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nNGreat are the works o
they are pondered by all
Psalms 111:2

INTRODUCTION

| had the privilege of teachinghysics at Hebron School in Ooty in Tamil Nadu,
South India between August 2000 and June 2003. It was both a privilege and a
challenge but it enriched my appreciation for noyvn teachers befe me.It is one

thing to think you understand something, itgsite another tdhelp someone else
understand it.

During my al/|l too bDbrief Oteaching career¢
interactive simulations as an aid to teach
instantly, they work first time, theyach n o t be Amryomkendéd an safely
|l ooseb6 to investigate for themsel ves. Ever
they are learning something new. This will be true not only for pupils, but for teachers

too; | have certainly learned a loft physics along the way too.

Although | no longer teachl have spent thousands of hounger the pastfourteen
yeas developingthis resource stilfurther. | have done so in order to help those
learning physics as well as those who are already teadhinto encourage both of
them in their orgoing learning of this interesting subject.

There seems to be an ever increasing amount of science that we do not yet understand,
neverthelessl am continually fascinated by the amount of natural world arausd

that is understandabli.is my sincere hope that teachers and students alikenydl

using this resource,; that they wil/l expl or
the fascination of physics

John Nunn
August 2014
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The Virtual Physical Laboratorjlustrates and animatemost of the topics taught in a
modern physics curriculum. Some of the animations and virtual experiments go
beyond what is required at school, but are included to stretch the more able pupils.

The Virtual Physical Laboratorys endorsed by The National Physical Laboratory,
The Institute of Physics and Cambridge International Examinatidres.resource is
not tied to any particular syllabus,hias been used successfully in a broad range of
curriculaworldwide

The simulations arearranged firstly in alphabetic order of topic, and then in

alphabetic order of simulatiolVith each simulatioh have given an indication of the

level for which each simulation has been written, (Advanced or Basic) however this is

merely indicative. Given the international diversity of curricula it is difficult to state
comprehensively what grade a particular simulation is targeted at. | have been
designated as O6Basicd and others &l 6Advan
for 12 to 16 year ol ds, and O6Advanced | eve
will include all the topics included in this resource, however they are included in this

work as a way of covering most eventualities and also as a means to atrdtch

stimulate the more able pupils.
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WHAT IS NEW IN VERSION 11 OF THE VPLab?

As well as a few improvements to simulations that were alrpegient in version 10,
version llincludes D new ones many of which have been suggested by teachers.
This bringsthe total numbenf simulationsto 310. The simulationghat are newin
V11 are the following:
Electricity DC
EMF and Internal Resistance
Strain Gauge
Unbalanced Wheatstone
Wheatstone Bridge
Maths
Graph Plot Read
Simple Harmonic Motion
HoopResonance
X Rays
Clinical Linac
Xtras
Atomic Clock
Odometer Mouse
Gravimeter

LICENSING OF THE VPLAB

With the exception of the simulations of the Diamond Synchrotron, the Virtual
Physical Laboratory software librarg the c@yright of www.vplab.co.uk For any
enquiries please emajbhn.nunn@vplab.co.ukThere are a number of possible
licences that can be purchased.

Student license: For private use. Single usdrsangle machine.
Teacher license: For public demonstrations by a teacher. Single machine.

Site License: For use within a single site educational establishment. Multiple
concurrent users on networked computers, but excludes pupils personal computers.

VLE License:Using this version, the teacher can select simulations and make them
available to his pupils to download from a school based fileshare. The students can
then unzip the files on their own computers (typically 2Mb in size) and they can then
run threm for a period of one week. After that period has expired, that simulation will
no longer run. Th&LE version of the VPLab needs to be purchased separately.
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INSTALLING THE VIRTUAL PHYSICAL LABORATORY

There are a number of different ways in which yowrhave received the Virtual
Physical Laboratory. It may come as a CD ROM or as a download from a web server.

If you are installing from e&CD ROM, simply follow the instructions given on the
screen, and if you accept the default options, the softwareingiall itself in
C:\program file$Virtual Physical Laboratory. It will also create a shortcut from the
start menu under programs called VPLab.

If you received the Software via a download, it will normally download as a
compressed or Ofziirpspte dsét efpo | nduesrt. bTehet o O6unzi |
copy the entire contents to a folder of your choice. The top level directory contains a n
executable file called VPL&exe. Double clicking this executable opens up the

programand runs itYou can als@reate a shortcut and place it on your desk top.

It is important that you preservie directory structure of the Virtual Physical
Laboratory, otherwise the individual simulations will not be found by the top level
program.

When a school site licence shédeen purchased, it is possible to install the software
installing the software on a server so that it can be accessed by multiple users. An
easy alternative is to place the Virtual Physical Laboratory folder on a shared drive

which networked computers rcaccess. In this way any number of users can access
the resource at the same time.

CUSTOMISING THE VIRTUAL PHYSICAL LABORATORY

Version 9 ofVirtual Physical Laboratory ha®87 simulations, and it is easy to lose
the simulations you are interested inlidtpossible to customise the content of the
VPLab to make it easier for you to find your way around.

There are two ways in which you may customise your content: Guided and Manual.

Guided method to populate My VPLab

AMy VPLab. exeo0 waga tokeaep ttadk efrthe sinoulateoms ydu want
to use.

A - Run My VPLab.exe by double clicking on it.

B-Once it opens up you have the option to
AfSearch my Customised Contento using the b

Note: The first time you run My VPLab it w
any folders in "My VPLab" Search whole VPLab content instead.

CiPress the ASearch whole VPLab Content o,
appear.

D i Search arountbr the simulation you want to use, and run it.
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E - When you close it, you willseeapopp b ox asking fADo you wa.
|l ast simulation into My VPLabo. I f you ans
to your last selected chapter. If yosawer fAYes o0 a new window wi l

Filnitially you wil/ need to create a new
Fol der o button at the bottom of the screen

G 1 A small field will appear for you to enter the name of the folder you want to
create.( e . g . Year 11 Term 1). Enter the text
folder will then appear on the vertical list above.

H i Click in the little tick box to the right of the folder name where you want to save

the simulation andopbassobhhe(fiesaveantohky
into one folder at a time).

I[TPress the red AStop or <cancel Lasto buttc
the chapter you selected.

JiPress the green fABacko butt owithalithe r et urn
chapter buttons.

KiPress the fASearch My Customised Contento
a button with the folder you have just created should appear (e.g. Year 11 Term 1).

L 7 Press the new button and it should open up a newowirghowing its contents
(perhaps just the last simulation that you have just placed in to it.)

To add more simulations to this folder, or to create new folders to populate, repeat
steps B to L above.

Manual Method to Customise My VPLab.

It is also posdile to create your customised sialiders using your windows explorer.
The important thing is to remember to COPY and paste (NOT cut and paste!)
otherwise you will gradually start to lose the simulations available from the entire
content of the VPLab.

If you have many files you want to move into the customised content directory the
manual method is much quicker.

A-ln the top | evel directory of t8hex¥ortual
and AMy VPLab.exeo0o are | oitkMyedPlLaboeatt &at
not already exist).

Bilnside that folder (AMy VPLabo), create a
C1 Open this folder (e.g. Year 12 Heat).

