Nuclear Energy

1.
Nuclei of [image: image1.wmf]218

84

Po decay by the emission of an  particle to form a stable isotope of an element X. You may assume that no  emission accompanies the decay.

(a)
(i)
State the proton number and the nucleon number of X.

proton number ..................................................................................................

nucleon number ................................................................................................

(ii)
Identify the element X.

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

(2)

(b)
Each decaying nucleus of Po releases 8.6 × 10–13 J of energy.

(i)
State the form in which this energy initially appears.

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

(ii)
Using only the information provided in the question, calculate the difference in mass between the original [image: image2.wmf]218

84

Po atom and the combined mass of an atom of X and an  particle.


speed of light in vacuum = 3.0 × 108 m s–1

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

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

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

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

(3)

(Total 5 marks)

2.
(a)
(i)
Complete the equation below to represent the emission of an  particle by a
[image: image3.wmf]238

92

U isotope.

[image: image4.wmf]238

92

U


(ii)
Calculate the energy released when this [image: image5.wmf]238

92

U isotope nucleus emits an  particle

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

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

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

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

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

(5)

 (b)
[image: image6.wmf]238

92

U decays sequentially by emitting  particles and – particles, eventually forming [image: image7.wmf]206

82

Pb, a stable isotope of lead.

(i)
There are eight  particles in the sequence.
Calculate the number of – particles in the sequence.

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

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

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

(ii)
State the nuclear change that occurs during positron emission. Hence, explain why no positrons are emitted in this sequence.

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

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

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

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

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

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

(6)

(Total 11 marks)

3.
Natural uranium consists of 99.3% [image: image8.wmf]238

92

U and 0.7% [image: image9.wmf]235

92

U. In many nuclear reactors, the fuel consists of enriched uranium enclosed in sealed metal containers.

(a)
(i)
Explain what is meant by enriched uranium.

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

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

(ii)
Why is enriched uranium rather than natural uranium used in many nuclear reactors?

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

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

(2)

 (b)
(i)
By considering the neutrons involved in the fission process, explain how the rate of production of heat in a nuclear reactor is controlled.

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

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

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

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

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

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

(ii)
Explain why all the fuel in a nuclear reactor is not placed in a single fuel rod.

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

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

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

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

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

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

(5)

(Total 7 marks)

4.
(a)
Nuclear fission can occur when a neutron is absorbed by a nucleus of uranium-235. An incomplete equation for a typical fission reaction is given below.

[image: image10.wmf]235

92

U  +  [image: image11.wmf]1

0

n    [image: image12.wmf]141

56

Ba  +  X  +  3[image: image13.wmf]1

0

n

(i)
State the nuclear composition of X.

proton number ..................................................................................................

neutron number ................................................................................................

(ii)
Name the element of which X is an isotope.

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

(3)

(b)
In a small nuclear power plant one fifth of the fission energy is converted into a useful output power of 10 MW. If the average energy released per fission is 3.2 × 10–11 J, calculate the number of uranium-235 nuclei which will undergo fission per day.

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

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

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

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

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

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

(3)

(Total 6 marks)

5.
(a)
(i)
Complete the equation below which represents the induced fission of a nucleus of uranium [image: image14.wmf]235

92

U.

[image: image15.wmf]235

92

U  +  [image: image16.wmf]1

0

n    [image: image17.wmf]98

38

Sr  +  54Xe  +  [image: image18.wmf]1

0

n

(ii)
The graph shows the binding energy per nucleon plotted against nucleon
number A.


Mark on the graph the position of each of the three nuclei in the equation.

[image: image19.wmf]8
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(iii)
Hence determine the energy released in the fission process represented by the equation.

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

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

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

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

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

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

(6)

(b)
(i)
Use your answer to part (a)(iii) to estimate the energy released when 1.0 kg of uranium, containing 3% by mass of [image: image20.wmf]235

92

U, undergoes fission.

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

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

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

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

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

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

(ii)
Oil releases approximately 50 MJ of heat per kg when it is burned in air. State and explain one advantage and one disadvantage of using nuclear fuel to produce electricity.

advantage ..........................................................................................................

