatest at the corners because
charges tend to accumulate at locations where the radius
of curvature of the surface is the smallest, i.e. al sharp
points (Gauss'’s Law).

With increasing distance from the cable, the equipotential
surfaces become increasingly circular hence the electric
Jield lines, being perpendicular to the equipotential lines
(dotted), become increasingly radial in direction.

(a) A transformer has a sinusoidal input of 7.3 pV r.m.s.
and an output of 535 pV r.m.s.

(i)  State the meaning of root-mean-square (r.m.s.).
(1]

(ify Calculate the peak output voltage. 2]

(ii)) Assuming this to be an ideal transformer,

calculate the turns ratio. (1]
NO4/TII/6 (part)

Selution

(a) (i) The root-mean-square value of an alternating current

(a.c.) is defined as the equivalent value of the steady
direct current (d.c.) which dissipates heat at the same
average rate as the a.c., in a given resistance.

(i) Vo= Vims¥2=(55 VN2 =77.78 =78 uV.

(iii) Ny/N, = V¥, = (55 pV)(7.3 uv) = 7.5.
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Transforimer

10 The diagram shows an iron-cored transformer assumed to be
100% efficient. The ratio of the secondary turns to the
primary turns is 1:20.

A 240 V a.c. supply is connected to the primary coil and a
6.0 Q resistor is connected to the secondary coil.

= i
- —— primary  secondary ]
240V = coll E 6.082
What is the current in the primary coil?
A 010A
B 0I14A
C 20A
D 40A NO2/1/27
Solution Answer: A

ViV, = NJN, = 1/20.
Ve=V,/20=240V/20=12V
L=12V/60Q=20A.

LI, = NJN, = 1/20,

I, = (1/20) I, = (1/20)(2.0 A) = 0.10 A.

11 The primary coil of a transformer is connected to an
alternating voltage supply. The secondary coil is connected
across a variable resistor.

Which change will cause a decrease in the p.d. across the
sccondary coil?

primary

secondary

&

s

=

A increasing the cross-sectional area of the secondary coil
B increasing the current in the primary coil
C  increasing the number of turns of the primary coil
D increasing the resistance of the variable resistor
NO03/1/24
Solution Answer: C

In a transformer, the voltage ratio V'/V,, = turns ratio N,/N,.

L

With primary voltage ¥V}, fixed, the secondary voltage can be
decreased either by reducing the secondary turns N, or
increasing the primary turns N,

17 Alternating Currents
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12 A 100% efficient transformer is connected as shown to a
sinusoidal a.c. supply.

primary coil
200 turns

secondary coil
1000 turns

a.c. supply 1000
What is the reading on the ammeter?
A 016A B 080A C 28A D 40A
NO07/1/33
Solution Answer: D

The secondary current /s = 80 V / 100 Q = 0.80 A.
]p/]s :Nst”Np
1:/0.80 A = 1000 /200

F=40A
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TOPIC 18
Photoelectric Effect

1 When electromagnetic radiation of frequency f falls on a
particular metal surface, photoelectrons may be emitied. The
graph shows the variation with f of the maximum kinetic
energy E of these electrons.

Which graph is obtained when the experiment is repeated
using another metal of greater work function energy?

first
experiment

first
experiment

0 f
N02/1/29

‘ solution Answer: I

1 =K B = b~ D.

\ ~wviding throughout by e, the equation becomes

i = (hle)f— Pie.

—znce a graph of stopping potential V; versus frequency [is a

crzight line with a gradient of (A/¢) and a negative y-intercept

21 (-Dle).

+hen work function energy @ is greater, the y-intercept -@/e

-zcomes more negative but the gradient A/e remains

—~changed since both the Planck constant A4 and the

: zmentary charge e are invariable.

2 Which graph shows how the energy E of a photon of light
is related to its wavelength A?

A B C D
: / El/ El/ EK
ol . 0 )
3 0 2 0 A 0 A

- A
NO3/1/28
~olution Answer: D
“=oton energy £ = hc/l where 4 is the Planck constant and 2
== wavelength of the radiation.
- zph of E vs. 4 is thus a rectangular hyperbola graph of the
— va l/x

¢ _uantum Physics
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Quantum Physics

3 Inthe photoelectric effect, light incident on a metal surface
causes electrons to be ejected from the surface.

Which statement is correct?
A Electrons are ejected only if the wavelength of the
incident light is greater than some minimum value.

B The de Broglie wavelength of the ejected electrons is
the same as the wavelength of the incident light.

C  The maximum energy of the electrons is independent
of the intensity of the incident light.

D The maximum energy of the electrons is independent
of the type of metal. NO6/1/28
Solution Answer: C

The maximum kinetic energy of the emitted photoelectrons is
given by the equation: K.E. ., = hf — @ where h is the Planck
constant, / the photon frequency and @ the work function
energy of the metal.

Increasing the intensity of the incident light merely increases
the number of photons arriving per unit time, but not the
photon energy or the work function energy of the metal,

Hence the maximum energy of the electrons is independent of
light intensity,

4 What is a reasonable estimate, to one significant figure, of
the energy of a photon of violet light?

A 4eV B 6eV C 3x10"7) D 5x10"7)
NO07/1/34
Solution Answer: D

The visible spectrum ranges from 400 nm (violet) to 750 nm
(red). The wavelength of violet light is approximately 400 nm
or 4 x 107 m.
Energy of a violet light photon is
E = hell
=(6.63x 10™Jsx3.00x 10°m s)/(4 x 107 m)
=5 x 152.]

5 The diagram shows a circuit used for photoelectric
emission experiments.

NN

[
]

The two electrodes E and F are made of different metals.
The work function of electrode E is @g, and the work
function of electrode F is @p.

Current-voltage (/-}) characteristics are obtained when
both electrodes are illuminated with monochromatic light,
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When the wavelength of the light is A, the -V
characteristic is as shown.

11 Iy

/,

P
-

v
(E positive)

When the wavelength of the light is A, the /-
characteristic is as shown.

Aq .Ir 4

.

v
(E positive)

[
]

Which line of the table relates the magnitudes of the
wavelengths and the magnitudes of the work functions?

wavelength work function
A Aqis less than Az ¢e is less than ge
B A is Iess\than Az ¢ is greater than ¢¢
C | Aiis greater than 2, Pe is less than g¢
D | A4 is greaterthan A, | ¢e is greater than ¢r
NO7/1/36
Solution Answer: D

The fact that light of wavelength 4, causes photoelectric
emission first means that its photons have a lower energy and
hence its wavelength 4, is longer.

The fact that the forward current flows first means that the
electrons start emitting from plate [ first (since current / flows
in the opposite direction to electron flow) hence F has a lower
work function.
6  The relation between the energy E of a photon and its
wavelength 4 is

i
where K is a constant.
When £ is measured in electronvolts and A in nanometres,
what is the numerical value of K?

KA

3.18x 107
3.18 x 10
1.24x 10
1.24x 10°

oDOwW

NO8&/1/21
Solution Answer: D
A photon’s energy E = hc/l, where h is the Planck constant
and ¢ the speed of light in vacuum. Hence K = Ac.
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1eV=160x10"1]; 1nm=10"m.

h=6.63x107*1s=(6.63x107/1.60x 10" eV s
=4.14x10%eVs

c=3.00x10°ms"
=(3.00x10°x 109 nm s =3.00x 10" nm 5™

K=he=414x10"eVsx3.00x 107 nm s
=124x10°eV nm

7 The graph shows the variation of maximum kinetic energy
E,ax with frequency f, for photoelectrons emitted from the
surface of a metal illuminated with electromagnetic
radiation.

0 £ f

m

The metal is replaced with one that has a smaller work
function.

Which line shows the variation of maximum kinetic
energy with frequency for the new metal?

&
Erax A B e D
O o
0 T f
NO9/1/36
Solution Answer: A

The equation is: Epg = if — &

where A4 is the Planck constant and @ the work function of the
metal.

The gradient of the graph, 4, is a constant and should remain
unchanged irrespective of the type of metal.

With a smaller work function, the graph will have a less

negative y-intercept and hence shift up (and to the left), with a
smaller threshold frequency f;, as well.
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8

A metal surface is illuminated with a beam of
monochromatic electromagnetic radiation.

What determines the maximum speed of the
photoelectrons that are emitted from the surface?

A the intensity of the radiation only
B the frequency of the radiation only
C the intensity and the frequency of the radiation
D the frequency of the radiation and the work function
of the metal
N10/1/35
Solution Answer: D

The maximum kinetic energy of emitted photoelectrons K£,,.x

hf — & where h is the Planck constant, /the frequency of the

ncident radiation and @ the metal’s work function. Thus
~zdiation with higher frequency and/or metals with lower work
“unctions will result in higher maximum photoelectron kinetic
nergy (KEma) and speed (Vimax) SiNce KEmax = YoMV -

Long Questions

'8 Quantum Physics

(a) State what is meant by the photoelectric effect and
describe how it provides evidence for the particulate
nature of electromagnetic radiation when it is
interacting with matter.

{b) State an equation to express the principle of energy
conservation as applied to the photoelectric effect.
Explain the meaning of all the terms that you use.
BQUATION +. ettt et e
LErmMS USEd «uuin e

(¢) Light of wavelength 3.82 x 107 m is incident on a
substance and electrons are emitted with a maximum
speed of 6.87 x 10° m s™'. Calculate the work function
energy of the substance.

Work function energy = ................. J [3]

(e) Show, with the aid of a diagram, what is meant by a
potential barrier. Discuss how the wave nature of
particles allows particles to tunnel through such a
barrier.

........................................................... [3]
NO7/111/7 (part)
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Solution

(a)

(b)

(c)

Photoelectric effect refers to the emission of electrons
from a cold and clean metal surface when electromagnetic
radiation of sufficiently high frequency is incident on it.

The fact that:

e  Only radiation of frequency above a minimum
threshold frequency can cause photoemission,

e The photoelectrons’ maximum Kkinetic energy is
dependent on the radiation’s frequency but not its

intensity, and

e There is no noticeable time lag between the arrival of
the radiation and the emission of the photoelectrons,

show that electromagnetic radiation arrives as discrete
packets of energy known as photons, which interact with
the electrons on a one-to-one basis.

The individual photon’s energy is proportional to the
radiation frequency / but not its intensity (£ = Af). If this
energy exceeds the metal’s work function, it will be
totally acquired by the electron instantaneously, and the
photoelectron wilt be emitted from the metal.

This provides evidence for the particulate nature of
electromagnetic radiation.

The equation is: KE, = hf — @

KEn 1s the kinetic energy of the most energy
photoelectron emitted from the metal surface.

I is the Planck constant (6.63 x 107 I s).

[is the frequency of the incident radiation.

hf represents the energy of the incident photon.

@ is the work function of the metal, i.e. the minimum
energy of the incident photon required for photoemission
to take place.

Radiation frequency /= ¢/4

=(3.00x 10° m s)/(3.82 x 107 m) = 7.8534 x 10" Hz.
Photon energy E = hf

=(6.63 x 10 1 5)(7.8534 x 10" Hz) = 52068 x 107 ]
Maximum kinetic energy K, = A

=14(9.11 x 107 kg)(6.87 x 10° m s =2.1498 x 107 J.
Work function energy @ = hf — KE .«

= 52068 x 10777 -2.1498 x 1077 J

=3.057x 107 =3.06x 10" ).
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10 (a) By reference to the photoelectric effect, state what is
meant by the work function of a surface. [1]
Light of wavelength 540 nm is incident on a metal
surface having a work function of 2.5 eV.
Determine whether electrons are emitted from the
surface. [4]
Explain whether your conclusion in (b) is affected by
the intensity of light incident on the surface. [2]
NIO/III/S

(b)

(c)

Solution

(a) The work function of a surface is the minimum energy of
the individual photons in the incident radiation on the
surface required to cause photoemission of electrons.

(b) The energy of the photon

E = he/d = (6.63 x 10°%)(3.00 x 10%/(540 x 10)

=3.683x 107 J=23eV

Since the energy of the incident photons (2.3 eV) is lower
than the work function of the metal (2.5 eV), no electrons
are emitted from the surface.

The intensity does not affect the conclusion if the
wavelength of the light remains unchanged.

Increasing the intensity merely increases the number of
photons incident on the metal surface per unit time per
unit area. If the wavelength remains unchanged and the
individual photon’s energy is still lower than the work
function of the metal, no photoemission takes place.

(©)

Wave-Particle Duality

11 Electrons
with velocity v travel through a vacuum and are incident on a
thin carbon film, as shown.

fluorescent

/ screen

carbon film

electrons
___9__.

The electrons produce a pattern of concentric circles on
the fluorescent screen.

What causes the pattern and which change to the pattern
occurs when the velocity v is increased?

cause change to pattem
A diffraction diameters of circles increase
B diffraction diameters of circles decrease
c refraction diameters of circles increase
D refraction diameters of circles decrease
NO8/1/35
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Solution Answer: B
The concentric bright and dark rings are due to the diffraction
of the matter wave of the electron beam, due to constructive

From de Broglie’s wave-particle duality equation, A = A/mv.
when the velocity v of the electrons is increased, the
wavelength of the matter wave decreases.

Using the diffraction grating formula d sin = ni, the angular
separation between successive fringes decreases.

Short Questions

12 A stationary nickel nucleus of mass 9.95 x 1072° kg emits 2
v-ray photon of energy 1.17 MeV.
(a) For the y-ray photon,
(i) show thatits wavelength is approximately 1.06 x
10-"m, [3]

(ii) calculate its momentum.

momentum = ............. N s [2]
(b) The direction in which the y-ray photon is emitted 1s
shown in Fig. 2.1. 4
y-ray photon
nickel nucleus —\O
Fig. 2.1
(i) On Fig. 2.1, draw an arrow to show the direction
of motion of the nickel nucleus after the emission
of the photon. [1]
(i) Calculate the speed of the nickel nucleus after the
emission of the photon.
speed = i ms™ {2}
(c) A second nickel nucleus that is moving emils a y-ray

photon. Suggest, with a reason, whether the angle
between the final direction of motion of the nucleus
and that of the emitted photon will be the same as that
in Fig. 2.1, {2]

NO5/12
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~olution 13 X-ray diffraction may be observed using a crystal as the
2 (1) 1ev=16x10"1 diffraction grating. Electron diffraction may also be
observed using a similar crystal if the de Broglie
1.17MeV = 1.17x 10°x 1.6x107° J=1.872x 107" J, wavelength of the electron is appropriate.
The X-rays have wavelength 2.4 x 107" m. For an electron
E = hf= heli to have a de Broglie wavelength of 2.4 x 10" m,
determine

1.872x 102 J=(6.63x 10** Js)(3x 10 ms™) /1
(a) the momentum of the electron,

2=1.0625x 10" =1.06 x 10"* m. MOMENtUIM = ...\veeeeeeenn Ns [2]
(ii) Momentum (b) the potential difference through which the electron
p=Hhai must be accelerated from rest.
=6.63x 10 Js/1.0625x 10" m potential difference = ..........oo.een vV 4]
=624x 107 Ns. N09/ITI/3
Solution

=) (i) The direction of the motion of the nickel nucleus is (a) Using de Broglie’s wave-particle duality equation, the
indicated in Fig. 2.2. momentum
The nickel nucleus moves in the opposite direction to p=hi=(6.63x10"%/(24x 10" =2.763 x 10" N s
that of the photon so that linear momentum remains
constant before and after emission (i.¢. zero). momentum =2.8 x 10* N s

(b) The kinetic energy of a particle:

E =p2m= (2763 x 1022 x9.11x 107 =4.19x 10" ]
y-ray photon

The gain in kinetic energy is also equal to the loss in
electric potential energy:

nickel nucleus
0 eV =E=4.19x 10" ]

V=(4.19x 10 D/(1.60 x 107 C)=26.19 V

Direction of " .
nickle nucleus potential difference = 26

The effect of the accelerating potential difference on the

cut-off wavelength (L) in the X-ray spectrum is shown in
Fig. 2.2 the Flash animation below (not to be confissed wilh the de
. Broglie wavelength of the electron).

(i) The momentum of the nickel nucleus has to be equal . B
but opposite to that of the photon in order that they Cut-off wavelength of X-ray spectrum dw = he/Ex

cancel out vectorially.

de Broglie wavelength of electron 4 = WN(2mEy

my=624x 107 Ns

(9.95x 10 kg) v=624x 102 N's

v=62724x%x10°=627x10°ms"

(]
—

The angle could be the same (i.e. 180°) only if the
nucleus’ initial momentum is collinear with the photon’s
momentum (either initially in the opposite direction, or in
the same direction but with a momentum lower than the
photon’s momentum).

Otherwise, in accordance with the law of conservation of
linear momentum, the nucleus will move in a different
angle to the emitted photon (i.e. not 180°) such that
momentum components perpendicular to the nucleus’s
initial momentum cancel out vectorially.

http://www.physics.com.sg/H2/X_Rays.swf
18 Quantum Physics 171 ‘A’ Physics Topical Paper (Nov.)