D The virtual Physical Laboratory in another window.
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E1 Open the folder containirtfpe chapter you are wanting to draw from (e.g. Heat)

FICOPY the simulation you want and PASTE it
Heat 0). Copy as many simulations as you Wwi

Gil MPORTANT: Make sure yoduibVsourmaodpdl IAd virn
new folder. These two dynamic link files can be found in every chapter folder, and

also in the top level directory of the VPLab. (You only need to do this the first time

you are populating your new folder).

Hi Create asmanyfdler s in the AMy VPLabo folder, b
create sub folders within your new folders. The folders may only be one level deep;
deepersulb ol der s wi | | not be searched by AMy VF

It is possible to use both methods (the guided dednhanual) to populate your
customised content folders.

After you have finished customising your ¢
the files are in the places you wanted them to be.
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HINTS ON USING THE VIRTUAL PHYSICAL LABORATORY

This section ddresses some of the most frequent questions arising out of the use of
the Virtual Physical Laboratory in schools and colleges.

171 Colours of graphs.

The colour red does not project very well, especially narrow red lines on a black
background. The solain offered here willvork in most casegut not all).

To change the colour of a line on a graph, right click somewhere inside the graph and
select O0showdé and then o6l egendd (some gr ayg
box near the top right hand oer of the graph will appear. Right click inside it, and

you wi | | be able to select o6col our 6. A col
colour and it will change the plot accordingly. You can then hide the legend box again

by right clicking somewer e i nside the graph and selec
60l egendd6 again. Your change wil/l be a temg

quit the simulation.

Changes of colour may also be advisable in some simulations in order to make things
easier fo colour blind pupils.

Notice also that right clicking on the legend also offers the possibility of changing the
0l inewidthd. This may be a wusef ul change t
projection is particularly poor.

2 - Re-scaling graphs,gauges, dials, knobs and sliders.

If a graph, gauge, dial, knob or slider goes out of range, or if you want to change the
range in order to improve resolution, tefick and drag over the number at the top (or
bottom) of the scale and type the new valaa would like to have. The scale should
automatically adjust to the new value. Your change will be a temporary one, it will be
lost as soon as you quit the simulation.

If you want a graph to automatically-seale, right click somewhere inside the graph
and select 6AutoScale X6 or O6AutoScale Yo

31 Using just one or two simulations without installing the whole package.
Simulations can be run independently without recourse to the top level library.

All the files which make up the Virtual Physical Labiorg are contained in a folder
on the hard drive (normally in\program file§virtual physical laboratory). They are
grouped by the same chapter divisions as shown in the tope level program of VPLab.

Create a new directory with a name of your choiceguaimdows explorer. It can be
created anywhere on your computer, including on a USB memory stick, or a shared
folder on a network.

A

Two dynamic | ink | ibraries are needed fo
I 0

c:\program file$virtual physicalda bor at or y) and Ol vsound. d
c:\program file$virtual physical laboratotgounddata) will need to beopied(not cut

r
I
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& pasted or dragged) into your new directory. Noapy (not cut & paste, and not
drag) any of the simulations you wanto your new folder.

These simulations will now run on any machine supporting windows 95 onwards,

without needing the full installation. If using a USB memory stick, it can be
transported to any other computer, and the simulations can be made tmplynksi

using windows explorer and double clicking
selected to copy.

47 Printing diagrams from the VPLab simulations.

The reason the majority of the VPLab screens are black is that it is much quicker to
refreshthe screen, and the graphics side of the simulations can run more smoothly. If
you want to print part of a screen, the saatisfactory way to do this is as follows:

Press-PishitftScreeno, and then open- Microso
Prograns-Accessorief®? ai nt ) . Now press #ACtr | Vo (or ri
The entire screen should have dumped into the Paint Brush wir@mk. on the

select rectangle button of paintbrush to box the part of the image you want. While it is

still boxed click on the o0l maged6é button at t he
select o6invert coloursdé Al the black shou
are unrecognisable! This might be good enough for your purposes, but if you want to

recover the nginal colours carry out the next step.

Now click on the ofil!/ with colourd butt ol
Screen (it looks like a bucket of paint), and select the black colour at the bottom left

hand side of the screen and paintalldhei t e back to bl ack agai n!
Select all é (or -iChveér tA)c @alnaurt shé na ¢d imm gien o0
the original colours (without the black). Notice that the screen pieces contained inside

hollow letters may need sompexial attention!

571 Printing Text from the VPLab simulations.

Unfortunately this cannot be done satisfactorily. It was not a deliberate policy, but just
the way it turned out. They camly be dumped as graphi&orry!

61 Exporting experimental datafrom the VPLab simulations.
This is possible in a limited number of programs. Normally only those that actually
acquire data through the audio input of the computer (e.g. AC coupled Oscilloscope

the AC Transient Recorder and the Power Logger). The optierporting simulated
data has not been made available as it would not be meaningful in any real sense.
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12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27

28
29
30
31
32
33

Chapter
1

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.
1.7.
1.8.
1.9.
1.10.
1.11.

2.1

2.2.

2.3.
2.3.A
2.3.B
2.3.C
2.3.D

2.3.E
2.3.F
2.3.G
2.3.H
2.4,
2.5.
2.6.
2.7.
2.8.

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.

SIMULATIONS

Astronomy
Cepheid Variables
Gravity on Planets
Day Year

Hubble

Kepler

Lander

Moon Phases
Orbits

Parallax

Sun Earth Moon
Tides

Charged Particles

Cathode Ray Oscilloscope Inside
Cockroft Walton

Diamond Synchrotron

Electron Gun

Linac

Dipole

Quadrupole
Electromagnetic Waves from
Charges

Residual Molecules
RF Cavity
Undulator

e/m Tube

Maltese Cross
Mass Spetrometer
Oscilloscope
Velocity Selector

Circular Motion
Angular Inertia
Belt Drive
Centripetal Force
Circular Motion
Cogs

Coriolis
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34
35

36
37
38
39
40
41
42

43
44
45
46
47
48
49
50

51
52
53
54
55
56
57
58

59
60
61
62
63
64
65
66
67
68
69

3.7.
3.8.

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.

5.1.
5.2.
5.3.
5.4.
5.5.
5.6.
5.7.
5.8.

6.1.
6.2.
6.3.
6.4.
6.5.
6.6.
6.7.
6.8.

7.1
7.1.A
7.1.B

7.2

7.3.

7.4.

7.5.

7.6.

7.7.

7.8.

7.9.

Hub Gears
Worm Screw

Communications
Digital Image Grey
Digitising

Fourier

Modulation

Noise in transmission
Sampling
Transmitting Images

Dynamics

Bullet Speed
Loop the Loop
Momentum
Power

Roller Coaster
Stopping Distance
Work

2D Collisions

Electricity AC

AC Power

AC Rectification
Capacitor Reactance
Generator

Inductor Reactance
LCR Reactance
Power Distribution
Transformer

Electricity DC
Circuits

Parallel

Series
Decomposing Water
Electrolysis

EMF and Internal Resistance
Explaining Electricity
| V Characteristics
Potential Divider
Potentiometer
Resistivity
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70
71
12

73
74
75
76
77
78
79
80
81
82
83
84
85

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

7.10.
7.11.
7.12.

8.1.
8.2.
8.3.
8.4.
8.5.
8.6.
8.7.
8.8.
8.9.
8.10
8.11.
8.12.
8.13.

