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SECTION 1

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

(a) The diagram shows three stages in the production of a droplet by a piezo-electric

driven drop generator.

piezo-electric
wall \‘ ,— nozzle

ink chamber

bent wall \%

straight wall \‘

T from ink
cartridge

(1) What is meant by a piezo-electric material?
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(i) Complete the diagram below to show the equivalent stages in the production of
a droplet by a heater element drop generator.

nozzle

/

ink chamber
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cartridge
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(b) The graph below is a phase diagram, showing a range of temperatures and pressures. The
lines separate regions in which water is in either a liquid, a solid, or a gaseous state.
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(1) Label the regions to indicate where water is a liquid, a solid and a gas.
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(i) What is meant by the critical point of water?

(d) (i) Show that the ‘100 000 drops per second’ (paragraph 2) is consistent with the
‘few microseconds’ of heating (paragraph 4).
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(i) An inkjet printer drop generator operating at 620 kHz produces drops of diameter
11 pm.

What volume of ink is projected from such a generator when working for 3.0
minutes?

(e) A droplet of mass m carrying a charge —q reaches the deflection plates at a speed o.
The potential difference between the plates is /" and their dimensions are as shown in
the diagram.

+V
<-—-------- (----—------ > M
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(1) By considering the electric force on the droplet in the electric field between the
plates, show that the acceleration of the droplet is gV/mx.
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(i1) State the direction of this acceleration and give any assumption you made in your
proof.

2)
(ii1) Describe the shape of the path of a charged droplet in an inkjet printer:
1. as it moves between the plates,
2. as it moves beyond the plates.
3)

In one printer £ = 1.5 cm and v = 220ms '. While the droplet is between the plates
it accelerates at 2.0 x 10°m s 2 perpendicular to its initial direction of motion.

(1) Calculate the time the droplet takes to travel through the deflection plates.

(i1) Calculate the displacement of the droplet perpendicular to its motion while
moving between the plates.
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(g) The pressure p in a water droplet of radius » can be shown to be
P=pat 2y
where p, is atmospheric pressure and y is the surface tension of water.

(i) Calculate the pressure above atmospheric in a water droplet of diameter 11 pm.
Take the surface tension of water to be 7.3 x 102J m™2.

(Total 31 marks)
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SECTION 11
(Answer ALL questions)
. The graph shows the predicted change in the activity 4 over a period of just over 300 years
of 32 Am, an isotope of americium used in smoke alarms. One gigasecond, Gs, is equal to
10°s.
3.0+
2.8
A/kBq
2.6
2.4
2.2
2.0-
1.8
1.6 T T \ T |
0 2 4 6 8 10
t/Gs
(a) (1) Show that the graph is part of an exponential decay curve.
3
J
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(i1) Use the graph to determine the half-life of this isotope in years. (Do not attempt
to extrapolate the graph.)

(ii1) In fact, the graph was drawn using the known half-life of this isotope. Outline
how in principle the half-life of such a very long-lived isotope can be measured.

(b) A graph similar in shape to the graph opposite could represent the rate at which charge
is leaking from an imperfectly insulated capacitor.

(1) Suggest what would replace the A/kBq and the #/Gs on the axes of such a capacitor
decay graph.

(i) State one way in which the discharge of a capacitor and the decay of a radioactive
sample are not analogous.
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(c) Americium-241 decays by a-emission into an isotope of neptunium (Np). Two decays
are possible. One emits a-particles of energy 5.44 MeV; the other emits a-particles of
energy 5.49 MeV.
(1) Complete the nuclear equation for the decay of americium-241.
241
(i1)) The 5.44 MeV decay leaves an excited nucleus that then emits a photon of energy
50 keV.
By calculating the wavelength of this photon, deduce the part of the electromagnetic
spectrum to which it belongs.
5) Q2

(Total 17 marks)
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3.

(a) Manganin is a metal alloy whose resistivity does not vary with temperature. It can be
used to make wire-wound resistors.

(1) Describe, with the aid of a circuit diagram, how you would determine the

resistivity of manganin given a reel of the wire with a resistance per unit length
of about 10 Q2 m ™.

(i1)) In manufactured wire-wound resistors, the wire is covered with an insulating
material and a coil is formed from a number of layers of the wire.

Explain why manganin is a suitable alloy for use in such resistors.
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(b) Mica is a mineral that can be split into uniform thin sheets. It can be used as an
insulating material between the plates of a capacitor.

A i

area A4 _

After charging and isolating this capacitor, the charge is found to leak very slowly
between the plates through the insulating mica.

(1) The resistivity of mica is p. Write an expression for the resistance R between the
plates of this capacitor.