Long Questions

14 Qutline the experimental evidence that electromagnetic
radiation 1s

(i) awave, [4]
{ii) particulate. [4]
NO3/III/G (part)

Solution

(i) Young’s double-slit experiment  shows that
electromagnetic radiation behaves like a wave.

When coherent light waves pass through the two slits,
they diffract and their wavefronts spread out from both
slits. The spreading wavefronts interfere with each other.

At locations where the wave trains are in phase, their
displacements add up vectorially, according to the
principle of superposition, to produce a resultant wave
with double the amplitude and four times the intensiz:
These are the regions of constructive interference, also
known as maxima.

At locations where the wave trains are 180° out-of-phase
with each other, their displacements cancel vectorially to
produce a resultant wave with zero amplitude and
intensity. These are the regions of destructive
interference, alse known as minima,

At other locations where the wave trains are neither in
phase nor completely out-of-phase, the amplitude and
intensity are between the minimum and maximum.

The fact that electromagnetic radiation has phase
information and are able to undergo diffraction and
interference provide evidence for its wave nature.

(i) The photoelectric effect experiment shows that
electromagnetic radiation behaves like particles.

The photoelectric effect refers to the emission of
photoelectrons from a cold and clean metal surface when
electromagnetic radiation of frequency [ above the
threshold frequency f; is incident upon it.

When this condition is satisfied, the electrons in the metal
which interact with the photons will acquire the energy of
the photons and leave the metal surface with a maximum
possible kinetic energy K. E. . = Af — @ where [ is the
photon frequency and @ the work function of the metal.

If the radiation intensity is increased, more photoelectrons
will be emitted with the same K E. ,,.

The fact that only radiation of frequency above a
minimum threshold frequency can cause photoemission;
the independence of the photons’ maximum Kinetic
energy on radiation intensity; and the instantaneousness
of the emission show that the radiation arrive as discrete
particles known as photons.
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15 (b) Electrons can sometimes be assumed to be particles

and sometimes it is necessary to consider them having
a wavelength.

Describe briefly an example of a situation in which an
electron is considered as a particle and another exampls
where it is considered as a wave. [4]

(d} Some of the energy levels for an electron in a hydrogen
atom are —13.6 eV, -3.40eV and —1.51 eV. An electron
moving from one level to a lower level emits electro-
magnetic radiation. For one of these lower levels, the
radiation emitted is visible light.

(i)  State the equation relating the change in energy
AE to the wavelength A of the emitted radiation.

[1]

(i) Deduce the wavelength of the line in the visible
spectrum of hydrogen that results from electrons
moving between two of the energy levels quoted.

(4]
NO6/111/4 (part)

Solution
(b) Electrons are considered as particles in Millikan’s oil drop

(d)

experiment whereby they are used to determine the
magnitude of the elementary charge e. In this experiment,
each oil drop will have a specific number N of excess
electrons, resulting in a net charge Ne which could be
determined.

Electrons are considered as waves in the electron
microscope. The electrons, upon hitting the atomic lattice
of a target, undergo diffraction and interference producing
bright and dark patterns due to constructive and
destructive interference respectively. The ability to
undergo diffraction and interference is a property of
waves,

() AE=hcli.

where £ is the Planck constant and ¢ the speed of light
in free space.

(ii) For the hydrogen atom, visible lines can be seen only
in the Balmer series which involve transitions from a
higher level to n =12 (-3.40 eV).

For the three energy levels given, the only possibility
isfromn=3(-1.51eV)ton=2(-3.40eV).
The change in energy AE = he/2 hence,

A=hc! AE
=he/(-1.51 eV (-3.40eV))=hc/1.89 eV
=he/(1.89eVx1.60x10"7TeV™h
=hc/(3.024x 107 1)
=(6.63x 107 I 5)(3.00 x 10° m s7)/(3.024 x 1077 )
=6.58x 10" m

This wavelength 658 nm is in the red region of the
visible spectrum.
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The Lyman, Balmer, Paschen, Brackett, Pfund series
elc. are not explicitly mentioned in the syllabus. A
student who Is not familiar with these series can still
work out the above problem by trial and error, and
select the wavelength in the visible range (410 nm io
750 nm), as follows:

-1.51 eV io-3.40 eV : 638 nm (visible red)

-3.4010-13.6 ¢V : 122 hm (ultra violet)

-1.51 eVio-13.6 eV : 103 nm (ulira violet)
Line Spectra

16 An electron in an atom makes a transition from a state of
energy E, to one of lower energy E,.

Which of the following gives the wavelength of the radiation
emitted, in terms of the Planck constant / and the speed of

light ¢?
E,-E .
A 2 ] c he
he E,-E,
he  he 7o
B S 1 (.. N
£ E h(E,-E)
NO4/1/29
Solution Answer: C

The photon’s energy £ = hc/A hence A = he/E.

The photon’s energy is also equal to the difference between
the higher and lower energy levels across which the transition
takes place.

Hence £ =E, - E; = he/i and 1 = he/(E, — E)).

17 The diagram shows the first five energy levels of an atom.

Photons of electromagnetic radiation are emitted when an
electron falls from one energy level to a lower level.

Which transition corresponds to a photon with the greatest
wavelength?

A E;woE,

B Es;wE,

C E,toE

D E0F, NOS/1/29
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Solution Answer: D
The energy of the photon £ = /c/l where / is the Planck
constant, ¢ the speed of light in free space and 1 the
wavelength of the photon. The longest wavelength belongs to
the photon with the lowest energy.

Since the energy of an emitted photon is equal to the
difference in the energy level across which the transition takes
place, this also means that the difference in the energy levels
must be the lowest. The lowest gap is between E, and E;.

18 The diagram illustrates the electron energy levels, along
with four possible electron transitions, in an atom.

Which transition will produce a photon of wavelength 6.2

x 107 m?
A B c [i g
—1.6x 107
4
[ Y —4.8x107
energy/J

ground state 4 —16 x 107"
N07/1/35
Solution Answer: C

The energy of a photon of wavelength 6.2 x 107 m can be
found from the equation

E=he/A=(6.63x10"Tsx3.00x 10°ms")(62x 107 m)
=32x10™"]
The energy of an emitted photon is equal to the difference in
energy levels across which the transition takes place. In this
case the energy difference between the -1.6 x 107" J level and

the -4.8 x 10" I level is 3.2 x 107 J.

19 The diagram shows five energy levels of the hydrogen
atom, labelled in the unit of electron-volt.

-34

-13.6
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Which statement is correct?

A An atom in the level -3.4 ¢V can change levels by
emitting photons of energy 1.9 eV, 2.5 eV, 3.4 eV
and 10.2 eV.

B An atom in the level -3.4 eV can emit a photon of
wavelength 650 nm to arrive in the level -1.5 eV.

C An electron with energy 10.2 eV colliding with an
atom in level -13.6 eV can move it to the level -3.4
eV by losing all its kinetic energy.

D Most hydrogen atoms will be found in the level with
ZEro energy.

N09/1/37
Solution Answer: C
The hydrogen atom can only move between these discrete
levels. By absorbing all the kinetic energy of a 10.2 eV
electron, the atom can be excited from -13.6 + 10.2=-3.4 eV,

Statements A and B are incorrect because when an atom emits
a photon, its energy decreases and not increases.

Statement D is incorrect because most atoms are found in the
ground state (-13.6 eV), which is the lowest energy state.

20 The diagram shows five energy levels of an atom. Five
transitions between the levels are shown.

Yrvy

In the spectra below, the frequency scale is linear and
increases to the right.

Which spectrum best corresponds to the five transitions
between the levels shown above?

a T

s _ [ [ ]l

c ]Il |

o | | ] o

The convergence limit (where spectral lines converge) is
towards the high frequency end since the higher energy levels
are closer together. This leaves either answer B or D.
Additionally, the energy of the 2™ lowest energy photon
(labeled ‘2° below}) is closer to that of the lowest energy
photon (labeled ‘1’ below) than the highest energy photon
(labeled *5° below).

18 Quantum Physics

174

WWW.physics.com.sg
First Class in Physics Tuition

_Yi_
L ()

>

1 2 345
Increasing Frequency

e
A -

-
-

Short Questions

21 Fig. 4.2 shows some energy levels for the hydrogen atom.

~0.54 eV n=5
=0.85eV n=4
-1.51 eV n=3
-3.40 eV n=2
~13.60 eV n=1

Fig. 4.2

A line emission spectrum is produced when electrons make
transitions down to the n =1 state.

Show, using a suitable calculation, that this line spectrum
is mot within the visible region of the electromagnetic
spectrum. {51
NO4/11/4 (part)

Solution
The visible spectrum lies between wavelengths 2 = 410 nm
(violet end of spectrum) and A = 750 nm (red end of spectrum).

The energy of a photon E = ¢/l where / is the Planck constant
and c the speed of light in free space. Hence A = Ac/E.

The energy of photons emitted is equal to the difference in
energy levels across which the transition takes place.

The lowest possible energy transition is from» = 2 to n =1,
resulting in the emission of a photon with energy
E=-340eV—(-13.60eV)=102eVor1.632x 10"

(since 1 eV =1.6x 10" J).

Hence 1 = he/E

=(6.63 x 107 7)(3.00 x 105 m sH)/A(1.632x 107"* )

=1.2188 x 107 m or 122 nm,

which is shorter than the shortest visible wavelength 410 nm at
the violet end of the visible spectrum. In fact, 122 nm lies in
the ultra violet range.
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Photons emitted as a result of transitions from higher levels to missing from the absorption spectra, accounting for the
= = 1 will result in even greater photon energies. Since dark lines.
wavelength A is inversely proportional to photon energy F,
hese will result in even shorter wavelengths than ultra violet, (c) (i) Minimum wavelength corresponds to the maximum
~hich will definitely not be in the visible region. energy (£ = hc/l), which is due to the transition from
the highest excited state to the ground state.
Long Questions
he/l=0¢eV —(-13.6 eV)

22 (#) Explain how the existence of electron energy levels in =13.6eV
atoms gives rise to line spectra, which may be emission =13.6x1.60x 107
or absorption spectra, [4] =2.176 x 10" .

{c) Some of the energy levels in atomic hydrogen are

h - Fic. 6.1 A=hoE
SOTI Rl Bk = (6.63 x 107 Is)(3.00 x 10° ms™)/(2.176 x 107 J)
A 03{2'23“" =9.1406 x 10°®
8308V =9.14 x 10° m.
—1.518V
(il) The visible wavelengths are 411 nm, 435 nm, 488
-3.40eV
znergy nm, 638 nm.
A sketch of the emission line spectrum is shown in
the figure below.
-13.6eV

Fig. 6.1

(i) Calculate the minimum wavelength of the 11 nmA3S om 483 i P

radiation that could be emitted from atomic -
hydrogen [5] Violet Increasing Wavelength Red
gen.

(i) Sketch the pattern of the visible line emission
spectrum of hydrogen. This takes place when ~Uncertainty Principle
electrons fall to the —3.40 eV level. Mark the red
and violet ends of the spectrum. 31 Long Questions
NO3/III/6 (part) _
Solution 23 (d) A pulse of radio wave lasts for 1.0 x 107 s. A photon
b) Line spectra are produced when the atom is excited by an of the radio wave may be considered to be at a point

extermal source of energy such as collision with high anywhere within this pulse, although the location of
speed electrons or photons. the point is not known. Calculate

The atom gains energy from the colliding electron or () the length of the pulse,
photon, and is excited to a higher energy state.

lghsthiof palse= .. cosmnams m [1]
In the case of the emission line spectrum, the atom returns 3 o .
to the ground state, either directly or via intermediate (if) the uncertainty in the position of the photon,
energy levels, and emits a photon of energy equal to the L .
difference between the higher and lower energy levels uncertalnty m POSIHoNn = w..vusserssnares m 1]

across which the transition takes place. s ;

(iii) the uncertainty in the momentum of the photon,
Due to the fact that the atom’s energy levels are . 3
quantized, the energy and wavelength of the emitted UNGEREAIALTTE FHOEISRLUIL ™ cnpmn-annsne 3]

photons can only take on certain discrete values.
NO7/III/7 (part)

Solution

When passed through a diffraction grating, the radiation .
3 : ki ) () Length=cr

will be split up according to the equation  sin @ = nt
hence there are coloured lines only at certain angles,

i 8 o ool c TS = T
producing the emission line spectra. =(3.00x 10" ms")(1.0x 107 5)=3.0x 10" m.

- . . .. - 3
In the case of the absorption line spectra, those photons (i) Uncertainty in position Ax =3.0 x 10" m.
which’s energies are exactly equal to the difference

between the atom’s energy levels are absorbed and hence
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(iii) Apply Heisenberg’s uncertainty principle,
Ax Ap > B2
Ap = B(2Ax) = (h12n)/(2Ax)
=18x10¥kgms!

The uncertainly in momentum is at least 1.8 x 10™*
kgms™.

Schriodinger Model

24 The sketch graph shows how the wave function  of an
electron varies with position.

wn

| |

! ' dlstannce

Which graph, drawn on the same horlzontal sca]e, gives
the probability of finding an electron at each position?

A
probability | | ! P
A V\E i/\i
N TR s SR e R
! ;U :‘\/: distance
JL 1 3 1 1
probability | ! { ! '
A
B L e ford s
oL W NN >
i | | : | distance
Jk 1 1 1 1
probability | ! f !
5 S !
Ot 5l
‘ ! ! ‘ ! d:stawnce
J‘ 1 I 1 ]
probability E i E |
1 1 1 1
D N N
0 i/\ IT/\ -
| ; | distance
NO8/1/36
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Solution Answer; B
The probability of finding an electron at a certain position can
be deduced from the probability density function [y[>, which is
the square of the wave function v,

Both positive and negative parts of the wave function, when
squared, becomes positive,

The answer is B and not C because the square of sinusoidal-
shaped function is curved at the points it touches the x-axis, as
in answer B,

Answer C has the shape of a |y| function, rather than |y|*
The radial probability density function for a hydrogen atom in
its ground state is shown in the Flash animation below.

WAVE
MODE

Particle Mod
O Pl borle Wave - Particle Duality

® wave Mode (Hydrogen Atom)

P(r) P()= ; r2g-2ia

[ ;D(r)dr:
o

To find the probability of
detecting an eleciron within
a sphere of radius r, enter
= Aa

rfan

{ao is the Bohr radius 52.9 pm) |

© Physics.com.sg - First Class in Physics Tuition®
http://www.physics.com.sg/H2/Schrodinger_Model.swf
Interpretation of the above figure: the probability of finding an

electron within one Bohr radius (52.9 pm) from the centre of
the nucleus is 0.323.
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Barrier Tunnelling

25 An electron of energy £ is incident on the left-hand side
of a potential barrier of energy U. The energy U is greater
than E.

Which diagram represents the wave function of the

electron to the right of the barrier?
A

potential B potential

/ barrier / barrier
A

potential

/ sarrler

N10/1/34
Solution Answer: A
When the electron tunnels through the barrier, only the
amplitude of its wave function decreases due to there being a
lower probability of detection to the right of the barrier (as
orobability density is proportional to the square of the
srobability amplitude). However, there is no change in the
wavelength of the wave function since its kinetic energy
1*/2mi*) remains unchanged if the potential energy on both
zides are at the same level.

Long Question

26 (&) Show, with the aid of a diagram, what is meant by a
potential barrier. Discuss how the wave nature of
particles allows particles to tunnel through such a
barrier.

NO7/111/7(part)
Solution
2) A potential barrier is a region where the potential energy
U of a particle is higher than its total energy E, and where
the force exerted on the particle is such as to oppose its
passage through the region.

This is illustrated as the shaded region in Fig. 7.1.

Particle with total
mechanical energy £ [J

Potential energy barrier
__ .~ of height U and width ¢

AR it
a’///:,/
| 1y, Il
S
0 d
Fig. 7.1
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Classically, a particle with toml mechaicsl s =
which is lower than U will never be shie D pensme
through the barrier.

In quantum mechanics, however, particles are wezted ==
waves with a wave function y. The square of the wawve
function |y, its probability density, provides information
about the probability of locating the classical particle at
various positions and times.

Treating the particle as a wave, the Schroedinger equation
predicts that there is a nonzero probability that a particle
can tunnel through a barrier — a region in which £ < U and
the kinetic energy K is negative.

The probability that a particle of mass m peneirates
through to the other side of the barrier is represented by
the transmission coefficient T = e where d the width of
the potential barrier and k = N8 m(U — E)/I). Refer to
the Flash Animation below.

U (V)
A
6__
5_.
i--
I R —— I Particle
Energy 3.0 eV
2__
1 -+
s}
Al
§ fﬁ%’ ;J\I iR
[ ] ‘._&
%! (? 1 il ‘gj i e \"4 ;{N\ f\ 1’7'
RS S WY S TR Y 1w i
1L 7 1 do| es i oy v i
by ] iy
YRR
Wi ¥ iy
0.5 .nm 4 eV 0o eV
Barrier Width Barrier Height Right Level

© Physics.com.sg - First Class in Physics Tuition®
http:ffwww.physics.com.sg/HZ/Barrier_TunneIling.swf
The application of barrier tunnelling in the Scanning

Tunnelling Microscope (STM) is shown in the Flash
animation below.

