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Data

speed of light in free space, c = 3.00 × 108 m s–1

permeability of free space, μ0 = 4π × 10–7 H m–1

permittivity of free space, ε0 = 8.85 × 10–12 F m–1

 (
1

4πε0
  = 8.99 × 109 m F–1)

 
elementary charge, e = 1.60 × 10–19 C

the Planck constant, h = 6.63 × 10–34 J s

unified atomic mass constant, u = 1.66 × 10–27 kg

rest mass of electron, me = 9.11 × 10–31 kg

rest mass of proton, mp = 1.67 × 10–27 kg

molar gas constant, R = 8.31 J K–1 mol–1

the Avogadro constant, NA = 6.02 × 1023 mol–1

the Boltzmann constant, k = 1.38 × 10–23 J K–1

gravitational constant, G = 6.67 × 10–11 N m2 kg–2

acceleration of free fall, g = 9.81 m s–2
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Formulae

uniformly accelerated motion, s = ut +  �� at 2

 v2 = u2
 + 2as

work done on/by a gas, W = pΔV

gravitational potential, φ  = – 
Gm

r

hydrostatic pressure, p = ρgh

pressure of an ideal gas, p =  �� 
Nm
V

<c2>

simple harmonic motion, a = – ω 2x

velocity of particle in s.h.m., v = v0 cos ωt

 v = ± ω √⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ (x0
2 – x2)

electric potential, V  = Q
4πε0r

capacitors in series, 1/C = 1/C1 + 1/C2 + . . .

capacitors in parallel, C = C1 + C2 + . . .

energy of charged capacitor, W =  �� QV

resistors in series, R = R1 + R2 + . . .

resistors in parallel, 1/R = 1/R1 + 1/R2 + . . .

alternating current/voltage, x = x0 sin ω  t

radioactive decay, x = x0 exp(–λt )

decay constant, λ = 
0.693

t ��
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    Section A

    Answer all the questions in the spaces provided.

1 (a) Define gravitational potential at a point.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) A stone of mass m has gravitational potential energy EP at a point X in a gravitational field. 
The magnitude of the gravitational potential at X is φ.

  State the relation between m, EP and φ.

 .............................................................................................................................................. [1]

 (c) An isolated spherical planet of radius R may be assumed to have all its mass concentrated at 
its centre. The gravitational potential at the surface of the planet is − 6.30 × 107 J kg−1.

  A stone of mass 1.30 kg is travelling towards the planet such that its distance from the centre 
of the planet changes from 6R to 5R.

  Calculate the change in gravitational potential energy of the stone.

 change in energy  =   .....................................................  J  [4]
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2 (a) Explain what is meant by the Avogadro constant.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) Argon-40 (40
18Ar) may be assumed to be an ideal gas.

  A mass of 3.2 g of argon-40 has a volume of 210 cm3 at a temperature of 37 °C.

  Determine, for this mass of argon-40 gas,

  (i) the amount, in mol,

 amount  =   .................................................  mol  [1]

  (ii) the pressure,

 pressure  =   ...................................................  Pa  [2]

  (iii) the root-mean-square (r.m.s.) speed of an argon atom.

 r.m.s. speed  =   ...............................................  m s−1  [3]
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3 The volume of 1.00 kg of water in the liquid state at 100 °C is 1.00 × 10−3 m3. The volume of 1.00 kg 
of water vapour at 100 °C and atmospheric pressure 1.01 × 105 Pa is 1.69 m3.

 (a) Show that the work done against the atmosphere when 1.00 kg of liquid water becomes water 
vapour is 1.71 × 105 J.

 [2]

 (b) (i) The first law of thermodynamics may be given by the expression

ΔU  =  + q  + w

   where ΔU is the increase in internal energy of the system.

   State what is meant by

   1. + q,

 ...................................................................................................................................... [1]

   2. + w.

 ...................................................................................................................................... [1]

  (ii) The specific latent heat of vaporisation of water at 100 °C is 2.26 × 106 J kg−1.

   A mass of 1.00 kg of liquid water becomes water vapour at 100 °C.

   Determine, using your answer in (a), the increase in internal energy of this mass of water 
during vaporisation.

 increase in internal energy  =   .....................................................  J  [2]
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4 A student investigates the energy changes of a mass oscillating on a vertical spring, as shown in 
Fig. 4.1.

spring

mass

Fig. 4.1

 The student draws a graph of the variation with displacement x  of energy E  of the oscillation, as 
shown in Fig. 4.2.

– 1.5 – 1.0 – 0.5
x / cm

0 0.5 1.0 1.5

2.0

2.5

1.5

1.0

0.5

0

E / mJ

Fig. 4.2

 (a) State whether the energy E  represents the total energy, the potential energy or the kinetic 
energy of the oscillations.

 .............................................................................................................................................. [1]
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 (b) The student repeats the investigation but with a smaller amplitude. The maximum value of E  
is now found to be 1.8 mJ.

  Use Fig. 4.2 to determine the change in the amplitude. Explain your working.

 change in amplitude  =   ..................................................  cm  [3]
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5 An isolated solid metal sphere of radius r  is given a positive charge. The distance from the centre 
of the sphere is x.

 (a) The electric potential at the surface of the sphere is V0.

