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6736/01

PASSAGE FOR SECTION 1
Ultrasonics

Surfaces that vibrate with frequencies greater than about 20 kHz produce waves in air which are
said to be ultrasonic. Their maximum wavelength in air will be less than 20 mm. Such waves do
not disperse, that is they travel at a fixed speed that is independent of their wavelength. However,
as the wavelength gets smaller the attenuation of the wave increases, the sound energy being
dissipated as internal energy of the gas molecules. Above 10% Hz this energy transfer is so effective
that a mechanical longitudinal wave in air ceases to be a practical possibility.

Two types of ultrasonic transducers (sources of ultrasonic waves) are common. Up to about 10° Hz
the transducer is a ferromagnetic rod, usually nickel, which can be magnetized and demagnetized in
an alternating magnetic field. The field can be produced by passing an alternating current through a
solenoid wrapped round the rod. In following this magnetic cycle the dimensions of the rod change
— an effect called magnetostriction. If the frequency of the alternating magnetic field is arranged to
be equal to one of the resonant frequencies of the rod for longitudinal stationary waves, a significant
maximum displacement (=102 mm) of the ends of the rod can be produced.

Above 10° Hz a quartz crystal is used as the transducer. If a small slab of quartz is subject to an
alternating electric field, it too changes its dimensions: this is the piezo-electric effect. The electric
field can be produced by silvering the faces of the quartz slab and applying an alternating potential
difference across it. Again a resonant condition can produce large amplitude oscillations.

As the intensity of a mechanical wave is proportional to the product of the squares of both the
amplitude and the frequency of the particle displacement, it is generally possible to generate
ultrasonic waves of much higher intensity than sound waves. Also, as they have small wavelengths,
it is possible to produce parallel beams of ultrasonic waves and to focus them, for they do not diffract
as readily as sound waves. These two possibilities lead to many uses for ultrasonic waves.

Bats use echo techniques with ultrasonic waves to locate obstacles and small objects such as insects.
Similarly ultrasonic echoes can be used to detect flaws in metal objects such as railway lines. The
change of frequency of an ultrasonic wave reflected from a moving object — a Doppler shift — can
also be used to investigate the flow of blood in veins and arteries.

[Adapted from Mechanics, Vibrations and Waves by T.B.Akrill & C.J.Millar, John Murray 1974]
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SECTION I
Read the passage on the separate insert and then answer the Section I questions.

1. (a) State two different uses to which ultrasonic waves have been put by people.

(b) Show that the maximum wavelength of ultrasonic waves in air will be less than
20 mm (paragraph 1).

(c) Explain what is meant by the following phrases used in paragraph 1 of the passage:

(1) waves do not disperse,
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(d) Longitudinal stationary waves are set up on a 30 mm long nickel rod in a solenoid to
make an ultrasonic transducer. Each end of the rod oscillates with an amplitude of
0.010 mm when the frequency of the alternating current in the solenoid is 80 kHz.

[TTT]]

Y Y V/ Y Y Y U

Nickel rod

(1) Add to the diagram to show the shape of the magnetic field when the current in
the solenoid is at a maximum.

2

(i1) Calculate the maximum acceleration of the ends of the nickel rod during their
oscillations.
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(iv) Calculate the speed of ultrasonic waves in the nickel rod, explaining how you
decide your value for the wavelength 4 of these waves.

(¢) (i) The graph shows how the intensity / of a parallel beam of ultrasonic waves
decreases as the beam propagates a distance x in air.

1000 —

I/Wm™ 900
800 —

700 —

600 —

500 —

400 —

300 T \ T |
0 1 2 3 4
x/m

Use the graph to confirm that the intensity of the beam is decreasing
exponentially.

N
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(i1) The intensity / of an ultrasonic wave in air depends on the squares of the particle’s
amplitude x, and frequency f (paragraph 4), i.e.

I = kx*f? where k is a constant.

1. Show that the constant & has base SI units kgm2s™.

2. It can be shown that k depends directly on the density of the air. By
considering the base units of &, suggest what other factor & depends on.

(f) Describe an experiment to show that small wavelength waves diffract less than long
wavelength waves. You may refer to waves of any kind.
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(g) Explain how measurements of Doppler shifts of electromagnetic waves have enabled
us to estimate the age of our Universe.
You may be awarded a mark for the clarity of your answer.
) Q1

(Total 32 marks) TF

TOTAL FOR SECTION I: 32 MARKS
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2.