)
)
ST

AP

CONSTANT CURRENT MODE

© Physics.com.sg - First Class in Physics Tuition®

http://www.physics.com.sngszcanning_Tunneliing_Microscope.SWf
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TOPIC 19

Basic Principles of Lasers

1 In a helium-neon laser, helium atoms collide with neon

atoms and excite them. This produces a population
inversion which allows stimulated emission.
Which neon energy level diagram correctly shows the
excitation of the neon atoms by the helium atoms, the
spontaneous infra-red emission from the neon, and the
stimulated emission of red light?

A B
l spontaneous emission l stimulated emission
excitation stimutated excitation spontaneous
emission emission
1
C D
spontar)egusl } spontaneous emission
emission
excitation stimulated excitation stimulated
emission emission
NO8/1/38
Solution Answer:; D
The excitation energy must bring the neon atom to the highest
energy state, so that subsequent emissions (whether

spontaneous or stimulated) can take place from there. This
leaves only either answer B or D as the possible choices.

The infra-red radiation emitted from the spontancous emission
has a longer wavelength than that of the red light emitted from
the stimulated emission. Therefore, the energy of the infra red
photons is less than that of the red light photons, and the
corresponding energy gap for the infra-red transition
(spontaneous) is lower than that for the red light (stimulated).
Therefore, only answer D is possible.

In the Flash animation below, the stimulated emission of red
light (632.8 nm) takes place between the upper laser level
(20.66 eV) and lower laser level (18.70 eV).

Neon 3s; lifetime 25 ns to 62 ns
pressure dependent (National Burcau
of Standards, USA 1969)

Highly Excited State
Metastable Level

{20.61 \:'\")’(%‘:}i . ———ifs (20.66 cV)
Helium 2'S lifetime -}L;‘:: ENe: oo B i
(20 = 2) ms. ° aser Emission 632.8 nm
(UC Berkeley 1970) — I
Lower Laser Level
(1870 ¢V}
@ @
&
— 2 = TRGC

Ground Sute

Slaft-:'g i

© Physics.com.sg - First Class in Pﬁ;éics Tuition®

http:/iwww.physics.com.sg/H2/Helium_Neon_Laser.swf
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Lasers and Semiconductors

2 The diagram shows some of the energy levels of helium
and neon. The energies of the levels are given in electron
volts. The elements are the major constituents in a laser
that emits red light.

helium neon

= -3.9768V

e 40316V E,———————— -4.0268V
E,————— -5.990eV

E, -12.190eV

ground

E -21.
y 21.568 eV

Which transition between the labelled levels gives rise to
the emission of the laser light?

A Es;to E, B Eﬁ to E; C Eg to E] D Esto E.
NI10/1/38
Solution Answer: B

The red laser light (632.8 nm) from the helium-neon laser is
due to transition between the 3s; (Es) and 2p, (Es) levels in
neon. To confirm this, a calculation can be performed as
follows:

hclh = AE = (BEg — Es) = (-4.026 —(-5.990)) x 1.60 x 1077 ]
A =033 nm (red)

Energy Bands, Conductors and Insulators

3 Which statement about conduction of electricity in solids
is correct?

A Free electrons are found both in the conduction band
and in the valence band.
B In a metal, there is large energy gap between the
conduction and valence bands.
C The presence of impurities in an intrinsic
semiconductor is used to increase its resistance.
D In an intrinsic semiconductor, electrons travel in the
opposite direction to holes.
NO7/1/37
Solution Answer: D
Holes behave like positive charges hence they travel in the
opposite direction to electrons under an applied electric field.

Answer A is wrong because free electrons are found only in
the conduction band. The valence band is completely filled
hence the electrons within the valence band are not free to
move to the higher occupied levels within the band.

Answer B is wrong because in a metal, the conduction and
valence bands overlap. The conduction band is partially filled
hence there is no band gap.

Answer C is wrong because impurities reduce, not increase,
the resistance of semiconductors.
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4  The diagram illustrates the upper energy bands in two
different classes of solid at absolute zero. The shaded
areas represent occupied electron energy levels.

solid X solid Y

band P

energy

What are bands P and Q, and what are the classes X and
Y of the solids?

| bandP | bandQ solid X solid Y
A conduction| valence [infrinsic semiconductor metal
Bjconduction| valence metal intrinsic semiconductor
C| valence |conductionfintrinsic semiconductor metal
D| valence |conduction metal intrinsic semiconductar,
NO7/1/38
Solution Answer: A

The higher energy band is the conduction band and the lower
energy band the valence band.

At absolute zero, the valence band in a semiconductor is
completely filled while the conduction band is empty. There is
2 band gap between the two bands.

On the other hand, for a metal, the conduction band is partially
filled hence there are plenty of empty energy levels for the
electrons to be excited to. Hence electrons flow freely in a
metal under the application of an electric field.

5 Which statement about the energy bands in an ideal
intrinsi¢ semiconductor is correct?

A The conduction band lies just below the valence
band.
B The number of electrons in the conduction band
equals the number of holes in the valence band.
C There is an energy gap of 5 eV to 10 eV between the
valence and conduction bands.
D There is a small overlap between the valence and
conduction band.
N09/1/38
Solution Answer: B

[n an intrinsic semiconductor, each electron in the conduction
band is excited from the valence band, leaving behind a hole
in the valence band.

Statement A is a reversal of fact.

Statement C is for insulators as semiconductors have band
zaps of around 1 V.

Statement D is for conductors.
19 Lasers and Semiconductors
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6 Energy levels in low-pressure gases are represented as
lines whereas in solids, the levels are shown as bands.
What is responsible for the formation of bands?

A Atoms in solids are much closer together than those
in gases.
B Atoms in solids are much denser than those in gases.
C  Solids are better electrical conductors than gases.
D Solids are not fluids but gases are fluids.
N10/1/37
Solution Answer: A

When the atoms are close together, their wave functions
overlap and the effect of Pauli exclusion principle (whereby no
two electrons in the solid can have the same energy state)
becomes pronounced.

Answer B is wrong because although solids are much denser
than gases, it is due to the atoms in solids being much closer
together than those in gases, rather than the atoms of solids
being much denser than those in gases,

Semiconductors
7 In the diagram below, the symbols + + + and — — -
represent the majority carriers in the p-type and n-type

sides of a p-n junction.

Which pair of diagrams illustrates how a p-n junction acts
as a rectifier?

conventional

1L4"-++++ curant l e no current
A voltage ©* p++++ - p
source R %
(] (— T n
conventional
+4 4+ current o
o pl +++ X p no current
B voltage PRI
source e
T‘* nl ——— = n
conventional
4+ + 4 current o+t
_ p| +++ S p no current
¢ voltage ot
source R
‘[ 154 e T* n
conventional
++++ | current L
.tk 3
p Vvoltage ©* Plaiiia = P
source FRE %
T“ ;1] p— n
NO8/1/37
Solution Answer: D

Under forward bias, the p-side is at a higher potential than the
n-side, and conventional current flows from p-side to n-side
due to the movement of majority carriers (holes from p-side to
n-side and electrons from n-side to p-side).

Under reverse bias, the p-side is at a lower potential than the n-
side, and the p-n diode does not conduct, There are movements
of minority carriers (holes from the n-side and electrons from
the p-side), but these are negligibly small.
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Short Questions

8 A junction is formed between slices of p-type and n-type
semiconductor material, as shown in Fig. 3.1.

n-type
material

p-type
material

Fig. 5.1

(a) On Fig. 5.1, draw an arrow to show the direction of
movement of electrons as the two slices are brought
into contact. [1]

(b) Describe the origin of the depletion region at the
Jjunction. [4]

(¢) On Fig. 5.1, draw the symbol for a battery, connected
so as to increase the width of the depletion region.
[
NO7/1/5
Solution
(a) The arrow indicating the direction of movement of
electrons is shown in Fig. 5.2 .

p-type
material

n-type

T material

Fig. 5.2

Electrons, the majority charge carrier in the n-type
material, diffuse over to the p-type material.

e
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(b) When the p-type and n-type materials come into contact,
electrons in the conduction band diffuse from the n-type to
the p-type material. At the same time, holes in the valence
band diffuse from the p-type to the n-type material.

The recombination of electrons with holes on both sides
give rise to a region depleted of electrons and holes,
resulting in a depletion region about 1 pm thick,

The absence of charge carriers in the depletion region
exposes fixed positively charged donor ions on the n-side
of the depletion region, and fixed negatively charged
acceptor ions on the p-side.

These region of immobile fixed charges set up an electric
field directed from the positively charged n-region to the
negatively charged p-region, thus preventing further
diffusion of charges in either direction.

(¢) To increase the width of the depletion region, the p-n
junction has to be in reverse bias. This means the positive
terminal of the battery applied to the n-type material, and
the negative terminal of the battery applied to the p-type
material. Refer to Fig. 5.3.

Reverse Bias
._= E.{_

pl--|3n

Cepletion zone
bcomes wider
Fig. 5.3

This change in width of the depletion zone can be seen in
the following Flash animation.

http:/fwww.physics.com.sg/H2/pn_Junction_Diode.swf
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9 By reference to the band theory of conduction, explain
why the electrical resistance of an intrinsic semiconductor
material decreases as its temperature rises.

You may draw a diagram if you wish.

................................................................. [4]
NO8/11/5
Solution
Refer to the Flash animation in Fig. 5.1.
E(eV)
CONDUCTION BAND

(A wgh vi&a%ﬂ f%& & ‘:é’e: :%; > s
——————————————— < -
_ s E

B o o o Fogf
Yafende gAnD

Temperature (K) 1000 .

_ D0NOR
Activate Dopant #ccerror

o NO TORANT

<

1.0 G.5
KE)

©® Physics.com.sg - First Class in Physics Tuition®

http://mww.physics.com.sg/H2/Band_Theory.swf
Fig. 5.1

An intrinsic semiconductor has a small energy band gap (£,)
(approximately 1 eV) between the bottom of the conduction
band (E¢) and top of the valence band (£v) band.

When temperature rises, more electrons in the valence band
are thermally excited, across the small band gap, into the
conduction band, leaving behind holes in the valence band.

The numerous empty energy states above the occupied states
in the conduction band enable electrons in the conduction
band to gain energy, when under the application of an external
electric field, and contribute to the conduction of electric
current.

Similarly, vacancies left behind (holes), which behave like
positive charges amongst the occupied states in the valence
band, also contribute to the conduction of electric current.

The increase in charge carrier density (both electrons and
holes) enables a greater current with the same potential
difference, hence reducing the resistivity of semiconductor.

When temperature rises, the Fermi-Dirac distribution function
(lefi side of Fig. 5.1) spreads out, resulting in an increase in
the probability of energy siates near the bottom of the
conduction band being occupied by electrons; and a
corresponding vacancy near the top of the valence band.
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TOPIC 20

1 In repeating Rutherford’s oi-particle scattering experiment, a
student used the apparatus shown, in a vacuum, to determine
n the number of a-particles incident per unit time on a
detector held at various angular positions 6.

detector

o -particles

thin gold foil

Which graph best represents the variation of n with &7

ik
A \ /
-170 -90 0 +90 170 6
n
B \ /\/— -
-170 -G0 0 +80 +170 &°
T
C
-170 90 0 490 +170 8°
D
-170 -90 0 490 £170 8°
+ NO2/1/30
Solution Answer: C

Rutherford’s alpha-scattering experiment demonstrates that
the atom is mostly empty space with a small but massive
nucleus at its centre.

Hence most of the a-particles will pass straight through
undeflected (6 = 07).

The count rate falls sharply to both sides of the straight-
through position (Answer C, and not gradually as depicted in
the normal distribution graph in Answer D).

2 Which equation correctly shows an o-particle causing a

nuclear reaction?

14

4 17 1
A 9N+ 7He —» gO + 1n

17 4 20 13 ¥
B 80-1- zHe—)9F+1p
c Mo+ Je—="B+3He
D 1‘,;1\2’ + ip -3 léC + ;He NO5/1/30
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Nuclear Physics

Solution Answer: B
An g-particle is a helium nucleus *,He hence the answer can
only be either A or B where *;He is a reactant.

However, the symbol of a neutron is 'gn and not 'n as depicted
in answer A, hence answer A is wrong.

3 Which diagram best represents the paths of ¢-particles
scattered by a gold nucleus?

Nk

NO6/1/29
Solution Answer: D
Both u-particles and the gold nucleus are positive charges, and
like charges repel.
The closer an a-particle is to the nucleus, the greater the
repulsive force it experiences (Coulomb’s law) and the greater
the degree of deflection.

4  Nuclei of atoms can exist in excited states. When an
excited nucleus returns to its state of lowest energy (the
ground state), a y-ray photon may be emitted.

The mass of a nucleus in its ground state is 59.9308 w. The
energy of the photon emitted when this nucleus returns

from an excited state to the ground state is 2.13 x 107 J.

What is the mass of the nucleus in the excited state?

A 599280«

B 59.9294

C 3599322 u

D 599337 u
NO7/1/40
Solution Answer: C

Energy of photon £ = Amc® where Am is the loss in mass and ¢
the speed of light in free space.

Am=El?=2.13x 10" 1/(3.00 x 10* m s)?
=2.36667 x 107 kg =1.4257x 107 u
The mass of the nucleus in the excited state is thus

59.9308 u + 1.4257 x 10™ u = 59.9322 u
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y
3 The nucleus Z has the notation xZ.
The mass defect of this nucleus is Am.

What is the binding energy per nucleon of the nucleus?

2 2
A Lm B Am c am 5 ¢ Am
X y X Y
N09/1/39
solution Answer: D

The binding energy of the whole nucleus can be found using
~instein’s mass-energy equivalence equation £ = Amc.

The number of nucleons in the nucleus is its nucleon number

Which pair of nuclides has nuclei containing the same
number of neutrons?
A 'WAgand "%Rh

B '9YAgand '$Pd
C '%pdand "% Ag

D ':Rh and '5Rh
N10/1/39
solution Answer; C
' the nuclide notation #;X, Z is the atomic or proton number
hile A the mass or nucleon number (proton plus neutron).
The number of neutrons = A — 7. For Pd it is 108 — 46 = 62
vhile for Ag itis 109 — 47 =62,

Short Questions

When an a-particle bombards a stationary nitrogen-14
nucleus, the following nuclear reaction may occur.

+ 9N + 3He — {0 + X

The rest masses of the nuclei are

N, 14.007525 u
sHe,  4.003860 u
20, 17.004507 u

X, 1.008142 u

(a) Identify the nucleus represented by the symbol X. {1]

(b) (i) Deduce that the change in rest-mass energy in
this reaction is approximately 1.9 x 10 1. [2]

(ii) By reference to energy, suggest how it is
possible for this reaction to occur. [2]
(iii) The oxygen-17 nucleus and the nucleus X move
apart after the reaction.
Describe the effect of this movement on your

answer in (ii). [2]
NO7/11/6
20 Nuclear Physics 183

Solution
H
(a) 1"* (proton).

(b) (i) The change in rest-mass in this reaction is
(17.004507 u + 1.008142 ) — (14.007525 u + 4.003860 u)
Am=1.264x 107 u
=1.264 x 107 (1.66 x 1077 kg) = 2.098 x 10 kg
The change in rest-mass energy

E=Amc® = (2.098 x 10°° kg)(3.00 x 10° m s7')?
=10z 16"

(ii) The combined rest-mass of the products is greater
than that of the reactants. This means that energy has
to be supplied to enable the reaction to occur,

The energy is supplied from the kinetic energy of the
a-particle, which is converted into mass through
mass-energy equivalence E = Amc”.

(iii) The fact that the products possess kinetic energy
means that the kinetic energy of the a-particle has to
be Ig}reater than the increase in rest-mass energy (1.9 x
1077 7).
The kinetic energy of the a-particle has to be equal to
1.9 x 1077 J + total kinetic energy of the oxygen and
proton after the reaction.

Long Questions

8 (a) An unstable nucleus of nucleon number (mass
number) 4 undergoes a-decay, as illustrated in Fig.
8.1.

stationary nucleus
nucleon number A

@

before decay

. Vv
after decay O &
daughter a-particle
nucleus
Fig. 8.1

The nucleus is stationary before the decay.
After the decay, the initial speed of the a-particle is V/
and that of the daughter nucleus is v.
(i) State an equation, in terms of 4, v and V, to
represent conservation of lincar momentum for
this decay. 2]
(ii) Show that the ratio
initial kinetic energy of a-particle

initial kinetic energy of daughter nucleus

is equal to (Y44 — 1). [3]
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(b) Data for the u-decay of bismuth-212 (*"¢;Bi)to form  (c) (i) The energy released is not purely in the form of
thallium-208 (***s,T1) are given in Fig. 8.2. kinetic energy of the daughter nucleus and a-particle.