9.1.
9.2.
9.3.
9.4.
9.5.
9.6.
9.7.
9.8.
9.9.
9.10.A
9.11.B
9.12.C
9.13.D
9.14.E
9.15.F
9.16.G
9.17.H
9.18.1
9.19.
9.20.
9.21.
9.22.
9.23.
9.24 A

Strain Gauge
Unbalance Wheatstone
Wheatstor

Electromagnetism
AC Generator

Bell

Coll Transformer
Current Balance

DC Motor and Generator
Dynamo

Eddy Current Pendulum
Hall Probe

Induction

LVDT

Magnetic Fields

Moving Coil

Switched Mode Transformer

Electronics

Capacitor

Capacitor Combinations
Diodes

High Pass Filter

Light Dependent Resistor
Light Emitting Diodes
Logic Gates

Low Pass Filter
Operational Amplifiers
Voltage Comparator
Non Inverting Amplifier
Inverting Amplifier
Adder

Difference Amplifier
Differentiating Amplifier
Integrator

Digital to Analogue
Subtractor

Oscillator

Photodiodes
Semiconductors
Thermistor

Transistor

Input Characteristics

Page Ndl2 of 363



110 9.25.B Output Characteristics

111 9.26.C Current Transfer Characteristics
The Transistor as an Audio
112 9.27.D Amplifier
113 9.28. Zener Diodes
10 N Electrostatics
114 10.1. Electrometer
115 10.2. Electrostéic Induction
116 10.3. Electrostatic Pendulum
117 10.4. Van Der Graaf
11 . Energy
118 11.1.A Coal
119 11.2.B OQil
120 11.3. Domestic Solar Heating
121 11.4. Gas
122 11.5. Geothermal
123 11.6. Hydroelectric Power
124 11.7. Nuclea Power
125 11.8. Solar Power
126 11.9. Tidal Barrage
127 11.10. Wave Energy
128 11.11. Wind Power
12 N Fluids
129 12.1. Bernoulli
130 12.2. River
131 12.3. Viscosity
13 .. Forces
132 13.1. Balance
133 13.2. Balanced Frxes
134 13.3. Car Forces
135 13.4. Centre of Gravity
136 13.5. Force and Acceleration
137 13.6. Friction
138 13.7. Hookes Law
139 13.8. Ladder
140 13.9. Pulleys
141 13.10. Springs
142 13.11. Tip or Slip
143 13.12. Torques and Moments
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144
145
146
147
148
149
150
151

152
153
154
155
156
157
158
159
160
161
162
163
164
165

166
167
168
169
170
171
172
173

174
175
176
177
178
179
180

14

15

16

17

14.1.
14.2.
14.3.
14.4.
14.5.
14.6.
14.7.
14.8.

15.1.
15.2.
15.3.
15.4.
15.5.
15.6.
15.7.
15.8.
15.9.

15.10.
1511.
15.12.
15.13.
15.14.

16.1.
16.2.
16.3.
16.4.
16.5.
16.6
16.7.
16.8.

17.1.
17.2.
17.3.
17.4.
17.5.
17.6.
17.7.

Gases

4 Stroke Engine
Boyles Charles
Diesel Engine
Diffusion

Heat Pump
Isothermal Adiabatic
Steam Engine
Stirling Engine

Heat
Conduction
Constant Flow
Convection

Gas Expansion
Heat and Area
Heat Capacity
Latent Heat
Liguid Expansion
Melting

Mixtures Method
Radiation

Solid Expansion
Vapourisation
Weather

Kinematics
Ballistic Trolley
Bounce Meter
Bouncing Graphs
Falling Target
Graphs

Gravity
Projectiles
Terminal Velocity

Maths

A sin Bx

Graph Plot Read

Instant Equation Plotter
Interactive Polynomial Plotter
Matrices
Numericallntegration

Plotting
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181
182
183
184
185

186
187
188
189
190
191
192
193
194
195
196

197
198
199
200
201
202
203
204
205

206
207
208
209
210

211
212
213
214
215
216

18

19

20

21

17.8.
17.9.
17.10.
17.11.
17.12.

18.1.
18.2.
18.3.
18.4.
18.5.
18.6.
18.7.
18.8.
18.9.
18.10.
18.11.

19.1.
19.2.
19.3.
19.4.
19.5.
19.6.
19.7.
19.8.
19.9.

20.1.
20.2.
20.3.
20.4.
20.5.

21.1.
21.2
21.3.
21.4.
21.5.
21.6.

Polar Coordinates
Resolving Vectors

Sin Cos Tan
Trigonometry to Waves
Vectors

Matter

Alpha Scattering
Atomic Density
Brownian Motion
Density

Elastic Plastic
Floating Density
Hardness
Moduli
Molecular Model
Toughness
Youngs Modulus

Measurement

Acceleration

Micrometer

Reflex Time

Velocity

Vernier

Mouse Click Timer

Mouse Displacement Recorder
Mouse X Position Recorder
Mouse X Position Recorder

MeasurementUncertainty
Precision Accuracy

Random Systematic
Significant Figures
Uncertainties in Area
Uncertainties in Volume

Optics

Colour Filters

Colour Match

Colour Photography
Dispersion

Eye

Grating Measurement
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217 21.7. Imaging

218 21.8. Lenses
219 21.9. Mirrors
220 21.10. Mirror Images
221 21.11. Polarisation
222 21.12. Prisms
223 21.13. Refraction
224 21.14. Speed of Light
22 .. Pressure
225 22.1. Aneroid Barometer
226 22.2. Hydraulic Jack
227 22.3. Manometer
228 22.4. Mercury Barometer
229 22.5. Pressure from Molecules
23 .. Quantum
230 23.1. Absorpton Spectrometer
231 23.2. Emission Spectrometer
232 23.3. Energy Levels
233 23.4. Franck Hertz
234 23.5. Light Quanta
235 23.6. Millikan
236 23.7. Photoelectric Effect
24 . Radioactivity
237 24.1. Beta Penetration
238 24.2. CloudChamber
239 24.3. Geiger Muller
240 24.4. Half Life
241 24.5. Inverse Square
242 24.6. Nuclear Reactions
243 24.7. Nuclear Stability
244 24.8. Random
25 . Simple Harmonic Motion
245 25.1. Coupled Pendulums
246 25.2. Damping
247 25.3. Hoop Resonance
248 25.4. Newtons Cradle
249 25.5. Pendulum Array
250 25.6. Resonance
251 25.7. Resonant Tube
252 25.8. SHM Phases
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253

254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269

270
271
272
273
274

275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290

26

27

28

25.9.

26.1.
26.2.
26.3.
26.4.
26.5.
26.6.
26.7.
26.8.
26.9.

26.10.
26.11.
26.12.
26.13.
26.14.
26.15.
26.16.

27.1.
27.2.
27.3.
27.4.
27.5.

28.1.
28.2.
28.3.
28.4.
28.5.
28.6.
28.7.
28.8.
28.9.

28.10.
28.11.
28.12.
28.13.
28.14.
28.15.
28.16.