(i1) The capacitance of this capacitor is C = ¢4/d, where ¢ is a constant called the
permittivity of mica.

1. The decay of charge is exponential. Show that the time for half the charge to

leak is dependent on the product of the values of p and ¢, and is independent
of the thickness d or cross-sectional area A4 of the mica sheet.

2. Half the charge is found to leak in 30 minutes. Taking p to be
5.0 x 10" Q m, determine a value for ¢, the permittivity of mica.
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(iii) In practice mica capacitors are made up of sandwiches of metal foil and mica
connected as shown.
+ | -
S -
metal foils mica
Explain whether these metal foils are connected electrically in series or in
parallel.
State the capacitance of this capacitor if the capacitance of one pair of foils
is C.
3 Q3

(Total 15 marks)
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4. (a) Electromagnetic waves travelling in space at a speed of 3.00 x 103m s consist
of oscillating electric and magnetic fields. The diagram shows a plane polarised
electromagnetic wave. The plane of polarisation is that of the electric field
oscillations.
(1) Explain why this wave is called a transverse wave.
(i1)) How would you place a coil in order to detect the oscillations of the magnetic
field in this plane polarised electromagnetic wave?
(ii1) Describe the difference between a polarised and a non-polarised electromagnetic
wave.
3)
J
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(b) The intensity /, that is the power passing per unit area, of an electromagnetic wave in
which the amplitude of the electric field is £ is given by

where a is a constant equal to 8.85 x 10 2Fm™".

(1) Show that the above equation is homogeneous with respect to units.

(ii) Calculate a value for E, in a wave of intensity 1.40 x 10*W m™, the Sun’s
intensity at Earth.

(ii1)) What would be the value of the intensity of the Sun’s radiation at a distance from
the Sun equal to 20 times the Sun-Earth distance?
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(¢) Two in-phase microwave sources of wavelength 7.0 mm placed at S; and S, produce
the interference pattern shown in the diagram. The full lines are lines of constructive
superposition (maxima) and the dashed lines are lines of destructive superposition
(minima).
The diagram is to scale.
(i1) Use a ruler to confirm that at P there is a maximum.
(ii1) Explain why the distance between the minima on the line S;S, is 3.5 mm.
(6) Q4

(Total 17 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 = 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
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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)
18
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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
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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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6736/01

PASSAGE FOR SECTION 1

Inkjet printing

Most people today have access to an inkjet printer that can print high-quality documents at the
touch of a button. The essence of an inkjet printer is that it forms an image from a stream of fine
ink droplets that travel from the print head to the paper. The first inkjet printers were based on the
observation that a fine liquid jet will break naturally into a stream of moving droplets under the
action of surface tension. Directing the path of each drop as it travels between the print head nozzle
and the paper creates the inkjet image.

How is this done? First, the drop break-off is stabilised by using a transducer to oscillate the ink
pressure in the drop generator at the required drop creation rate. This can be over 100 000 drops
per second. Next, a controlled charge is applied to each drop just as it breaks from the main jet.
The drop then passes through an electric field and feels a deflection force that is proportional to its
charge. Depending on whether the image requires a dot or a white space, the drops are deflected
either onto the paper or travel straight on into a collection gutter. The diagram, not to scale, shows
the layout of a typical inkjet printer.

electrode to deflection paper
charge drop plates
+

piezo-electric
driven drop
generator

L]
Q|
(o]
o
o
o
(o]
o|
o
o

<«

from ink to ink gutter JL
cartridge  cartridge

The transducer in the drop generator in the diagram is a piezo-electric driver element. Piezo-
electrics are materials that deform or bend when an electric potential difference is applied across
them. Here the wall of the drop generator is made of a piezo-electric material and drops are ejected
by applying electrical pulses that bend the wall inwards and shrink the volume of the ink chamber.
Surface tension pulls the ink ejected from the nozzle into a spherical droplet, which heads towards
the paper.

Another type of drop generator uses a heater element in place of the piezo-electric driver. To eject
a drop a current is passed through the heater for a few microseconds, heating a thin film of water-
based ink. The ink close to the element is heated above its critical point and forms a single, high-
pressure bubble of water vapour. The bubble expands, pushing ink out of the nozzle. The heater
cools, the bubble of water vapour collapses and more ink flows into the chamber. To create the next
drop the heater again raises the temperature of the ink above the critical point of water, which is
374 °C. At this temperature, where there is no distinction between the liquid and gas state, a single
stable steam bubble forms reliably, time after time.

[Adapted from ‘Inkjet printing’ by Guy Newcombe: Physics Review, February 2005]
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