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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 + 1
2at 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 = 1
3 

Nm
V

<c 2>

simple harmonic motion, a = – ω 2x

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

 v = ± ω (x0
2 – x 2)

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 = 1
2 
QV

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

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

alternating current/voltage, x = x0 sin ωt

radioactive decay, x = x0 exp(–λt)

decay constant, λ = 0.693
t 1

2
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Section A

Answer all the questions in the spaces provided.

1 A satellite of mass mS is in a circular orbit of radius x about the Earth.

 The Earth may be considered to be an isolated uniform sphere with its mass M concentrated at its  
centre. 

 (a) (i) Show that the kinetic energy EK of the satellite is given by the expression

EK = 
GMmS

2x

   where G is the gravitational constant. Explain your working.

[3]

  (ii) State an expression, in terms of G, M, mS and x, for the potential energy EP of the 
satellite.

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

  (iii) Using answers from (i) and (ii), derive an expression for the total energy ET of the 
satellite.

 ET =  ...........................................................[2]
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 (b) Small resistive forces acting on the satellite cause the radius of its circular orbit to change.

  Use your answers in (a) to state, for the satellite, whether each of the following quantities 
increases, decreases or remains constant. 

  (i) total energy

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

  (ii) radius of orbit

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

  (iii) potential energy

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

  (iv) kinetic energy

 .......................................................................................................................................[1]
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2 (a) State what is meant by an ideal gas.

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

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

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

 (b) The mean-square speed of the atoms of a fixed mass of an ideal gas at 32 °C is 1.9 × 106 m2 s–2.

  The gas is heated at constant volume to a temperature of 80 °C.

  Determine

  (i) the rise, in kelvin, of the temperature of the gas,

 temperature rise =  ......................................................  K [1]

  (ii) the root-mean-square (r.m.s.) speed of the atoms at 80 °C.

 r.m.s. speed =  ................................................  m s–1 [3]
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3 (a) State an expression, in terms of work done and heating, that is used to calculate the increase 
in internal energy of a system. 

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

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

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

 (b)  State and explain, in terms of your expression in (a), the change, if any, in the internal energy 

  (i) of the water in an ice cube when the ice melts, at atmospheric pressure, to form a liquid 
without any change of temperature,

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

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

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

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

  (ii) of the gas in a tyre when the tyre bursts so that the gas suddenly increases in volume.
   Assume that the gas is ideal. 

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

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

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

 .......................................................................................................................................[3]
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4 (a) Distinguish between free oscillations and forced oscillations.

free oscillations:  ........................................................................................................................

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

forced oscillations:  ....................................................................................................................

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

 (b) A trolley is held on a horizontal surface by means of two stretched springs, as shown in
Fig. 4.1. 

trolleyspring

oscillator
fixed point

spring

Fig. 4.1

  One spring is attached to a fixed point. The other spring is attached to an oscillator that 
causes horizontal oscillations of the trolley.

  The oscillator vibrates with a constant amplitude of vibration. The frequency of vibration of the 
oscillator is gradually increased from a very low value.

  The variation with frequency f of the amplitude x0 of vibration of the trolley is shown in
Fig. 4.2.

1.5 2.0 2.5
f / Hz

x0

3.0

Fig. 4.2
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  Use Fig. 4.2 to state and explain

  (i) the value of the natural frequency of vibration of the trolley,

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

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

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

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

  (ii) whether there are any frictional forces acting on the trolley.

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

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

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

 (c)  The oscillator in (b) is now stopped.

  The trolley is given a horizontal displacement of 4.7 cm along the line of the springs. 
  The trolley is then released.

  Use information from Fig. 4.2 to estimate the maximum speed of the trolley.

 speed =  ................................................  m s–1 [2]
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5 A charged particle P is situated in a vacuum at a distance x from the centre of a charged conducting 
sphere of radius r, as illustrated in Fig. 5.1.

Pr

x

Fig. 5.1

 For the particle P outside the conducting sphere, the charge on the sphere may be assumed to be 
a point charge at its centre.

  (a) (i) State Coulomb’s law.

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

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

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

  (ii) The sphere and the particle P are both charged positively.

   1. State the direction of the force acting on particle P.

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

   2. State the position of particle P for the force to be maximum.

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

   3. Determine the ratio

force on particle P at x = r
force on particle P at x = 4r  

.

 ratio =  .......................................................... [2]
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 (b) When the charge on the sphere is 6.0 × 10–7 C, the electric field strength at the surface of the 
sphere is 1.5 × 106 V m–1.