% ; Some energy is released as y-radiation.
| nucleus mass of nucleus /u
' ! Gamma decay accompanies either alpha or beta-
bismuth-212 211.9459 i decay wherehy the product-nucleus’ energy is too
thallium-208 207.9374 high. The nucleus relaxes from the excited state in
helium-4 4.0015 i which it is first formed 1o a lower energy state, and
i — gives off the excess energy as gamma radiation.
Fig. 8.2 22 Bi — M 1% + 7 He + energy
(i) Use the data of Fig. 8.2 to calculate, to two MW Tk B Ty
places of decimals, the energy released during where the asterisk * refers to the excited state.
the decay.
CMOTEY = ovvernreereeinn MeV [4] (ii) The y-photon has a small but non-zero momentum (p
(i) Use your answer in (i) to show that, based on the = h/2 where h is the Planck constant and 1 the
expression in (a)(ii), the energy of the a-particle wavelength of the radiation).
is 6.42 MeV. [2]

(¢) In practice, the a-particle is found to have an energy The y-photon will likely move off in a direction that
of 6.10 MeV, rather than 6.42 MeV as calculated in is not collinear with that of the thallium nucleus and

(b)(ib). g-particle, carrying with it a component of

SUggeSt ' ) ) momentum perpendicular to the velocities indicated
(i) an explanation for the difference in energy, [l1] in this question.

(i) why it is likely that the thallium nucleus and the

a-particle do not move off in opposite directions. Since momentum must be conserved in the

Bl perpendicular direction as well, the thallium nucleus

NT0/I/8 (part) and «-particle cannot move off in opposite directions.
Solution
@ (i) 0=-d-dy+4V. Radioactive Decay
(i) From (i), V'=Ya(A —4)v. 9 Which line in the table describes the nature of e-radiation,
B-radiation and y-radiation?
Hence KE/KEgughier
= Va(4u)V* / VoA — 4y’ o-radiation [B-radiation yradiation
=412 [ (4 - 4y ) ) ;
= 4(Va(A — AW /(A - 4 A c.lcciron:; _ helium nuclei uncharged part%cles
= Yi(d - 4) B | helium nuclei e.Iecirons . uncharged particles
= (Ved - 1). C c.Eectrons ' helium nuclei | packets of_ wave energy
where # is the unified atomic mass constant (which is D}, belfumaucled Slegleon pEClesy of wayk cnerey
cangelled out on both sides of the equation). NO3/1/29
' Solution Answer: D
(b) (i) Change in mass Am u-particles are helium nuclei with the nuclide notation *,He.
=(211.9459 ) - (207.9374 + 4.0015) u B-particles are high speed electrons with nuclide notation *_je.
=0.007u Gamma-radiation is electromagnetic radiation which can be
=0.007 x 1.66 x 107" kg considered either as a wave or as being made up of photons,
=1.162x 107 kg which are packets of wave energy (answer D).
Photons can also be considered as particles with no mass and
E=Amc® no charge (answer C), but answer D is a more exact
=(1.162 x 10°2%)(3.00 x 10%° description of the photon.
= 1.0458 x 10 J
=(1.0458 x 107%)/(1.60 x 107%) MeV 10 Samples of two radioactive nuclides, X and Y, each have
=6.53625 MeV equal activity Ay at time t = (. X has a half-life of 24 years
=6.54 MeV (2 d.p.) and Y a half-life of 106 years.
The samples are mixed together.
Checking: 1 u = 931.4 Mev
Hence 0.007 1 = 0.007 x 931.4 = 6.52 MeV. What will be the total activity of the mixture at = 48 years’

Slight discrepancy due to the different number of

i
significant figures used for the constants. a 2 Ag
3
(11) KE:I/KELhaliium = (]/4A - ]) B 16 AO
=(¥%(212)—-1)=52 c La
Hence KE, = (52/53)(6.54 MeV) = 6.42 MeV. & o
3 =
D A NO3/1/30
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Solution Answer: D
48 years is two half-lives of nuclide X hence X’s activity has
decreased to (14)° or Yad,.

48 years is 3 half-lives of nuclide Y hence Y’s activity has
decreased to (%4)° or Vd,.

The total activity of the mixture is YAy + Y64 = Yed,.

11 The grid shows a number of nuclides arranged according to
the number of protons and the number of neutrons in each.
A nucleus of the nuclide gLi decays by emitling a B-particle.

What is the resulting nuclide?

4 A B
3 S | I 5L
number of 3 : 3
protons
2 3He | 2He cC | D
1] iH | 3H
0 1 2 3 4 5 6
number of neutrons
NO4/1/30
Solution Answer: A

“Li — %X +%e + energy.

The resulting nuclide X has 4 protons and 4 neutrons.

One neutron in the nucleus has transformed into one proton
and one electron 1()[1 — 1,p + 0_18.

12 The initial activity of a sample of a radioactive isotope
containing N, nuclei is A,

What is the number of unchanged nuclei when the activity

. Ag
has declined to 5 7

Ny
A 069N, C 5
0.6% N, D _N_o_

2 1.38 NO6/1/30

Solution Answer: C

Activity A is directly proportional to the number of unchanged
nuclei N (4 = AN) where 1 is the decay constant.

When the activity has declined to A2, the number of
unchanged nuclei has correspondingly decreased to Ny/2.

13 A graph of the natural logarithm of the activity 4 of a

radioactive source plotted against time is given.
7.5

7.09
6.5+
6.0
5.5+
5.04
4.5
4.0

In (A/Bq)

800~

time{year

T T T
0 200 400 600

What is the half-life of the source in years?
A 0.0044 B 160 C 400 D 860

NO7/1/39
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Solution
Activity

Answer: B
A= Ay exp(—At) = Ag exp((-In 2/ 73,)0)

Natural log both sides of the equation
Ind=1In 4y —(In2/ T\)1
The gradient of the graph is
-(In2/7Ty)=-(7.5-4.0) /800 =-3.5/ (800 yrs)
Ty, = 160 years

14 A detector of ionising radiation gives a background count
rate of 24 per minute.

A radioactive source is placed close to the detector and the
reading is 532 counts per minute.

What will be the reading after two half-lives of the

source?
A 127 B 133 ¢ 151 D 157
NO8/1/39
Solution Answer; C

The original true count rate is 532 — 24 = 508 counts per
minute. After two half lives, it falls to (‘/2)2 x 508 = 127 counts
per minute.

Adding back the background count of 24 counts per minute,
the reading is 127 + 24 = 151 counts per minute.

X

15 A nucleus of bohrium Y
255hﬁd X L

101 by a sequence of three a-particle emissions.

decays to mendelevium

bohrium ;Bh —dubnium + o
[—> lawrencium + o

I—» mendelevium 233Md + o

X
How many neutrons are there in a nucleus of ¥ Bh?
A 267 B 261 C 160 D 154
NO8/1/40
Solution Answer: C

X 255 4
yBh _ To:Md | 3 5He
X = 255 + 3(4) = 267.
y=101+3(2) = 107.

Number of neutrons in bohrium = 267 — 107 = 160.
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16 Which sample of nuclide has the greatest initial activity?

nuclide amount/mole half-life/day
A ZAc 0.003 10
B 2 Th 0.1 400
c 28Ra 0.6 2100
D 2Py 1.0 4800
N09/1/40
Solution Answer: A

Activity 4 = AN where 4 is the decay constant (1 =1In 2/ 7))
and N the number of nuclei.

Therefore, the nuclide with the greatest ratio of N/T), will have
the highest activity, which are, respectively for the four
answers: 0.00030; 0.00025; 0.00029; 0.00021.

17 Antimony-124 undergoes radioactive decay, with a half-
life of 60 days, to become tin-124. Tin-124 is stable.
Initially, a sample of antimony-124 contains no tin-124.

For this sample, after what period of time will the ratio
number of tin-124 nuclei

number of antimony -124 nuclei equal 67
A between 60 days and 120 days

B 120 days
C  between 120 days and 180 days
D 180 days
N10/1/40
Solution Answer: C

After one half-life (60 days), half the antimony has decayed
into tin hence the ratio is 1:1. After two half-lives (120 days),
there is only ' of the initial antimony left hence the ratio is
(3/4):(1/4) = 3:1. After three half-lives (180 days), there is
only 1/8 of the initial antimony left hence the ratio is
(7/8):(1/8) = 7:1. Therefore the ratio 6:1 is achieved between
120 and 180 days.
Exact Calculation
For the ratio bflin:antimony to be 6:1, there will only be 1/7
of the initial antimony left:

N = Ny exp(-In 2/T.,)¢

1/7 = exp(-In 2/60)¢
{ = 168 days
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Short Questions

L8 The nuclide Potassium-42 (}4921’{) undergoes radioactive decay

to become Calcium-42 {;‘éCa). A radioactive sample contains
Ny atoms of Potassium-42 and no atoms of Calcium-42 at
time r = 0. Fig. 7.1 shows the variation with time r of the

number NV of atoms of Potassium-42.

10K, s
4
i P
0.8 N,
06 A,
0.4 N,
0.2 N, B B H
H =t
% 5 10 15 20 25 30 35 = A‘;D
Fig 71 time {/ hours
(a) State the particles emitted in the radioactive decay of
Potassium-42. [1]
(6) Use Fig. 7.1 o estimate the half-life of Potassium-42.
(1]
(c) Calcium-42 is stable. Using the axes of Fig. 7.1, sketch
a graph to show the variation with time ¢ of the number
of Calcium-42 atoms in the sample. [1]
(d} By reference to Fig. 7.1, or otherwise, determine the
age of the radioactive sample when the ratio
number of Calcium-42 atoms
number of Potassium-42 atoms
is equal to 4.0. [2]
NO4/1I/7
Solution

(a) P particles ("je).

(b) 12.5 hours.

(c) The variation with time t of the number of Calsium-42"

atoms in the sample is shown in the figure below.

108,

N o

08N,

08 N,

04N,

0z N,

oo
o
3
&
8

25 30 35 40
time !/ hours
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) Let ¢ be the time when the ratio of Calcium-42 to
Potassium-42 atoms is 4.0.

The decay constant
2=In2/7,=In2/(12.5 hrs) = 0.05545 hr'".

(No— Nee™ /(N &™) = 4.0
1— 8-0‘05545 Thoes 4.0 e-0.055451
5.0 e-0,055451 =1
¢t =29 hours
Alternatively, from the graph, it can be seen that at 1 = 29

hours, the number of Calcium-42 atoms is 0.80 Ny while
that of Potassium-42 atoms is 0.20 N, a ratio of 4.0,

o B e e

3 19 The fraction of atoms of the isotope Uranium-235 in samples
of natural uranium ore taken from most parts of the Earth
at the prcsemltime is very similar. This fraction is
approximately 10

For the fission of Uranium-235 to occur continuously, the
fraction of Uranium-235 in natural uranium ore must be

y of . 1
' i approximately 75
. The half-life of Uranium-235 is 7.0 x 108 years.
m (a) Explain what is meant by
petch (i) isotopes, {21
mber (ii) fission, [2]
(] (iii) half-life. (2]
< the (b) Determine the time that has elapsed since the fraction
of Uranium-235 in natural uranium ore was %
I S hamnrammsmssmsnser s e YCaEs [8]
(c) At one location in Gabon, West Africa, the fraction of
21 § Uranium-235 in uranitem ore is now only 1 -
o p _ . 2300 7
= Suggest an explanation for this value. 1]
NO6/ML/7
solution
=) (i) Isotopes are nuclides of the same element with the
same atomic number but different mass numbers.
sium-42

(ii) Fission is a type of nuclear reaction in which a heavy
nucleus splits into fragments of comparable mass,
losing mass and releasing energy in the process.

(iii) Half~life is the expected time for half the remaining
unstable nuclei in a radioactive sample to decay.

'b) The decay constant 1 =1n2/ 7}, =9.902 x 10™% yr™",
N =N, exp(-41)
exp(-9.902 x 10" yr'' 1) = N / Ny = (1/140)/(1/20)

9.902 x 10" yr'' = In (20/140) = In (1/7)

t=1.965x 10° =2.0 x 10° years
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(c) A large fraction of the Uranium-235 might have been used
up in naturally-occurring underground fission reactions.

This could have occurred during the early formative years
of the Earth, when the fraction of Uranium-235 in natural
uranium ore was greater than 1/20 and hence sufficient to
sustain nuclear fission.

20 Strontium-90 is a radicactive nuclide.
(a) Explain what is meant by radioactive. [2]

(b) A sample of Strontium-90 has a mass of 2.40 x 10* g.
The average activity of this sample during a period of
1 hour is found to be 1.26 x 10° Bq.

(i) Define decay constant.

2]
(ii) Calculate the decay constant of Strontium-90.

decay constant = .................. 5 (3]
(c) Suggest why the determination of decay constant by
measuring the mass and activity of a sample can be
used only for nuclides that have relatively small
decay constants. [1]
NO&/II/6
Solution

(a) A nuclide is radioactive if it is unstable and may undergo
random and spontaneous disintegration, and structural
changes within its nucleus, to transform into another
nuclide. In the process, radiation may be emitted in the
form of either a-particles, B-particles, y radiation or a

combination of these.

(b)y () Decay constant is defined as the probability of a
radioactive nucleus disintegrating per unit time
interval,

(ii) 90 g of Strontium-90 contains approximately one
mole of Strontium atoms. Hence the number of atoms
in 2.40 x 10 g of Strontium-90 is:

N=(240x10%g/90 g) x 6.02 x 10" = 1.6053 x 10"

Activity 4 is related to the number of radioactive
nuclides by the equation:
A=AIN
where A is the decay constant of Strontium-90.
A=A/N
=(1.26 x 10° Bq)/(1.6053 x 10")=7.85x 105"

(c) The activity in radioactive decay is not a constant value,
but decreases with time as the number of radioactive
nuclide remaining falls.

However, if the decay constant 2 is small, then the half life
is long (since half life 7\, = In 2 / 1). Hence over a
relatively short time interval over which the activity is
measured (e.g. | hour as in this question), the activity 4
remains fairly stable, and can be assumed to be constant.
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Long Questions

21 (a) State the atomic composition of a single neutral atom
of the nuclide whose symbol is

e, (3]
{h) Define the terms
(i) decay constant,
(i) half-life [3]

(c) Explain why the random nature of radioaclive decay
makes it difficult to measure the values of the terms in
(b) to a high degree of accuracy. [2]

(d) Mecasurcments arc made of the activity of a specimen
of carbon from pieces of wood found in a fireplace at
an archaeological site. The specimen is found 1o
contain one Carbon-14 atom per 8.6 x 100 Carbon-12
atoms. In similar carbon from a modern fire the
concentration of Carbon-14 atoms is greater at one
Carbon-14 atom per 3.3 x 10'% Carbon-12 atoms. The
difference between these two figures is because
Carbon- 14 is radioactive and some atoms have decayed
over the years,

Calculate the age of the wood from the ancient fire.
The half-life of Carbon-14 is 1.8 x 10!! 5. Carbon-12 is
stable. [6]

fe)  The technique of dating described in (d} is difficult to
do accurately. This difficulty can be minimised by
using all the Carbon-14 atoms rather than just those
which happen to undergo radiovactive decay when the
dating is being carried out. Carbon atoms from the
wood can be ionised by removing one electron from
cach atom. They are then formed into a beam which is
passed through a magnetic field as shown in Fig. 5.1

"Cand §C
ions travelling at the
sime speedin  \EEIEIEEEESRLLL
avacuum  N\EEmsEmmEmEmEend STl detector

path of " Cions

fegio\n of magnetic
field upwards out
of the paper

Fig. 5.1

(i) Explain why the paths of the two types of ion are
different.

(iiy Explain why the three sections of each path
followed by the ions are straight, circular,
straight, and why there is no change in the speed
of an ton throughout.

(ii1) Suggest why this method of measuring the ratio
of Carbon-14 to Carbon-12 atoms is more

rcliable. 16]
' NO2/TIS
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Solution

(a)

(b)

(¢)

(d)

(e)

A single neutral atom of *,C has 6 protons, 6 neutrons
and 6 orbital electrons.

(i) Decay constant is defined as the probability of a
radioactive nucleus disintegrating per unit time
interval.

(iii) Half-life is the expected time for half the remaining
radioactive nuclei to decay.

Its unit is the second (s).

Since radioactive decay is random, it is not possible to
predict exactly which radioactive nucleus in a given
sample will disintegrate in unit time interval.

The result may fluctuate from measurement to
measurement.

For the same reason, the time taken for half the remaining
radioactive nuclei to disintegrate also fluctuates due to the
random nature of radioactive decay.

Sometimes it may take longer and sometimes shorter than
the expected time, making accurate measurements of half-
life difficult to achieve, especially for low count rates.

N=Ngexp (-1) = Nyexp (-(In 2/ T,)f)
(1/8.6 x 10" =(1/3.3x 10'%) exp (-(In 2/ 1.8 x 10" s))
1=2487x10"=25x10"s,

(i) The magnetic force provides the centripetal force
hence Bgv = mv¥/r, where B is the magnetic flux
density, ¢ the charge, m the mass, v the velocity and r
the radius of curvature of the carbon ions.