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

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

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

disadvantage .....................................................................................................

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

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

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

(6)

(Total 12 marks)

6.
A space probe contains a small fission reactor, fuelled by plutonium, which is designed to produce an average of 300 W of useful power for 100 years. If the overall efficiency of the reactor is 10%, calculate the minimum mass of plutonium required.

energy released by the fission of one nucleus of [image: image21.wmf]239

94

Pu = 3.2 × 10–11 J

the Avogadro constant = 6.0 × 1023 mol–1

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

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

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

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

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

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

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

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

(Total 7 marks)

7.
(a)
Explain what is meant by the binding energy of a nucleus.

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

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

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

(2)

(b)
Using data from the Data Sheet, calculate the binding energy. in MeV, of a nucleus
of 5Li.

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

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

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

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

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

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

(5)

(Total 7 marks)

8.
(a)
In a nuclear reactor, energy is released as a result of induced fission of uranium –235 nuclei.

(i)
Explain what is meant by induced fission.

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

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

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

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

(ii)
Explain, using the charged liquid drop model, the energy changes in the fission of a uranium –235 nucleus.

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

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

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

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

(iii)
Describe and explain how the fission of the uranium –235 nuclei in a fuel rod causes the fuel rods and the moderator to become very hot.

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

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

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

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

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

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

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

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

(8)

(b)
When a uranium –235 nucleus undergoes fission, approximately 200 MeV of energy is released. Estimate the total mass of original fuel required per year in a 1600 MW nuclear reactor that uses enriched fuel containing 3% uranium-235 and 97% uranium-238 and operates at an efficiency of 25%.

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

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

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

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

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

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

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

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

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

(5)

(Total 13 marks)

9.
(a)
The unstable uranium nucleus [image: image22.wmf]236

92

U is produced in a nuclear reactor.

(i)
Complete the equation which shows the formation of [image: image23.wmf]236

92

U.

                +                 [image: image24.wmf]236

92

U

(ii)
[image: image25.wmf]236

92

U can decay by nuclear fission in many different ways. Complete the equation which shows one possible decay channel.

[image: image26.wmf]236

92

U   [image: image27.wmf]145

56

Ba  +              +  4[image: image28.wmf]1

0

n

(2)

(b)
Calculate the energy released, in MeV, in the fission reaction.

atomic mass of [image: image29.wmf]145

56

Ba = 144.92694u

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

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

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

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

(3)

(Total 5 marks)

10.
(a)
State what is meant by the binding energy of a nucleus.

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

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

(2)

(b)
(i)
The iron isotope [image: image30.wmf]56

26

Fe has a very high binding energy per nucleon.
Calculate its value in MeV.

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

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

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

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

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

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

(ii)
If the isotope [image: image31.wmf]56

26

Fe were assembled from its constituent particles, what would be the mass change, in kg, during its formation?

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

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

(6)

(Total 8 marks)

 11.
(a)
When 235U undergoes fission, the average number of neutrons produced per fission is about 2.5.


Describe what happens to these neutrons in a thermal reactor which is producing power at a constant rate.

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

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

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

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

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

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

(5)

(b)
Write brief notes on the safety aspects of the following in the use of nuclear reactors for power production.

(i)
use of control rods in normal operation and in emergency shut down

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

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

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

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

(ii)
shielding .........................................................................................................

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

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

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

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

(iii)
treatment of spent fuel rods ............................................................................

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

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

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

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

(8)

(c)
Explain how artificial isotopes are produced

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

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

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

(2)

(Total 15 marks)

12.


[image: image32.wmf]1
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(a)
On the axes above, sketch a graph to show how the average binding energy per nucleon depends on the nucleon number, A, for the naturally occurring nuclides. Show appropriate values for A on the horizontal axis of the graph.

(3)

(b)
(i)
Briefly explain what is meant by nuclear fission and by nuclear fusion.

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

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

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

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

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

(ii)
Describe how the graph in part (a) indicates that large amounts of energy are available from both the fission and the fusion processes.

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

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

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

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

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

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

(3)

(Total 6 marks)

 13.
(a)
In the reactor at a nuclear power station, uranium nuclei undergo induced fission with thermal neutrons. Explain what is meant by each of the terms in italics.

