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INSERT

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

The Maxwellian distribution

The distribution of molecular or atomic speeds, a knowledge of which leads to a value for the mean
square speed, (c?), is known as the Maxwellian distribution — see the graph on page 6 of the question
paper. The shape of such a graph can be investigated experimentally in a number of ways, two of which
are described below.

(1)

2)

In the Rotating Drum Method a suitable metal is vaporized in an oven. As a result of their random
motion in the oven, there are a number of atoms that are travelling in the right direction to leave
the oven as they approach the slit S, in its wall. These atoms emerge in a divergent beam which is
narrowed down by the collimating slit C.

glass plate

Plan view
oven _\;“ e
rotating
vaporised drum
metal atoms atoms from oven

To the right of C is a steel drum, 100 mm in diameter, that can be rotated at 400 revs™. The drum
has a thin slit S, cut in it parallel to its axis of rotation. When S, is in line with S; and C a small
bunch of atoms in the beam is ‘cut off” as it passes through the drum’s slit and becomes ‘smeared
out’ as the atoms in the bunch cross the drum. The atoms then stick to the glass plate and form a film
whose thickness ¢ after many rotations is directly proportional to the number of atoms N arriving at
each point. The whole apparatus is kept in a vacuum at a pressure of about 10 mmHg.

In the better Free Fall Method the distance dropped in free fall by vaporised metal atoms is
measured as they travel over a fixed horizontal distance of approximately 2.0 m in a vacuum of
about 107"mmHg. The collimating slits C; and C, are at exactly the same level. As the only force
on the atoms is their weight, they move in parabolic paths. Beyond the second collimating slit
C, the slowest atoms fall the greatest distance and the fastest fall the least distance. (The fall is
exaggerated in the diagram.)

atoms from oven

- path of atoms Side view
oven |pU 2o ] e L
NN ‘N e, d
C, C, \T
vaporised fine tungsten
metal atoms wire detector

Beyond slit C, is a detector, which is a very thin horizontal tungsten wire mounted an adjustable
distance d below the level of the slits. The wire is heated and ionises the atoms if they strike it and
these ions are collected by a nearby plate (not shown) at a negative potential. The resulting current
1 is proportional to the number of atoms hitting the wire per unit time. The current is measured for
different values of d.
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1.

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

(a) (i) Calculate the time ¢ it takes for an atom moving at 840 ms™! to cross the inside
of the rotating drum in method 1.

(ii1) Add to the drawing of the rotating drum below to show how a bunch of atoms in
method 1 1s ‘smeared out’ as it crosses the drum. Label fast and slow atoms.

7

(6
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(b) A pressure p measured in mmHg can be converted to pascals using the relation
p = pgh

where p is the density of mercury, 4 is the distance (e.g. 10 *mm in a pressure of
10~* mmHg) converted to metres and g has its usual meaning.

(i) A pressure of 1.0 x 10~* mmHg is equivalent to 0.013 Pa.

Calculate a value for the density of mercury.

N 3 0 6 1 7 A 0 4 2 4



(¢) (i) Atone point on their path from the oven to the wire detector (method 2) the atoms
are moving horizontally.

State where this point is (do not mark it on the diagram on the Insert).

(d) In method 2 the highest current registered by the detection system is 180 pA. This
corresponds to the detector being a distance d = 0.11 mm below the level of the slits
C; and C,.
(1) Show that a body in free fall takes about 5 ms to fall 0.11 mm from rest.

(i) Calculate how many singly ionised atoms per unit time are required to form a
current of 180 pA.

Leave )
blank

J

N 3 0 61 7 A 0 5 2 4

5

Turn over



(e) The graph shows the Maxwellian distribution for 250 000 oxygen molecules at 0 °C.
N on the vertical axis represents the number of molecules N with a speed within
£0.5ms ! of v, e.g. at v = 200 ms~!, there are 360 molecules with speeds between
199.5ms ! and 200.5ms.

600
N
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(1) Estimate the mean (average) speed {c) of the 250 000 oxygen molecules.