  On the axes of Fig. 5.1, sketch a graph to show the variation with distance x  of the electric 
potential due to the charged sphere, for values of x  from x  = 0 to x  = 4r.

0 r
0

0.25 V0

0.50 V0

0.75 V0

1.00 V0

2r

potential

distance x
3r 4r

Fig. 5.1
 [3]
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 (b) The electric field strength at the surface of the sphere is E0.

  On the axes of Fig. 5.2, sketch a graph to show the variation with distance x  of the electric 
field strength due to the charged sphere, for values of x  from x  = 0 to x  = 4r.

0 r
0

0.25 E0

0.50 E0

0.75 E0

1.00 E0

2r

field
strength

distance x
3r 4r

Fig. 5.2
 [3]
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6 An uncharged capacitor is connected in series with a battery, a switch and a resistor, as shown in 
Fig. 6.1.

9.0 V

4700 F

Fig. 6.1

 The battery has e.m.f. 9.0 V and negligible internal resistance. The capacitance of the capacitor is 
4700 μF.

 The switch is closed at time t  = 0.
 During the time interval t  = 0 to t  = 4.0 s, the charge passing through the resistor is 22 mC.

 (a) (i) Calculate the energy transfer in the battery during the time interval t  = 0 to t  = 4.0 s.

 energy transfer  =   .....................................................  J  [2]

  (ii) Determine, for the capacitor at time t  = 4.0 s,

   1. the potential difference V  across the capacitor,

 V   =   .....................................................  V  [2]
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   2. the energy stored in the capacitor.

 energy  =   .....................................................  J  [2]

 (b) Suggest why your answers in (a)(i) and (a)(ii) part 2 are different.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]
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7 A solenoid is connected in series with a battery and a switch. A Hall probe is placed close to one 
end of the solenoid, as illustrated in Fig. 7.1.

solenoid

Hall probe

Fig. 7.1

 The current in the solenoid is switched on. The Hall probe is adjusted in position to give the 
maximum reading. The current is then switched off.

 (a) The current in the solenoid is now switched on again. Several seconds later, it is switched off.
  The Hall probe is not moved.

  On the axes of Fig. 7.2, sketch a graph to show the variation with time t  of the Hall voltage VH.

0

VH

current
switched on

current
switched off

t

Fig. 7.2
 [3]
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 (b) The Hall probe is now replaced by a small coil. The plane of the coil is parallel to the end of 
the solenoid.

  (i) State Faraday’s law of electromagnetic induction.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

  (ii) On the axes of Fig. 7.3, sketch a graph to show the variation with time t  of the e.m.f. E  
induced in the coil when the current in the solenoid is switched on and then switched off.

0

E

current
switched on

current
switched off

t

Fig. 7.3
 [3]
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8 (a) State what is meant by quantisation  of charge.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (b) A student carries out an experiment to determine the elementary charge.
  A charged oil drop is positioned between two horizontal metal plates, as shown in Fig. 8.1.

7.0 mm

oil drop

+ 680 V

Fig. 8.1

  The plates are separated by a distance of 7.0 mm. The lower plate is earthed.
  The potential of the upper plate is gradually increased until the drop is held stationary. The 

potential for the drop to be stationary is 680 V.
  The weight of the oil drop, allowing for the upthrust of the air, is 4.8 × 10−14 N.
  Calculate the value for the charge on the oil drop.

 charge  =   ..................................................... C  [2]
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 (c) The student repeats the experiment and determines the following values for the charge on oil 
drops.

3.3 × 10−19 C          4.9 × 10−19 C          9.7 × 10−19 C          3.4 × 10−19 C

  Use these values to suggest a value for the elementary charge. Explain your working.

 elementary charge  =   ..................................................... C  [2]



18

9702/41/M/J/14© UCLES 2014

9 For a particular metal surface, it is observed that there is a minimum frequency of light below 
which photoelectric emission does not occur. This observation provides evidence for a particulate 
nature of electromagnetic radiation.

 (a) State three further observations from photoelectric emission that provide evidence for a 
particulate nature of electromagnetic radiation.

1.  ...............................................................................................................................................

 ...................................................................................................................................................

2.  ...............................................................................................................................................

 ...................................................................................................................................................

3.  ...............................................................................................................................................

 ...................................................................................................................................................
 [3]

 (b) Some data for the variation with frequency f of the maximum kinetic energy EMAX of electrons 
emitted from a metal surface are shown in Fig. 9.1.

5.5 6.0 6.5 7.0 7.5
0

0.2

0.4

0.6

0.1

0.3

0.5
E MAX
/ eV

f / 1014 Hz

Fig. 9.1

  (i) Explain why emitted electrons may have kinetic energy less than the maximum at any 
particular frequency.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]
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  (ii) Use Fig. 9.1 to determine

   1. the threshold frequency,

 threshold frequency  =   ................................................... Hz  [1]

   2. the work function energy, in eV, of the metal surface.

 work function energy  =   ................................................... eV  [3]
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10 (a) Explain what is meant by the binding energy  of a nucleus.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) Data for the masses of some particles are given in Fig. 10.1.

mass / u

proton
neutron
tritium (3

1H) nucleus
polonium (210

84Po) nucleus

  1.00728
  1.00867
  3.01551
209.93722

Fig. 10.1

  The energy equivalent of 1.0 u is 930 MeV.