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

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

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

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

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

(3)

 (b)
A typical fission reaction in the reactor is represented by

[image: image33.wmf]U

235

92

 + [image: image34.wmf]n

1

0

  [image: image35.wmf]Kr

92

36

 + [image: image36.wmf]Ba

141

56

 +  N   neutrons

(i)
Calculate N.

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

(ii)
How do the neutrons produced by this reaction differ from the initial neutron that goes into the reaction?

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

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

(iii)
Calculate the energy released in MeV when one uranium nucleus undergoes fission in this reaction. Use the following data.


mass of neutron
=
1.00867 u
mass of  235U nucleus
=
234.99333 u
mass of  92Kr nucleus
=
91.90645 u
mass of  141Ba nucleus
=
140.88354 u
1 u is equivalent to 931 MeV

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

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

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

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

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

(5)

(Total 8 marks)

 14.
(a)
(i)
State two physical features or properties required of the shielding to be placed around the reactor at a nuclear power station.

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

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

(ii)
Which material is usually used for this purpose?

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

(3)

(b)
Describe the effect of the shielding on the  rays, neutrons and neutrinos that reach it from the core of the reactor. Also explain why the shielding material becomes radioactive as the reactor ages. You may be awarded marks for the quality of written communication provided in your answer.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

(4)

(Total 7 marks)

15.
(a)
With reference to the process of nuclear fusion, explain why energy is released when two small nuclei join together, and why it is difficult to make two nuclei come together


You may be awarded marks for the quality of written communication in your answer.

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

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

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

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

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

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

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

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

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

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

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

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

(3)

(b)
A fusion reaction takes place when two deuterium nuclei join, as represented by

[image: image37.wmf]2

1

H + [image: image38.wmf]2

1

H  [image: image39.wmf]3

2

He + [image: image40.wmf]1

0

n


mass of 2H nucleus
= 2.01355 u
mass of 3He nucleus
= 3.01493 u
mass of neutron
= 1.00867 u


Calculate

(i)
the mass difference produced when two deuterium nuclei undergo fusion,

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

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

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

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

(ii)
the energy released, in J, when this reaction takes place.

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

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

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

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

(3)

(Total 6 marks)

 16.
You may be awarded marks for the quality of written communication provided in your answers to part (a)

(a)
In the context of an atomic nucleus,

(i)
state what is meant by binding energy, and explain how it arises,

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

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

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

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

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

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

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

(ii)
state what is meant by mass difference,

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

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

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

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

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

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

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

(iii)
state the relationship between binding energy and mass difference.

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

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

(4)

 (b)
Calculate the average binding energy per nucleon, in MeV nucleon–1, of the zinc nucleus [image: image41.wmf]Zn

64

30

.

mass of [image: image42.wmf]Zn

64

30

 atom
=
63.92915 u

mass of proton
=
1.00728 u

mass of neutron
=
1.00867 u

mass of electron
=
0.00055 u

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

(5)

 (c)
Why would you expect the zinc nucleus to be very stable?

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

................................................................................................................................…

(1)

(Total 10 marks)

17.
In a nuclear reactor, uranium nuclei undergo induced fission by thermal neutrons. The reaction is a self-sustaining chain reaction which requires moderation and has to be controlled.

(a)
Explain the meaning of

(i)
induced fission,

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

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

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

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

(ii)
thermal neutrons,

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

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

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

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

(iii)
self-sustaining chain reaction.

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

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

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

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

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

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

(5)

(b)
You may be awarded marks for the quality of written communication provided in your answer to parts (b)(i) and (b)(ii).

(i)
Explain what is involved in the process of moderation.

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

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

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

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

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

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

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

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

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

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

(ii)
Describe how the rate of fission is controlled in a nuclear reactor.

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

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

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

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

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

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

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

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

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

(7)

(Total 12 marks)

18.
(a)
The mass of a nucleus [image: image43.wmf]X

A

Z

 is M.

(i)
If the mass of a proton is mp, and the mass of a neutron is mn, give an expression for the mass difference ∆m of this nucleus.