Use this mean speed to determine an approximate value for the quantity p/p
(pressure + density) for oxygen molecules at 0 °C.
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(i) Estimate how many of these 250 000 oxygen molecules have a speed of less than
200ms ! at 0°C. Explain how you made your estimate.

(i11) Add to the graph a second curve showing the approximate shape of the Maxwellian
distribution for 250 000 oxygen molecules at 100 °C.

(iv) Explain why the area under your graphs should be the same.
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(f) A further method, the Spectral Line Method, involves measuring the broadening of
a single line in the infra-red emission spectrum of a hot gas. Because of the random
motion of the gas atoms there is a Doppler broadening of this line, and the broadening
can be interpreted in terms of the speeds of the gas atoms that are emitting the

radiation.

(1) Suggest a wavelength 4 for an infra-red spectral line.

(i1) Calculate the percentage Doppler shift in this wavelength when the line is emitted
by a gas atom moving away from the spectrum detector at 840 ms ™.

(Total 32 marks)
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SECTION II

(Answer ALL questions)

2. (a) (1) Describe the analogy between the properties of springs and capacitors by

completing the table below.

Springs

Capacitors

The mathematical
models

The way in which
energy is stored

Series and parallel
arrangements

()

(i1)) The behaviour of a spring is limited by Hooke’s law. What is the analogous

property exhibited by a capacitor?
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(b) The diagram shows a Van de Graaff generator capable of producing a potential
difference between part A and earth of over one megavolt.
. . A e dome
+ /
+
+
T+
+
+ B o belt
+
+
+
+
+
+
+
+
M C o support
+
+ +
5kv T
L
(i) Complete the labels to parts A, B and C of the diagram.
(i1)) The charge on the belt is repelled by the charge accumulated on the dome. Where
does the energy to do work against this repulsion come from?
C))
(ii1) When the generator is switched on for 6.0 s the rate of flow of charge to the dome
is 0.80 pA and the p.d. between the dome and earth rises from zero to 0.5 MV.
Show that the dome is acting as a capacitor of capacitance approximately 10 pF.
State any assumption you have made in your calculation.
Q) Q2

(Total 15 marks)
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3.

(a) (1) Explain how a simple pendulum may be used to determine a value for the
acceleration of free fall g.

e List the measurements you would take and state how they would be used in
finding g.

e Describe the procedures you would take to ensure a reliable value for g.
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(i) A physicist commented that the measured value of the acceleration of free fall in
the UK was not quite the same as the Earth’s gravitational field strength in the
UK.

Explain this apparent anomaly.

(b) Two students use a pendulum to measure the acceleration of free fall g at two places
A and B a vertical distance /4 apart in a very tall building. They predict that the
difference in their two values will be

2Gm.h
Ag=g,—8y=—7+

VE

where 7, the radius of the Earth, is 6.4 x 10°m.

The students do not know the value of Gmg, but they do know that the value of g in
the building is 9.8 m s to 2 s.f.

Calculate the difference Ag that the students expect to find in the building when the
vertical distance between A and B is 260 m.

Leave )
blank
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(¢) The students then wonder whether a pendulum, made from thin brass wire and a
heavy bob, will vary in its period of oscillation 7 when the temperature changes.

A data book tells them that the fractional increase in length A/ of a brass wire of length
[is 1.8 x 107 for each degree Celsius rise in temperature.

(1) Show that a brass wire of length 1.200 m will expand by less than 0.5 mm when
heated from 15 °C to 35 °C.

(i1) Discuss whether any noticeable change in 7 will result from the temperature
change stated in part (i) above.

(Total 16 marks)
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The diagram shows, in cross-section, the structure of a moving-coil microphone. A sound
wave incident on the diaphragm causes the coil, to which the diaphragm is attached, to
oscillate between the poles of the permanent magnet. The coil is electrically connected

between the terminals T, and T,.

diaphragm

coil

magnet

(a) State and explain what happens across the terminals T, and T, when the coil is

displaced a small distance to the right.
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(b) The moving-coil microphone is connected via a high-ratio step-up transformer to an
oscilloscope.