Rearranging the equation, » = mv/Bg. Since v, B and ¢
are the same for both ions, » a #i.

Carbon-14 has a greater mass than carbon-12 hence it
has a larger radius of curvature than that of carbon-
12.

(ii) Before entering the magnetic field and also after
leaving the magnetic field, there is no resultant force
acting on the ions.

There is no electric or magnetic field, and the vacuum
offers no resistance to the motion. According to
Newton’s first law of motion, a body in motion will
continue moving in a straight line with uniform
speed, provided no net external force acts on it.

Inside the magnetic field, a moving charge
experiences a magnetic force at right angles to the
plane containing the field and the charge’s velocity.
The direction can be found using Fleming’s left-hand-
rule. This magnetic force provides a centripetal force
causing the ions to move in a circle.
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non

Since this force is perpendicular to the ions’ velocity,
the resulting acceleration known as centripetal
acceleration is also perpendicular to the velocity. The
centripetal acceleration changes only the direction
but not the magnitude of the velocity.

(iii) This method measures the ratio directly, and the

22 (a)

{b)

fe

(d)

{e)

solution

2) (i)

random error is extremely small since the half-life of
Carbon-14 is very long.

On the other hand, the other method of measuring the
activity is subject to high random errors due to the
random nature of radioactive decay.

FFurthermore, there is background radiation which
needs to be taken into account and eliminated.

Some elements that are normally stable, such as lead
{(Pb), have isotopes which are radioactive. The nucleus

233; Pb is one such isotope of lead.
(i)  State what is meant by isotopes. 1

(i) Determine the constituents of a nucleus of Zé‘;Pb
from its nucleon number and proton number. [2]

A nucleus of 24aPb decays by B emission into TE
with a half-life of 27 minutes. This bismuth nuclide is
itself radioactive with an unusual decay pattern.
Sometimes it decays by o emission into tellurium (T1)
and sometimes by [} emission into pelonium (Po). Give

nuclear equations for these two decays of 2%;‘131. 4]

The two decay patterns of the 2%8& each give rise to
v ray photons. Suggest why each of these photons have
different energies. {2]
(i)  Without numerical values, sketch a labelled graph
to show how, starting with only Zé‘éPb nuclei, the
activity of the 21S%Pb changes with time. Do not
use graph paper. [1]
(i) On the same axes, sketch another graph to suggest

how the activity of the 2;3131 nuclei formed from

the Zéng nuclei changes with time. [2]

A sample of zéng has mass 2.6 pg at time ¢ = 0.

Calculate

(i) approximately how many atoms it contains,  [2]

(ii) its decay constant, (11
(iii) its activity at time ¢ =0, (2]
(iv) the time at which its activity has fallen to
8.3 % 109 Bq. (3]
NOS5SII/S

Isotopes refer to two or more nuclides that have the
same proton number but different nucleon numbers.

(ii) *"4Pb has 82 protons and 132 neutrons.

~ Nuclear Physics

The number of neutrons is obtained by subtracting
the proton number (82) from the nucleon number
(214).
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(b) MBI — nglTl + % He + energy

214

. 214 0
g3Bi — "7y Po + e + energy

(c) Gamma decay accompanies either alpha or beta-decay
whereby the product-nucleus’ energy is too high.

The nucleus relaxes from the excited state in which it is
first formed to a lower energy state, and gives off the
excess energy as gamma radiation.

The energy of the gamma ray photon given off is equal to
the difference in the quantum energy levels within the
nucleus across which the transition takes place.

Since thallium and polonium have different nuclear
structures, their nuclear energy levels are different. Hence
the energy of the gamma ray photons given off is also
different

(d)y (@

(i)

(e) ()

(i)

The labelled graph is in Fig. 5.1.

The activity of “*.Pb decreases exponentially with
time following the radioactive exponential decay
curve,

The activity 4 is proportional to the number of
radioactive nuclides N remaining (4 = AN where « is
the decay constant).

As the number of radioactive nuclides of ~"*i.Pb
decreases exponentially, so does its activity.

¥ N,
I ppia ~
¥ P
/ 5 i
e, ——

T i —t

Fig. 5.1

The graph for the activity of 2'*4;Bi is also in Fig. 5.1.
Initially there was no *"*gBi hence its activity starts
from zero.

As more "g;Bi are formed from *"yPb, its activity
increases.

However, over time, as the "4,Pb is exhausted and
the number of *"4;Bi starts decreasing as well, its
activity also decreases exponentially.

The mass of one *'*y,Pb is approximately 214 u =214
x 1.66 x 1077 kg = 3.5524 x 10 kg. Therefore, in
2.6 g, there are:

2.6x10°x 107 kg /3.5524 x 10% kg

=7.3190 x 10" =7.3 x 10" atoms
Decay constant

A=1n2/T,=In2/(27 x60s)=4279 x 10"
= 4 10T
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(iii) Activity

A=N=4279x 10" ¢ x 7.3190 x 10"*
=3.132x 10%=3:1x 10" Bq

(iv) A= Ape™

23 (a)
(b}

*(d)

fe)

83 x10°Bq=(3.1 x 10" Bq) exp(-4.279 x 10 §)
t= 13,840 s = 230 minutes

Define electric field strengih, [2]

Two parallel plates are separaled by a distance of
0.0080 m and have a potential difference between them
of 170V. Calculate the electrical force on a B-particle
travelling in the space between the plates. [3]

A B-particle is travelling with velocity 7.3 x 107 m 5!
at right angles to a magnetic field of field strength B.
Calculate the value of B that causes the same force on
the B-particle in (b). [3]

Draw a sketch showing how the two fields of (&) and
{c) may be arranged in order to give zero resultant
force on the beta particle, [2]

To illustrate the effect of an electric field on the paths
of ¢, B and vy radiations when travelling in a vacuum, a
book contains a diagram similar to Fig. 5.1.

a
T

radicactive source

Fig. 5.1

Explain why

*)

20 Nuclear Physics

(i)  no curvature of the gamma radiation takes place,
[1]

the paths of the o and 3 curve when in the electric

field, (2]

(iil) o and [ radiations curve in opposite directions, [1]

(i)

(iv) there is no need to consider the gravitational field
within which the particles are travelling. [2]

For the paths shown in (e), suggest

(i) two reasons why a pattern of tracks, such as that
shown in Fig. 5.1, is impossible to observe in
practice, [2]

why it is unlikely that, from a given source of
radiation, both alpha and beta particles have the
same speed. 2]

NO6/IIL/S

(1)
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Solution

(a)

(b)

(c)

(d)

(e)

The electric field strength at a point in an electric field is
defined as the electric force per unit positive charge on a
small test charge placed at that point.

The direction of the electric field is the direction of the
electric force.

The electric field strength between parallel plates E = V/d
where V' is the potential difference between the plates and
d the separation between the two plates.

E=Vid=170V/0.0080 m=21250 Vm' or N C"'

The electric force Fg acting on a (-particle (which is an
electron with a charge ¢ = —e = -1.60 x 107 ), is given
by:

F=gE=¢eE

=(1.60x 107 C)21250 NCH =34 x 10N
The magnetic force £y acting on a charge g moving with
velocity v at right angles to a magnetic field of flux
density B is given by:
Fy=Bgv=Bev=34x10°N
B(1.60x 107 C)(73x10'ms")=34x 10°N
B=2911x10"=29x10"T
The two fields can be arranged at right angles so that the
electric force f and magnetic force Fy are equal in

magnitude but opposite in direction, as shown in Fig. 5.2
below.

‘quE:ﬁE/d

+++++++++ +
xxjxu:i X
d ¥ K| ® X E

(i) Gamma radiation has no charge hence the magnetic
force acting on it Fg = Bgv = 0. With no net force
acting on the radiation, the photons will move in a
straight line with uniform speed (Newton’s first law
of motion).

(ii) o-particles are Helium nuclei with a net positive

charge of +2e. B-particles are electrons with a net

negative charge of —e.

Charged particles in an electric field experience an
electric force Fr = gk causing them to curve in a
parabolic path.

(iii) a-particles have a positive charge of +2e hence they
experience a force in the same direction as the electric
{ield; p-particles have a negative charge of — hence
they experience a force in the opposite direction to the
clectric field. Thus they curve in opposite directions.
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(iv) Due to the small masses of the particles involved, the
gravitational force is many orders of magnitude
smaller than the electric force and can be neglected
without much effect.

() (i) 1. Gamma radiation has very weak ionizing power
hence even when placed in a diffusion cloud
chamber, the tracks they create are hardly
visible.

2. The electric force acting on the « to f-particle
may be of the ratio 2:1 but the mass of the  to a-
particle is 1:7300.

Hence the B-particle’s acceleration is 3650 times
that of the o-particle. The curvature of the two
particles will be so different that it would be
impossible to observe their curvature in the same
photographic frame like in Fig. 5.1.

A similar question appeared in G.C.E. ‘A’ Level
Physics June 1991 Paper 3 Question 6(e).

(ii) For a given source of radiation, the energy of -
particles has a small variance, whereas that of f-
particles varies over a wide range.

Even though an a-particle typically has energy one
order of magnitude higher than that of a B-particle,
the mass of an a-particle is 7300 times that of a p-
particle. Therefore, the speed of w-particles is less
than that of B-particles, on average.

24 (a) Cobalt-60 is a beta-emitter.
A student has a sample of cobalt-60 inside a box. The
student defines the half-life of cobalt-60 as the time
taken for the number of nuclei inside the boux to
decay to one half of its initial value.

Stafe and explain one reason why this definition is
inappropriate.

(b) A mass of 4.3 x 107 g of cobalt-60 is found to have
an activity of 1.8 x 10° Bq.
Calculate the half-life, in years, of cobalt-60.
11212 21 s — years [4]
NO9/I1L/4
Solution
z) Radioactive decay is a random process. It is not possible
to predict exactly how many nuclei will decay per unit
time interval.

Half-life should be defined, based on the average of a
large number of samples, as the time when the expected
number of decayed nuclei is equal to half its initial value.

o) The mass of one cobalt-60 atom is approximately 60 «
(where u is the unified atomic mass constant). The
number of cobalt-60 atoms in 4.3 x 107 a:
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N=(43x107x 107 kg) / (60 u)
=(43x107x 107 kg) / (60 x 1.66 x 107" kg)

=4317x 10"

Activity 4 = AN where 4 is the decay constant.

A=1In2/T, where T\, is the half-life of cobalt-60.

A=(n2/THN

T,=NIn2/4=(4317x10")In2/(1.8 x 10°)

=1.662 x 10° s = 5.270 years

half-life = 5.3 years

25 (d) Some data for the half-lives and decay constants of

bismuth-212 and thallium-208 are given in Fig. 8.3.

|
J nucleus half-life / s t decay constant/ s™!
|
| bismuth-212 1.9 x 107
1
'L thalium-208 | 190 i 37x107°
Fig. 8.3

(i) Complete Fig. 8.3 by calculating the half-life of
bismuth-212.

(ii) Initially, a radioactive source contains N nuclei of
bismuth-212.
After two hours, it is found that the number of
bismuth-212 nuclei has reduced to approximately
VaN. However, although bismuth-212 decays to
form thallium-208, the number of thallium nuclei
is much less than %N,
Suggest an explanation for these observations.

(4]
N10/I11/8 (part)
Solution
(d ()
nucleus half-life /s | Decay constant / s
bismuth-212 3600 1.9x 107
thallium-208 190 3.7x 107

(i)

Half-life 7\, = In 2 / 1 where 1 is the decay constant.
T,=1In2/(1.9x 107 = 3648 = 3600 s (2 5.1

This is because thallium-208 is not stable but will
decay to form yet another daughter nucleus (lead-208

through B-decay).

el
28Tl — 5,Pb + % e + energy

Since the half-life of thallium-208 is much shorter
than that of bismuth-212, the rate of conversion of
thallium into lead is much greater than the rate of
conversion of bismuth into thallium.

This accounts for the very small amount of thallium
present after 2 hours.
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TOPIC 21  Data Analysis

1 Wind power can be used for the generation of electric power.
Fig. 8.1 illustrates one particular type of wind turbine.

rotor
generator blade
housing
hub
tower
Fig. 8.1

The wind causes the rotor blades to turn and these drive an
electric generator. The electric generator is situated in the
housing at the top of the tower, as illustrated in Fig. 8.2.

drive
shaft

drive
/ shaft

hub

generator
housing

Fig. 8.2

Some information provided by a manufacturer of wind
turbines is given in Fig. 8.3.

height of tower from ground to hub 56 m
rotor diameter 44 m
number of blades 3
nominal cutput 500 kW
voltage Gg0V
frequency 50 Hz

750 BB

outp;:(t vp'lower , ST

500 FrrHH
b4 SEESEN 2 H W ¥

250 :

0 3
6] 8 10 15 20 25 30
wind speedim s~

Fig. 8.3

One such wind turbine is built near a town. The local
newspaper reported that the wind turbine ‘could serve 200
homes’.

(a) Suggest reasons, one in each case,

(i}  why the manufacturer specifies a noeminal output
power for the wind turbine,

(i) why the report that the wind turbine can serve 200
homes is misleading. (2]

21 Data Analysis 192

{b) Determine the minimum height of the tip of a rotor
biade above ground level.

(c)

(d)

(e)

(1)

(i)

(iii)

(iv)

O]

(i)

heightizs. s TELE]
Use the manufacturer’s data to give values of
1. the maximum power output,

MAXIMUM POWET = .............. kW
2. the wind speed for this maximum power.

wind speed =....ccccc.... ms7[1]

Air of density p and speed v is incident normally
on a rotor of radius . The kinetic energy E of the
air incident on the rotor in unit time is given by

E=-nrivip.
The air has density 1.25 kg m™.

Calculate, for the wind turbine operating at
maximum oulpul power,

1. the kinetic energy of air incident per second
on the rotor {the incident wind power),

incident wind power =........... W

2. the overall efficiency of generation of electric
power.

EFRICIBNEY Sonmpusnmpn e [4]

In addition to the power usefully transformed in
the wind turbine, 10% of the incident wind power
is lost. Calculate the power of the wind after it has
passed through the rotor.

DOWEL = sz, W [2)

At high wind speeds, the turbine is ‘cut out’, that
is, the generator is no longer turned by the blades.

1. Use Fig. 8.3 to determine this cut-out speed.
cut-out speed = ... ms

2. Suggest one reason why it is necessary to have
a cut-out speed. 2]

State whether the generator produces direct
current or alternating current, explaining how you
came to your conclusion.

Calculate the nominal current from the generator.

CUTTENT = ooiireeveeeereeeen. A 4]

The wind turbine must be protected from lightning
strike.

(1)

(ii)

Suggest, with reasons, which part of the wind
turbine is most likely to be struck by lightning.

Suggest how the risk of damage by lightning mas
be minimised. (4]
NOV/ILE
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(d)

(e)

21 Data Analysis

The output power varies with wind speed.

The nominal value indicates the minimum power the
generator is capable of generating under favourable
wind conditions.

(ii) The generator output fluctuates with wind speed.
Although it might be able to provide sufficient power
under favourable wind conditions (2,500 W per
household), it may not be able to serve even one
household if there is no wind.

The length of a blade = radius of the rotor =22 m.
The minimum height =56 m—22 m =34 m.

(i) 1. 600 kW (peak of the graph).
2, 15msh
(i) 1. E=4%mivp )
= 1m(22 m)’(15 m s7)’(1.25 kg m™)
=3.207x 10°
=32x10°W.

2. Efficiency
=(600 x 10° W)/(3.207 x 10° W) x 100%
= 1871
=19 %.

(iii) 10% of the incident wind power
=10% x 3.207 x 10° W
=3.207x 10° W.

The power of the wind after passing through the rotor
=3.207x 10° W ~3.207 x 10° W - 600 x 10° W
=2.286 x 10°
=2.3x10°W.
(iv) 1. 25 m s (when the output power drops to zero).
2. After peaking at 600 kW with a wind speed of 15
m s™', the power output does not increase any
further with wind speed.
The cut-out reduces wear and tear of the
generator and gears as they may not be able
handle such high speeds of rotation.

(i) The generator produces alternating current.
It is stated in the question that the output has a
frequency of 50 Hz.

(i1) Nominal current = Nominal power / voltage
=500 kW /690 V
=725 A.

(i) The tip of the rotor blade when it is at the highest
position, above the generator housing.
Lightning usually strikes the highest point of a
structure and particularly sharp objects, such as the
rotor blade tip, due to high electric field around them.

(ii) Install a lightning rod on the generator housing with
an even higher and sharper tip than the rotor blade.
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The sharp tip creates a high electric field which
ionizes the air and relieves the potential build-up by
diverting charges to the ground via the earth wire
connected to the lightning rod

The large amount of energy released in a nuclear fission
reaction, together with the emission of more than one
neutron, has made it possible for neutron-induced fission to
be used as a source of useful energy.

