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AC generator,  789–791, 790
Acceleration,  31, 35, 61, 76, 82

average,  64, 66CO
centripetal,  551–553
constant,  64, 66CO
direction of,  75ML
dynamics,  166–167MP
force,  164inv
graphing,  65QL
gravity, due to,  68–69inv, 82
instantaneous,  64, 66CO
negative,  62
non-uniform,  64, 66CO
simple harmonic motion,
616inv, 618
uniform,  62, 66CO

Acceleration due to gravity,
68–69inv, 82, 83inv, 84–89MP,
132, 248, 479
measuring,  612QL

Acceleration vector and
direction,  61–63

Action at a distance,  643
Adams, John Couch,  594
Air friction,  187

centripetal force,  563
Air resistance,  187
Alpha decay,  907
Alpha particles,  906, 908
Alpha rays,  867
Alternator,  792
Ammeter,  702
Ampere,  694

defined,  773
Ampere, Andre Marie,  773,

774–775, 781
Amplitude,  290, 338, 378

wave,  347–349MP
Amplitude modulation,  807
Angle of incidence,  364
Angle of reflection,  364
Angle of refraction,  398,

404–405MP
Angular momentum,  878
Angular momentum quantum

number,  881
Anode,  689

Antielectron,  909
Antimatter,  909
Antineutrino,  909
Antinodal line,  370
Antinodes,  356
Antiparticles,  879
Apollo spacecraft,  177, 572, 586
Apparent weight,  184–185MP, 186

mass,  184
Archimedes,  383
Aristotle,  6, 9, 127, 132, 133, 154

motion,  7
Armature,  778
At rest,  30
Atom,  864

billiard ball model,  866
Bohr model of,  870
ground state,  884
laser,  885
metastable state,  885
nuclear model,  868
quantum mechanical,  877
representing,  899

Atomic mass number,  899
Atomic mass unit,  903
Atomic number,  899
Atomic spectra,  870
Atwood’s machine,  480–481inv,

483–484MP
Atwood, George,  479, 480
Auto safety,  203
Average acceleration,  64, 66CO
Average force and impulse,

201–202MP
Average speed,  17MP
Average velocity,  101

Back emf,  794, 795
Balancing act,  453ML
Balmer series,  871

electron,  874–875
Balmer’s formula,  872
Balmer, Johann Jakob,  871–872
Battery,  689
Beat frequency,  429

SI unit,  430
Beats,  429

Becquerel (unit for decay),  913
Becquerel, Antoine Henri,  805,

906, 907, 913
Bernoulli, Daniel,  635
Beta decay,  908, 909

momentum,  909
Beta particles,  906, 908, 910
Beta rays,  867
Big Dipper,  753
Billiard ball model of atom,  866
Black Box,  4ML
Black holes,  629, 650
Blackbody,  840

radiation,  841–843, 870
Bohr radius,  873
Bohr, Neils Henrik David,  864,

870, 872, 898
Boltzmann, Ludwig,  842
Brackett series,  875
Bragg, Sir Lawrence,  860
Brahe, Tycho,  574, 575
Brunhes, Bernard,  767
Bunsen, Robert,  840
Buridan, Jean,  127

Cable,  476
tension,  477–478MP,
498–500MP

Canadian Standards Association
(CSA),  323

CANDU reactor,  920, 931
heavy water,  931

Car safety,  325
Cartesian coordinate system,  33
Cathode,  689
Cathode rays,  866, 870
Cavendish, Henry,  584, 631, 635
Centre of mass,  493
Centre-seeking acceleration,  553
Centrifugal force versus

centripetal force,  559
Centripetal acceleration,  551–553

SI unit,  553
Centripetal force,  554

air friction,  563
banked curves,  563,
565–566MP

Boldface numbers indicate term is boldfaced on that page; CO indicates a Concept Organizer;
MP indicates a Model Problem; ML indicates a Multi-Lab; QL indicates a Quick Lab; and 
inv indicates an investigation.