Simple Harmonic Motion

Sound

Beating

Doppler

Echo

HIFU

Impulse Excitation
Lisothotropy

Pipes

Sonar

Sound Experiments
Sound Generator
Sound Level
Spectrum Analyser
Spectrum Visuaser
String

Tumours

Velocity from Doppler

Temperature
Absolute Scale
Bimetallic Strip
Thermistor
Thermocouple
Thermometer

Waves

Diffraction

Group Velocity
Huygens

Lissajou

Longitudinal Transverse
Microwaves Youngs Slits
Red Shift

Reflection Transmission
Ripple Tank

Single Slit Diffraction
Slinky

Standing Microwaves
Stationary Waves
Water Diffraction

Wave Interference
Wave on a String
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291
292

293
294
295
296
297

298
299
300
301
302
303
304
305
306
307
308
309
310

29

30

28.17. Wave Speed
28.18. Youngs Slits
.. X Rays
29.1. Bragg Diffraction
29.2. Clinical Linac
29.3. Radiotherapy
29.4. Tomography
29.5. X Rays
.. Xtras
30.1. AC Oscilloscope
30.2. AC Transient Recorder
30.3. Atomic Clock
30.4. Atomic Force Microscope
30.5. Gravimeter
30.6. Morse Code Receiver
30.7. Morse Code Transmitter
30.8. Odometer Mouse
30.9. Power Logger V2
30.10. Scanning Electron Microscope
30.11. Signal Generator
30.12. Thermal Wave Imaging
30.13. Water Rocket
CHAPTER 1
ASTRONOMY
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The moon looks different as the month progresses.
What makes it Achange shapeo?
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Astronomy 1.1
1.1  Cepheid Variables Advanced
This simulationallows the student to og out his own measurements on the period of

the variability of the intensity of different stars, and so determine the relationship
between the two.

B! Cepheid Variables.vi -|=] x|

Lumnine

Cepheid Vanables

- _, h
w5 Period
By Wity Plat Clear Graph

Cepheids are a type of star whose Luminosity pulsates with a regular period. Edward
Piggot first discoveed them in 1784! Their periods range from around 1 day up to
about 100 days, so the pulsation is difficult to observe by eye. Very careful
measurements need to be made in order to detect the variability in Luminosity. The
shape of the variation looks dtle like a "Shark's Fin" (falling slowly and rising
rapidly).

In 1908 Henrietta Swan Leavitt discovered a pattern between the period of the
fluctuation of the Luminosity. The higher the Luminosity of a Cepheid, the longer its
period becomes.

Measuring theLuminosity of a star is not a trivial thing because the apparent
brightness depends on how far away from the observer it is!

In order to do this study properly it was necessary to first determine the distance to the
individual Cepheid stars using the pghra method. Once the distances have been
determined it is then possible to convert the brightness measurements observed on
Earth in to absolute Luminosity measurements.

The Cepheids studied were much more Luminous than the Sun (typically from 1000
to 30,0 times more Luminous!).

Once the relationship between the period and the Luminosity was found, it enabled
astronomers to calculate the Luminosity of a Cepheid simply by measuring its period.
(even without needing to know how far away it was!). This gaseto a method for
measuring astronomical distances known as "the standard candle".
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Astronomy 1.2

12  Gravity on Planets BasidAdvanced
This simulation enables the pupil to explore the way on which objects fall under
gravity on different planetsnd so compare the local gravity with that of Earth, and
also to determine if there is any atmosphere present.

EE Gravity on planets.vi

Gravity on the moon and planets
Select pl‘mr  Wagt  Fethe  Reset

Type of Atmosph
g Select

Timer Timer Show Theoty

here Diameter (fm) [[BEEST]
(I 0

One of the many things that Isaac Newton discovered is that the force that makes
objects fall to the ground is also the force responsiblé&deping the Moon orbiting
round the Earth.

In the absere of air resistance all objectshether heavy or light would fall at the
same rate. However drag due to the atmosphere makes things like feathers fall slower
(quickly reaching terminal velocity).

All masses attract eaather with a force which is proportional to the product of their
masses, and inversely proportional to the square of the distance between their centres.
The constant of proportionality is called the UnsadrGravitational constanG".
F=GMm/R

Where G =6.67 x 10 N Kgm?

M = Mass of planet

m = mass of object (or other planet!)

R = Distance between their centres

Near the surface of a planet the gravitational strength is very nearly constant and is
simply given the symHo'g". It is possible to measure g directly by dropping an
object and measuring the time taken for a given fall using the following equation
g=(2xfall)/ ¢

Once g has been measured if the diameter or radius of a planet is known it is possible

to calalate the mass of the planet by equating as folléwsmg so
G M m/R = mg(notice that m cancels oM =g R / G
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Astronomy 1.3

13 Day Year BasidAdvanced

This simulatiorshows how the days and years are related to the rotation and
trarslation of the Earth. It also shows the effect of the tilted axis of the Earth and how
this gives rise t temperature variations and the seasons.

B! Day Year.vi

Day and Year on Earth

Show Whole Earth
Show Solar Heating
Show Snow/Ice

uch
ster!

i
Show Instructions Show Theory Show Comentary (

The movement of the Earth around its own axis, as well as around the Sun, and also
the tilt of the Earthsyas are interesting and important features of Creation which not
only govern temperatures, climates and seasons, but also make life on Earth possible.
The time taken for the Earth to complete one rotation about its own axis is called a
Day. If the Earth di not spin, or if it rotated too slowly one side would roast, and the
other would freeze! If it rotated too fast, there would not be a sufficient difference
between the temperatures of the day and the night to evaporate water during the day
and release #s dew during the night.

One complete translation of the Earth as it orbits around the Sun is called a Year. The
plane that this orbit marks out is called the Ecliptic. The axis of rotation of the Earth is
tilted by 23.44 degrees with respect to the peadfmerar to the Ecliptic.

Summer Solstice (mid summer's day) is when the axis of the Earth is inclined directly
towards the Sun

Winter Solstice (mid winter's day) is when the axis of the Earth is inclined directly
away from the Sun.

The Vernal and AutumnaEquinoxes are the days when the axis of the Earth is
inclined in a direction which is parallel to its orbit (neither towards or away from the
Sun). On these two days the number of sunlight hours and night hours are exactly the
same.

If the axis of the Brth was not tilted the length of days and nights would be constant
all year round and there would be no seasons. This would reduce the surface area of
the Earth that could grow vegetation.
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Astronomy 14

14  Hubble BasidAdvanced
This simulatonea bl es t he student to notice the
measuring the red shift in the spectra from distant galaxies. After sufficient

measurements the student can obtain his own value for the Hubble constant.
B>l Hubble.vi =lax|

TE.I:IH:I . |I|I .

e

o Show Theory Show Velocities Hide Spectrum . {\

Everything in the universe seemso® moving away from us! This does not mean that
we are at the centre of the universe, we think that any observer located anywhere in
the universe would notice the same thing: The universe is expanding.

Distances and speeds are impossible to measurelyirdaty need to be
inferred from intensities and reshifts respectivelyMore distant galaxies will appear
less intense, and using an inverse square approximation it is possible to obtain a
measure of their distance from us. Hubble used the intensi@epheid Variables
(stars whose intensity is related to the period of fluctuation in their intensity) to
determine distances. The velocity of the galaxy is obtained by looking at the red shift
z, where z = i/l . wherel is the wavelength.

