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1.

SECTION I
Read the passage on the separate insert and then answer the Section I questions.

(a) Use the first paragraph to estimate, to an order of magnitude, the distance between the
Sun and the Earth.

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

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

(b) In the space below draw a magnetic dipole and sketch the magnetic field pattern
around it.

)

Leave
blank

M 3 0 4 1 4 A 0 2 2 4




\(‘

Leave“
(c) A high speed proton in the solar wind enters the Earth’s magnetosphere heading i
directly for the Earth.
(11) A different proton subsequently becomes trapped in the magnetosphere. Add to
the diagram to show the shape of the path it follows, the centre of which is the
magnetic field line PQ.
C)
3
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(d) Consider a proton that is reflected, i.e. makes the transit from one pole to the other,
every 1.2s and continues to do so for exactly 3 days. Assume that it makes on
average one ionising collision after every hundred transits.

(i) Show that this proton makes about 2000 ionising collisions.

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

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

(1) Each collision reduces the energy of the proton by 14 eV.

Calculate this proton’s initial energy in joules.

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

................................................................................................................................
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(e) A proton of mass m and charge e enters a magnetic field of magnetic flux density B
at a speed v as shown below.

magnetic field
into paper

path of
proton

Y

(i) Deduce an expression for the radius » of the path followed by the proton.

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

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

(i) Calculate a value for » for a proton moving at a speed of 2.0 x 10° ms™! that
enters a magnetic field where B is 40 pT.

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

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

N
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(f) The density p of nitrogen gas in the Earth’s atmosphere varies with height /# according
to the relationship

p=pe™

where pg is the value of the density at the Earth’s surface and £ is a constant of value
6.5x10° m™.

(i) Sketch a graph to describe how p varies with 4.

(ii) Calculate the ratio p/p, at a height of 150 km and hence confirm that at that height
the Earth’s atmosphere is ‘very, very thin’.
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(g) (i) Explain how ‘these ionisations’ (paragraph 3) are produced.

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

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

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

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

(i) Oxygen and nitrogen atoms produce different hues (colours) after being ionised.

Explain how different atoms can produce different hues.

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

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

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

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

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

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

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

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

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

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

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

..................
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(h) A rocket, of initial mass 400 kg, is launched to investigate the nature of the Earth’s
atmosphere at heights of up to 200 km.

A student estimates that the gain in gravitational potential energy of the rocket in
reaching its maximum height is:

A(g.p.e.) = (400kg) x (9.8 m s2) x (200 000 m)
=7.8x10%J
(1) State any assumptions the student used in making this estimate.

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

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

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

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

(Total 33 marks)
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SECTION 11
(Answer ALL questions)
2. (a) Draw a labelled diagram to show the principal components of a linear accelerator
(linac) for producing high-energy protons.
)
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(b) The dashed line on the graph below shows how the kinetic energy of a proton would
vary with the square of its speed if the relationship
k.e. = Yomv?
were to hold for all values of v, no matter how high.
9
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Use data from the graph to show that the rest mass of the proton is about
1.7 x 102" kg.
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(c) The curved line on the graph shows how the kinetic energy of a high-energy proton
actually varies with the square of its speed. This is greater than that predicted by the
Yamp* expression because of relativistic effects.

(i) Complete the table below to show the extra energy AE, caused by relativistic
effects, for protons accelerated to the three speeds v shown in the left column.

/108 ms™t | v¥10¥m? s2 AE/1071 ]

2.00 4.0

2.24 5.0

245 6.0

(i1) For any one of your values for AE, calculate the equivalent mass increase Am of
a proton moving at that speed and express this mass increase as a percentage of
the rest mass of a proton.

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

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

(iii) Describe how the curved line on the graph would continue as more and more
energy is given to a proton and suggest how this would affect the design of a
proton linac.

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

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

(Total 16 marks)
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3. (a) A free-body force diagram for a travel case of total mass 5.5 kg is shown below. The
case is being held at rest by a hand at H, and its centre of gravity is at G.
The diagram is drawn to scale at one fifteenth real size.
Y
H
Handle
Wheel Scale 1:15
w
(i) Use Newton’s first law to write an equation relating the sizes of the forces N, W
and Y acting on the case.
(i) Use the principle of moments to calculate the size of the force Y, the upward pull
of the hand on the case.
C))
J
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(ii1) State and explain two ways in which the force Y could be reduced without
altering the total mass of the case or further extending the handle.
L ettt ettt et st sn e resae b
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(b) The owner of the case wheels it onto an electric railcar that is powered from a 750 V
d.c. supply rail. The railcar makes a short journey from one terminal of an airport to
another.