  (i) Calculate the binding energy, in MeV, of a tritium (3
1H) nucleus.

 binding energy  =   ................................................ MeV  [3] 

  (ii) The total mass of the separate nucleons that make up a polonium-210 (210
84Po) nucleus is 

211.70394 u.

   Calculate the binding energy per nucleon of polonium-210.

 binding energy per nucleon  =   ................................................ MeV  [3]
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 (c) One possible fission reaction is

235
92U  +  1

0n    141
56Ba  +  92

36Kr  +  31
0n .

  By reference to binding energy, explain, without any calculation, why this fission reaction is 
energetically possible.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]
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    Section B

    Answer all the questions in the spaces provided.

11 (a) A circuit incorporating an ideal operational amplifier (op-amp) is shown in Fig. 11.1.

P

V IN V OUT

+

–

Fig. 11.1

  (i) State the name of this circuit.

 ...................................................................................................................................... [1]

  (ii) Explain why the point P is referred to as a virtual earth.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [3]

 (b) The circuit of Fig. 11.1 is modified, as shown in Fig. 11.2.

V IN

1.0 k

C
RC

RB

RA

+

–

B

A

V

Fig. 11.2
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  The voltmeter has infinite resistance and its full-scale deflection is 1.0 V.
  The input potential to the circuit is VIN.
  The switch position may be changed in order to have different values of resistance in the 

circuit.

  (i) The input potential VIN and the switch position are varied.
   For each switch position, the reading of the voltmeter is 1.0 V.
   Complete Fig. 11.3 for the switch positions shown.

switch position VIN / mV resistance

A

B

C

 10

100

...............................

RA  =  ..............................................

RB  =  ..............................................

RC  =  1.0 kΩ

Fig. 11.3
 [3]

  (ii) By reference to your answers in (i), suggest a use for the circuit of Fig. 11.2.

 ...........................................................................................................................................

 ...................................................................................................................................... [1]
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12 (a) Outline briefly the principles of CT scanning.

 ...................................................................................................................................................

 ................................................................................................................................................... 

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [5]
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 (b) In a model for CT scanning, a section is divided into four voxels. The pixel numbers P, Q, R 
and S of the voxels are shown in Fig. 12.1.

P

D2 D4

D1

D3

S

Q

R

Fig. 12.1

  The section is viewed from the four directions D1, D2, D3 and D4.
  The detector readings for each direction are noted.

  The detector readings are summed as shown in Fig. 12.2.

49

73

61

55

Fig. 12.2

  The background reading is 34.

  Determine the pixel numbers P, Q, R and S as shown in Fig. 12.3.

P

S

Q

R

Fig. 12.3

P  =  ...............................................................            Q  =  ...............................................................

S  =  ...............................................................            R  =  ...............................................................
 [4]
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13 The signal from a microphone is to be transmitted in digital form. A block diagram of part of the 
transmission system is shown in Fig. 13.1.

ADC
parallel-to

-serial
converter

Fig. 13.1

 (a) Suggest two advantages of the transmission of a signal in digital form rather than in analogue 
form.

1.  ...............................................................................................................................................

 ...................................................................................................................................................

2.  ...............................................................................................................................................

 ...................................................................................................................................................
 [2]

 (b) State the function of the parallel-to-serial converter.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (c) In a particular telephone system, the sampling frequency is 8 kHz. In the manufacture of a 
compact disc, the sampling frequency is approximately 44 kHz.

  Suggest and explain why the sampling frequency is much higher for the compact disc.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]
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14 (a) State what is meant by the attenuation of a signal.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (b) A transmission cable has a length of 30 km. The attenuation per unit length of the cable is 
2.4 dB km−1.

  Calculate, for a signal being transmitted along the cable,

  (i) the total attenuation, in dB,

 attenuation  =   ................................................... dB  [1]

  (ii) the ratio

input power of signal
output power of signal .

 ratio  =   ......................................................... [3]

 (c) By reference to your answers in (b), suggest why the attenuation of transmitted signals is 
usually expressed in dB.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]
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Data

speed of light in free space, c = 3.00 × 108 m s–1

permeability of free space, μ0 = 4π × 10–7 H m–1

permittivity of free space, ε0 = 8.85 × 10–12 F m–1

 (
1

4πε0
  = 8.99 × 109 m F–1)

 
elementary charge, e = 1.60 × 10–19 C

the Planck constant, h = 6.63 × 10–34 J s

unified atomic mass constant, u = 1.66 × 10–27 kg

rest mass of electron, me = 9.11 × 10–31 kg

rest mass of proton, mp = 1.67 × 10–27 kg

molar gas constant, R = 8.31 J K–1 mol–1

the Avogadro constant, NA = 6.02 × 1023 mol–1

the Boltzmann constant, k = 1.38 × 10–23 J K–1

gravitational constant, G = 6.67 × 10–11 N m2 kg–2

acceleration of free fall, g = 9.81 m s–2
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Formulae

uniformly accelerated motion, s = ut +  �� at 2

 v2 = u2
 + 2as

work done on/by a gas, W = pΔV

gravitational potential, φ  = – 
Gm

r

hydrostatic pressure, p = ρgh

pressure of an ideal gas, p =  �� 
Nm
V

<c2>

simple harmonic motion, a = – ω 2x

velocity of particle in s.h.m., v = v0 cos ωt

 v = ± ω √⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ (x0
2 – x2)

electric potential, V  = Q
4πε0r

capacitors in series, 1/C = 1/C1 + 1/C2 + . . .

capacitors in parallel, C = C1 + C2 + . . .

energy of charged capacitor, W =  �� QV

resistors in series, R = R1 + R2 + . . .

resistors in parallel, 1/R = 1/R1 + 1/R2 + . . .

alternating current/voltage, x = x0 sin ω  t

radioactive decay, x = x0 exp(–λt )

decay constant, λ = 
0.693

t ��
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    Section A

    Answer all the questions in the spaces provided.