When a neutron is captured by a Uranium-235 nucleus, it
causes the nucleus to fission. On average, 2.5 neutrons
arc emitted in these fission reactions. This is illustrated in

Fig. 8.1.
fission
product
o
neutron
. 2or3
O— @ \ neutrons

O fission
product

When the conditions are suitable, a chain reaction can occur.
If this chain reaction is not controlled, an explosion is likely.
However, if the chain reaction is controlled, as in a nuclear
reactor, a source of continuous power may be created.

{a} (1)

Fig. 8.1

Explain, with the aid of a diagram, what is meant
by a chain reaction.

(ii) Suggest why, in an uncontrolled chain reaction
where all neutrons are captured by Uranium-235
nuclei, the majority of the energy is released
during the final stages of the fission of a sample
of the uranium. (31

(b) The induced fission reaction of Uranium-235 may be
represented by a nuclear equation of the form

U+t — fP+5Q+ (2or 3)ln + 198 MeV,

The fission products P and Q have approximately equal
masses. However, when any two nuclei are fissioned,
the fission products may not be the same. If a large
sample of Uranium-235 is fissioned, many different
fission products will be produced. The percentage
amount of each fission product in the fissioned material
is referred to as the percentage vield. The variation
with nucleon number of the percentage yield of
different fission products is referred to as a ‘fission
yield curve’ and is illustrated in Fig. 8.2

(i) Suggest why the percentage yield is shown on a
logarithmic scale, (11
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(i) Use Fig. 8.2 to determine the nucleon numbers
of those fission products that have the same
percentage yield as the nuclide with a nucleon
number of 82. [2]

By refercnce to the nuclear equation, and your
answer in (i), suggest the nucleon number of
the nuclide that would be produced in the same
fission reaction as the nuclide with nucleon
number 82. [

Use Fig. 8.2 to determine the percentage yield of
fission products having nucleon numbers of 95
and 139. (1]

Hence show that the fission products in (iv) are
about 600 times more likely to be produced than
those having masses equal to each other. n

Thd energy released in the reaction in {b) occurs partly
as kinetic energy of the fission products (167 MeV) and
of the neutrons {5 MeV).

(i)

(iii}

(iv)

(V)

(c)

Suggest one other mechanism by which encrgy is
released in the fission reaction. 1]

In a nuclear power stalion, 25% of the encrgy
of the fission products is converted into electrical
energy. Calculate, for the fission of a mass of
1.0 kg of Uranium-235,

l. the number of nuclei in 1.0 kg of Uranium-
235, (21

31

the average power output, in megawatts, of
the power slation if the uranium is fissioned
in a time of 24 hours. (2]

(d) The fission products are usually radioactive and give
rise to a series of radioaclive decay products. Each
decay product has its own half-life. but cventually a
stable nuclide is reached.

(i)

the electrical energy generated,

21 Data Analysis 104
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Two such fission products with their decay products
and half-lives are shown below.

67 hour
i

2 x 10° year

931}10 4%‘}1“0 — i Ru (stable solid)
16 second 1.1 minute 13 day 40 hour
$Xe — Cs — 1®Ba — 'HPLa — '1Ce (stable solid)
Consider equal amounts of these two fission products.

Suggest why there are very different problems for the
storage of this nuclear waste. [3]
INO3/TL/8
Solution
(@) (i) A chain reaction refers to a series of reactions in
which one causes another to happen, and this goes on
continuously.
In the case of fission, the neutrons produced by each
reaction causes further neutron capture by other
uranium atoms. This in turn produces more neutrons
to cause further reactions.

(i) In an uncontrolled chain reaction, the number of
neutrons produced increases with each reaction
according to the factor (2.5)" where » is the number of
stages since the first reaction.

At the beginning, the number of neutrons available
for capture is small but this escalates to a tremendous
value towards the final stages, when there are a large
number of simultaneous reactions taking place at the
same time.

This causes a huge amount of energy to be released
during the final stages.

(b) (i) A logarithmic scale is used because the percentage
yields vary over a very wide range of many orders of
magnitude.

The logarithmic scale compresses the numbers to a
magnitude such that comparison within the same
vertical scale of the graph is possible.

(i1) 108,127, 152

All having a percentage yield of 0.08%.

(iii) 152.
The total nucleon number on both sides of the nuclear
equation must balance.
The total nucleon number of the reactants is 236
hence if one of the products has a nucleon number of
82, the other must have a nucleon number slightly
lower than 236 — 82 = 154.
The difference between 154 and 152 is due to the two
neutrons produced.

(iv) The logarithmic yield is 6.4%.
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(v) For fission products to have the same masses, the 3 Solar cells arc used in some appliances for the generation of

nucleon number must be around (236 — 2)/2 = 117 electrical energy. When light energy is incident on the
(the subtraction of ‘2° takes into account the surface of such a cell, an e.m.f. is generated between the
estimated number of neutrons produced). terminals of the cell. Connection of a resistor between these
For the nucleus with nucleon number 117, the terminals will result in a current and electrical power
percentage yield is 0.01%. dissipation in the resistor,

e 5 o ;
I Rs o (T =gy e The variation with output potential difference V of the

current [ from a solar cell may be investigated using the

2) (i) Electromagnetic radiation across the entire spectrum. clrentuol i 1.

One example is gamma radiation. . A

L -y
(iiy 1. 1.00kg/235u Iﬁﬁlfe”\
=1.00 kg /(235 x 1.66 x 107 kg)

=2.5634 x 10” \ solar /H/
sz 24
=2.56x 107" cell

2. Electrical energy generated by the fission

products (167 MeV per reaction)

=25%x2.5634x 10 x(167x 1.6 x 10 )

=1.7124 x 10" Fig. 8.1

=1.71x 10" J.

150
3. Power = energy/ time 1/ mA o

=1.7124x 10" 1/ (24 x 60 x 60 5) T

=1.9819x 10° 125

=1.98 x 10° W. T

4) Molybdenum **;;Mo decays fairly rapidly to Technetium 100 9

#,5Tc but * 4 Tc takes a very long time to decay hence it H
will be radioactive for many years. -
Although the reaction shows only beta emission (*;;Mo 78 f1
— #3Te + *e), beta emissions are usually accompanied o 1 T
by gamma radiation which is highly penetrative.
Therefore, *’;,;Mo has to be sealed up in lead containers 50 T
and buried for a very long time. 28
The Xenon "““,Xe series, on the other hand, has a much 25
shorter half-life. Even the longest, 0. La, has a half-life T
of only 40 hours. HHH

=)
2

By storing '**s,Xe in a lead container for around two 200 200 200 500 800

months, the activity will fall to less than a billionth of its Vimy

initial activity. The final stable product Cerium Mo e .

: : ; Fig. 8.2

can be discarded without container,
The ammeter has negligible internal resistance and the
voltmeter has a very high resistance. Light of constant
intensity is incident on the solar cell. The J/V characteristic
of one type of solar cell, when it is illuminated with a certair
intensity of light, is shown in Fig. 8.2.
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Determine the current from the solar cell for ar
output potential difference of 400 mV. {1

(a) (1)

(i)

Explain how the graph shows that the e.m.f. of
the solar cell is 550 mV. [1:
(1) Use your answers 1o (i) and (ii) to determine the
internal resistance of the cell at an outpul

potential difference of 400 mV. [2]
(b) (1

Determine the power dissipation in the load
resistor for point P on Fig. 8.2. [3]
(i) On Fig. 8.2, shade an area inat represents the
power dissipation calculated in (i). (2]

(¢} (i) DBy reference to your answer in {b)(ii), stale
whether the power dissipated in the load resistos
increases, stays the same, or decreases when the

current
1. increases from 30 mA to 100 mA,
2. increases from 125 mA to 135 mA. {2]

(it Hence, or otherwise, mark with the letter M the
approximate point on Fig. 8.2 at which the powet

dissipation Is a maximum. [1]

The solar cell is connected to a load resistor of

resistance 4.2 Q.

(d)

(i)  Fig. 8.3 is the same graph as Fig. 8.2.

On Fig. 8.3, draw a line to show the variation
with current / of the potential difference V across
the resistor. (2]

150
i/mA

125

100

75

50

oo

100 200 300 400 500 600

V/imv
Fig. 8.3

(i) The cell is illuminated with the same intensity of
light as before. The printed curve of Fig. 8.3 is the
17V characteristic of the solar cell. Determine the
power dissipation in the load resistor. 2]
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{e) A number of identical solar cells of a different type
each produce an output power of 75 mW at an output
potential difference of 0.50 V.

Each cell may be represented by the symbol shown in
Fig. 8.4.

Fig. 8.4

Draw suitable arrangements of solar cells so that the
cells may be used (o provide

(i) a power of 150 mW at a potential differcnce of

1.0V,
(i1} a power ol 150 mW at a potential difference of
.30V,
{(iii) a power of 300 mW at a potential difference of
1LOV. (4]
NO4/11/8
Solution
(a) (i) 130 mA.

(i) The terminal potential difference across the solar cell
V= E — Ir where E is its e.m.f. and r its internal
resistance.

When the current [ is zero, the potential drop across
the internal resistance (/r) is zero hence V' = F.

1t can be seen from the graph that when 7 is zero, "=
550 mV.

Hence £ =550 mV.

(iii) At an output potential difference of 400 mV, the
current is 130 mA.

V=E-1Ir
0400 V=0550V—-(0.130 A) r
F=1.1538Q=1.150
Power
P=1v

=(75x 107 A)(520 x 107 V)
=39x 107 W.

(b) (i)

(ii) The shaded area is shown below.
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w50 (e) (i) The arrangement for 150 mW, 1.0 V is shown in the
figure below.
i/mA
125 L M
100 3
| 4
75 : ERinaiee g (ii) The arrangement for 150 mW, 0.5 V is shown in the
: : : figure below.
50 :
EEE R
> X i
- a H
o B St : L
0 100 200 300 400 500 800
VimV

¢) (i) 1. Powerincreases (as area becomes larger). . ; ;
(©) (0 ( ger) (ii) The arrangement for 300 mW, 1.5 V is shown in the

W.
2. Power decreases (as area becomes smaller). figure below

(ii) The letter M is marked in the figure above.
The potential difference is 460 mV and the current
120 mA, producing a power of 55.2 mW.

(d) (i) The line is drawn in the graph below.

180
I/ mA =

125

100

75

25

oo

00 200 300 400 500 600
Vimy

The two lines intersect at 475 mV, 113 mA. The
power is 53.7 mW.
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21 Data Analysis

An object that is at a higher temperature than its
surroundings loses thermal energy by emitting electro-
magnetic radiation.

For loss of thermal energy as electromagnetic radiation, the
intensity [y of the emitted radiation of wavelength A varies
with wavelength A as shown in Fig. 8.1.

ot

NERDE -

0 1000 2000 3000 4000 5000 6000
A/nm

Fig. 8.1

Fig. 8.1 shows the variation of /; with A for the body when it
is at 1000 K. The distribution of intensity is different at
different temperatures. This is illustrated in Fig. 8.2.

T z T

=

A

VA
i

|

1

L=t L et

30C0
Fig. 8.2

o

b} 1000

4000 5000
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{a) (i) On the horizental axis of Fig. 8.2, indicate with
the letter V a wavelength that is in the visible
region of the electromagnetic spectrum.

(i1} Hence suggest why, at a temperature of 1100 K,
the object would glow with a red colour. [2]
(b) At any temperature 7, the graph of Fig. 8.2 shows

max and an

Data for T and A, are shown in

a peak corresponding to a wavelength A
intensity [

max’
Fig. 8.3.
TIK Apax/DIN
600 4830
700 4140
800 3610
900 3210
1000 2900
1100 2630
Fig. 83
(i) Without drawing a graph, show that

T % A ., = constant,

and determine the constant.

CONSEANLS wovieieieeiiiieiee s [3]

(i)

Hence determine the wavelength for maximum
intensity at a temperature T of 1 200 K.

wavelength = ... m [2]

{¢c) The total intensity of emitted radialion from a
particular body at temperature T is [ .. Fig. 8.4 shows
the values of 1g(7T/K) plotted against the corresponding
values of Ig(f,,, /W m™2).

} TT1ET 7 11 1T J.
22 [REHHEHEH i
20
& HH
1
g
5_1.9
= L
=
o
16 H
14 - -
12 :
;
%
1 HHHH AT
e 28 29 a4 2
& 1g(T/K)
Fig. 8.4
It is known that I, varies with T according to the
relation
_ThH
Ly =cT™,

where ¢ and n are constants.
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(d)

{e)

Solution

Use Fig. 8.4 to determine a value for .

(ii) For this body at 7= 900 K, [, is found to be 71

Wom2,

Use these data and your answer to (i) to determine
I . for the body at a temperature of 1200K.

e W2 [3]

tot

| A

Using your answer to (b)(ii) sketch, on Fig. 8.2, the
variation with wavelength A of intensity /; for a tem-
perature of 1200 K. (3]

The radiation emitted by a hot body may be used as a
means of determining the temperature of the body.

(i) Suggest and explain a property of the radiation
that could be used for this purpose. 2]

(i) Suggest one advantage and one disadvantage of
this method for measuring temperature. (2]

NO5/11/3

(a) (i) The wavelength of visible light ranges from 410 nm

LH

(violet) to 750 nm (red). One possible wavelength in
the visible spectrum will be 700 nm (red), indicated
with the letter V in Fig. 8.5 below.

i
HE R

N

=&
1
T
1
I

"
T
o

b W

K

vil

i

Fa
[=]
(=]
=

r -

BEDC

i

| AET)

o

1l
IR
‘HJ

T

i

et T | L e =

[\n
1Y

it

5000 6000

Afnm

\’_1000 2000 3000 4000

Fig. 8.5

(il) Referring to the curve for 1100 K, the intensity of the

(b) (@)

21 Data Analysis

longer wavelengths at the red end of the visible
spectrum (> 600 nm) exceeds those at the violet end
of the visible spectrum (<500 nm).

The longer wavelengths thus dominate, resulting in a
reddish glow.

The products of T X Amay for the six sets of data are
respectively:
2.898 x 10~ metre kelvin (m K),

188

(i)

(c) (M

www_physics com s

2.898x 10° mK,

2.888x 107 mK,

2.889x 107 mK,

2.900 x 10° mK,

2.893x 10° mK.

The values are the same up to two significant figures
(2.9x 10° m K).

The constant can be obtained by averaging the six sets
of values, and is equal to: 2.89 x 10° mK.

For T=1200 K,
TX Ao =2.89x 10° mK
Amax = 2410 nm
If I,y = cT", then,

log(/io) = log(e) + n log(7)

Comparing this with the equation of a straight line
graph y = mx + ¢ where y = log(/i) and x = log(7),
the gradient is » and the y-intercept is log(c).

Drawing a best-fit line through the points, the
gradient of the straight line graph
n=(222-1.00)/(3.05-2.74)

=1.22/0.31

=3.94 (Fig. 8.6).

22 [ F R F
iis H

S
St
HH 7 ‘
190 W m?) - : i
20 B I
18
18
14 -
1.2
wpi H HHHHE i i
1 o i EERRRRER LS O
27 2.8 23 3.0 3.
19(7/K)
io
Fig. 8.6

(i)

Substituting T = 900 K and 7, = 71 W m* into the
equation T = ¢7%, with n=3.94, ¢ = 1.63 x 10°"°.

Using the same equation for 7= 1200 K,
T = ¢T"=(1.63 x 1079(1200)*** = 220 W m™.
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(d) For a temperature of 7= 1200 K, the peak of the graph is

(e)

21 Data Analysis

at Ana = 2410 nm (as worked out in (b)(ii)).

The total area under the graph is also greater than that at a
temperature of 7= 900 K.

Hence the graph will have a maximum to the left of 900
K. The peak of the graph will be approximately three
times the height of the 900 K graph.

This is shown in Fig. 8.5 above,

(i) The thermometric property is the peak wavelength
Amax Of the electromagnetic radiation emitted.

The higher the temperature of the body emitting the
radiation, the shorter the peak wavelength 1,,..

(i) Advantage: No physical contact is necessary between
the body and the thermometer, so that temperatures
can be taken from a distance.

Disadvantage: At low temperatures of below 600 K,
the radiation is very weak making the peak very
difficult to detect and the thermometer highly
inaccurate.

In the first half of the last century, numerous experiments
were conducted to investigate the absorption and the
scattering of X-rays by matter.

It was discovered that when a monochromatic beam of
K-rays is incident on a light element such as carbon, the
scattered X-rays have wavelengths dependent on the angle of
scattering.

scattered photon

maomentum p,
energy £,

incident photon

y

momentum pi
energy £

electron
mass m, speed v

Compton (1923) assumed that the scattering process could
be treated as an elastic collision between an X-ray photon
and a ‘free’ electron, and that energy and momentum would
be conserved.

(a) Explain what is meant by a phofon. [2]

(b) The elastic collision between a photon and a stationary
electron may be represented as in Fig. 8.1.