centrifugal force,  559
friction,  563, 564
horizontal plane,  555–559MP
inverse square law,  632, 633
lift force,  563
SI unit,  555
vertical plane,  555–558MP

Cerenkov radiation,  395, 895
Cerenkov, Pavel,  895
Chadwick, James,  898
Chalk River Nuclear Plant,  896
Charge,  729CO

electric current,  695–696MP
Chemical potential energy,  

247, 278
Chemical symbol,  899
Chisov, I.M.,  187
Chronometer,  343
Circuit elements,  702
Circular motion,  530
Clarke orbits,  589
Clarke, Arthur C.,  589
Classical mechanics,  154
Classical physics,  840
Closed air column,  417

resonance,  418, 419–420MP
Closed circuit,  701
Closed system,  301
Cobalt-60,  896
Coefficient of friction,  469
Coefficient of kinetic friction on

inclined plane,  192QL
Coefficient of static friction,

496–498MP
inclined plane,  192QL

Coherent,  434
Coherent light,  413
Collisions,  503, 854

classifying,  320–321MP,
514–515MP
egg drop,  326QL
elastic,  310, 318–319inv, 513,
514–515MP, 517–519
electrons,  854
energy,  513
energy conservation,  
521–524MP
examining,  318–319inv
inelastic,  310, 318–319inv,
513, 514–515MP, 520
momentum,  313–314MP, 513,
516inv
one dimensional,  313
photons,  854

safety,  323
safety poster,  326QL
technological implications,  
323–326
two dimensional,  516inv

Commutator,  779
Component wave,  355
Components,  456

vectors,  464–466MP
Compton effect,  854
Compton, Arthur,  854
Conductors,  686, 688

magnetic field,  757–759inv
potential differences,  687inv
resistance,  706
voltage,  687inv

Conservation of mechanical
energy,  309CO

Conservation of momentum,  
310, 311
law of,  312
SI units,  312

Conservation of total energy,
309CO
SI units,  303

Conservative force,  281
Constant acceleration,  64, 66CO
Constructive interference,  355,

433, 434–438
Consumption of energy,  272–273
Contact force,  130
Control rods,  928
Coordinate system,  90

inclined planes,  189
motion,  33
projectile,  534–536MP

Copernicus, Nicholas,  8, 574
Coulomb,  694
Coulomb constant,  636, 813
Coulomb force on proton,  900
Coulomb’s experiment,  635
Coulomb’s law,  631, 636

applying,  637–638MP
graphical analysis,  638QL
multiple charges,  639–640MP
SI unit,  636

Coulomb, Charles Augustin,  631,
635, 753

Count Runford,  304
Counterweight,  478
Crab Nebula,  887
Crest,  345
Crick, Francis,  369
Critical (nuclear reactions),  926

Critical angle,  408
determining,  409–410MP,
414QL

Crumple zones,  204
Curie, Marie,  907
Curie, Pierre,  907
Current,  694, 729CO, 735
Cycle,  338

Dalton, John,  866
Daughter nucleus,  907
Davisson, Clinton J.,  860
DC electric motor,  778–779
DC generator,  791
de Broglie wavelength,  857
de Broglie, Louis,  857
Decay series,  911
Deceleration,  62
Destructive interference,  356,

433, 434–438
Deuterium,  902
Diffraction,  367, 377

light,  432, 433
sound,  432, 432QL

Diffuse reflection,  383
Dilated time,  818

SI unit,  818
Dirac, Paul Adrien Maurice,  879
Direction,  35

acceleration vector,  61–63
velocity,  51–53

Displacement,  35, 36, 37, 38, 76,
84–89MP
work,  219

Displacement antinode,  417
Displacement node,  417
Distance,  35, 38

work,  219
Domains,  754
Doppler effect,  392
Doppler radar,  671
Doppler shifts,  381
Double-slit experiment,  434,