1 The mass M of a spherical planet may be assumed to be a point mass at the centre of the planet.

 (a) A stone, travelling at speed v, is in a circular orbit of radius r  about the planet, as illustrated in 
Fig. 1.1.

r

v

planet

stone

Fig. 1.1

  Show that the speed v  is given by the expression

v  =  � GM
r  �

  where G is the gravitational constant.
  Explain your working.

 [2]
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 (b) A second stone, initially at rest at infinity, travels towards the planet, as illustrated in Fig. 1.2.

x
planet

V0

stone

Fig. 1.2  (not to scale)

  The stone does not hit the surface of the planet.

  (i) Determine, in terms of the gravitational constant G and the mass M  of the planet, the 
speed V0 of the stone at a distance x  from the centre of the planet. Explain your working.

   You may assume that the gravitational attraction on the stone is due only to the planet.

 [3]

  (ii) Use your answer in (i) and the expression in (a) to explain whether this stone could enter 
a circular orbit about the planet.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]
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2 A constant mass of an ideal gas has a volume of 3.49 × 103 cm3 at a temperature of 21.0 °C.
 When the gas is heated, 565 J of thermal energy causes it to expand to a volume of 3.87 × 103 cm3 

at 53.0 °C. This is illustrated in Fig. 2.1.

565 J
3.49 × 103 cm3

21.0 °C

3.87 × 103 cm3

53.0 °C

Fig. 2.1

 (a) Show that the initial and final pressures of the gas are equal.

 [2]

 (b) The pressure of the gas is 4.20 × 105 Pa.

  For this heating of the gas, 

  (i) calculate the work done by the gas,

 work done  =   .....................................................  J  [2]
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  (ii) use the first law of thermodynamics and your answer in (i) to determine the change in 
internal energy of the gas.

 change in internal energy  =   .....................................................  J  [2]

 (c) Explain why the change in kinetic energy of the molecules of this ideal gas is equal to the 
change in internal energy.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]
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3 A microwave cooker uses electromagnetic waves of frequency 2450 MHz.
 The microwaves warm the food in the cooker by causing water molecules in the food to oscillate 

with a large amplitude at the frequency of the microwaves.

 (a) State the name given to this phenomenon.

 .............................................................................................................................................. [1]

 (b) The effective microwave power of the cooker is 750 W.
  The temperature of a mass of 280 g of water rises from 25 °C to 98 °C in a time of 2.0 minutes.

  Calculate a value for the specific heat capacity of the water.

 specific heat capacity  =   .......................................  J kg−1 K−1  [3]

 (c) The value of the specific heat capacity determined from the data in (b) is greater than the 
accepted value.

  A student gives as the reason for this difference: ‘heat lost to the surroundings’.

  Suggest, in more detail than that given by the student, a possible reason for the difference.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]
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4 A helium nucleus contains two protons.

 In a model of the helium nucleus, each proton is considered to be a charged point mass.
 The separation of these point masses is assumed to be 2.0 × 10−15 m.

 (a) For the two protons in this model, calculate

  (i) the electrostatic force,

 electrostatic force  =   ..................................................... N  [2]

  (ii) the gravitational force.

 gravitational force  =   ..................................................... N  [2]

 (b) Using your answers in (a), suggest why

  (i) there must be some other force between the protons in the nucleus,

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [3]

  (ii) this additional force must have a short range.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]
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5 A Hall probe is placed a distance d  from a long straight current-carrying wire, as illustrated in 
Fig. 5.1.

Hall probe

current-carrying
wire

4.0 A

X Y

d

Fig. 5.1

 The direct current in the wire is 4.0 A. Line XY is normal to the wire.

 The Hall probe is rotated about the line XY to the position where the reading VH of the Hall probe 
is maximum.

 (a) The Hall probe is now moved away from the wire, along the line XY.
  On the axes of Fig. 5.2, sketch a graph to show the variation of the Hall voltage VH with 

distance x  of the probe from the wire. Numerical values are not required on your sketch.

VH

x0 d
0

Fig. 5.2
 [2]
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 (b) The Hall probe is now returned to its original position, a distance d  from the wire.
  At this point, the magnetic flux density due to the current in the wire is proportional to the 

current.

  For a direct current of 4.0 A in the wire, the reading of the Hall probe is 3.5 mV.
  The direct current is now replaced by an alternating current of root-mean-square (r.m.s.) 

value 4.0 A. The period of this alternating current is T.

