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Section A

Answer all questions in this section.

Figure 1 shows a fixed mass of gas held in an insulated cylinder.
Figure 1
cylinder
piston
gas .
~L ——— —» movement of piston

The volume V and the pressure P of the gas are measured as the gas is allowed
to expand.

Table 1 shows derived values of In(P / Pa) and In(V'/ cm?).

Table 1
In(P/Pa) | In(V/cmd)
14.6 4.38
13.7 5.08
13.1 5.48
12.8 5.77
12.3 6.17

III Plot, on Figure 2, a graph of In(P / Pa) against In(V / cm?).
Use the false origin provided.
[4 marks]
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Question 1 continues on the next page
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El Determine the gradient of the graph.

from the large triangle: (4.20, 19.82) and (6.20, 12.23)
gradient = (12.23 - 14.82) / (6.20 — 4.20)

=-259/2.00=-1.29

gradient= —/.3

[2 marks]

@ P and V are connected by the relationship:
PV =k
where k and y are constants.

Determine vy for this gas.
PW =k so InP+vyInV=Ink
mP==InV+Ink (compare with y=mx + c)

gradient = =y so y = —(-1.3)

[2 marks]
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[0]2][1]

Figure 3 shows apparatus used to determine the specific heat capacity c of a liquid.

Figure 3

thermometers

heating coil
inlet outlet

liquid | W I 2
glass tube @ H\beaker
R Op e

A liquid flows through a glass tube at a constant rate. The liquid is heated by a
heating coil, then leaves the tube and is collected in a beaker. Before any
measurements are taken, the heating coil is turned on until the temperatures shown
by the thermometers become constant.

The initial temperature T of the water at the inlet as it enters the tube and the final
temperature T, of the water at the outlet as it leaves the tube are measured.

The voltage V| across the heating coil and the current /; in the coil are measured.
The mass m, of liquid collected in a time ¢ = 60 s is measured.

The principle of conservation of energy leads to the equation:
iht=mcoT,-T)+ 0
where Q is the energy transfer to the surroundings.

This equation does not include the energy used to change the temperature of
the apparatus.

Explain why.

[1 mark]

The heater is left on until T) and T, are steady before any

measurements are taken, so the apparatus is in a steady state: its

temperature stays constant and no energy is used to heat it.

Question 2 continues on the next page
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The rate of flow of liquid is now changed. The experiment is repeated to eliminate QO box
from the calculation.

The voltage and current are adjusted so that 7, and 7, have the same values as they
had in the first determination.

The new value V, of the voltage and the new value /, of the current are now
measured.

The new mass m, of liquid collected in a time ¢ = 60 s is measured.

@ Explain why Q is the same for both determinations.
[2 marks]

T) and T, are the same in both determinations, so the temperatures of

the apparatus are the same and the rate of energy transfer to the

surroundings is the same.

Each determination lasts the same time t = 60 s, so the total energy

transfer Q is the same.

E Show that c is given by:

__ WL -Vh)
(my —m, X(T, = T))
[2 marks]
first: V;l/t = W),C(Tz - TI) + d?
second: Vlit = mye(T, = T) + @
subtract the two equations, so @ cancels:

iy = Vol )t = (my = mp)e(T, = T)

Cc = (V/I; - Vzlz)t / (W), - W’Z)(TZ - TI)
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The data below are the measurements for the liquid.

Vil,—=V,I, =375 (x4%) W
T7,=18.0(x0.1)°C
T,=23.6(0.1)°C
m=418 (1) g
m,=255(x1)g

t =60 (+1%)s

E State the absolute uncertainty in (7, — 7) and in (m, — m,).

[1 mark]
T, = T) =236 —18.0 =56 K; uncertainty = 0.1 + 0./
m—my = 418 — 255 = 163 g; uncertainty = | + |
absolute uncertainty in (7, - 7)) = 0.2 K
absolute uncertainty in (m, —m,) = 2 9
El State the percentage uncertainty in (75, — 7}) and in (m; — m,).
[1 mark]

(0.2 /56) x 100 = 3.6 %

(2/163) x100 =12 %

percentage uncertainty in (7, - 7)) = 3.4 %

percentage uncertainty in (m, —m,) = ) 2 9

Question 2 continues on the next page
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[0]2].[6] calculatecinJg' K.