T,

microphone % ‘ g @ oscilloscope

T,

(1) Explain, giving a quantitative example, the meaning of the phrase ‘high-ratio
step-up’ when used to describe a transformer. You may be awarded a mark for
the clarity of your answer.

QUESTION 4 CONTINUES OVERLEAF

N
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(i) For a particular sound wave incident on the microphone the trace on the
oscilloscope is as shown below.

The settings on the oscilloscope are:  vertically 50 mV cm™!

horizontally 2.0 mscm™

Estimate the amplitude of the output voltage of the transformer and determine the
frequency of the sound wave.

KN 1110) 1100 [PPSR
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(ii1) The oscilloscope trace shows that this sound is the result of the superposition of
two waves.

State what is meant by ‘the superposition of two waves’ and describe how you
would demonstrate wave superposition in the laboratory.

(Total 17 marks)
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N
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 = Ay = 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 Aty =0.69
J
19
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Electrical current and potential difference
Electric current I =nAQv

Electric power P=1I°R

Electrical circuits

Terminal potential difference V=g—-1Ir (E.m.f. &; Internal resistance r)
Circuit e.m.f. 2E =XIR
Resistors in series R=R +R,+ R4
Resistors in parallel b + L+ L
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 ¢; Temperature change AT)
Celsius temperature 0/°C=T/K-273
Kinetic theory of matter
Temperature and energy T oc Average kinetic energy of molecules
Kinetic theory p=1p(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 - S oupl
Input
, : . L-T,
Heat engine maximum efficiency = T
1
Circular motion and oscillations
Angular speed o= % _ (Radius of circular path r)
r
2
Centripetal acceleration a=—
r
Period T = 1 = 2n (Frequency f)
f o

Simple harmonic motion:
displacement x = x, cos 2mft
maximum speed = 2mfX,

acceleration a =—(2nf)*x

For a simple pendulum T=2n \/z
g
For a mass on a spring T=2n % (Spring constant k)
20
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Waves

Intensity

Superposition of waves

Two slit interference

Quantum phenomena
Photon model
Maximum energy of photoelectrons

Energy levels

de Broglie wavelength

Observing the Universe

Doppler shift

Hubble law

Gravitational fields

Gravitational field strength
for radial field

Electric fields
Electric field strength

for radial field

for uniform field

P . .
1= > (Distance from point source 7;
Anr Power of source P)
xs . .
A= ) (Wavelength A; Slit separation s;
Fringe width x; Slits to screen distance D)
E=nf (Planck constant /)
=hf - (Work function @)
hf = E] - E2
a=t
'z
Y _AL v
f A ¢
v=Hd (Hubble constant H)
g=F/m

g =Gm/r*, numerically (Gravitational constant G)

E=F/Q
E=kQ/r? (Coulomb law constant k)
E=V/d

For an electron in a vacuum tube  eAV = A(dm,v?)

Capacitance

Energy stored

Capacitors in parallel
Capacitors in series

Time constant for capacitor
discharge

w=Lcy?
C:C1+C2+C3
I 1 1 1
c ¢ G G
=RC

21
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Magnetic fields

Force on a wire

F =Bl

Magnetic flux density (Magnetic field strength)

in a long solenoid
near a long wire

Magnetic flux

E.m.f. induced in a coil

Accelerators

Mass-energy

Force on a moving charge

Analogies in physics

Capacitor discharge

Radioactive decay

Experimental physics

Percentage uncertainty =

Mathematics

Equation of a straight line

Surface area

Volume

For small angles:

B = pyni (Permeability of free space L)
B=pyl/2nr
@ =BA
NAOD
=— (Number of turns N)
At
AE = c*Am
F =BQuv
Q — Qoeft/RC
1
2 =In2
N :Noeih

Estimated uncertainty x 100%

Average value

sin(90°—-6) =cos O
In(x")=nlInx
In(e") = kx
y=mx+c
cylinder = 2mrh + 2712
sphere = 4772
cylinder = r?h

— 4.3

sphere = 5 mr

sinf ~tan6 ~ 0 (in radians)

cosO ~1
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