  On the axes of Fig. 5.3, sketch the variation with time t of the reading of the Hall voltage VH for 
two cycles of the alternating current. Give numerical values for VH, where appropriate.

VH / mV

t0 T 2T
0

2

4

6

–6

–4

–2

Fig. 5.3
 [3]

 (c) A student suggests that the Hall probe in (a) is replaced with a small coil connected in series 
with a millivoltmeter. The constant current in the wire is 4.0 A.

  In order to obtain data to plot a graph showing the variation with distance x of the magnetic 
flux density, the student suggests that readings of the millivoltmeter are taken when the coil is 
held in position at different values of x.

  Comment on this suggestion.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]
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6 (a) Explain the use of a uniform electric field and a uniform magnetic field for the selection of the 
velocity of a charged particle. You may draw a diagram if you wish.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]

 (b) Ions, all of the same isotope, are travelling in a vacuum with a speed of 9.6 × 104 m s−1.
  The ions are incident normally on a uniform magnetic field of flux density 640 mT. The ions 

follow semicircular paths A and B before reaching a detector, as shown in Fig. 6.1.

A B

detector

vacuum

uniform magnetic
field, flux density
640 mT

Fig. 6.1

  Data for the diameters of the paths are shown in Fig. 6.2.

path diameter / cm

A
B

 6.2
12.4

Fig. 6.2

  The ions in path B each have charge +1.6 × 10−19 C.
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  (i) Determine the mass, in u, of the ions in path B.

 mass  =   .....................................................  u  [4]

  (ii) Suggest and explain quantitatively a reason for the difference in radii of the paths A and 
B of the ions.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ........................................................................................................................................... 

 ...................................................................................................................................... [3]
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7 (a) Define the radian.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) A telescope gives a clear view of a distant object when the angular displacement between the 
edges of the object is at least 9.7 × 10−6 rad.

  (i) The Moon is approximately 3.8 × 105 km from Earth.
   Estimate the minimum diameter of a circular crater on the Moon’s surface that can be 

seen using the telescope.

 diameter  =   ..................................................  km  [2]

  (ii) Suggest why craters of the same diameter as that calculated in (i) but on the surface of 
Mars are not visible using this telescope.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]
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8 Light of wavelength 590 nm is incident normally on a surface, as illustrated in Fig. 8.1.

surfacelight
wavelength 590 nm

Fig. 8.1

 The power of the light is 3.2 mW. The light is completely absorbed by the surface.

 (a) Calculate the number of photons incident on the surface in 1.0 s.

 number  =   ......................................................... [3]

 (b) Use your answer in (a) to determine

  (i) the total momentum of the photons arriving at the surface in 1.0 s,

 momentum  =   ........................................... kg m s−1  [3]

  (ii) the force exerted on the surface by the light.

 force  =   ..................................................... N  [1]



16

9702/42/M/J/14© UCLES 2014

9 Some water becomes contaminated with radioactive iodine-131 (131
53I).

 The activity of the iodine-131 in 1.0 kg of this water is 460 Bq.
 The half-life of iodine-131 is 8.1 days.

 (a) Define radioactive half-life.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) (i) Calculate the number of iodine-131 atoms in 1.0 kg of this water.

 number  =   ......................................................... [3]

  (ii) An amount of 1.0 mol of water has a mass of 18 g.

   Calculate the ratio

number of molecules of water in 1.0 kg of water
number of atoms of iodine-131 in 1.0 kg of contaminated water  .

 ratio  =   ......................................................... [2]
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 (c) An acceptable limit for the activity of iodine-131 in water has been set as 170 Bq kg−1.

  Calculate the time, in days, for the activity of the contaminated water to be reduced to this 
acceptable level.

 time  =   ................................................ days  [3]
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    Section B

    Answer all the questions in the spaces provided.

10 (a) State the function of a comparator circuit incorporating an operational amplifier (op-amp).

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]

 (b) An ideal op-amp is incorporated into the circuit of Fig. 10.1.

+1.5 V

1.2 k

2.4 k

+5 V

R

G
–5 VV IN

+

–

Fig. 10.1

  (i) On Fig. 10.1, draw a circle around the part of the circuit that is being used as an output 
device. [1]

  (ii) Show that the potential at the non-inverting input of the op-amp is 1.0 V.

 [1]
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  (iii) The variation with time t  of the potential VIN at the inverting input of the op-amp is shown 
in Fig. 10.2.

0

2

4
potential

/ V

6

–6

–4

–2

time tt 2t 1

+1.0

VIN

Fig. 10.2

   1.  On the axes of Fig. 10.2, draw the variation with time t  of the output potential of the 
op-amp. [3]

   2.  State whether each diode is emitting light or is not emitting light at time t1 and at 
time t2.

     At time t1, diode R will .................................  and diode G will ................................. .

     At time t2, diode R will .................................  and diode G will ................................. .
 [2]
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11 (a) Distinguish between an X-ray image of a body structure and a CT scan.