  Electrical breakdown (a spark) occurs when the electric field strength at the surface of the 
sphere exceeds 2.0 × 106 V m–1.

  Determine the additional charge that may be added to the sphere before breakdown occurs.

 charge =  ......................................................  C [3]
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6 (a) A particle has mass m, charge +q and speed v.

  State the magnitude and direction of the force, if any, on the particle when the particle is 
travelling along the direction of

  (i) a uniform gravitational field of field strength g,

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

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

  (ii) a uniform magnetic field of flux density B.

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

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

 (b) Two charged horizontal metal plates, situated in a vacuum, produce a uniform electric field of 
field strength E between the plates. The field strength outside the region between the plates is 
zero.

  The particle in (a) enters the region of the electric field at right-angles to the direction of the 
field, as illustrated in Fig. 6.1.

E

vparticle,
charge +q
mass m

Fig. 6.1

  A uniform magnetic field is to be applied in the same region as the electric field so that the 
particle passes undeviated through the region between the plates.

  (i) State and explain the direction of the magnetic field.

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

 .......................................................................................................................................[2]
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  (ii) Derive, with explanation, the relation between the speed v and the magnitudes of the 
electric field strength E and the magnetic flux density B.

[3]

 (c) A second particle has the same mass m and charge +q as that in (b) but its speed is 2v.
  This particle enters the region between the plates along the same direction as the particle

in (b).

  On Fig. 6.1, sketch the path of this particle in the region between the plates. [2]
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7 (a) By reference to the photoelectric effect, state what is meant by the threshold frequency.

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

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

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

 (b) Electrons are emitted from a metal surface when light of a particular wavelength is incident on 
the surface. 

  Explain why the emitted electrons have a range of values of kinetic energy below a maximum 
value.

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

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

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

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

 (c) The wavelength of the incident radiation is λ. 
  The variation with 1/λ of the maximum kinetic energy EMAX of electrons emitted from a metal 

surface is shown in Fig. 7.1.

1.0
0

1.0

2.0

3.0

4.0

1.5 2.0 2.5

–

3.53.0

 / 106 m–1

EMAX

/ 10–19 J

1

Fig. 7.1
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  (i) Use Fig. 7.1 to determine, without reference to the work function energy, the threshold 
frequency f0.

 f0 =  ....................................................  Hz [2]

  (ii) Use your answer in (i) to calculate the work function energy Φ.

 Φ =  .......................................................  J [2]

 (d) Caesium metal has a work function energy of 2.2 × 10–19 J.

  On the axes of Fig. 7.1, sketch a graph to show the variation with 1/λ of EMAX for caesium 
metal.  [2]
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8 (a) Distinguish, for an atom, between a nucleus and a nucleon.

nucleus: .....................................................................................................................................

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

nucleon:  ....................................................................................................................................

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

 (b) Radon gas is a naturally occurring radioactive gas with a half-life of 3.8 days.

  The activity of radon gas in a room is found to be 97 Bq in each 1.0 m3 of air.

  (i) Calculate

   1. the decay constant, in s–1, of radon,

 decay constant =  ....................................................  s–1 [2]

   2. the number of radon atoms giving rise to an activity of 97 Bq.

 number =  .......................................................... [2]
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  (ii) A volume of 2.5 × 10–2 m3 of air in the room contains 1.0 mol of molecules. 

   Determine the ratio, for 1.0 m3 of air,

number of radon atoms
number of air molecules  

.

 ratio =  .......................................................... [2]
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Section B

Answer all the questions in the spaces provided.

9 A battery of e.m.f. 6.0 V and negligible internal resistance is connected to three resistors, each of 
resistance 2.0 kΩ, and a thermistor, as shown in Fig. 9.1. 

A B

2.0 k

2.0 k 2.0 k

6.0 V

Fig. 9.1

 The thermistor has resistance 2.8 kΩ at 10 °C and resistance 1.8 kΩ at 20 °C.

 (a) Calculate the potential

  (i) at point A,

 potential =  ......................................................  V [1]

  (ii) at point B for the thermistor at 10 °C,

 potential =  ......................................................  V [2]
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  (iii) at point B for the thermistor at 20 °C.

 potential =  ......................................................  V [1]

 (b) The points A and B in Fig. 9.1 are connected to the inputs of an ideal operational amplifier 
(op-amp), as shown in Fig. 9.2.

+9 V

–9 V VOUT

A

B

–

+

Fig. 9.2

  The thermistor is warmed from 10 °C to 20 °C.
      