[1 mark]
¢ = (375 x60) / (163 x 5.6)
= 2250/ 2.8
c= 2.46 Jg‘1 K!
. Calculate the absolute uncertainty in the value for c.
[2 marks]
% uncertainty inc =9 % +1 % (t) +3.6 % +1.2 % = 9.8 %
absolute uncertainty = 0.098 x 2.96 = 0.24 J g”' K
absolute uncertainty = (.24 JglK!

. During the experiment, some liquid leaks from the apparatus at the inlet in Figure 3.

Explain whether this leak affects the calculated value for c.
[1 mark]

No effect: the leaked liguid never flows through the heated tube and is

not collected, so it is neither heated nor weighed (m is only measured

at the outlet).
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n A student investigates the relationship between the temperature 8 of a thermistor and box
its resistance R. Figure 4 shows some of the apparatus that he uses.
Figure 4
[l
S —
potentiometer
)
\J
thermometer
beaker I
9 —lﬁl— | water
|\ J

The student varies 6 by changing the temperature of the water.
For each temperature he measures the current / in the thermistor and the potential
difference V across the thermistor. He then calculates R.

n |I| The student wants / to be the same for each determination of R.
He needs to measure / and V.
He connects the thermistor to the battery using a potential divider that will allow him to
adjust V.

Complete Figure 4 to show how to connect the thermistor to the battery.
Include the additional components needed in your diagram.
[2 marks]

170
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[0]3][2]

[0]3][3]

Table 2 shows the student’s values of 8 and R.

Table 2
0/°C R/ kQ
20 12
40 5.0
60 3.5
80 2.0

The student believes that R is inversely proportional to the absolute temperature
of the thermistor.

Suggest how to analyse these results to check whether or not the student is correct.
You are not required to analyse the data.
[2 marks]

Convert each temperature to absolute temperature (T = @ + 273) and

plot a graph of 1/R against T.

If R is inversely proportional to T, the graph will be a straight line

through the origin.

Describe two ways in which the student could improve his data to help him decide
whether his hypothesis is valid.
[2 marks]

1 Take more data sets, with readings at smaller temperature intervals

(eg. every § °C).

2 Use a greater range of temperatures (the data only covers 293 K to

353 K), and repeat each reading and calculate an average.

Do not write
outside the
box
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A student estimates the Planck constant / using the circuit shown in Figure 5. The box
student uses a variable power supply to change the voltage V" across the LED.
Figure 5
variable power supply T
¥ ©

The student has six different LEDs. Each LED emits a different wavelength A of light.

The pd across one LED is increased from zero. The student first notices that the LED
is emitting light when the pd is V.

The pd across the LED is now decreased from a large value towards zero. The
student first notices that the LED has stopped emitting light when the pd is V.

For each LED, the student records V; and V/, and obtains A from the LED
manufacturer’s data.

Table 3 shows V, and V, together with the manufacturer’s value of A and

the value of % for all six LEDs.

Table 3

A/nm %/lﬂﬁm‘l VIV V,/V
460 2.17 2.30 2.18
520 1.92 2.12 1.98
570 1.75 1.94 1.81
620 1.61 1.81 1.69
810 1.23 1.42 1.28
940 1.06 1.28 1.16

12
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Figure 6 shows, for the first five data sets, the variation with % of the values

of V, and V.

1
V', and V, are shown as the ends of the error bars for each value of %

Figure 6
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II| Plot, on Figure 6, the values for the final data set in Table 3, using an error bar for V.
[1 mark]

@ Draw the two best-fit lines that show the maximum and minimum gradients for
the graph.
[1 mark]

Question 4 continues on the next page
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The student suggests that A is related to V by:

5 2 he
eV

E Calculate, using the gradients of your best-fit lines in Figure 6, a maximum value and
a minimum value for the Planck constant 4.