X-ray image:  ..............................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

CT scan:  ...................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................
 [5] 

 (b) Data for the linear absorption (attenuation) coefficient μ of X-ray radiation of energy 80 keV 
are given in Fig. 11.1.

metal μ  / mm−1

aluminium
copper

0.46
0.69

Fig. 11.1

  A parallel X-ray beam is incident on a copper filter, as shown in Fig. 11.2.

copper
filter

emergent
beam

incident beam
intensity I0

Fig. 11.2

  The intensity of the incident beam is I0.
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  (i) Calculate the thickness of copper required to reduce the intensity of the emergent beam 
to 0.25 I0.

 thickness  =   .................................................  mm  [2]

  (ii) An aluminium filter of thickness 2.4 mm is now placed in the X-ray beam, together with 
the copper filter in (i).

   Calculate the fraction of the incident intensity that emerges after passing through the two 
filters.

 fraction  =   ......................................................... [2]

  (iii) Express your answer in (ii) as a gain in decibels (dB).

 gain  =   ................................................... dB  [3]
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12 Two people, living in different regions of the Earth, communicate either using a link provided by a 
geostationary satellite or using optic fibres.

 (a) (i) Explain what is meant by a geostationary satellite.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [3]

  (ii) The uplink frequency for communication with the satellite is 6 GHz and the downlink has 
a frequency of 4 GHz.

   Explain why the frequencies are different.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

 (b) Comment on the time delays experienced by the two people when communicating either 
using geostationary satellites or using optic fibres. Explain your answer.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]
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Data

speed of light in free space, c = 3.00 × 108 m s–1

permeability of free space, μ0 = 4π × 10–7 H m–1

permittivity of free space, ε0 = 8.85 × 10–12 F m–1

 (
1

4πε0
  = 8.99 × 109 m F–1)

 
elementary charge, e = 1.60 × 10–19 C

the Planck constant, h = 6.63 × 10–34 J s

unified atomic mass constant, u = 1.66 × 10–27 kg

rest mass of electron, me = 9.11 × 10–31 kg

rest mass of proton, mp = 1.67 × 10–27 kg

molar gas constant, R = 8.31 J K–1 mol–1

the Avogadro constant, NA = 6.02 × 1023 mol–1

the Boltzmann constant, k = 1.38 × 10–23 J K–1

gravitational constant, G = 6.67 × 10–11 N m2 kg–2

acceleration of free fall, g = 9.81 m s–2
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Formulae

uniformly accelerated motion, s = ut +  �� at 2

 v2 = u2
 + 2as

work done on/by a gas, W = pΔV

gravitational potential, φ  = – 
Gm

r

hydrostatic pressure, p = ρgh

pressure of an ideal gas, p =  �� 
Nm
V

<c2>

simple harmonic motion, a = – ω 2x

velocity of particle in s.h.m., v = v0 cos ωt

 v = ± ω √⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ (x0
2 – x2)

electric potential, V  = Q
4πε0r

capacitors in series, 1/C = 1/C1 + 1/C2 + . . .

capacitors in parallel, C = C1 + C2 + . . .

energy of charged capacitor, W =  �� QV

resistors in series, R = R1 + R2 + . . .

resistors in parallel, 1/R = 1/R1 + 1/R2 + . . .

alternating current/voltage, x = x0 sin ω  t

radioactive decay, x = x0 exp(–λt )

decay constant, λ = 
0.693

t ��
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    Section A

    Answer all the questions in the spaces provided.

1 (a) Define gravitational potential at a point.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) A stone of mass m has gravitational potential energy EP at a point X in a gravitational field. 
The magnitude of the gravitational potential at X is φ.

  State the relation between m, EP and φ.

 .............................................................................................................................................. [1]

 (c) An isolated spherical planet of radius R may be assumed to have all its mass concentrated at 
its centre. The gravitational potential at the surface of the planet is − 6.30 × 107 J kg−1.

  A stone of mass 1.30 kg is travelling towards the planet such that its distance from the centre 
of the planet changes from 6R to 5R.

  Calculate the change in gravitational potential energy of the stone.

 change in energy  =   .....................................................  J  [4]
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2 (a) Explain what is meant by the Avogadro constant.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) Argon-40 (40
18Ar) may be assumed to be an ideal gas.

  A mass of 3.2 g of argon-40 has a volume of 210 cm3 at a temperature of 37 °C.

  Determine, for this mass of argon-40 gas,

  (i) the amount, in mol,

 amount  =   .................................................  mol  [1]

  (ii) the pressure,

 pressure  =   ...................................................  Pa  [2]

  (iii) the root-mean-square (r.m.s.) speed of an argon atom.

 r.m.s. speed  =   ...............................................  m s−1  [3]
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3 The volume of 1.00 kg of water in the liquid state at 100 °C is 1.00 × 10−3 m3. The volume of 1.00 kg 
of water vapour at 100 °C and atmospheric pressure 1.01 × 105 Pa is 1.69 m3.

 (a) Show that the work done against the atmosphere when 1.00 kg of liquid water becomes water 
vapour is 1.71 × 105 J.

 [2]

 (b) (i) The first law of thermodynamics may be given by the expression

ΔU  =  + q  + w

   where ΔU is the increase in internal energy of the system.

   State what is meant by

   1. + q,

 ...................................................................................................................................... [1]

   2. + w.

 ...................................................................................................................................... [1]

  (ii) The specific latent heat of vaporisation of water at 100 °C is 2.26 × 106 J kg−1.

   A mass of 1.00 kg of liquid water becomes water vapour at 100 °C.