  State and explain the change in the output potential VOUT of the op-amp as the thermistor is 

warmed.

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

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

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

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

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

 ...............................................................................................................................................[4]
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10  (a) Explain what is meant by the sharpness and by the contrast of an X-ray image.

sharpness:  ................................................................................................................................

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

contrast:  ....................................................................................................................................

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

 (b) A parallel X-ray beam of intensity I is incident on a medium of thickness x, as illustrated in 
Fig. 10.1.

x

medium

incident

intensity I

transmitted

intensity IT

Fig. 10.1

  The transmitted intensity is IT.

  Data for the linear absorption (attenuation) coefficient μ for 80 keV X-rays in bone and in 
muscle are given in Fig. 10.2.

μ / cm–1

bone
muscle

3.0
0.27

Fig. 10.2

  (i) State, with reference to the production of X-rays, what is meant by 80 keV X-rays.

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

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

 .......................................................................................................................................[2]
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  (ii) Calculate the ratio IT / I for 80 keV X-rays passing through a thickness of 1.4 cm of bone.

 ratio =  .......................................................... [2]

 (c) An X-ray image of the upper leg of a student is produced. 
  Part of the X-ray beam passes through a comparatively large thickness of muscle and part 

through some muscle and the leg bone.

  Use data from Fig. 10.2 to suggest whether the image has good contrast.

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

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

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

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

 ...............................................................................................................................................[3]
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11 A carrier wave is frequency modulated.

 (a) Describe what is meant by frequency modulation.

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

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

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

 (b) The sinusoidal carrier wave has a frequency of 750 kHz and an amplitude of 5.0 V. 
  The carrier wave is frequency modulated by a sinusoidal signal of frequency 7.5 kHz and 

amplitude 1.5 V. 
  The frequency deviation of the carrier wave is 20 kHz V–1.

  Determine, for the frequency-modulated carrier wave,

  (i) the amplitude,

 amplitude =  ......................................................  V [1]

  (ii) the minimum frequency,

 minimum frequency =  ..................................................  kHz [1]

  (iii) the maximum frequency,

 maximum frequency =  ..................................................  kHz [1]

  (iv) the number of times per second that the frequency changes from its minimum value to its 
maximum value and then back to the minimum value.

 number =  ....................................................  s–1 [1]
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12 (a) When infra-red radiation passes along an optic fibre, it is attenuated.

  (i) State what is meant by attenuation.

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

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

  (ii) The infra-red radiation is transmitted as a series of pulses. 

   State and explain two advantages of the digital, rather than the analogue, transmission 
of information.

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

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

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

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

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

 ...........................................................................................................................................
[4]

  (b) The input light power to an optic fibre of length 36 km is 145 mW. The output light power is 
29 mW.

  Calculate, in dB km–1, the attenuation per unit length of the optic fibre.

 attenuation per unit length =  ............................................. dB km–1 [2]
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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 + 1
2at 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 = 1
3 

Nm
V

<c 2>

simple harmonic motion, a = – ω 2x

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

 v = ± ω (x0
2 – x 2)

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 = 1
2 
QV

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

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

alternating current/voltage, x = x0 sin ωt

radioactive decay, x = x0 exp(–λt)

decay constant, λ = 0.693
t 1

2
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Section A

Answer all the questions in the spaces provided.

1 A satellite of mass mS is in a circular orbit of radius x about the Earth.

 The Earth may be considered to be an isolated uniform sphere with its mass M concentrated at its  
centre. 

 (a) (i) Show that the kinetic energy EK of the satellite is given by the expression

EK = 
GMmS

2x

   where G is the gravitational constant. Explain your working.

[3]

  (ii) State an expression, in terms of G, M, mS and x, for the potential energy EP of the 
satellite.

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

  (iii) Using answers from (i) and (ii), derive an expression for the total energy ET of the 
satellite.

 ET =  ...........................................................[2]
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 (b) Small resistive forces acting on the satellite cause the radius of its circular orbit to change.

  Use your answers in (a) to state, for the satellite, whether each of the following quantities 
increases, decreases or remains constant. 

  (i) total energy

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

  (ii) radius of orbit

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

  (iii) potential energy

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

  (iv) kinetic energy

 .......................................................................................................................................[1]
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2 (a) State what is meant by an ideal gas.

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

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

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

 (b) The mean-square speed of the atoms of a fixed mass of an ideal gas at 32 °C is 1.9 × 106 m2 s–2.

  The gas is heated at constant volume to a temperature of 80 °C.