439inv
Dragila, Stacy,  299
Duke, Charles,  177
Dynamics,  128

acceleration,  166–167MP
kinematics,  165
vectors,  463–464
velocity,  165–167MP

Earthquakes,  346
Echolocation,  381
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Eddy current,  795
Efficiency,  216, 262, 268

calculating,  269–270MP
energy,  272–273inv
SI units,  268

Effluvium,  644
Einstein, Albert,  6, 9, 105, 154,

156, 382, 586, 650, 698, 806,
813, 814, 844, 847, 848, 870

Elastic,  254
Elastic collisions,  310, 318–319inv,

513, 517–519
classifying,  320–321MP

Elastic potential energy,  254,
255inv, 280, 290–291,
292–295MP, 309CO,
606–608MP
Hooke’s law,  258
SI units,  259
spring,  260–261MP, 599inv
work,  258–259

Electric charge
electron,  699–700MP
elementary charge,
699–700MP
magnetic poles,  755

Electric circuit,  686, 701–702
closed,  701
complex,  725
open,  701
parallel,  703, 715
symbols for,  701

Electric current,  729CO, 734, 735
charge,  695–696MP
electron flow,  697
elementary charge,  698
induced,  784–786inv
magnetic field,  783inv
magnetic fields,  769, 781
potential difference,
709–711inv
resistance,  709–711inv
SI unit,  694

Electric energy,  630, 686
Electric field,  644
Electric field intensity,  644

calculating,  645–646MP
charged sphere,  652–655MP
definition,  645
point charge, near a,  652
SI unit,  645

Electric field lines,  658
Electric fluid,  690
Electric force, nature of,  639

Electric permitivity,  813
Electric potential difference,  672,

688, 735
calculating,  673–677MP
energy,  691–692MP
point charge,  672
SI unit,  673, 691

Electric potential energy,  247,
667–669, 729CO, 735
computing,  670MP

Electric power
alternative equations,
741–742
calculating,  736–737MP
energy,  734
resistance,  742–744MP
SI unit,  736
wrong source,  738–740MP

Electrodes,  689
Electrolyte,  689
Electromagnet design,  766
Electromagnetic field, generating,

807QL
Electromagnetic force, nature of,

641–642
Electromagnetic induction,  782

generators,  781
Electromagnetic radiation,  887
Electromagnetic spectrum,  380
Electromagnetic waves,  374,

379–380, 813
Electromagnetism,  756
Electromagnets,  750, 766
Electromotive force,  729, 788–789

back,  794, 795
terminal voltage,  730–731MP

Electron,  690, 805, 838, 846, 847,
854, 866, 871–872
Balmer series,  874–875
Bohr radius,  873
collisions,  854
electric charge,  699–700MP
elementary charge,  698
energy level,  874
orbit,  878, 879, 881
orbits,  871–876
positive,  909
secondary emission,  911

Electron flow,  697
electric current,  697

Electron volt,  850
Electroscope, discharging,  839inv
Electrostatic force,  635

inverse square law,  635, 636

nature of,  634inv, 641–642
Elementary charge,  698

electric charge,  699–700MP
electric current,  698
electron,  698
proton,  698
SI unit,  698

Elements, identifying,  865inv
Embouchure,  421
Emission spectra,  865inv
Empedocles,  7
Empirical equation,  843
Energy,  35, 278

collisions,  513
conservation of,  285–286MP
conservation of, falling mass,
288inv
consumption,  272–273inv,
744, 745–746MP
efficiency,  272–273inv
electric potential difference,
691–692MP
electric power,  734
gravitational.  See
Gravitational energy
kinetic.  See Kinetic energy
law of conservation of,  278,
302
mass,  828
mechanical.  See Mechanical
energy
nuclear reactions,  923–924MP
pendulum,  280
potential.  See Potential energy
rest,  830
sources of,  217ML
spring,  280, 292QL
springs,  279ML
total,  830
transformation,  282–284
transformation of, pendulum,
289inv
transformations,  280
transforming,  267inv
types of,  218
wave,  336, 344
work,  218