[4 marks]
A = hefeV so V= (hefe)(/N): gradient = hcle
max gradient = (2.33 = 1.10) / ((2.20 — 1.00) x 10°) = 1.03 x 10 V m
min gradient = (2.2] = 1.23) / ((2.20 = 1.00) x 10°) = 8.2 x 107 V. m
h = gradient x e / ¢
Dimax = 1.03 x 1076 x 1.60 x 107" / 3.00 x 10 = §.5 x 1039 T s
Wi = 817 x 107 x 1.60 x 1077 / 3.00 x 10* = 4.9 x 1039 ] s
maximum value of 1= $§.§ x 04 Js
minimum value of 1= §.4 x 03¢ Ts
E Comment on the accuracy of the determination of / in Question 04.3.
[3 marks]

Not accurate: the accepted value, 6.63 x 103 J s, is not within the

range 9.9 to S.5 x 10°* 7 s (both values are too small).

The uncertainty is large: about * 0.55 / 4.9 = + 1l %.

The equation predicts a line through the origin, but both lines have

positive intercepts (0.07 V and 0.92 V), so there is a systematic error

in the data.

1 4
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E Suggest why, for each LED, V| is always greater than V. box
[1 mark]

He overshoots when adjusting the supply (time lag before he reacts):

q0ing up, he only sees light after V passes the threshold; going down,

he only notices it stop after V falls below it.

@ Suggest one practical way in which the student could improve the measurement
of ¥, and V, in order to reduce the size of each error bar.
[1 mark]

Use a darkened room and view the LED through a cardboard tube to

exclude background light, so the moment it lights or goes out is seen

clearly. 11

END OF SECTION A
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Section B

Answer all questions in this section.

Figure 7 shows a water-sprinkler system that distributes water to horizontal ground.
Water under pressure enters the system and is pushed out of 24 identical jets
arranged radially on the sprinkler.

The sprinkler is fixed in place with the jets at a vertical distance / above the ground.
Only one of the jets is shown in Figure 7.

Figure 7

sprinkler

not to scale

path of the centre
of the stream of water

water in

T
6.70 m |
|

—

Water is emitted from the sprinkler at the rate of 1680 kg per hour.

density of water = 1.00 x 10° kg m

|I| The jets have circular cross-sections.

The radius of each jetis 8.82 x 107* m.

Show that the speed of the water as it emerges from a jet is approximately 8.0 m s'.

mass flow rate = 1680 / 3600 = 0.9667 kg s

per jet = 0.9667 / 24 = 0.01944 kg s

volume per second per jet = 0.01994 / 1.00 x 10> = 1,944 x 10 m? s’/
=nr¥ =1 x (882 x109)? = 2.44 x 10°¢ m?

v=19499 x 105 /2,44 x 10 = 7.96 m s = 3.0 m s

[3 marks]
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The jet shown in Figure 7 is at an angle of 43° to the horizontal.
The centre of the stream of water reaches the ground at a horizontal distance

of 6.70 m from the jet.

@ Calculate A.

Assume that air resistance is negligible.

[4 marks]
v, = 7.96 cos 43° = §.82 m s’
v, = 7.96 sin 43° = $.43 m s (upwards)
t=670/582=1ISs
s = ut + Yhat? = 5.3 x |1S — Vb x 9.8 x ].1$?
s =625 - 6.50 =025 m (et is 0.25 m above ground)
h= 02§ m

E In practice, not all of the water leaving the jet has the same speed.

Explain why water from the jet travels a range of horizontal distances before reaching

the ground.
[2 marks]

Water that leaves the jet faster lands further from the jet, and slower

water lands nearer.

Faster water has a larger vertical component of velocity, so it rises

higher and stays in the air for a longer time, and it also has a larger

horizontal component, so it travels further horizontally.

Question 5 continues on the next page
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Figure 8 is a view from above of a different water-sprinkler system. Only two of the
24 jets are shown.

Each jet is directed at an angle of 60° to the line joining the jet to the centre of the
sprinkler, as shown in Figure 8.

Each jet is horizontal.