(1) The graph shows the acceleration of the railcar during this journey.

=y
i~

Use the graph to determine the steady speed » of the railcar during the middle
section of the journey.

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

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

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

................................................................................................................................
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(1i1) When moving at the steady speed v the railcar draws 96 A from the power rail in
order to overcome resistive forces that total 3000 N.
Use this data to determine a second value for .
3) Q3

(Total 15 marks) E
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4. (a) An upright kitchen freezer — a heat pump — has an internal volume of 0.20 m* and
maintains a steady internal temperature of —18 °C. After the door has been left open
for a short time all the cold air in the freezer has been replaced by air at a room
temperature of 22 °C.

Show that the energy that needs to be extracted from this air to cool it down to freezer

temperature is about 6 kJ. Take the density of air to be 1.3 kg m™ and the specific heat
capacity of air to be 610 J kg ' K!.

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

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

(b) (i) The diagram shows the principle of a heat pump like the freezer.

Ty
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Describe the purpose of such a heat pump, explaining the meanings of the
symbols in the diagram as they apply to a freezer.

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

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

Calculate a value for the maximum coefficient of performance of this kitchen
freezer that maintains an internal temperature of —18 °C when the room
temperature is 22 °C.

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

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

(iii) The maximum coefficient of performance 7, can also be expressed as Q./W.

How much energy W was needed to cool down the air in part (a) above?

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

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

~
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(c) When air is cooled it slows down the random motion of the air molecules and atoms.
Gas atoms can be slowed down to extremely low speeds by bombarding them with
infra-red photons from a laser.

photon
of frequency f

(1) The momentum of a photon is E/c, where E is the photon energy and c is the
speed of light.

Derive an expression for Ao, the change of speed of the atom of mass m, initially
moving at a speed v, after it has absorbed the on-coming photon.

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

................................................................................................................................
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(i) Atoms must absorb only on-coming photons. For this to occur £ is made slightly
lower than a known transition between two of the atom’s energy levels. The
Doppler effect then ensures that the atoms ‘see’ the photons as being of exactly
the right energy for absorption.

Show that the apparent energy E’ of the on-coming photon as seen by the atom in
the above diagram is given by

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

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

(Total 16 marks)
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List of data, formulae and relationships

Data

Speed of light in vacuum
Gravitational constant
Acceleration of free fall
Gravitational field strength
Elementary (proton) charge
Electronic mass
Electronvolt

Planck constant

Unified atomic mass unit
Molar gas constant

Permittivity of free space

Coulomb law constant

Permeability of free space

Rectilinear motion

For uniformly accelerated motion:

Forces and moments

c=3.00x108ms™!
G=6.67x10""' Nm? kg™
g=9.8Ims™
g2=981Nkg!
e=1.60x10"C

me =9.11x10731 kg

1eV =1.60x10""°7

h=6.63x10"%]s
u=1.66x10""kg
R=831JK! mol™

&, =8.85x10"2Fm™!
k=1/4ng,

=8.99x10°Nm?C™
Lo =4mx107 NA™

(close to the Earth)
(close to the Earth)

v=u+at

x=ut ++at?

v? =u? + 2ax

Moment of £ about O = F x (Perpendicular distance from £ to O)

Sum of clockwise moments
about any point in a plane

Dynamics
Force
Impulse

Mechanical energy

Power

_ Sum of anticlockwise moments

Radioactive decay and the nuclear atom

Activity
Half-life

about that point
Av_dp
At At
FAt=Ap
P=Fy
A=AN (Decay constant A)
Aty =0.69

M 3 0 4 1 4 A0 2 1 2 4

21

Turn over



Heating matter

Electrical current and potential difference

Electric current I =nAQv
Electric power P=IR
Electrical circuits
Terminal potential difference V=g-1Ir (E.m.f. &; Internal resistance r)
Circuit e.m.f. 2&=ZXIR
Resistors in series R=R +R,+Ry
1 1 1 1
Resistors in parallel —=—t—t+—
R R R, R,

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
Kinetic theory p=1p(c?
Conservation of energy
Change of internal energy AU =AQ+AW
Useful t
Efficiency of energy transfer _ Lselu output
Input
I, -T.
Heat engine maximum efficiency =- 7 -
1
Circular motion and oscillations
AG v
Angular speed w=—==—
At ¥
. v?
Centripetal acceleration a=—
-
Period T= 1 = 2n
f o

Simple harmonic motion:

maximum speed = 27fx,

acceleration a =—(2nf)*x

T=2TE\/Z
g
T=2n\[E

k

For a simple pendulum

For a mass on a spring

displacement x = x, cos 27ft

T oc Average kinetic energy of molecules

(Energy transferred thermally AQ;
Work done on body AW)