  Determine

  (i) the rise, in kelvin, of the temperature of the gas,

 temperature rise =  ......................................................  K [1]

  (ii) the root-mean-square (r.m.s.) speed of the atoms at 80 °C.

 r.m.s. speed =  ................................................  m s–1 [3]
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3 (a) State an expression, in terms of work done and heating, that is used to calculate the increase 
in internal energy of a system. 

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

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

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

 (b)  State and explain, in terms of your expression in (a), the change, if any, in the internal energy 

  (i) of the water in an ice cube when the ice melts, at atmospheric pressure, to form a liquid 
without any change of temperature,

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

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

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

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

  (ii) of the gas in a tyre when the tyre bursts so that the gas suddenly increases in volume.
   Assume that the gas is ideal. 

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

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

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

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



8

9702/42/O/N/15© UCLES 2015

4 (a) Distinguish between free oscillations and forced oscillations.

free oscillations:  ........................................................................................................................

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

forced oscillations:  ....................................................................................................................

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

 (b) A trolley is held on a horizontal surface by means of two stretched springs, as shown in
Fig. 4.1. 

trolleyspring

oscillator
fixed point

spring

Fig. 4.1

  One spring is attached to a fixed point. The other spring is attached to an oscillator that 
causes horizontal oscillations of the trolley.

  The oscillator vibrates with a constant amplitude of vibration. The frequency of vibration of the 
oscillator is gradually increased from a very low value.

  The variation with frequency f of the amplitude x0 of vibration of the trolley is shown in
Fig. 4.2.

1.5 2.0 2.5
f / Hz

x0

3.0

Fig. 4.2
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  Use Fig. 4.2 to state and explain

  (i) the value of the natural frequency of vibration of the trolley,

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

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

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

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

  (ii) whether there are any frictional forces acting on the trolley.

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

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

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

 (c)  The oscillator in (b) is now stopped.

  The trolley is given a horizontal displacement of 4.7 cm along the line of the springs. 
  The trolley is then released.

  Use information from Fig. 4.2 to estimate the maximum speed of the trolley.

 speed =  ................................................  m s–1 [2]
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5 A charged particle P is situated in a vacuum at a distance x from the centre of a charged conducting 
sphere of radius r, as illustrated in Fig. 5.1.

Pr

x

Fig. 5.1

 For the particle P outside the conducting sphere, the charge on the sphere may be assumed to be 
a point charge at its centre.

  (a) (i) State Coulomb’s law.

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

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

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

  (ii) The sphere and the particle P are both charged positively.

   1. State the direction of the force acting on particle P.

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

   2. State the position of particle P for the force to be maximum.

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

   3. Determine the ratio

force on particle P at x = r
force on particle P at x = 4r  

.

 ratio =  .......................................................... [2]
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 (b) When the charge on the sphere is 6.0 × 10–7 C, the electric field strength at the surface of the 
sphere is 1.5 × 106 V m–1.

  Electrical breakdown (a spark) occurs when the electric field strength at the surface of the 
sphere exceeds 2.0 × 106 V m–1.

  Determine the additional charge that may be added to the sphere before breakdown occurs.

 charge =  ......................................................  C [3]
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6 (a) A particle has mass m, charge +q and speed v.

  State the magnitude and direction of the force, if any, on the particle when the particle is 
travelling along the direction of

  (i) a uniform gravitational field of field strength g,

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

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

  (ii) a uniform magnetic field of flux density B.

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

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

 (b) Two charged horizontal metal plates, situated in a vacuum, produce a uniform electric field of 
field strength E between the plates. The field strength outside the region between the plates is 
zero.

  The particle in (a) enters the region of the electric field at right-angles to the direction of the 
field, as illustrated in Fig. 6.1.

E

vparticle,
charge +q
mass m

Fig. 6.1

  A uniform magnetic field is to be applied in the same region as the electric field so that the 
particle passes undeviated through the region between the plates.

  (i) State and explain the direction of the magnetic field.

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

 .......................................................................................................................................[2]
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  (ii) Derive, with explanation, the relation between the speed v and the magnitudes of the 
electric field strength E and the magnetic flux density B.

[3]

 (c) A second particle has the same mass m and charge +q as that in (b) but its speed is 2v.
  This particle enters the region between the plates along the same direction as the particle

in (b).

  On Fig. 6.1, sketch the path of this particle in the region between the plates. [2]
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7 (a) By reference to the photoelectric effect, state what is meant by the threshold frequency.