SECTION II
(Answer ALL questions)

(a) An electron gun fires a beam of electrons upwards from the centre left of a tube
in which there is a very small amount of helium gas. The photograph shows the
resulting circular glow. A uniform magnetic field of flux density B acts perpendicular
to the plane of the circle in which the electrons are moving at a uniform speed v.

Electron
gun

(1) Explain how you can deduce that the magnetic field is directed into the plane of
the circle.

(i1) Prove that the circle has a radius » =muv/Be where e is the charge on the electron
and m is the electron mass. Hence prove that the time 7 taken for the electrons
to complete one circle is independent of the speed v at which they were fired.
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(ii1) The electrons are fired by accelerating them from rest across a potential difference
of 160 V.

Calculate the speed with which they are fired.

(iv) Some of the electrons ionise the helium atoms in the tube and as the ionised atoms
return to excited states and then to the ground state they emit visible photons.

Draw a labelled diagram to illustrate this statement.

©))
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(b) Protons from a source S can be accelerated to high energies by a cyclotron. The
protons travel in a vacuum inside two Dee-shaped metal boxes D, and D, shown in
the diagram of a cyclotron below.
A
T
(1) Add labels to the diagram to identify the other key components of a cyclotron.
3
(i1) Each proton emerging from a cyclotron has a kinetic energy of 9.4 MeV.
Express this energy gain as an increase in the mass of each proton and comment
on how this relates to its rest mass.
@ Q.
(Total 17 marks)
J
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3. (a) The first supersonic jet airliner, Concorde, had a typical take-off mass of 170000 kg,
of which nearly 50% was fuel, and a take-off speed of 380 km h".

(1) Show that the average acceleration of such a Concorde during a runway take-off
of length 1.7 km was about 3 ms2.

(i1) Hence, calculate the average forward push of a seat on a passenger of mass 85 kg
during such an acceleration.

(ii1) Explain why, using the same engines as at take-off, but in reverse thrust, the
deceleration of a Concorde on landing after a long flight was much greater than
3ms?

/
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(b) The diagram shows Concorde flying at a steady cruising speed high in the atmosphere
with an air drag (the air resistance force) on it of 210 kN.

———— é\ > 210kN

(1) Add arrows to the diagram to show any other forces acting on Concorde, giving
their sizes where possible.

(i1) Explain how any force that acts to drive Concorde through the air is produced.

You may be given a mark for the clarity of your answer.
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(c) The air pressure and temperature at Concorde’s cruising height are 8.0 kPa and —50 °C;
very low compared to the average values at take-off, which are 101 kPa and 25 °C.

Deduce the ratio of the density of air at take-off to that at cruising height. Explain
how you made your deduction and state any assumptions you made.

(Total 16 marks)
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4. (a) When the switch S in the circuit below is closed the initially uncharged capacitor
charges through the 100 Q resistor. The current / in the circuit varies with time ¢ as
shown on the accompanying graph.
30
S
I/mA
100 Q [|] 20 -
T30V
10 —
C——
0 T | T 1 T \ |
0 1 2 3 4 5 6 7
t/ms
(1)By estimating the charge which flows, deduce the capacitance C of the
capacitor.
(C))
(i1) Explain why the initial current is 30 mA.
(0]
(ii1) Complete the table to show the potential difference Vi across the 100 Q resistor
at various times during the charging process.
t/ms 0 2 4 6
VeIV
(0]
J
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(iv) Add to the axes below a graph to show how the potential difference V- across the
capacitor varies during the first 6 ms of the charging process. Label the p.d. axis
with appropriate values.

Ve/V

3)
(b) The circuit shown in part (a), with a different value of C and a resistor of resistance
R in place of the 100 Q, can be used to act as a delay switch. For example when
switching on a house alarm system by closing switch S, the occupant needs a delay
while he or she leaves the house before the alarm is activated.
(1) State how the alarm circuit should be connected to the circuit in part (a).

(11) Suggest a suitable time delay and hence suggest values for C and R for use in
such a system.