Figure 8

jet ¢

sprinkler
stream of water

direction of
rotation

stream of water

The water leaving each jet exerts a force F'=0.24 N on the sprinkler.
The total torque on the sprinkler arises from the force exerted by each of the 24 jets.

E The average speed of water leaving each jet is 9.0 m s .

Calculate the mass of water leaving the whole sprinkler in one second.

[3 marks]

F = rate of change of momentum = (mass per second) x v

mass per second for one jet = F /v =024 /9.0 = 0.0267 kg s

whole sprinkler = 24 x 0.0267

mass in one second= (.64 kg
E The radius 7 of the sprinkler is 2.6 x 1072 m.
Calculate the total torque exerted on the sprinkler by the 24 water jets.

[2 marks]

torque per jet = Fr sin 60° = 0.24 x 2.6 x 107 x sin 60° = 540 x 102 N m
total torgue = 24 x $.490 x 107

torque= (0.3 Nm
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Figure 9 shows a Van de Graaff generator. It stores a large positive charge on its
metal dome.
Figure 9
+ + not to scale

metal dome

upper roller

_ | rubber belt

—-| | _—insulating tower

o

. motor-driven

lower roller

A motor drives the lower roller that drives the rubber belt. The belt carries electrons
away from the metal dome.

The metal dome is left with a positive charge.
The belt does not slip on the rollers.

The motor makes the lower roller rotate at 1200 revolutions per minute.
The lower roller has a diameter of 4.2 cm.

|I| Calculate the speed of the belt.

[2 marks]
w = 27 x 1200 / 60 = 126 rad s

v=rw =002 x126 = 2649 m s

speed= 2.6 ms’'

Question 6 continues on the next page
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El The upper roller has a period of rotation of 40 ms.

Calculate the circumference of the upper roller.
[1 mark]

circumference = vT = 2.64 x 0.040

circumference = (.]) m

When the Van de Graaff generator is charged, the electric potential at the surface of
its dome is 120 000 V.

The dome of the Van de Graaff generator acts as a capacitor that stores energy.
Consider the dome to be a sphere of radius r.

- Show that the capacitance of the dome is 4ngr.
[2 marks]
potential at the surface of a sphere: V = Q / 47te,r

C=Q/V=0q/(Q/ 4me,y)

so C = qmeyr

E The Van de Graaff generator is a machine that transfers energy.

Assume that the useful energy output of the Van de Graaff generator is equal to the
energy stored in this capacitor.

The dome has a diameter of 35 cm. It takes approximately 5 s for the Van de Graaff
generator to become fully charged.

The motor that drives the belt has a power rating of 48 W.

Estimate the percentage efficiency of the Van de Graaff generator as it is charging.

[3 marks]

C = 4meyr = 0 x .85 x 107 x 0175 = 1.95 x 107" F
useful energy E = LCV? = V5 x 195 x 107" x (1.20 x 105)* = 0.19 T
energy input = Pt = §8 x § = 240 J

efficiency = (0.19 / 240) x 100

percentage efficiency = 0.0S% %

2 0
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E When the Van de Graaff generator is placed in a vacuum and fully charged, it can be box
used to accelerate charged particles.
An ion with a specific charge of +4.82 x 107 C kg ! is released from the dome.
Calculate the maximum possible speed of the ion.
[4 marks]
maximum E, = gV, so Yamv? = gV
v = (20g/m)V)
v=a2x482 x 107 x .20 x 10°)
v =16 x 10%)
maximum speed = 3.4 x )¢ ms! 12

Turn over for the next question
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The two most common uranium isotopes in uranium deposits are U-235 and U-238.
The percentages of U-235 and U-238 in deposits of ore are approximately the same
all over the world but these percentages change with time.

Table 4 shows the percentages of atoms of U-235 and U-238 present in uranium
deposits today and 1.7 x 10° years ago.

Table 4
Isotope Percen:age present Estimated pel;centage present
oday 1.7 x 10° years ago
U-235 0.72 31
U-238 99.28 96.9

|I| Show that the estimated percentages of U-235 and U-238 present 1.7 x 10’ years
ago are approximately consistent with the percentages present today.

decay constant for U-235=9.84 x 107!* year™
decay constant for U-238 = 1.55 x 107! year™!