Edwin Hubble meased around 50 different galaxies and noticed a correlation
between the speed of recession and the distance of a galaxy. At the time, it was
thought that the spectral shift was due to the Doppler effect, however further advances
in relativity have given ris to the concept of a "cosmological shithich is related to
the expasion of the universe. At small values of red shift the velocity obtained using
Doppler theory is close to that obtained from the Cosmological model.

From his data, Hubble obtained datenship of around 500 km/s per MPc.
Today's accepted value is closer to around 68 km/s per MPc.

Hubble's "Law" states that V = Ho D where V is the velocity in km/s, Ho is Hubble's
constant and D is the distance to the galaxy.

Hubble's law is one of theieces of evidence leading scientists to believe in the "Big
Bang" theory. It should be noted however, that Ho has not necessarily been constant
over all time. It is simply the value of the slope of the graph today.
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Astronomy 1.5
15 Kepler Advanced

This simulation illustrates the three planetary motion laws of Kepler. The mean Sun
planet distance and also the eccentricity of the orbit can be adjusted.

Kepler's Laws of Planetary Motion

Show Orbit

Show Eepler's 1st

Hide Kepler's 2nd

Show Kepler's 3rd

show Theory

Johannes Kepler (15711630) studied the astronomical observations that Tycho Brahe
had recaded over nearly 30 years.

1stLaw: In 1605 he discovered that "planets move in ellipticaiterith the Sun at

one focus".

2"d Law: In1609 he discovered that "the line joining the planet to the Sun sweeps

equal areas in equal times"

3d Law: In 1618he discovered that "the squares of the periods of the planets are
proportional to the cubes of their nmedistances to the Sun"

These three laws summarised decades of observations and measurements, and helped
Isaac Newton formulate his gravitational thgor

Most planets have a small eccentricity value, meaning that their orbit is very nearly
circular, and their distance from the sun is roughly constant. In the case of the Earth,
that is an important thing; it makes life possible!

Planet Orbital Period (yr) Semimajor axis (au)  Eccentricity
Mercury 0.2408 0.3871 0.206
Venus 0.6152 0.7233 0.007
Earth 1.000 1.000 0.017
Mars 1.8809 1.5273 0.093
Jupiter 11.862 5.2028 0.048
Saturn 29.458 9.5388 0.056
Urarus 84.01 19.1914 0.046
Neptune 164.79 30.0611 0.010
Pluto 248.54 39.5294 0.248
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Astronomy 1.6
1.6 Lander Advanced
This simulation shows how difficult it is to navigate a spacecraft and land it safely in

the absence of friction. It Elso a good study of action and reaction.
[ Lander.vi Jﬂlﬂ

Space Lander

Show Theory

This simulation is just a game to visualise Newton's laws of motion. As well as the
linear motions, the lander is also free to rotate. The angular motion also follows
similar principles to those of Newton's ¢lerlaws. In conditions of zero gravity, once

the spaceship starts moving it will continue moving in the same direction and at the
same speed unless an external force acts upon it.

Rocket thrusters propel very hot gasses at very high speeds away frontkée ro
nozzle. Newton's Third Law tells us that since action and reaction are equal and
opposite, the force that the thruster exerted on the hot gasses in order to expel them
will cause an equal and opposite force to act on the rocket causing it to recoil.

If the position of the rocket nozzles is such that the line of force passes through the
centre of mass of the rocket, it will cause linear motion without any rotation.
However, when the line of action of the thruster does not pass through the centre of
mass it will cause a change of linear motion as well as some rotation.

A consequence of Newton's Second Law of motion is that the change of momentum is
equal to the impulse. (Momentum is the product of the mass and the velocity of an
object. Impulse is the pduct of the Force and Time for which that force is acting).
Because there is no friction in space, once a motion is started it will continue
indefinitely (Newton's First Law) until an impulse that is equal and opposite to the
initiating impulse is firedThe same is true of any rotation; once it is started you have
to deliberately act to stop it!) That makes detailed space navigation quite tricky
because there is no convenient brake pedal to press!
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Astronomy 1.7
1.7 Moon Phases Advanced

This sinulation showshow the appearance of the moon changes during the month.
The user can toggle between Earthodés view al

I=l=1

Phases of the Moon

Day Time
First Quarter am

Show Theoty
Show Moon View (r-\

The phases of the moon are something you have probably observed for years. Perhaps
you have wondered why it looks they it does. It is all to do with which side of the
Moon the sun is at, and how the sunlight falls upon the Moon.

It is natural for an Earth observer to look upon things as if he were stationary and the
Moon and Sun are rotating about him. Lunar montiesreot the same as calendar
months. What is more, there are several different ways to define a lunar month. The
two most common are:

A Synodic Month. This is what the common Earth observer would note. It is the time
it takes to go from a New Moon to thext New Moon. (or from Full Moon to Full
moon). It is 29.53 days long. This is the cycle that also governs the tides.

A Sidereal Month is the time taken between the Moon going past a fixed star out in

space (as seen from Earth) until the next time ésguast the star. This takes slightly
less time to complete, 27.32 days!
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Astronomy 1.8
18  Orbits Advanced

This simulation maps out orbits of satellites in the Earth's gravitational field. The
initial conditions may be varied in order to actgdwound orbits or give the satellite
sufficient energy so that it can escape! The potential and kinetic energies are
calculated at each stage of the trajectory.

10 x|

Orbits in
gravitational
fields

Hide Acceleration
Hide Velocity
Clear Orhit

3
i

The trajectory of orbits is a good example of the interchange there is between
kinetic and ptential energy because in space there is hardly any friction. Potential
energy is defined as being zero at infinity; any closer than that to the mass of the Earth
(or to any other mass) and the potential becomes negative. That is a mathematical way
of sayng that you will then need to supply energy in order to get your satellite back
out top infinity again.

Satellites resting on the surface of the Earth have a large 'energy debt'
(negative potential) which needs to be 'paid for' in order to get thetsaitelbrbit. If
the entire 'debt' is paid, then the satellite escapes the Earth's gravitational field
completely. If it is only partially paid, then the satellite will be set into orbit provided
it has enough tangential velocity to balance the centrimia due top gravityOnce
in orbit, you will notice that if the satellite is moving further away from the Earth, its
kinetic energy will start to decrease, it is using up some of its kinetic energy to pay for
some of its 'energy debt'. On the other hahthe trajectory is getting closer to the
Earth, its kinetic energy will increase; it is getting into a greater potential energy 'debt’
and is spending that energy in increasing its velocity.

The total energy of the orbit will be constant. The only waychange the
energy of the orbit is to use thrust rockets. This uses chemical energy to provide
kinetic energy. Since the available chemical energy on board satellites is very limited,
boosters are only used to correct for small errors after the satellitbeen placed in
orbit by its parent spacecratft.
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Astronomy 1.9
1.9 Parallax Advanced

This simulation explains the definition of parallax, and enables the user to measure
the parallax of different 'stars'.

B! Parallax.vi

.
ant

Stellar Paratlax.

Parallax is the name give to thepapent change of position of objects due to the
movement of the observer. When looking out one of the side windows of a car, distant
things hardly appear to move while closer things appear to move very fast. The
magnitudee of the movement is an inverseasare of how far away things are from

the observerWhen recording the position of stars, astronomers noticed that some
appear to move (by a very small amoultitat is why it took astronomers such a long
time to notice it!) and others remain ‘fixed'.