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

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

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

 (b) Electrons are emitted from a metal surface when light of a particular wavelength is incident on 
the surface. 

  Explain why the emitted electrons have a range of values of kinetic energy below a maximum 
value.

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

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

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

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

 (c) The wavelength of the incident radiation is λ. 
  The variation with 1/λ of the maximum kinetic energy EMAX of electrons emitted from a metal 

surface is shown in Fig. 7.1.

1.0
0

1.0

2.0

3.0

4.0

1.5 2.0 2.5

–

3.53.0

 / 106 m–1

EMAX

/ 10–19 J

1

Fig. 7.1
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  (i) Use Fig. 7.1 to determine, without reference to the work function energy, the threshold 
frequency f0.

 f0 =  ....................................................  Hz [2]

  (ii) Use your answer in (i) to calculate the work function energy Φ.

 Φ =  .......................................................  J [2]

 (d) Caesium metal has a work function energy of 2.2 × 10–19 J.

  On the axes of Fig. 7.1, sketch a graph to show the variation with 1/λ of EMAX for caesium 
metal.  [2]
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8 (a) Distinguish, for an atom, between a nucleus and a nucleon.

nucleus: .....................................................................................................................................

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

nucleon:  ....................................................................................................................................

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

 (b) Radon gas is a naturally occurring radioactive gas with a half-life of 3.8 days.

  The activity of radon gas in a room is found to be 97 Bq in each 1.0 m3 of air.

  (i) Calculate

   1. the decay constant, in s–1, of radon,

 decay constant =  ....................................................  s–1 [2]

   2. the number of radon atoms giving rise to an activity of 97 Bq.

 number =  .......................................................... [2]
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  (ii) A volume of 2.5 × 10–2 m3 of air in the room contains 1.0 mol of molecules. 

   Determine the ratio, for 1.0 m3 of air,

number of radon atoms
number of air molecules  

.

 ratio =  .......................................................... [2]
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Section B

Answer all the questions in the spaces provided.

9 A battery of e.m.f. 6.0 V and negligible internal resistance is connected to three resistors, each of 
resistance 2.0 kΩ, and a thermistor, as shown in Fig. 9.1. 

A B

2.0 k

2.0 k 2.0 k

6.0 V

Fig. 9.1

 The thermistor has resistance 2.8 kΩ at 10 °C and resistance 1.8 kΩ at 20 °C.

 (a) Calculate the potential

  (i) at point A,

 potential =  ......................................................  V [1]

  (ii) at point B for the thermistor at 10 °C,

 potential =  ......................................................  V [2]
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  (iii) at point B for the thermistor at 20 °C.

 potential =  ......................................................  V [1]

 (b) The points A and B in Fig. 9.1 are connected to the inputs of an ideal operational amplifier 
(op-amp), as shown in Fig. 9.2.

+9 V

–9 V VOUT

A

B

–

+

Fig. 9.2

  The thermistor is warmed from 10 °C to 20 °C.
      
  State and explain the change in the output potential VOUT of the op-amp as the thermistor is 

warmed.

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

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

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

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

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

 ...............................................................................................................................................[4]
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10  (a) Explain what is meant by the sharpness and by the contrast of an X-ray image.

sharpness:  ................................................................................................................................

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

contrast:  ....................................................................................................................................

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

 (b) A parallel X-ray beam of intensity I is incident on a medium of thickness x, as illustrated in 
Fig. 10.1.

x

medium

incident

intensity I

transmitted

intensity IT

Fig. 10.1

  The transmitted intensity is IT.

  Data for the linear absorption (attenuation) coefficient μ for 80 keV X-rays in bone and in 
muscle are given in Fig. 10.2.

μ / cm–1

bone
muscle

3.0
0.27

Fig. 10.2

  (i) State, with reference to the production of X-rays, what is meant by 80 keV X-rays.

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

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

 .......................................................................................................................................[2]
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  (ii) Calculate the ratio IT / I for 80 keV X-rays passing through a thickness of 1.4 cm of bone.

 ratio =  .......................................................... [2]

 (c) An X-ray image of the upper leg of a student is produced. 
  Part of the X-ray beam passes through a comparatively large thickness of muscle and part 

through some muscle and the leg bone.

  Use data from Fig. 10.2 to suggest whether the image has good contrast.

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

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

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

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

 ...............................................................................................................................................[3]
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11 A carrier wave is frequency modulated.

 (a) Describe what is meant by frequency modulation.