   Determine, using your answer in (a), the increase in internal energy of this mass of water 
during vaporisation.

 increase in internal energy  =   .....................................................  J  [2]



8

9702/43/M/J/14© UCLES 2014

4 A student investigates the energy changes of a mass oscillating on a vertical spring, as shown in 
Fig. 4.1.

spring

mass

Fig. 4.1

 The student draws a graph of the variation with displacement x  of energy E  of the oscillation, as 
shown in Fig. 4.2.

– 1.5 – 1.0 – 0.5
x / cm

0 0.5 1.0 1.5

2.0

2.5

1.5

1.0

0.5

0

E / mJ

Fig. 4.2

 (a) State whether the energy E  represents the total energy, the potential energy or the kinetic 
energy of the oscillations.

 .............................................................................................................................................. [1]
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 (b) The student repeats the investigation but with a smaller amplitude. The maximum value of E  
is now found to be 1.8 mJ.

  Use Fig. 4.2 to determine the change in the amplitude. Explain your working.

 change in amplitude  =   ..................................................  cm  [3]
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5 An isolated solid metal sphere of radius r  is given a positive charge. The distance from the centre 
of the sphere is x.

 (a) The electric potential at the surface of the sphere is V0.

  On the axes of Fig. 5.1, sketch a graph to show the variation with distance x  of the electric 
potential due to the charged sphere, for values of x  from x  = 0 to x  = 4r.

0 r
0

0.25 V0

0.50 V0

0.75 V0

1.00 V0

2r

potential

distance x
3r 4r

Fig. 5.1
 [3]
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 (b) The electric field strength at the surface of the sphere is E0.

  On the axes of Fig. 5.2, sketch a graph to show the variation with distance x  of the electric 
field strength due to the charged sphere, for values of x  from x  = 0 to x  = 4r.

0 r
0

0.25 E0

0.50 E0

0.75 E0

1.00 E0

2r

field
strength

distance x
3r 4r

Fig. 5.2
 [3]
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6 An uncharged capacitor is connected in series with a battery, a switch and a resistor, as shown in 
Fig. 6.1.

9.0 V

4700 F

Fig. 6.1

 The battery has e.m.f. 9.0 V and negligible internal resistance. The capacitance of the capacitor is 
4700 μF.

 The switch is closed at time t  = 0.
 During the time interval t  = 0 to t  = 4.0 s, the charge passing through the resistor is 22 mC.

 (a) (i) Calculate the energy transfer in the battery during the time interval t  = 0 to t  = 4.0 s.

 energy transfer  =   .....................................................  J  [2]

  (ii) Determine, for the capacitor at time t  = 4.0 s,

   1. the potential difference V  across the capacitor,

 V   =   .....................................................  V  [2]
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   2. the energy stored in the capacitor.

 energy  =   .....................................................  J  [2]

 (b) Suggest why your answers in (a)(i) and (a)(ii) part 2 are different.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]
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7 A solenoid is connected in series with a battery and a switch. A Hall probe is placed close to one 
end of the solenoid, as illustrated in Fig. 7.1.

solenoid

Hall probe

Fig. 7.1

 The current in the solenoid is switched on. The Hall probe is adjusted in position to give the 
maximum reading. The current is then switched off.

 (a) The current in the solenoid is now switched on again. Several seconds later, it is switched off.
  The Hall probe is not moved.

  On the axes of Fig. 7.2, sketch a graph to show the variation with time t  of the Hall voltage VH.

0

VH

current
switched on

current
switched off

t

Fig. 7.2
 [3]
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 (b) The Hall probe is now replaced by a small coil. The plane of the coil is parallel to the end of 
the solenoid.

  (i) State Faraday’s law of electromagnetic induction.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

  (ii) On the axes of Fig. 7.3, sketch a graph to show the variation with time t  of the e.m.f. E  
induced in the coil when the current in the solenoid is switched on and then switched off.

0

E

current
switched on

current
switched off

t

Fig. 7.3
 [3]
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8 (a) State what is meant by quantisation  of charge.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (b) A student carries out an experiment to determine the elementary charge.
  A charged oil drop is positioned between two horizontal metal plates, as shown in Fig. 8.1.

7.0 mm

oil drop

+ 680 V

Fig. 8.1

  The plates are separated by a distance of 7.0 mm. The lower plate is earthed.
  The potential of the upper plate is gradually increased until the drop is held stationary. The 

potential for the drop to be stationary is 680 V.
  The weight of the oil drop, allowing for the upthrust of the air, is 4.8 × 10−14 N.
  Calculate the value for the charge on the oil drop.

 charge  =   ..................................................... C  [2]
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 (c) The student repeats the experiment and determines the following values for the charge on oil 
drops.

3.3 × 10−19 C          4.9 × 10−19 C          9.7 × 10−19 C          3.4 × 10−19 C

  Use these values to suggest a value for the elementary charge. Explain your working.

 elementary charge  =   ..................................................... C  [2]
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9 For a particular metal surface, it is observed that there is a minimum frequency of light below 
which photoelectric emission does not occur. This observation provides evidence for a particulate 
nature of electromagnetic radiation.

 (a) State three further observations from photoelectric emission that provide evidence for a 
particulate nature of electromagnetic radiation.

1.  ...............................................................................................................................................

 ...................................................................................................................................................