The distance between the centre of the Earth and the centre of the Sun is called an
"Astronomical Unit". It is a huge unit (~1.5 x 10"11 m) , but it is a suitable unit to
help us get a scale on the univeiBlee movement of the Earth around the Sun makes
its position change by two Astronomical units every 6 months. However, depending
on which way you are looking out in to space, you may need to wait anything up to a
full year to make sure you have observed the maximum parallax in both directions
(astronomy ta&s patience!).

The parsec is defined as the distance from which one astronomical unit subtends one
second of arc. This is an even larger unit! (~3.26 x 1016 m or 3.26 light Jiéers)
maximum angular movement detected in a star is that of Proxima Geatadiit is

only 0.7687 +/ 0.0003 seconds of arc! This means that it is 1.3 parcecs away ( 4.24 X
10716 m or about 4.5 light years awagnd that is the nearest star!)

Page N8 of 363



Astronomy 1.10

1.10 Sun Earth Moon Advanced

The

This simulation allows thetgdent to adjust the initial distances and velocities of the
three, and then see how this 'solar system' will develop.

[ Sun Farth Moon.vi ﬂﬂlﬂ

" Sun" "Earth" "Moon"

Show Theory

Note: Nothing is to actual scale!

The forces and trajectories of objects in space are governed by gravitational forces.
The Moon continues to orbit around the Eartitaduse it is attracted by Earth's
gravitational pull. However an equal and opposite pull also acts on the Earth pulling it
towards the moonin actual practice the Earttfiloon system 'dances' around like a
heavy and a light skater holding hands and swingoumnd in an endless pirouette
(how poetic!).

The EartAiMoon pair are both pulled by the gravitational attraction of the much more
massive Sun. And the Sun is also attracted towards the Earth and the Moon (and all
the other planets), except that their miasso small compared to that of the Sun that
their effect is negligible!

The Sun is also attracted to all the other stars in the galaxy (the 'milky way'). The stars
may be very far away, but there are so many of them that through mutual attraction,
the Sun is brought to revolve around the centre of 'our' Galaxy.

Studying the trajectory of stars around galaxies has lead astronomers to conclude that
there is not enough mass in the visible stars to account for the strong attraction they
seem to have towardbe centre of the Galaxy! This has lead to the suggestion of
'‘Black Holes' at the centre of the galaxy, and also the concept of Dark Matter"
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Astronomy 1.11
111 Tides Advanced

This simulation shows how tides are governed by the combined granaapull of
the Moon and the Sun. It also shows the effect due to the fact that tharieanh
system rotates about their combined centre of mass.

B! Tides2.vi

The effect of the Sun and Moon on the Tides
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Show Rotation Axis Hide Tide Record Show Earth's View Show Theory

Maote: In order to get things to fit in the creen and still see the effects, the scales m this swmilation are not nght!

A basic explanation of the tides is not difficult to understand, however the detailed
theory is very coplicated!

The basics first: The Moon is attracted to the Earth by gravity, (that is why it
keeps rotating around us rather than fly off in a straight line). The Earth is also
attracted to the Moon by an equal and opposite force. Since the oceans &g not r
they can flow in the direction of attraction (towards the moon) causing a high tide.

The opposite side of the Earth also has a high tide, and this seems counter
intuitive! The explanation for this is that the EaMloon system does not rotate about
the centre of the Earth, but about the centre of their combined masses (which is still
somewhere inside the Earth because the Earth is much more massive than the Moon).
This 'lop-sided' rotation causes the waters on the opposite side of the Earth to the
moa to 'fling away"' a little.

More complicated stuff: The Sun also has an effect on the tides, but a little
weaker than the Moon because it is so much further away. When the Sun, the Earth
and the Moon are aligned in a straight line they cause extra higghdalled 'spring
tides'. When the Sun and the Moon are at right angles teatlaeh(as seem from the
Earth) their effects do not add up quite so well, and that gives rise to smaller tides
called 'neap tides'.

Extra difficult stuff: The orbits of the Edr about the Sun and that of the Moon about
the Earth are elliptical, so when both of them are at their closest they produce even
higher tides! Another important effect is that due to river estuaries, islands and ocean
depths. These can modify the basitles enormously. Some places of the world only
have one high tide per day!
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CHAPTER 2
CHARGED PARTICLES
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Charged particles mak®mputer monitors glow.
How do they get there?
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Charged Particles2.1
2.1 Inside a CRO BasidAdvanced

This simulatimn shows the internal workings of a cathode ray oscilloscope, including
the cathode, anode, X and Y deflection plates and theliase.

[+ CRO Inside 4.vi

Inside view of the Cathode Ray Oscilloscope

¥ Plates

H plates

A Anode Voltage 4% BasE _ P N
t o
’:. 4 \ Show Theory

{normally constant)

When a metal is heated sufficiently, electrons can escape from the surface. This is
called thermionic emission. Tlmtter the metal, the more electrons will jump out of
it.

Normally the electrons will simply fall back into the metal and there is no net current
flowing away from the metal.

In order to get the electrons to flow away from the metal surface it is necessa
place a positively charged anode in front of it to attract them away.

In a CRT the anode has a small hole in the middle of it, and that allows the electrons
to pass through. In this way an electron beam is made.

The electron beam then passes betwtbe X and Y plates where it gets deflected one
way or the other by voltages applied to them.

Finally the electron beam strikes the scintillating screen of the oscilloscope, where the
kinetic energy of the electron gets converted into light.
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Charged Patticles 2.2
2.2  Cockroft Walton Advanced
This simulation enables the user to repeat the grbweaking experiment that was

done in 1932. The first demonstration of Einstein's energy mass equivalence and
artificial transmutation of elements.

5! Cockroft-Walton.vi Jﬂlﬂ

The Cockroft-Walton Experiment

(The first "atom splitter")

Show Theory

In 1932 the English physicist John Cockroft and the Irish physicists Ernest Walton
were the first scientists to achieve artificial atomic transmutation (converting one
element in to another!). Their experiment also was the first experimental
demonstration foEinstein's (1919) E=nic equation!

They applied an electrical discharge through Hydrogen gas in order to ionise some of
the gas atoms (producing protons). They then accelerated the protons through a large
potential difference and aimed them at a Lithitmnget. By bombarding Lithium
atoms with high energy protons they noticed that occasionally a pair of alpha particles
(Helium atoms) were produced. The two Alpha particles travelled in opposite
directions (conserving momentum). P + Li = 2 He kinetic Energy

It is difficult to get a proton close to an atomic nucleus because of the large
electrostatic repulsion it will experience as soon as it gets inside the electron cloud of
the Lithim atom.

In their experiment, Cockroft and Walton found tivth accelerating voltages as low

as 125 kV occasional Alpha particles were produced. At 400 kV (the maximum
voltage achievable with their equipment) they were able to observe over a hundred
Alpha particle pairs per minute! This nuclear reaction is arthexmic one; more
energy is liberated than is required to make it happen.
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Charged Particles2.3
2.3  Diamond Synchrotron Advanced
Take a tour round thessential components of an electron synchrotron from electron

gun to the undulator where the Xay are producedThese simulations are
soponsored by Diamond Light Source www.diamond.ac.uk.