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

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

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

 (b) The sinusoidal carrier wave has a frequency of 750 kHz and an amplitude of 5.0 V. 
  The carrier wave is frequency modulated by a sinusoidal signal of frequency 7.5 kHz and 

amplitude 1.5 V. 
  The frequency deviation of the carrier wave is 20 kHz V–1.

  Determine, for the frequency-modulated carrier wave,

  (i) the amplitude,

 amplitude =  ......................................................  V [1]

  (ii) the minimum frequency,

 minimum frequency =  ..................................................  kHz [1]

  (iii) the maximum frequency,

 maximum frequency =  ..................................................  kHz [1]

  (iv) the number of times per second that the frequency changes from its minimum value to its 
maximum value and then back to the minimum value.

 number =  ....................................................  s–1 [1]
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12 (a) When infra-red radiation passes along an optic fibre, it is attenuated.

  (i) State what is meant by attenuation.

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

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

  (ii) The infra-red radiation is transmitted as a series of pulses. 

   State and explain two advantages of the digital, rather than the analogue, transmission 
of information.

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

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

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

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

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

 ...........................................................................................................................................
[4]

  (b) The input light power to an optic fibre of length 36 km is 145 mW. The output light power is 
29 mW.

  Calculate, in dB km–1, the attenuation per unit length of the optic fibre.

 attenuation per unit length =  ............................................. dB km–1 [2]
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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 + 1
2at 2

 v2 = u2 + 2as

work done on/by a gas, W = p�V

gravitational potential, φ = – Gm
r

hydrostatic pressure, p = ρgh

pressure of an ideal gas, p = 1
3 

Nm
V

<c 2>

simple harmonic motion, a = – ω 2x

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

 v = ± ω (x0
2 – x 2)

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 = 1
2 
QV

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

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

alternating current/voltage, x = x0 sin ωt

radioactive decay, x = x0 exp(–λt)

decay constant, λ = 0.693
t 1

2
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Section A

Answer all the questions in the spaces provided.

1 (a) State Newton’s law of gravitation.

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

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

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

 (b) Some of the planets in the Solar System have several moons (satellites) that have circular 
orbits about the planet.

  The planet and each of its moons may be considered to be point masses.

  Show that the radius x of a moon’s orbit is related to the period T of the orbit by the expression

GM  =  4π2x3

T 2

  where G is the gravitational constant and M is the mass of the planet. Explain your working.

[3]
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 (c) The planet Neptune has eight moons, each in a circular orbit of radius x and period T. The 
variation with T 2 of x3 for some of the moons is shown in Fig. 1.1.

0.1
0

1.0

2.0

3.0

4.0

x 3 / 1014 km3

T 2 / day2

5.0

0.20 0.3 0.4

Fig. 1.1

  Use Fig. 1.1 and the expression in (b) to determine the mass of Neptune.

 mass  =   ...................................................  kg  [4]
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2 (a) An ideal gas is said to consist of molecules that are hard elastic identical spheres.

  State two further assumptions of the kinetic theory of gases.

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

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

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

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

 (b) The number of molecules per unit volume in an ideal gas is n.

  If it is assumed that all the molecules are moving with speed v, the pressure p exerted by the 
gas on the walls of the vessel is given by

p  =  1
3nmv2

  where m is the mass of one molecule.

  Explain the reasoning by which this expression is modified to give the formula

p  =  1
3nm<c2>.

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

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

 (c) The density of an ideal gas is 1.2 kg m−3 at a pressure of 1.0 × 105 Pa and a temperature 
of 27 °C.

  (i) Calculate the root-mean-square (r.m.s.) speed of the molecules of the gas at 27 °C.

 r.m.s. speed =  .................................................  m s−1  [3]
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  (ii) Calculate the mean-square speed of the molecules at 207 °C.

 mean-square speed  =   .............................................  m2 s−2  [2]
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3 (a) Two bodies are in thermal equilibrium.

  State what is meant by thermal equilibrium.

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

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

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

 (b) The temperature of a body is found to increase from 15.9 °C to 57.2 °C.

  Determine, in kelvin and to an appropriate number of decimal places,

  (i) the rise in temperature of the body,

 temperature rise  =   .....................................................  K  [1]

  (ii) the final temperature.

 temperature  =   .....................................................  K  [1]

 (c) An ideal gas at a constant pressure of 1.2 × 105 Pa is heated from a temperature of 290 K to a 
final temperature of 350 K. The change in volume of the gas is 950 cm3.

  The total change in kinetic energy ΔEK, measured in joules, of the gas molecules is given by 
the expression

ΔEK  =  3
2  × 1.9 × ΔT

  where ΔT  is the change in temperature in kelvin.