2.  ...............................................................................................................................................

 ...................................................................................................................................................

3.  ...............................................................................................................................................

 ...................................................................................................................................................
 [3]

 (b) Some data for the variation with frequency f of the maximum kinetic energy EMAX of electrons 
emitted from a metal surface are shown in Fig. 9.1.

5.5 6.0 6.5 7.0 7.5
0

0.2

0.4

0.6

0.1

0.3

0.5
E MAX
/ eV

f / 1014 Hz

Fig. 9.1

  (i) Explain why emitted electrons may have kinetic energy less than the maximum at any 
particular frequency.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]
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  (ii) Use Fig. 9.1 to determine

   1. the threshold frequency,

 threshold frequency  =   ................................................... Hz  [1]

   2. the work function energy, in eV, of the metal surface.

 work function energy  =   ................................................... eV  [3]
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10 (a) Explain what is meant by the binding energy  of a nucleus.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (b) Data for the masses of some particles are given in Fig. 10.1.

mass / u

proton
neutron
tritium (3

1H) nucleus
polonium (210

84Po) nucleus

  1.00728
  1.00867
  3.01551
209.93722

Fig. 10.1

  The energy equivalent of 1.0 u is 930 MeV.

  (i) Calculate the binding energy, in MeV, of a tritium (3
1H) nucleus.

 binding energy  =   ................................................ MeV  [3] 

  (ii) The total mass of the separate nucleons that make up a polonium-210 (210
84Po) nucleus is 

211.70394 u.

   Calculate the binding energy per nucleon of polonium-210.

 binding energy per nucleon  =   ................................................ MeV  [3]
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 (c) One possible fission reaction is

235
92U  +  1

0n    141
56Ba  +  92

36Kr  +  31
0n .

  By reference to binding energy, explain, without any calculation, why this fission reaction is 
energetically possible.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]
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    Section B

    Answer all the questions in the spaces provided.

11 (a) A circuit incorporating an ideal operational amplifier (op-amp) is shown in Fig. 11.1.

P

V IN V OUT

+

–

Fig. 11.1

  (i) State the name of this circuit.

 ...................................................................................................................................... [1]

  (ii) Explain why the point P is referred to as a virtual earth.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [3]

 (b) The circuit of Fig. 11.1 is modified, as shown in Fig. 11.2.

V IN

1.0 k

C
RC

RB

RA

+

–

B

A

V

Fig. 11.2
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  The voltmeter has infinite resistance and its full-scale deflection is 1.0 V.
  The input potential to the circuit is VIN.
  The switch position may be changed in order to have different values of resistance in the 

circuit.

  (i) The input potential VIN and the switch position are varied.
   For each switch position, the reading of the voltmeter is 1.0 V.
   Complete Fig. 11.3 for the switch positions shown.

switch position VIN / mV resistance

A

B

C

 10

100

...............................

RA  =  ..............................................

RB  =  ..............................................

RC  =  1.0 kΩ

Fig. 11.3
 [3]

  (ii) By reference to your answers in (i), suggest a use for the circuit of Fig. 11.2.

 ...........................................................................................................................................

 ...................................................................................................................................... [1]
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12 (a) Outline briefly the principles of CT scanning.

 ...................................................................................................................................................

 ................................................................................................................................................... 

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [5]
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 (b) In a model for CT scanning, a section is divided into four voxels. The pixel numbers P, Q, R 
and S of the voxels are shown in Fig. 12.1.

P

D2 D4

D1

D3

S

Q

R

Fig. 12.1

  The section is viewed from the four directions D1, D2, D3 and D4.
  The detector readings for each direction are noted.

  The detector readings are summed as shown in Fig. 12.2.

49

73

61

55

Fig. 12.2

  The background reading is 34.

  Determine the pixel numbers P, Q, R and S as shown in Fig. 12.3.

P

S

Q

R

Fig. 12.3

P  =  ...............................................................            Q  =  ...............................................................

S  =  ...............................................................            R  =  ...............................................................
 [4]
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13 The signal from a microphone is to be transmitted in digital form. A block diagram of part of the 
transmission system is shown in Fig. 13.1.

ADC
parallel-to

-serial
converter

Fig. 13.1

 (a) Suggest two advantages of the transmission of a signal in digital form rather than in analogue 
form.

1.  ...............................................................................................................................................

 ...................................................................................................................................................

2.  ...............................................................................................................................................

 ...................................................................................................................................................
 [2]

 (b) State the function of the parallel-to-serial converter.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

 (c) In a particular telephone system, the sampling frequency is 8 kHz. In the manufacture of a 
compact disc, the sampling frequency is approximately 44 kHz.

  Suggest and explain why the sampling frequency is much higher for the compact disc.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]
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14 (a) State what is meant by the attenuation of a signal.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (b) A transmission cable has a length of 30 km. The attenuation per unit length of the cable is 
2.4 dB km−1.

  Calculate, for a signal being transmitted along the cable,

  (i) the total attenuation, in dB,

 attenuation  =   ................................................... dB  [1]

  (ii) the ratio

input power of signal
output power of signal .

 ratio  =   ......................................................... [3]

 (c) By reference to your answers in (b), suggest why the attenuation of transmitted signals is 
usually expressed in dB.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]
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