(Total 15 marks)
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List of data, formulae and relationships

Data
Speed of light in vacuum c=3.00x108ms™!
Gravitational constant G =6.67x10""" Nm? kg™
Acceleration of free fall g=9.81ms™ (close to the Earth)
Gravitational field strength g=9.81Nkg™! (close to the Earth)
Elementary (proton) charge e=1.60x10""C
Electronic mass m, =9.11x1073" kg
Electronvolt 1eV=1.60x10""]
Planck constant h=6.63x10"*]Js
Unified atomic mass unit u=1.66x10""kg
Molar gas constant R=831JK ' mol™!
Permittivity of free space £y =8.85x107"2Fm™
Coulomb law constant k=1/4mng,
~8.99x10° Nm?2C~
Permeability of free space Uy =4nx107 NA™

Rectilinear motion
For uniformly accelerated motion:
v=u+at
x=ut+tat?

v? =u®+2ax

Forces and moments
Moment of F about O = F x (Perpendicular distance from F to O)

Sum of clockwise moments _  Sum of anticlockwise moments
about any point in a plane about that point
Dynamics
Force F=m Av = ap
At At
Impulse FAt=Ap

Mechanical energy

Power P=Fv

Radioactive decay and the nuclear atom

Activity A=AN (Decay constant 1)
Half-life At =0.69

o
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Electrical current and potential difference
Electric current I =nAQu
Electric power P=I’R
Electrical circuits
Terminal potential difference V=-1Ir (E.m.f. &€; Internal resistance r)
Circuit e.m.f. Y& =3%IR
Resistors in series R=R +R, + R,
Resistors i llel l_L+L+L
esistors in paralle R R R R
Heating matter
Change of state: energy transfer =/Am  (Specific latent heat or specific enthalpy change /)
Heating and cooling:  energy transfer = mcAT (Specific heat capacity c; Temperature change AT)
Celsius temperature 0/°C=T/K-273
Kinetic theory of matter
Temperature and energy T o Average kinetic energy of molecules
Kinetic theory p=1%p(c?
Conservation of energy
Change of internal energy AU =AQ+AW (Energy transferred thermally AQ;
Work done on body AW)
Useful output
Efficiency of energy transfer - ST Ul
Input
. . , L-T,
Heat engine maximum efficiency = p
1
Circular motion and oscillations
Angular speed o= i—e =L (Radius of circular path r)
t r
2
Centripetal acceleration a=—
-
Period T= 1 = 2n (Frequency f)
f o
Simple harmonic motion:
displacement x = x, cos 2mft
maximum speed = 27fX,
acceleration a =—(2nf)*x
. [
For a simple pendulum T=2m |—
g
For a mass on a spring T= 2713\/% (Spring constant k)
J
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Waves
. P . .
Intensity I= > (Distance from point source 7;
Anr Power of source P)
Superposition of waves
Two slit interference A= % (Wavelength A; Slit separation s;
Fringe width x; Slits to screen distance D)
Quantum phenomena
Photon model E=hf (Planck constant /)
Maximum energy of photoelectrons =hf —¢ (Work function ¢)
Energy levels hf =E —E,
. h
de Broglie wavelength A=—
p
Observing the Universe
oppler shift I 1
Hubble law v=Hd (Hubble constant H)
Gravitational fields
Gravitational field strength g=F/m
for radial field g =Gm/r?, numerically (Gravitational constant G)
Electric fields
Electric field strength E=F/Q
for radial field E=kQ/r? (Coulomb law constant k)
for uniform field E=Vid
For an electron in a vacuum tube  eAV = A(dm v?)
Capacitance
Energy stored w=1icr?
Capacitors in parallel C=C+C,+C,4
. . . 1 1 1 1
Capacitors in series —=—t—+—
cC ¢ C, G
Time constant for capacitor
discharge =RC
\
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Magnetic fields
F=BIl
Magnetic flux density (Magnetic field strength)

Force on a wire

in a long solenoid B=pynl
near a long wire B=pyl/2nr
Magnetic flux @ =BA
E.m.f. induced in a coil __NA®
At
Accelerators
Mass-energy AE =c*Am
Force on a moving charge F =BQv
Analogies in physics
Capacitor discharge Q=Q,e "'k
h
-=1In2
Radioactive decay N = Nye™
At,=In2

o=

Experimental physics

(Permeability of free space L)

(Number of turns N)

Estimated uncertainty x 100%

Percentage uncertainty =

Mathematics
sin(90°—6) =cos O
In(x")=nlnx
In(e") = kx

Equation of a straight line y=mx+c

Surface area

sphere = 4mr?
Volume cylinder = 2
sphere = 477

For small angles: sinf ~tanf ~ 0

cosO =1

Average value

cylinder = 2mrh + 2712

(in radians)
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