[4 marks]

N = Noe™; start with 3.1 and 96.9 atoms per 100 atoms

V-235: At = 9.8 x 107° x 1.7 x 10° = 1.673

N = 3] x e = 058

U-238: At = 1.5S x 107% x 1.7 x 107 = 0.263S

N = 96.9 x 0263 = 74,8

% U-23S today = 0.58 / (0.58 + 74.5) x 100 = 0.78 % = 0.3 %

% U-238 today = 74.5 / (0.58 + 74.5) x 100 = 99.2 %

These are close to 0.72 % and 99.28 %, so they are consistent.

2 2
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The U-235 in a uranium deposit can lead to a nuclear reaction occurring naturally.
Such a natural nuclear reactor operated in a uranium deposit about 1.7 x 10° years
ago.

Evidence of this reactor is shown by:
e the presence in the uranium deposit of nuclides that are products of U-235 fission

e this uranium deposit having a smaller proportion of U-235 than deposits in other
parts of the world.

Explain why the percentage of U-235 in a uranium deposit is an important factor in

determining whether a chain reaction can occur.
[2 marks]

U-23S is fissile (with thermal neutrons) but U-238 is not, so only

U-23S nuclei undergo induced fission and release more neutrons.

The higher the percentage of U-23S, the more likely a neutron is to be

absorbed by a fissile nucleus and cause another fission, so that on

average at least one neutron per fission causes a further fission.

Water was able to penetrate the deposit and come into close contact with the U-235.

E Explain why fission chain reactions could only be sustained when water was in close

contact with the U-235.
[4 marks]

Fission of U-23S produces fast neutrons.

Fission only happens when a U-23S nucleus absorbs a neutron, and a

slow (thermal) neutron is far more likely to be absorbed.

So the fast neutrons must be slowed down. Water is a moderator: the

neutrons collide many times with light nuclei Chydrogen) in the water

and lose kinetic energy until they are thermal.

Without water the fast neutrons are not slowed, so they escape or are

captured by U-238 instead, and the chain reaction cannot be sustained.

Question 7 continues on the next page
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The fission reactions occurred in start—stop cycles.

The fission reactions heated the water and turned it into high-pressure steam at
temperatures of several hundred °C. The pressure of the steam forced the water
away from the U-235 deposit, stopping the fission. As the rock cooled and the steam
condensed, water re-entered the deposit and the fission cycle began again.

The duration of each cycle was a few hours from start to finish.

Suggest one property of the rock that would affect the duration of each
start—stop cycle.

[1 mark]
The thermal conductivity of the rock.
Suggest one property of the water that would affect the duration of each
start—stop cycle.

[1 mark]

The specific latent heat of vaporisation of the water.

The mean energy released from the fission of a U-235 nucleus is 211 MeV.

Show that an energy release of 211 MeV is equivalent to a change in mass defect
of approximately 4 x 1072 kg.
[2 marks]

211 MeV = 931.5 MeV per u = 0.226S5 u

Am = 0.2265 x 1.66] x 1077 = 3.76 x 1072% kg

& G x 1072 kg

2 4
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. It is estimated that the total mass defect from all of the U-235 fissions was 4.6 kg
during the lifetime of the natural reactor.

Calculate, in kg, the total mass of U-235 nuclei that underwent fission during the
lifetime of the reactor.

molar mass of U-235 = 0.235 kg

[3 marks]
number of fissions = 9.6 | 3.76 x 10722 = .22 x 10°%
moles = 1.22 x 10°% / 6.02 x 10?3 = 2.03 x 109 mol
mass = 2.03 x 10° x 0.235 = 4.8 x 10® kg
total mass of U-235= 4.8 x )0? kg

. One reason why the natural nuclear reactor stopped operating was because the
percentage of U-235 in the deposit decreased.

Suggest one other reason why the reactor stopped operating.
[1 mark]

Fission products built up in the deposit and some of them absorb

neutrons, so fewer neutrons were available to cause further fissions and

the chain reaction stopped.
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