(Radius of circular path »)

(Frequency f)

(Spring constant k)

)

22

M 3 0 4 1 4 A 0 2 2 2 4



Waves

. P
Intensi J=
et 4mr?
Superposition of waves
Two slit interference A= %s_
Quantum phenomena
Photon model E=hf
Maximum energy of photoelectrons =hf —¢@
Energy levels hf =E -E
. h
de Broglie wavelength A=—
P
Observing the Universe
Doppler shift N _M
oppler shi T
Hubble law v=Hd
Gravitational fields
Gravitational field strength g=F/m

2

g = Gm/r?, numerically

for radial field
Electric fields
Electric field strength E=F/Q
for radial field E=kQ/#*
for uniform field E=Vid

(Distance from point source ¥,
Power of source P)

(Wavelength A; Slit separation s;

Fringe width x; Slits to screen distance D)

(Planck constant /)
(Work function ¢)

(Hubble constant H)

(Gravitational constant )

(Coulomb law constant k)

For an electron in a vacuum tube eAV = A(%mevz)

Capacitance

Energy stored w=1cr?
Capacitors in parallel C=C+C,+C4

. . . 1 1 1 1
Capacitors in series e —

cC ¢ ¢ G

Time constant for capacitor
discharge =RC

000
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Magnetic fields -

Force on a wire

F =Bl

Magnetic flux density (Magnetic field strength)

(Permeability of free space 1)

(Number of turns )

Estimated uncertainty x 100%

in a long solenoid B = pynl
near a long wire B = puyl/2mr
Magnetic flux & = B4
E.m.f. induced in a coil E=- NAD
‘ At
Accelerators
Mass-energy AE =c*Am
Force on a moving charge F=BQv
Analogies in physics
Capacitor discharge 0 =Qpe'RC
z
L —m2
RC
Radioactive decay N =Npe™
At,=In2
Experimental physics
Percentage uncertainty =
Mathematics .-

Equation of a straight line

Surface area

Volume

For small angles:

sin(90°—6) =cos 6

In(x")=nlnx
In(e"™) = kx
y=mx+c

Average value

cylinder = 27k + 27

sphere = 4nr?
cylinder = nr?h

sphere = £ 773

sin@ ~tan0 ~ 0

cosf =1

(in radians)
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INSERT

This passage accompanies the question paper and forms an integral part of Question 1.

Northern Lights: the aurora borealis

The northern lights is a natural phenomenon, visible in high latitudes, caused by the interaction of
charged particles from the Sun with the Earth’s atmosphere. Sunspots and solar flares emit charged
particles, electrons and protons, that rush towards the Earth at very high speeds — between 0.2%
and 0.6% of the speed of light. When the particles in this solar wind reach the Earth after two
or three days, they cause disturbances in the Earth’s magnetic field that can severely affect radio
communication and radio navigation systems.

{

Solar
wind

y

The solar wind causes the Earth’s magnetic field (the magnetosphere) to form the shape shown in
the diagram; a shape rather like that of a magnetic dipole, only distorted. The charged particles in
the solar wind are deflected by this field and many of them subsequently find themselves trapped in
the magnetosphere. Here they travel rapidly back-and-forth along a corkscrew-shaped spiral path
whose centre is a magnetic field line running north-south, a few thousand kilometres above the
Earth’s surface. At the same time they drift slowly around the Earth, electrons and protons drifting
in opposite directions.

As they approach the lower end of their trajectory near one of the Earth’s magnetic poles the
particles go into a flattening spiral and then wind back around the magnetic field line to the other
pole where again they are ‘reflected’. The transit from one pole to the other takes about a second.
These magnetic reflections occur within 150 km or so of the Earth’s surface, a height at which
there is still a very, very thin atmosphere. Some of the charged particles collide there with atoms
and molecules, ionising them, and it is the result of these ionisations that produces the dancing
coloured lights that we call the aurora. The colours of the aurora depend on the elements present:
oxygen produces a greenish hue while a red hue is the result of collisions with nitrogen molecules.
A given proton or electron may continue to spiral back and forth, gradually losing energy in ionising
collisions for several days.

Scientific study of the northern lights, which are most spectacular after there has been a magnetic
storm on the surface of the Sun, takes place from research stations such as that at Poker Flat in
Alaska. Here a camera captures spectacular images of the aurora and rockets are launched to collect
data about the nature of the upper atmosphere. The more we know about the auroras and the solar
wind, the more we will be able to predict the consequences for us of the magnetic storms on the
Sun’s surface. :
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