  Determine the thermal energy required to produce the change in temperature from 290 K to 
350 K.

 energy  =   ...................................................... J  [4]
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4 (a) Define simple harmonic motion.

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

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

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

 (b) A tube, sealed at one end, has a circular cross-sectional area A of 4.9 × 10−4 m2. Some sand 
is put in the tube so that the total mass M of the tube and its contents is 70 g. The tube floats 
upright in a liquid, as shown in Fig. 4.1.

sand

liquid

tube
cross-sectional area A
4.9 × 10–4 m2

h

Fig. 4.1

  The liquid has a density ρ of 0.79 g cm−3.

  By reference to the liquid pressure exerted on the base of the tube, show that the distance h 
of the base of the tube below the liquid surface is 18 cm. Explain your working.

[2]
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 (c) The tube in (b) is displaced vertically and then released. The variation with time t of the 
distance h is shown in Fig. 4.2.

15

17

18

20

16

19

21

h / cm

t 10 t 2 t 3 t 4 t 

Fig. 4.2

  The system oscillates with simple harmonic motion of angular frequency ω given by the 
expression

ω2  =  
ρAg
M

  where g is the acceleration of free fall.

  (i) Use data from (b) to determine

   1. the time t1,

 t1  =   ...................................................... s  [3]

   2. the time t3.

 t3  =   ...................................................... s  [1]
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  (ii) Determine the loss in total energy of the oscillating system between time t = 0 and time 
t = t4.

 loss in energy  =   ...................................................... J  [3]
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5 A positively charged solid metal sphere is isolated in space. The electric field strength E is 
measured for different distances x from the centre of the sphere. The variation with x of the field 
strength E is shown in Fig. 5.1.

5
0

20

40

60

80

x  / cm

E / N C–1

100

100 15 20 25

Fig. 5.1

 (a) Suggest why, for values of x less than 4.0 cm, the electric field strength is zero.

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

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

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

 (b) A point charge of +8.5 × 10−9 C moves from a point where x = 7.0 cm to a point where 
x = 5.0 cm.

  Use Fig. 5.1 to estimate the change in electric potential energy of this point charge.

 energy  =   ...................................................... J  [3]
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6 Suggest an explanation for each of the following observations.

 (a) Two wires are laid side-by-side and carry equal currents I in opposite directions, as shown in 
Fig. 6.1.

I

I

Fig. 6.1

  The total magnetic flux density due to the current in the wires is negligible.

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

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

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

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

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

 (b) An air-cored solenoid is connected in series with a battery, as shown in Fig. 6.2.

solenoid
iron core

Fig. 6.2

  As an iron core is inserted into the solenoid, an e.m.f. that opposes the e.m.f. of the battery is 
induced in the solenoid.

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

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

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

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

 .............................................................................................................................................. [4]
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7 A student is using a power supply that produces a sinusoidal output. The meters on the supply 
show that the output voltage V has a root-mean-square (r.m.s.) value of 14 V with a frequency of 
750 Hz.

 The variation with time t of the output voltage V may be represented by the expression

V  =  V0 sinωt.

 (a) Determine the value of

  (i) V0,

 V0  =   .....................................................  V  [1]

  (ii) ω.

 ω  =   ............................................. rad s−1  [1]

 (b) A capacitor with a large capacitance is connected across the terminals of the supply.

  Suggest and explain why this may lead to a large current from the supply.

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

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

 .............................................................................................................................................. [3]
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8 Light of wavelength λ is incident on a metal surface having a work function energy Φ.

 Photoelectrons of maximum kinetic energy EMAX are emitted from the surface.

 (a) State an equation relating Φ, EMAX and λ. Explain any other symbols you use.

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

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

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

 (b) The variation with 1/λ of EMAX is shown in Fig. 8.1.

0

EMAX

1/

Fig. 8.1

  (i) By reference to your answer in (a), explain why the gradient of the line does not depend 
on the metal surface.

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

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

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

  (ii) The work function energy of sodium is 2.28 eV.

   Determine the minimum wavelength λ0 at which EMAX is zero.

 λ0  =   ....................................................  m  [3]
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9 (a) State what is meant by the binding energy of a nucleus.

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

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

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

 (b) Data for two isotopes of uranium are given in Fig. 9.1.

isotope binding energy per nucleon / MeV binding energy / MeV

uranium-235

uranium-238

7.59

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

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

1802

Fig. 9.1

  (i) State what is meant by isotopes.