∆m = .................................................................................................................

(ii)
Give an expression for the binding energy per nucleon of this nucleus, taking the speed of light to be c.

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

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

(2)

(b)
The figure below shows an enlarged portion of a graph indicating how the binding energy per nucleon of various nuclides varies with their nucleon number.

[image: image44.wmf]40

80
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(i)
State the value of the nucleon number for the nuclides that are most likely to be stable. Give your reasoning.

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

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

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

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

(ii)
When fission of uranium 235 takes place, the nucleus splits into two roughly equal parts and approximately 200 Me V of energy is released. Use information from the figure above to justify this figure, explaining how you arrive at your answer.

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

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

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

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

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

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

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

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

(5)

(Total 7 marks)

19.
(a)
Explain why, after a period of use, the fuel rods in a nuclear reactor become

(i)
less effective for power production,

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

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

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

(ii)
more dangerous.

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

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

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

(3)

(b)
Describe the stages in the handling and processing of spent fuel rods after they have been removed from a reactor, indicating how the active wastes are dealt with.


You may be awarded marks for the quality of written communication in your answer.

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

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

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

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

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

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

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

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

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

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

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

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

(5)

(Total 8 marks)

20.
(a)
When a nucleus of uranium -235 fissions into barium -141 and krypton -92, the change in mass is 3.1 × 10–28 kg. Calculate how many nuclei must undergo fission in order to release 1.0 J of energy by this reaction.

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

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

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

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

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

(2)

(b)
A nuclear power station produces an electrical output power of 600 MW. If the overall efficiency of the station is 35%, calculate the decrease in the mass of the fuel rods, because of the release of energy, during one week of continuous operation.

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

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

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

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

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

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

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

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

(4)

(Total 6 marks)

21.
In a geothermal power station, water is pumped through pipes into an underground region of hot rocks. The thermal energy of the rocks heats the water and turns it to steam at high pressure. The steam then drives a turbine at the surface to produce electricity.

(a)
Water at 21°C is pumped into the hot rocks and steam at 100°C is produced at a rate of 190 kg s–1.

(i)
Show that the energy per second transferred from the hot rocks to the power station in this process is at least 500 MW.


specific heat capacity of water
=
4200 J kg–1 K–1
specific latent heat of steam
=
2.3 × 106 J kg–1

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

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

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

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

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

(ii)
The hot rocks are estimated to have a volume of 4.0 × 106 m3. Estimate the fall of temperature of these rocks in one day if thermal energy is removed from them at the rate calculated in part (i) without any thermal energy gain from deeper underground.


specific heat capacity of the rocks
=
850 J kg–1 K–1
density of the rocks
=
3200 kg m–3

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

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

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

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

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

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

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

(7)

(b)
Geothermal energy originates as energy released in the radioactive decay of the uranium isotope [image: image45.wmf]238

92

 U deep inside the Earth. Each nucleus that decays releases 4.2 MeV.
Calculate the mass of [image: image46.wmf]238

92

U that would release energy at a rate of 500 MW.


half-life of [image: image47.wmf]238

92

U
=
4.5 × 109 years
molar mass of [image: image48.wmf]238

92

U
=
0.238 kg mol–1

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

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

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

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

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

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

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

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

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

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

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

(5)

(Total 12 marks)

22.
(a)
(i)
Explain what is meant by the term binding energy for a nucleus.

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

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

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

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

(5)

(ii)
Sketch on the axes a graph of the average binding energy per nucleon against nucleon number A, giving approximate values of the scale on each axis.

[image: image49.wmf]a
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(b)
Use your graph to explain why energy is released when a neutron collides with a [image: image50.wmf]235

92

U nucleus causing fission.

(2)

 (c)
Neutrons are released when nuclear fission occurs in [image: image51.wmf]235

92

U. Some of these neutrons induce further fission, others are absorbed without further fission and others escape from the surface of the material. The average number of neutrons released per fission is 2.5, of which at least one must produce further fission if a chain reaction is to be sustained.


Explain how a chain reaction can occur only if the piece of uranium has a certain minimum mass (the critical mass).

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

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

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

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

(3)

(Total 10 marks)


2