[t3! Diamond Simulations.vi

diamond

The Science of Synchrotrons

1 How are Electron Beams Produced? 5 How are Electromagnetic Waves Made?

2 How are Electrons Accelerated? 6 Why is a Good Vacuum Needed?

3 How are Electron Steered Around? 7 How is the electron's energy topped up?
e
4 How are Electron Beams Focussed? 8 How are Electron Beams Wiggled? (

The theory for each of the simulations on the Diamond synchrotron is listed with each
of the simulations.
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Charged Particles2.3-A
2.3-A The electron Gun Advanced

See the basic components of the electron gun. See how the electric field extracts and
accelerates the electrons from the cathode.

! Electron gun.vi

How are electron beams produced?

@diomond  The Electron Gun

Hide Electric Fisld

Show Theor:

-

The electrons that Diamond uses begin their journey at the Electron Gun. When
metals get very hot, they staotlose electrons through a process called "Thermionic
Emission”. Normally the electrons simply fall back so that no net current flows away
from the metal surface.

When an electric field (a positively charged surface) is brought close to the surface
thatis emitting electrons, the electrons are attracted away and no longer return to the
filament. The stronger the electric field (the more positive the anode is made) the
faster the electrons are accelerated away.

The kinetic energy acquired by the elensas equal to the electrical work done by
the field in ripping them away from near the surface of the filament.

So we can say Kinetic Energy = Electrical work done or ¥2 mesV
where m is the electron mass

Vv is its velocity as it leaves the gun

e is he charge of the electron

V is the Voltage on the anode.

Electrons are so light that very quickly they get to speeds close to the speed of light.
Trying to accelerate electrons much further starts to bring in relativistic effects: the
velocity does not icrease much more, but the electron mass starts to increase instead!
Sounds quite complicated, but that is relativity for you!
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Charged Particles2.3-B
2.3B The LINAC Advanced

See the internal workings of a Linear Accelerator. Operate it maraadysee what
maximum electron energy you are able to achieve.

B! Linac2.vi

How are electrons accelerated?
. diamond Th e LI N AC (Linear Accelerator)

Electron Energy vs Position

Start / Re-start

Oscillator

Yoltage

o
a0 .
°
Manual

AL Show Dets Show Theor

To produce the very bright-Kays used by our scientists, Diamond needs to generate a
beam of electrons which travel at very close to the speed of light. Once electrons have
left the Electroa gun they are passed into the linear accelerator, or linac.

In theory, this could be achieved by passing the electrons through a very strong
electric field. However, in practice it is not possible to generate high enough voltages,
so a linac achievesatsame goal by accelerating electrons through a series of smaller
fields. Each time the electron travels through a conducting tube (where there is no
electric field) the polarity of the tube is changed, so that when the electron leaves one
tube it is acc@rated towards the positive tube in front of it.

You will notice that the tubes get longer as they go along; this is so that all the tubes
can be powered by a single oscillator. When the electrons are travelling slowly, they
only travel a short distancetore the polarity changes. The faster they are going the

further they will travel in the same amount of time, before the polarity switches again.

At high energies, the length of the drift tube becomes roughly constant again. This is

because as the elemts approach the speed of light, increasing their energy no longer
increases their speed, instead relativity means that their mass increases.
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Charged Patrticles2.3-C
2.3C Dipole Advanced
See how magnetic dipoles can be used to bend electvand the main ring of the

synchrotron (FI emi ngos |l eft hand rul e) .
curvature of the track.

How are electrons steered around?

.diamond The Dipole Magnet

Congratulations!

Evacuated tubes

Show Instructions Show Theor Show Magnetic Field

Stationary electric charges do not experience any forces at all when they are inside
magnetic fields. However, when electdharges are moving inside magnetic fields,
they experience a sideways force which deflects them in to a circular path.

The direction of the force is gimeby 'Fleming's Left Hand Rulahd is given by the
equation F = B g v whereB is the magnetic fidgléisgth, q is the charge on the

particle and v is the velocity of the particle.

As soon as the electrons experience the first bit of sidewise force, their direction of
travel will also change. Since the direction of travel will change, the electromagnetic
force will also change in such a way that it is always perpendicular to the motion. It is
this change of force direction which causes the electrons to travel in a circular path
until they escape from the region of the magnetic field.

In a Synchrotron # magnets need to be very strong because the electrons have a
much larger mass than normal (due to relativistic effects). The electromagnets are not
circular, but rather sligly 'kidney bean' shaped. The field strength needs to be
adjusted very precisetp keep the electrons travelling along the desired track!
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Charged Particles2.3-D
2.3D The Quadrupole Advanced

See how a pair ahagneticquadrupoles can be used to focus an electron beam when
it starts to diverge.

|l Quadrupole 3.vi

How are electron beams focussed?

.diamond The Quadrupole Magnet

drup Second Quadrupole

.

First Quadrupole

Show Theor!

P
Hide Magnetic Field Show Field Direction (\

The force experienced bycharged particle which is flying perpendicularly across a
magnetic field follows Fleming's left hand rule. Notice that the magnetic field is not at
all uniform inside the quadrupole! It is actually very complicated. But notice that right
in the middle thefield strength is zero. This means that electrons flying exactly
through the middle of a quadrupole are not deviated at all. They don't need to be
focussed because they are already travelling down the axis!

When the current is flowing in the positive ditien, electrons travelling along top

left or bottom right experience a force which pushes them back towards the centre of
the quadrupole (focussing them). Electrons travelling along the top right or bottom
left experience a force that pushes them furthitr This seems disastrous! But this is
where the second quadrupole does its trick.

The polarity of the second quadrupole is always arranged to be the opposite to the first
one. Notice that the magnetic field strength is greater further away from th&emidd
(getting towards the corners). The electrons that experienced a moderate force
outwards in the first quadrupole will experience a larger inward force in the second
guadrupole. The electrons that were pushed towards the middle by the first
quadrupole wil be travelling through the weakest part of the magnetic field of the
second quadrupole, so they hardly experience a defocussing force in the second
quadrupole!The net effect of the two quadrupoles is that the electron beam gets
focussed in to a fine bearhwarned you it was complicated!
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Charged Particles2.3-E
2.3E Electromagnetic Waves from Charges Advanced

See how the acceleration of charges produces curvature in the electric field radiating
away from a charge. See how the most effective methool undulate the electron
while it travels along to produce a continuous wave train.

{! Flectromagnetic Waves.vi

. dlamond How are Electromagnetic Waves Made?

Electromagnetic Waves from Charges

Step 1 Step 2 Step 3 Step 4 Step 5 Completed

Stationary Constant Welocity Curved Charge on a Os=cillating Undulating
Charge Charge Path Race Course Charge Charge

—
Show Instructions (

When charges are stationary, or travelling at constant velocity, they do not radiate
away any energy in the form of electromagnetic waves. The electric field ilimgly s
point radially away from a positive charge (or radially inward towards a negative
charge).

When charges accelerate, (either by changing their speed or direction), then the
electric field lines start to bend, and this disturbance travels radially fasra the
charge carrying energy away from the charge in the form of electromagnetic waves.