200
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The incident photon has momentum p; and energy E;. The
photon is scattered through an angle 8 and, after scattering.
has momentum pg and energy Eg. The electron of mass m.
which was originally stationary, moves off with speed v at an
angle ¢ to the original direction of the incident photon.

(i)  Write down equaticns, in terms of py. po, Ej, E;,
m, v, @and ¢, that represent, for this interaction,

1. conservation of energy, [

2. conservation of momentum along the direc-
tion of the incident photon. [1]

(iiy Suggest, with a reason, whether the scattered pho-
ton will have a wavelength that is greater or less
than that of the incident photon. {3]

{c) In an experiment to provide evidence to justify
Compton’s theory, measurements were made of the
wavelength A of the incident photon, the wavelength
A of the scattered photon and the angle 8 of scatiering.
Some data from this experiment are given in Fig. 8.2.

A; /10712 m A /1072 m 8/°
191.92 193.27 57
153.30 154.65 57
965.04 966.84 75
Fig. 8.2
(d} In this experiment, the uncertainty in the measurement
of 0is £5°

Determine the value of cos 6, with its uncertainty, for
the angle 8=75° £5°.

{e) Compton’s theory suggests that the change in wave-
length AA is related to the angle 6 of scattering by the
expression

Ak =k(1 —cos B)
where k is a constant.

Experimental data for the variation with cos 8 of AL are
shown in Fig. 8.3.

(i) OnFig. 8.3, draw the best-fit line for the points.
1]

(ify State and explain two different ways by which the
constant k may be determined from the graph of
Fig. 8.3. [4]
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0 aassssEaniis :
T :
T AL/107%m b
! i
0
: BfjececsssEitic
EERENNRE
0 ]
E : :
T Ll
075 —0.50 =0.28% 0 Q.25 0.50 Q.75 1.00
cos 8
Fig. 8.3

(iii) Determine the constant k, with its unit, using one
of the ways described in (ii). 2]

(f/ For a carbon atom, the binding energy of an electron is
of the order of a few electronvolts.

Compton’s theory assumes that the electrons are not
bound in the atoms but are free.

Suggest whether, for 30 keV photons, this assumption
is justified. [11
NO6/11/8

Solution

(a)

(b)

21 Data Analysis

A photon is a quantum of electromagnetic radiation.

Electromagnetic radiation has both wave and particulate
properties, and a photon is the particulate representation
of the radiation, existing as a packet of wave energy.

Each photon carries with it an amount of energy £ = hc/k
where / is the Planck constant and 2 the radiation’s
wavelength.

() L7 E=E +v%m
2. pi= pscosf + mv cosd.

(ii) Greater.
The energy of a photon £ = e/l

After the collision, the photon loses some of its
energy to the recoiling electron. The photon’s energy
thus decreases and its wavelength increases.

In the first two measurements when the angle ¢ is 57°, the
change in wavelength is 1.35 x 107"* m even though the
incident wavelength /; is different.

In the third measurement, the change in wavelength is
1.80 x 10" m but that is due to the angle of scattering &
having changed to 75°.

201

(d)
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(s

Angle 6=75°+ 5° means that 0., = 70° and £, = 807
For @, = 70° c08 Oy = cos 70° = 0.34202.

For O = 80° cos G = cos 80° = 0.17365.

€03 0= (COS Bpax + €OS Oin V2 = 0.25784

Acos = (cos B — €08 Opin)/2 = 0.08419 = 0.08 (1 s.£)
cos 0=0.26+0.08

Note: For trigonometric functions, the uncertainty has (o

be derived from first principles and not by using
standardized relations like Acos 8/ cos 0 = A48/ 0.

(e) (i) The best-fit line is shown in Fig.8.4 below.
- T Jilil_]\\\lsc 1T T T T T 1 T
i T T SHRE
T 1!
AAI107Em T 1
e
4.0 H
"h o]
1 i
HH SRmmasiasmAEmmwE:
3.0 T
5 S, i TR
; ‘
2.0 T
— 1] X ] BX1 T3
1 b .5 S Sy EEEWS |
.0 1
I 1
R ReeEd EEEEsEEEs s Eues
-1.00 -0.75 -0.50 -0.25 Oo 0.25
Fig. 8.4
(ii) 1. One way to find k is from the gradient of the

()

graph.
The equation can be rearranged as

AL =~k cos 0+ k which is a straight line graph
of the form y = mx + ¢ where the gradient m = -k.

The other way to find & is from the y-intercept
where ¢ = k.

(iii) From the y-intercept, £ = 2.5 X 102 m.

The unit for & is the metre because the intercept is on
the y-axis, which has units of metres.

Taking into account the binding energy (£y) of electrons,
equation (b)(i)!. can be re-written as:

E-Eg=F,+ Yy

If ;=30 keV and £ only a few eV, then E; — £y is
approximately equal to E;, hence Eg can be ignored.

The assumption that the electrons are free is thus justified.
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When some substances are in the solid state, they exist as
positively-charged and negatively-charged ions arranged
in a cubic lattice, as illustrated in Fig. 7.1.

[ ] O [ ]
i i
/: /: /
O L [ ] + (e
i L t !
/l /I '
1 1
® i O,Q-“:—*”-.! S B
e Oy
v : |- i
@7 --}4---OX-{-r-- @Y
lll : 1/’ : :
lof LN
; ®- -0 --{---- @
L i A
Lo ®--1----0
e o) @
Fig. 7.1

A starting point for the understanding of lattice energies is
to consider the potential energy Ep between two ions X
and Y.

Fig. 7.2 shows the variation with distance r between X
and Y of Ep.

25

SR ey

Fig. 7.2

(a) (i) The gradient G of the graph varies with the
distance r. Show that, starting from the definition
of work done, for any value of » the magnitude
of the force F between X and Y is given by the
expression
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(ii) Suggest how Fig. 7.2 indicates that, for some
values of r, the force between X and Y is
attractive and, for other distances, the force is
repulsive.

(iif) Use Fig. 7.2 and the expression in (i) to
determine the magnitude of the force, in newton,
for values of the distance r equal to
Iy 2830 m,

fOr0e = spmeeivswins N 1]
2. 50x10"m
TOTCE S o e N [3]

(b) The variation with distance » of the potential energy
Ep may be represented by the expression

A B
E ﬁ-—_r'+?g,

where 4 and B are constants.

By reference to Fig. 7.2, state two features of the
force represented by the term B/#® in this expression.

(c) Fig. 7.3 shows part of Fig. 7.2, drawn on a larger
scale.

T s

Fig. 7.3
Thermal energy of the ions causes them to vibrate.
The ions have a total energy of -6.0 eV,
(i) Use Fig. 7.3 to determine, for these ions,
1. the values of r between which they vibrate.

minimum value of ¥ = ............. m
maximum value of ¥ = ... m 2]
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2. the kinetic energy of the ions at distance r =
3.5x 10" m.
kinetie. enersy = mummmmmmesmns eV [2]

(ii) State why, although the ions are oscillating, their
motion is not simple harmonic.

) s
: (d) By reference to Fig. 7.3, suggest why the dimensions Fig. 7.4

f the whole lattice increase as it is heated. ; ;
CERISERTS ! (b) 1. The force causes repulsion between the ions.

This is because the gradient of the graph of the
equation E = B/* is negative, hence F = -dE/dr is
............................................................. [3] i e

NO7/11/7

Solution The force is significant when the ions are very close

3 : : : : to each other, but decreases rapidly with distance.
a) (i) The incremental work done J}#¥ by a force F is the ]
@ @ Y This can be seen from the very steep gradient of the

product of the force and the incremental distance dr : 3 ;
ievid in thisdivention et the Erae graph of the equation E = B/ when the ions are
| close to each other.

oW =Fdr
! The two components of the £p vs # graph are segregated in

- 8 . v
The total work done by a variable force will thus be Big. 1. Incamberseanihabs/r is thesbauli Repulsian.

[aw=]Fdr ==
w=[Fdr il
2} The potential energy Ep is equal to the work done by RgEE
an external agent in bringing the two ions together all
= from infinity. The force exerted by the external agent
is opposite to that of the electric force. :
Hence, Ep= J Fdr =t - ;
Pk
F=-dEy/dr = -G , Coulomb Attraction (-Alr}
: Fig. 7.5
| ‘, =6
‘ (¢) (i) Referto Fig. 7.6.
(ii) Forr <2.8 x 10" m, the gradient dEp/dr is negative.
The force F = -dEp/dr is positive, indicating a O = ‘ T
. T 2 P 100m - 5
repulsive force. : 1 bafiis .
For r> 2.8 x 107" m, the gradient dEp/dr is positive. - S waam __; g
The force F = -dEp/dr is mnegative, indicating an E. T -

attractive force. jaV

(i) 1. At »=2.8 x 10" m, the gradient of the graph is
zero. Hence the force F =0 N.

2. Atr=5.0x10""m, the gradient of the graph is - i ‘ T 7 ,- : : ' BEEm
(6.0eVx1.60x10"77evHi8.0-3.00x 10" m)
F=19x10°N : :
Refer to Fig. 7.4. —1p Tt frihts :
Fig. 7.6
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I.  Minimum value of r=2.35x 10" m. 7 A serious hazard for fire-fighters is the explosion of
containers of ‘liquefied gas’ (butane) that have been
Maximum value of r = 4.25 x 10" m. heated in a fire. When the butane suddenly burns in an
explosion, the fire spreads very rapidly in the form of a
2. At distance r = 3.5 x 10" m, the potential spherical fireball of increasing radius that is at very high
energy of the ions is -7.1 eV. temperature.
Kinetic Energy = Total Energy — Potential Energy In order to study such fireballs, a series of experiments is
carried out. Some butane of volume 12.5 x 102 m® is put
=-60eV-(-71eV)=1.1¢V. in a sealed container and is then heated until it explodes.
The variation with time ¢ of the radius R of the fireball is
The motion is not simple harmonic because the force determined. The results are shown in Fig. 7.1. i
£ is not directly proportional to displacement # (in
fact the graph is not even symmetrical about the 20 :
equilibrium position at ¥ = 2.8 x 107" m). |
Since acceleration g = F/m, the acceleration of the 161+ : = H
ions is not directly proportional to displacement r. - ' z pus
This violates one of the two conditions for simple 128 o ]
harmonic motion (which is that the acceleration of T a5
the body must be directly proportional to its an gz 4
displacement from the equilibrium position). 8 =
(d) As the lattice is heated, its total energy increases. - §
4 u
The total energy of the ions intersects the graph at higher it +H
levels, as shown in Fig. 7.7.
. R 20 30 40 50 60
2Hers T T S e T T e tims
- ‘ : /10 ’m : Fig. 7.1
—2f (a) UseFig. 7.1to
E * =
eV e : HE s et e (i) describe, without any calculation, the variation
—a B S o e S ok with time of the rate at which the radius of the
i amam ANAaN duane shudl LIE e e fireball increases,
B e e B e e o s rmt [y e e
§ T
__6 o - i e > e 1 S I i = e e
e v a0 e e R [2] |
—aFh (ii) suggest why, in a room of length 12 m, width 5
i SaEees : m and height 3 m, such an explosion would be
— e, very hazardous. '
11+ o O 1 e 1
-10 ‘l_‘"‘{‘.‘_‘L 1 } I ‘ | Sl e e e s et R B R R R S e e

Fig. 7.7 .......................................................

As a result, the equilibrium position (mid-point) of the (b)

. . - It is thought that, for a fixed volume of butane, the
vibration becomes progressively greater.

radius R of the fireball varies with time 7 according to

: s 2 - . the expression
In Fig. 7.7, the equilibrium positions of four different

energy levels are shown: Ri= ki

TR E 10
Total Eneré_{y (eV) | Equilibrium Separation r (10" m) where n and m are integers and 4 is a constant.
-8.0 2.8
-7.0 3.0 Some corresponding values of Ig ¢ and lg R for the
-6.0 3.3 data in Fig. 7.1 are plotted on the graph of Fig, 7.2.
-5.0 3.7

1

With a greater equilibrium separation, the lattice expands.
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1.3

Ig {(A/m)

1.2

1.1

1.0 1.1 1.2 1.3 14 15 1.6 1.7 1.8
Ig (t/ms)

Fig. 7.2
(i) OnFig. 7.2,

1. plot the point corresponding to time ¢ = 40
s,

2. draw the best-fit line for all the plotted
points, (2]

(ii) Determine the gradient of the line drawn in (i)
part 2.

pradient = .. cosmesomseen 2]
(ii1) Hence suggest values for the integers n and m.
Explain your working,

FRH= i st st W [3]

" (c) The experiment is repeated using similar containers
but with different volumes of butane. The results are
shown in Fig. 7.3.

20

- H1 volume of
F - container / m3
: 5 ENNEEENERNAE EEERERES| A 12,5 1078
16 AR T i 1T 100 x 1073
mum ! LA 7.5 % 1073
Arm e S 5010
=T _'_, 3 =TT
1o PR 25 % 00
8 4 i
B £ a
4 EEmEmEEE
o BEEEE
0![] 1
o] 10 20 30 40 50 60

i/ ms

Fig. 7.3
Without drawing a further graph, show that, at time ¢
= 40 ms, the radius R of the fireball is related to the
volume ¥ of butane by the expression

R =cV,

where ¢ is a constant.
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(d) (i) The equation in (c) may also be applied to other
exploding gases.
Suggest one physical quantity on which the
constant ¢ will depend.

The data were collected for butane in a container
in a roorn.

Suggest one other situation where the theory
developed predicts a high level of hazard for fire-
fighters.

(i)

(1]
NO8/II/7

Solution

(a) (i) From O ms to 45 ms, the rate of increase decreases
with time (decreasing gradient). From 45 ms to 60
ms, the rate of increase is constant (constant
gradient).

(ii) With a length of 12 m, the fireball will take 25 ms or
less (depending on where it starts) to fill up the room,
leaving little time to react. With a ceiling height of
only 3 m and width of 5 m, the fireball is not able to
rise upwards and outwards, unlike those in open
spaces. The intense heat trapped in the room is unable
to dissipate quickly, and thus hazardous even to those
with protective clothing.

(b) (i) 1. The log form of the equation is
lg R=(m/m)lgt+ (1in)lg k
The x-axis co-ordinate is lg (40 ms) = 1.6.
The y-axis co-ordinate is interpolated between its
two nearest neighbouring points.
It is plotted as a cross within a circle (Fig. 7.4).
1.41:7 } e
ot £
ig (Arm) 15} ] i FHE
12 S
1.4 ERaaaay us =
off ’
m - A T
e SREEES T
i SEEIEAREERREAEREze e
09 - taeBas RARRNARE R
1.0 1.1 1.2 1.3 1.4 15 1.6 1.7 1.8
Ig (t/ms)
Fig. 7.4

2. The best-fit line is drawn in Fig. 7.4.

(i) The gradient is (1.245 — 0.925)/(1.80 — 1.00) = 0.40.
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(iii) Based on the log form equation in (b)(i)!1. 8 In order to study the sudden compression of a gas, some
dry air is enclosed in a cylinder fitted with a piston, as
lg R=(m/n)lgt+ (1/n)lgk shown in Fig. 7.1.

With lg R plotted as the y-axis co-ordinate and Ig ¢ cylinder
the x-axis co-ordinate, the gradient is m/n = 0.4,

= piston

The two smallest integers which’s ratio is 0.4 would
ben=>5and m=2.

All other variations, e.g. n = 10 and m = 4 or any
multiple of that, would simply be raising both sides
of the equation by an integer power i, including the
constant k.

The mass of air in the cylinder is constant. The material of
the cylinder and the piston is an insulator so that no
thermal energy enters or leaves the air.

The equation R = &' /' is reducible to R =k

Hence the suggested values are n =35 and m = 2.

The volume and pressure of the air are measured. The
piston is then moved suddenly to compress the air and the
new volume and pressure are measured.

(c) That ¢ is a constant can be proven by tabulating the values
of R*/V for the 5 data points at ¢ = 40 ms.

['Volume ¥V (m") R (m) c=R/V (m’) a5 . - N
125x 107 14.5 513 x 107 iESisseaes e e
10.0x 107 13.9 5.19x 10 pEIERS : i
5% 107 13.1 5.14x 10’ a0
50x 107 12.1 519x 10 BERVAE
2.5x 107 10.5 5.11x 107 = i ‘ T

30 : : 2
For all five sets of reading, the value of ¢ (=R*/F) lies X : . Hi
between 5.1 x 107 and 5.2 x 10’ =+ ESNEE: +
20 5 ‘ i
Within the limits of experimental error, ¢ is a constant. e SEEEEE
(d) (i) Density of the liquefied gas. 1015 ; : : o T
If the constant ¢ contains density within it, the density T EEREEREEY ‘ REERNRERREREY
multiplied by volume V will determine the mass, and 0= - -
hence number of molecules available for reaction. b e 122 b e 20 e
vi1o3m?