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

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

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

  (ii) Complete Fig. 9.1. [2]

 (c) Uranium-235 has a half-life of 7.1 × 108 years.

  (i) Show that the decay constant λ of uranium-235 is 3.1 × 10−17 s−1.

[1]
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  (ii) A sample of uranium-235 has an activity of 5.0 × 103 Bq.

   Calculate the mass of the sample.

 mass  =   .....................................................  g  [3]
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Section B

Answer all the questions in the spaces provided.

10 The output potential VOUT from an operational amplifier is to be monitored using an output device.
 The output VOUT can be either +5 V or −5 V.

 (a) On Fig. 10.1, draw a circuit for the output device that consists of two light-emitting diodes B 
and G.

  Diode B alone is to emit light when VOUT is +5 V. Diode G alone is to emit light when 
VOUT is −5 V.

VOUT

Fig. 10.1
[3]

 (b) On Fig. 10.2, draw a circuit of the output device that consists of a relay and a diode such that 
a high-power lamp is switched on only when VOUT is −5 V.

VOUT

high power
lamp

power supply

Fig. 10.2
[4]
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11 (a) An X-ray source is placed on one side of a metal plate, as shown in Fig. 11.1.

A B
X-ray

source

metal
plate

Fig. 11.1

  The intensity of the X-ray beam is measured at points A and B.

  State two reasons, other than absorption of X-ray photons in the metal, for the intensity at 
point A to be different to that at point B.

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

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

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

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

 (b) A specimen of muscle and bone undergoes X-ray examination. Parallel beams of X-rays are 
incident on the specimen, as shown in Fig. 11.2.

4.0 cmmuscle

X-ray
beams

bone1.5 cm

Fig. 11.2

  The specimen has a total thickness of 4.0 cm. One section contains a bone of thickness 
1.5 cm.

  Data for the linear absorption (attenuation) coefficient μ for the bone and for the muscle in the 
specimen are given in Fig. 11.3.

μ / cm−1

bone
muscle

3.0
0.27

Fig. 11.3
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  (i) Calculate the ratio

intensity of X-ray beam incident on the specimen
intensity of X-ray beam emerging from the specimen

   for the beam passing through

   1. the 4.0 cm thickness of muscle alone,

 ratio  =   ......................................................... [2]

   2. the bone and the muscle.

 ratio  =   ......................................................... [2]

  (ii) Using your answers in (i), suggest and explain whether an X-ray image of this specimen 
is likely to have good contrast.

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

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

 ...................................................................................................................................... [2]
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12 A transmission system for speech may be represented by the block diagram of Fig. 12.1.

P

analogue-to-
digital

converter

parallel-to-
serial

converter

Q
X Y Z

Fig. 12.1

 (a) Name the component labelled

  (i) block X,

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

  (ii) block Y,

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

  (iii) Z.

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

 (b) The variation with time of part of the signal at the input P to the analogue-to-digital converter 
(ADC) is shown in Fig. 12.2.

0.25
0

4

8

12

16

signal
/ mV

time / ms

2

6

10

14

0.500 0.75 1.00 1.25 1.50 1.75

Fig. 12.2
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  Each number of the output from the ADC is a digital number where the smallest bit represents 
1 mV.

  State

  (i) the minimum number of bits in each digital number so that the signal in Fig. 12.2 can be 
sampled fully,

 number =   ......................................................... [1]

  (ii) the digital number produced by the ADC at time 0.50 ms.

 number  =   ......................................................... [1]

 (c) The ADC samples the signal in Fig. 12.2 at a frequency of 4.0 kHz. The first sample is taken at 
time zero.

  Using data from Fig. 12.2, draw, on the axes of Fig. 12.3, the variation with time of the output 
at point Q for time zero to time 1.5 ms.

0.25
0

4

8

12

16

output
level

time / ms

2

6

10

14

0.500 0.75 1.00 1.25 1.50 1.75

Fig. 12.3
[4]

Please turn over for Question 13.
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13 Polar orbiting satellites have orbits over the poles of the Earth. Geostationary satellites are in 
equatorial orbits. Both are used as part of communication channels.

 (a) State one advantage and one disadvantage of the use of a polar orbiting satellite as compared 
with a geostationary satellite.

advantage:  ................................................................................................................................

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

disadvantage:  ............................................................................................................................

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

 (b) A geostationary satellite is known to operate on the 6/4 GHz band.

  Explain

  (i) what is meant by the 6/4 GHz band,

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

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

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

  (ii) why two different frequencies are necessary.

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

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

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

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