To generate the very bright light used in experiments, Diamond uses arrays of
magnets called undulators, which cause the electron to follow a wiggling path. The
wavelength of the light depends on the strength of the magnetic field and the spacing
between the magnets. Because the electrons themselves are travelling at close to the
speed of light, relativity and the Doppler effect mean that the wavelength of tiis lig

is very short it is in the form of Xrays.

The light produced is very intense, because the light produced by each wiggle of the

electron beam adds up. Changing the magnetic field by changing the separation of the
magnets mean that the wavelengtlhef light can be tuned for different experiments.
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Charged Particles2.3-F
2.3 F Residual Molecules Basic

See why a good vacuum is needed in order to keep electrons going round the circular
track. Adjust the number of residual molecules and seetlm@wlectrons are affected.

|3} Residual Molecules.vi =101 %]

. diamond Why is a good Vacuum needed?

Residual Molecules in Beam Path

Show Instructions Show Theor

An electron beam travelling through air will quickly lose electrons as they collide
with air molecules and lose energy. To keep the electron beam circulating in the
storage ring of the synchrotron, the tube they travelugitomust be kept at a very
high vacuum.

It is never possible to create a perfect vacuum; there will always be some residual air
molecules left in the system. The electrons accidentally hitting the residual gas
molecules, will lose energy and will be eweally lost in the chamber wall. However,

the vacuum at Diamond is good enough to keep the electron beam circulating for
more than 10 hours before it needs to be refilled!

It is worth noting that usually the mass of electrons is thousands of timelsdadbat

of the air molecules. However, at very high velocities (99.999% of the speed of light)
relativistic effects mean that the mass of the electrons can become greater than the
mass of the air molecules!
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Charged Particles2.3-G
2.3G The Radio Frequency Cavity Advanced

See how a resonant cavity with an electromagnetic field inside it can be usedifo top
the energy of electrons as they pass through. Try to adjust the phase of the cavities to
obtain the maximum kinetic energy increase.

> RF Particle Accelerator 2.vi

How is the electron's energy topped up?

.diamond The Radio Frequency (RF) Cavity

RF Power Energy of Charged Particle vs Position

Clear Graph

Show RF Wave Show Theor

As theelectron beam travels round the synchrotron it loses energy in the form of
synchrotron light. This energy is replaced by the RF cavities. As the electron enters
the RF cavity it sees an oscillating electric field, which is tuned so that the field is
always in the right direction to accelerate the electrons further. The timing and
frequency need to be tuned very precisely indeed!

The electrons are travelling so close to the speed of light that the increase in their
velocity is negligible, but the kinetimergy of the electron will increase, and
relativistic effects will cause each electron to increase its mass significantly.

The larger the amplitude of the RF wave, the larger the increase in energy will be.
Having more cavities will also give the electsaalarger total energy at the end.
Diamond uses three cavities to ensure the electron beam can keep travelling around
the storage ring with the desired energy of 3 GeV. From the start of the electron gun
to here the electrons have seen the equivalerginglaccelerated through a potential
difference of 3 000 000 000 Volts!
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Charged Particles2.3-H
2.3 H The Undulator Advanced

See how an array of opposing magnets can be used to undulate the trajectory of
electrons. See the Doppler shifted X Ragsb generated in the process.

[B undulator 2.vi

. diamond

How are electronbeams wiggled?

The Undulator

Evacuated Tube

Hide Magnets Show Flanes

Show Theor

Undulators are one of the key components of the synchrotron; it is the undulators that
generate the very bright-bays used in experiments.

They consist of arrays of magnets arranged in such a way as to cause the electron
beam to "wiggle" as it passes through. In fact there is a special type of undulator
called a wiggler!

The wiggling path causes the beam to create electromagnetic waves in the form of
light. The light from each successive wiggle add up to produce antense beam of

light in the forward direction. Because the electrons themselves are travelling at close
to the speed of light, relativity and the doppler effect mean that the wavelength of this
light is very short it is in the form of Xrays.

These inénse Xrays are then channeled into Diamond's beamlines to be used in
experiments.
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Charged Particles2.4
24 The e/m Tube Advanced

This simulation shows how Helholtz coils can be used to cause an electron beam to
follow a circular path. Measuremeof the radius permits the user to calculate the
ration of the electron charge to its mass.
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When electrons are made to pass through a low pressure gas they can make it glow.
The shape of the glow reveals the trajectory followed by the electrongriclzc
magnetic fields deflect the electrons’ trajectories.

Helmholtz coils are the name given to a pair of matching coils separated by a distance
equal to their radius. This geometry is used because it produces a fairly uniform
magnetic field between ¢two coils.

The magnetic field produces a force on the electrons which is perpendicular to the
magnetic field, and also perpendicular to their velocity. This causes the electrons to
follow a circular path. If the radius is small enough, a complete ciralebe seen.

The velocity of the elgmons can be calculated frovtda m v = e V(1) where m is
the mass of the electron, e is its charge, v is its velocity and V is the anode voltage.

The centripetal force is given by mv =B e v #)ere B is tk magnetic field
strength and r is the radius of the trajectory.

2&

Combining 1 and 2 we finthe electron charge to mass rafic: 257
m r
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Charged Particles2.5
25  The Maltese Cross Advanced
This simulationshows how invisible electrerseem to travel in straight lines from the

cathode in such a way that a cross placed between the cathode and the screen causes a
shadow to be cast. Electric charges and magnetic fields cause the shadow to move.
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When sharp piecesf metal are heated up a vacwm, 'things' seem to stream away
from them and cause a scintillating screen to light up at the end of a tube.

If we place a object between the cathode and the screen, a shadow of the object is cast
on the screen, just as if rays were coming feolght box!

From this we learn that these invisible rays travel in straight lines. We gave them the
name 'Cathode Rays' even before we really knew what they were!

These rays are deflected by both electrostatic charge as well as by magnetic fields (in
different ways). So we learned that Cathode Rays have an electromagnetic nature.

Today we know that cathode rays are actually electrons which stream away from a
heated metal point by a process which we call 'Thermionic Emission'.

Since their discovery wieave now learned to steer electron beams and we use them to
draw lines on screens (in the oscilloscope), to display images (in television sets), to
bombard surfaces (in electron microscopes and other scientific equipment) and to
radiate electromagnetic wes (in microwave ovens).

Who would have thought such useful applications would have developed from the
curious discovery of cathode rays!
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Charged Particles2.6
26  Mass Spectrometer Advanced

This simulation shows the workings of a mass spectemehere the mass of the
ions and the magnetic field strength can be varied, thus producing circular paths of
different radius.

When a charged particle travels across a magnetic field it experiences a force which
follows Fleming's left hand rule. Tigrection of the force will be perpendicular to
the magnetic field and also to the direction in which the charged patrticle is travelling.

When any object experiences a force which is perpendicular to its velocity it will
travel in a circle with the forcgroviding the centripetal acceleration.

In this simulation the magnetic field (symbol B) is directed perpendicularly into the
screen. The centripetal force is equal to the force due to the charge travelling through

the magnetic field. Therefore , Where m is the mass of the particle, v is its
velocity, r is the radius of its trajectory, B is the magnetic field streagthq is the
electric charge on the particRearranging we find that

So knowing the veldty and charge of the ion, the radius of the trajectory and the
field strength it is possible to calculate the mass of the ion. This is how many isotopes
were discovered.
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