(ii) Even in an open space, the force of explosion could Fig. 7.2
hurl fragments and objects at high speeds over large
distances. It may be assumed that the dry air behaves as an ideal gas.
Acc()rd[ng to Newton's second law of motion, (a) By COHSidCFiﬂg the air at volume 2.0 x 10-3 l’.[l3 and at
resultant force is proportional to rate of change of volume 8.0 x 10 m’, and using the equation of state
momentum. The expansion takes place in for an ideal gas, show that the temperature of the air
milliseconds, hence the rate of change of momentum increases when the air is compressed. [3]
is very high.

(b) It is thought that the air in the cylinder obeys a
relation of the form

pV7 = ¢

where y and ¢ are constants.
Explain how the relation may be tested by plotting a
graph of lg p on the y-axis against Ig J on the x-axis.
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(¢} Some data from Fig. 7.2 are used to plot the graph of
Fig. 7.3.

5.6

il R T

55

Iy (p!Pa)

T 54

5.3

5.2

51

3.0 -2.8 -2.6

g (V/m®)

Fig. 7.3

(i) Use Fig. 7.2 to determine lg (p / Pa) for a volume
Vof 1.00x 107 m’.

18:(p £ Pa) = ssosmmmmassnos wnasmmrcn [1]
(ii) On Fig. 7.3,
1. plot the point corresponding to V"= 1.00 x J?
3
m’, (1]
2. draw the line of best fit for the points. [1]

(iii) Use the line drawn in (ii) to determine the
magnitudes of the constants y and ¢ in the
expression in (b).

1 (4]

(d) Fig. 7.4 shows the variation with volume V' of the

thermodynamic temperature 7 of the air.

550

T T ! AEAREEES

500
THK 1

450

400

350

T JIL‘

I

0.5 1.0 1

&
r
=]

Fig. 7.4
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The compression ratio for the air in the cylmder ==
given by the expression

volume of gas before compression
volume of gas after compression

By extending the line of Fig. 7.4, estimate the final
temperature of the air for an initial volume of 2.00 x
10° m® and a compression ratio of 3.85.

temperature =

(2]

(e)

When a firework explodes, the powder in the firework
burns rapidly to produce a small volume of gas at
high temperature and pressure.

Use Fig. 7.4 to explain why the temperature of the gas
falls rapidly.

NO9/11/7
Solution
(a) In the ideal gas equation of state, the product of the
pressure (P) and volume (V) of an ideal gas is directly
proportional to its thermodynamic temperature (7).

pV=nRT

At volume 2.0 x 107 m’, the pressure of the air was 1.0 x
10° Pa hence p¥ =200 J.

At volume 8.0 x 10 m’, the pressure of the air was 4.0 x
10° Pa hence pV' =320 J.

The product pV has increased from 200 J to 320 J, hence
the temperature has increased.

(b) By taking the logarithm of both sides of the equation,
lgptylgV=lgec
lgp=-ylgV+lgc

If the relationship holds, then this graph will be a straight
line with the equation in the form:

y=mx+tc
where the gradient m = -y and y-intercept Ig c.

(i) From Fig. 7.2, when volume /"= 1.00 x 10° m’, the
pressure p = 2.6 X 10° Pa

(©)

lg(p/Pa)y=541
(i) 1.When =100 x 107 m’, Ig (V¥/ m’) = -3.0.

2. The best fit line is shown in the figure below,

‘A’ Physics Topical Paper (Nov.)



5.6

55

| lgip/Pa)

54

53

5.2

= 1 5.0
-3.2 -3.0 -2.8 286

g (Vim®)
(iii) The gradient
-y =(5.0-5.6)/(-2.69 — (-3.12)) =-0.6/043 =-1.4

Substituting y = 1.4 into the equation, using the data
point (-2.69, 5.0),

50=-14(-2.69)+1g ¢
lec=1.234

c=17

(d) For a compression ratio of 3.85, the final volume of the
airis 2.00x 10° m*/3.85=519x 10" m’,

The extended line is shown below.

550 T

500
TIK

450

400

350 a

300 .
0.5 1.0 15 2.0
V710 m?

temperature = 530 K
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(¢) The high pressure causes the gas to expand rapidly under
adiabatic conditions, since there is no time for heat
exchange between the gas and its surrounding.

Applying the first law of thermodynamics, the decrease in
internal energy is equal to the work done by the gas in
expanding.

From Fig. 7.4, the temperature decreases when the volume
of the gas increases.

9  Thermal conduction is the transfer of thermal energy
(heat) through a substance with no overall movement of
the substance.

(a) Fig. 6.1 shows a solid metal rod of length about 50
cm that has one end maintained at a temperature of
100 °C using a bath of water.

metal rod

b
/

at 100°C

bath of water =

Fig. 6.1
The rod is in a draught-free room. The apparatus is
left until the temperature at any point along the rod
does not change. Fig. 6.2 shows the variation of the
temperature @ of the rod with distance x from the bath

of water.
100 Frrer

[

xfem
Fig. 6.2
Use Fig. 6.2 to determine the temperature of the rod
at a distance x of 17.5 cm.
PTG = s s ssnsn °C [1]

(b) The rod in (a) is shortened and placed between two

baths of water, as shown in Fig. 6.3.
17.5¢cm

e TS gy

insulation

bath of water
at100°C

bath of water
at 45°C

metal rod

Fig. 6.3
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(c)

(d

21 Data Analysis

The baths of water are maintained at temperatures of
100 °C and 45 °C. The length of the rod between the
baths of water is 17.5 cm and the rod is surrounded
by insulation. The apparatus is left until the
temperature at any point along the rod does not
change. Fig. 6.4 shows the variation of the
temperature @ of the rod with distance x from the
hotter bath of water.

100 e Eenss RE SR AWE Y EEmEERRmna
T T
‘: T W H
1t ]
:
: ot I
80 - ! Ho
B I £ H
6/°C nE
80
70 : ! ' s
T ‘f 4
60
50
40
i i
i HiT
i T T T T T In|
sofEE R e e T
0 5.0 10.0 150 20.0 25.0
xfem

Fig. 6.4
(1) The insulation on the rod is perfect. State the
relation between the rate at which thermal energy
enters the rod at 100 °C and the rate at which it
leaves the rod at 45 °C. [1]
(ii) Use Fig. 6.4 to determine the rate of change of
temperature with distance along the rod (the
temperature gradient). Give your answer to an
appropriate number of significant figures.
Temperature gradient = ............ °Cem”  [2]
(iii) State why, for any value of x between 0.5 cm and
. 17 em, the temperature, as shown in Fig. 6.4, is
" higher than that shown in Fig. 6.2. (1]
A student thinks that the temperature 0 of the
insulated rod in (b) may be inversely proportional to
the distance x along the rod. Show, without drawing a
graph, that the proposal is not correct. 2]
A second student thinks that the temperature ¢ of the
non-insulated rod in (a) depends on the excess
temperature of the rod above its surroundings.
Furthermore, the student thinks that the excess
temperature reduces exponentially with distance
along the rod.
In order to test the proposal, the student measures
room temperature and then calculates the excess
temperature &g and In(@/°C) for different values of x.
Fig. 6.5 shows some data for x, , 05 and In(6g/°C).
room temperature = 20 °C

www.physics.com.sg
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xlem i ar°c 0l°C In (6e/°C)

0 100 80 4.38

2.0 90 70 ; 4.25

5.0 i 77 ‘

8.0 87 _ a7 3.85 |
12.0 56 36 3.58
15.0 LE] 7 29 3.37 |
17.5 45 : 25 322 i
20.0 41 ! 2 3.04
25.0 35 } 15 i 2.70

Fig. 6.5

(i) Complete Fig. 6.5 for the distance x = 5.0 cm.
(1]
(ii) Fig. 6.6 is a graph of some of the data of Fig. 6.5.
4.5 ™ T -

il =T HHH

i

T

In(9/°C)

30 =g ; e EEE: !

il

5.0 =T0.;) i‘.b 20:2‘1‘/(;;25.0

Fig. 6.6
Complete Fig. 6.6 using your data for the
distance x = 5.0 cm. m
It is proposed that the excess temperature g
changes with distance x according to an
expression of the form

65 =0 e’

where 0, and u are constants.
Explain why the graph of Fig. 6.6 supports

| Bwwa

25+

—

&

this proposal. 3]
3. Use Fig. 6.6 to determine the constants

and u.

6'0 s e °C

L= oo cm™ 131

(e) The material of the rod in (a) is a metal. A similar
rod made of wood replaces the metal rod, under
the same conditions.

On the axes of Fig. 6.2, sketch a graph to show a
possible variation with distance x of the
temperature ¢ of the wooden rod. [2]

N10/1L/6
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Solution
(2) From the graph, temperature at x = 17.5 cm is 6 = 45 °C.

(b) (i) Equal (since the rod is insulated).

(if) Temperature gradient
= (45 -100)/(17.5)
=(-65)/(17.5)=-3.1°C em™",

(iii) The metal rod in Fig. 6.2 is a good conductor of heat
and since it is not insulated, there is heat loss through
its surface. The metal rod in Fig. 6.4, on the other
hand, is insulated hence there is no heat loss through
its surface. It is thus able to maintain a higher
temperature at all points along its length,

(¢) When the distance x tripled, e.g. from 5 cm to 15 cm, the
temperature did not correspondingly fall to a third from
84 °C to 28 °C but instead to 53 °C. This violates an
inverse-proportional mathematical relationship between
temperature ¢ and distance x.

(d) () Atx=5.0cm, 6°C=77-20=57°C.
In (6/°C) = In (57) = 4.04.

(ii) 1. The completed graph is shown below.

45T

In(Gg/°C)

10.0 15.0 20.0 25.0
x/om
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Taking the natural logarithm of both sides of the
equation &g = 6, ¥, the equation becomes:

In(&g) = In(6) — pux

which is the equation of a straight line graph of
the form y = mx + ¢ if In(f) is plotted against x,
where the gradient m = -y and y-intercept ¢ =
In(@). Since the plotted graph is a straight line,
this supports the exponential relationship
between excess temperature fg and distance x.

From the graph, the y-intercept In(d,) = 4.38
hence &, = 80 °C.

Gradient - = (2.70 — 4.38)/(25.0) = -0.067 cm”".
Hence u = 0.067 cm’™,

(e) As wood is a thermal insulator, the rate of heat transferred
to the rod will be lower hence overall it will be at a lower
temperature than the metal rod.

100

)

|

8/°C

60

0=

40

30428

S 10 . 15 . 20 25 . 30
xfem
This is the reason frying pans come with wooden and not
metal handles.
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TOPIC22  Planning

A solar panel heats water by absorbing infra-red radiation ~ Experimental Setup:
Fom the Sun. It consists of an array of pipes, through
which water is passed. The array of pipes is contained in a
flat box with a glass front, as shown in Fig. 7.1.

internal pipes =

styrofoam box

water in

)

glass front N high Ttensﬂy lamp

solar panel —

thermometer |
Fig. 7.1 ; &
Design an experiment to determine the efficiency of a '
model solar panel.
The following equipment is available: a high intensity
lamp, a variable power supply, an intensity meter for
infra-red radiation, a model solar panel with a glass front
measuring 10 ¢m by 10 cm and any other equipment
normally available in a school laboratory.
You should draw a labelled diagram to show the
arrangement of your apparatus. In your account you
should pay particular attention to

thermometer

(a) the equipment you would use, Procedure:

(b) the procedure to be followed,

(c) how the power output of the solar panel would be
measured,

(d) the control of variables,

(e) any precautions that would be taken to improve the
accuracy of the experiment. [12]

Diagram

1. Place the solar panel setup in the Styrofoam box to keep
out ambient heat (the internal walls of the box are painted
black to absorb the high intensity lamp’s radiation and
minimize reflection onto the solar panel).

2. Hold the high intensity lamp at a fixed distance above the
N10/11/7 solar panel using a retort stand.

o 3. Place one thermometer each at the inlet and outlet T-
Aim: To investigate the efficiency of a solar panel under joints.

different illumination and flow rate conditions. . ) )
4. Collect some water in a measuring cylinder. Measure the

mass (M) of the water with the electronic balance and

?ppilri;luislitensity lamp volume (¥) with the measuring cylinder to find its density
2. Variable power supply p=MV.

3. Intensity meter for infra-red radiati .

ji SI:)Tar pénelelf)rcmrtl:; 10r:m receon 5. Connect a water meter to the outlet with the outflow
5‘ Thermometers (Quantity: 2) emptied directly into the sink (if a water meter is not
6- Styrofoam box with biaci(—painted internal walls available then the outflow should be collected in a pail so
7. Retort stand that its mass can be measured later with an electronic
8. Water flow meter (or alternatively a very large pail) balance. Then skip Step 4 above but the pail has to be very

large since the water flow has to be stabilized for some

. St h . )
9 op watc time before temperature readings can be taken).

10. Electronic balance
11. Measuring cylinder
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The Constants

The high intensity lamp should be held at a constant height
above the solar panel. The height should be high enough to
provide an even illumination of the entire solar panel, but not
so high that too little radiation reaches the panel.

The inflow water should be kept at a constant temperature,
preferably from an in house water tank since external roof top
tanks tend to have uneven water temperatures.

The tap should provide a constant rate of water flow by
ensuring that no other party is using the same water supply at
the same time.

The Variables

Varying the Intensity of the Infra-Red Radiation for a constant
flow rate

Keeping the flow rate constant with the inlet tap at a fixed
setting, the intensity of the high intensity lamp is varied by
adjusting the output voltage of the variable power supply.

With each intensity setting, the intensity of the infra-red
radiation arriving at the solar panel is measured by the
intensity meter by removing the solar panel and placing in its
place the intensity meter,

The intensity meter should be placed at the same vertical
height above the table as that of the pipes.

The intensity meter should be placed at 3 different locations
(marked with crosses ‘X’ below) corresponding to the centre,
side and edge of the solar panel, and their readings weighted-
averaged to obtain the weighted average intensity ({4 x corner
intensity + 4 x side intensity + 1 x centre intensity) / 9).

22 Planning
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The setup should be left alone for several minutes till the
thermometer readings have stabilized, before each set of
measurements is taken.

The mass flow rate can be obtained by taking the volume of
water passing the water meter multiplied by the water’s
density calculated earlier, divided by the time (measured by a
stop watch). If a water meter is not available, then the water
has to be collected in a large pail and its mass measured with
the electronic balance.

Measure six different intensity settings of infra-red radiation
for each flow rate.

For each intensity setting, the outflow’s temperature is
measured after it has stabilized.

Varying the flow rate

After each set of readings, the tap’s water flow rate is changed
to a different value, to study the efficiency of the solar panel
under different flow rates,

Three different flow rates are used to simulate low, medium
and high flow rates.

Calculations

The thermal energy absorbed ( is related to the mass of water
heated m, the specific heat capacity of water ¢ and increase in
temperature Ad by the equation:

O =mcAf
Therefore,
dQ/dr = (dm/df) cAd

Where dQ/dr is the rate of thermal energy absorbed by the
solar heater (i.e. power output P,,) and dm/dr the mass flow
rate in kg 5™

Since intensity is defined as power per unit area, the incident
infra-red power P can be obtained by multiplving the
weighted-average intensity / (measured by the intensity meter)
by the area of the solar panel 4 (P = [4).
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Hypothesis

The efficiency # of the solar panel may be related to the
incident intensity by the equation # = k /* where k and Z are
constants. To verify whether the power Z has a value of one
{(in which case the equation is linear) or some other values,
take the log of the equation: log 7 =log k + Z log /.

Plot log » against log / to find Z (the gradient) and log k (the
y-intercept.

Tabulation

The data collected can be tabulated (see below).
Repeat tabulation for medium and high flow rate.

Plot 3 graphs of log # vs average incident intensity of radiation
for three different flow rates.

www.physics.com.sg
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Precautions:

Accuracy

Ensure no air bubbles in the water in the pipes otherwise the
water meter may overestimate the mass flow rate (this
precaution is unnecessary if the water is collected in a pail and
weighed).

Enclose the experimental setup in a Styrofoam box to
minimize ambient heat.

Measure the infra-red radiation at several points on the solar
panel and take the weighted average.

Water source should preferably be in-house water tank to
ensure constant inflow water temperature.

Make sure no external party is using the same water source at

iog 7
A the same time to avoid fluctuations in the water flow rate.
Wait for thermometer readings to stabilize before taking
measurements.
Safety
Incident Avoid touching the high intensity lamp or placing hands too
» |ntensi . : N
0 [C,Ve'r‘ns_%Y near to it as it can be very hot.
Legend
_______ :f:iﬂwﬂmj,;e—_ kiss.‘ Avoid shorting the leads of the variable power supply.
dium flov SN 1 |
———————" High flow rate kg s
Avoid touching the leads of the variable power supply to
prevent electric shock.
Mass flow rate (slow) = kg s
Inflow water temperature = e
Average Incident | Average Incident | Outflow Increase Rate of Power Efficiency # log 7
Intensity (/ /W m™) | Power (P W) temperature | in temperature | Absorbed (Pour /W) | (Pour/ P)
N (0/°C) (A8° C) x 100%
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