Energy levels,  871–872
ENIAC,  532
Enriched (uranium),  928
Equations, building,  80–82
Equations of motion,  76, 175CO

applying,  84–89MP
Equilibrium,  175CO
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motion,  490
vectors,  467QL

Equipotential surface,  679, 680
Equivalent resistance,  716
Ether,  434, 811
Experimentation,  20
Explosions,  503, 510

momentum,  511–513MP
External force,  301
External forces,  482
Faraday, Michael,  643, 781, 782
Fermi, Enrico,  926
Feynman, Richard,  7
Fictitious forces,  157
Field intensity

defining,  644
electric,  644
electrical.  See Electrical 
field intensity
gravitational.  See
Gravitational field intensity

Field lines,  658
Fields,  630, 643

describing,  643
point source,  651
potential energy,  662

First law of thermodynamics,  302
Fission.  See Nuclear fission
Fixed-length air columns,  421

harmonics,  425–427MP
resonance,  423

Fluid theory,  690
Force,  124, 128, 630

acceleration,  164inv
application of,  453
applied,  143MP, 468
common,  130–146
connected objects,
180–182MP
conservative,  281
electromagnetic.  See
Electromagnetic force
electrostatic.  See Electrostatic
force
external,  175CO, 301, 482
fictitious,  157
friction(al),  140, 142MP, 171QL,
468, 469, 471–474MP
gravitational,  468, 469
interaction of objects,  134inv
internal,  301, 482
kinetic friction,  471–474MP
linear restoring,  615
motion,  453ML

net,  168
non-conservative,  281
normal,  140, 142MP, 143MP,
468
reaction,  177
spring,  255inv
static friction,  471–474MP
two dimensions,  172–173MP
vector,  174QL
wave,  344
work,  219, 222, 225–226, 
230QL, 231
working with three,
169–170MP

Foucault pendulum,  340
Foucault, Jean-Bernard-Leon,

340, 391
Frame of reference,  30, 159CO

accelerating,  157
inertia,  156–157
motion,  33

Framing a problem,  13
Franklin, Benjamin,  690
Franklin, Rosalind,  369
Free body diagram,  145, 168
Free fall,  186
Frequency,  20, 339

beat,  429
finding unknown,  430–431MP
fundamental,  415
natural,  342
period,  340–341MP
SI unit,  339
universal wave equation,  346
wave,  345, 347–349MP

Frequency modulation,  807
Frequency of a wave,  345
Friction,  137, 145CO

centripetal force,  563, 564
coefficient of,  139, 142MP,
469
force,  140, 142MP, 171QL,
471–474MP
forces,  469
kinetic,  145CO
normal,  469
static,  145CO
surface,  145CO
working with,  141–144MP

Fringe,  436
Fundamental frequency,  358, 415
Fundamental mode of vibration,

358
Fusion reactor,  932

Fusion.  See Nuclear fusion

Galilei, Galileo,  8, 68, 127, 132,
133, 137, 154, 343, 610, 814

Galle, J.G.,  594
Galvanometer,  781
Gamma,  823
Gamma decay,  910
Gamma knife,  896
Gamma radiation,  910

medical uses,  915–917
Gamma rays,  906
Geiger counter,  897
Geiger, Hans,  867
General theory of relativity,  

156, 806
Generator effect,  782

right hand rules,  787–788
Generators,  750, 782

electromagnetic induction,  781
Geostationary orbit,  589

altitude and velocity,
589–591MP

Geosynchronous satellite,  104, 158
Germer, Lester H.,  860
Gilbert, William,  644
Goddard, Robert,  178
Goodchild, Sara,  693
GPS receivers,  156
Grand Unified Theory (GUT),  11
Gravitational field intensity,  647

calculating,  648MP
Earth, near,  657MP
magnitude,  649
mapping,  649
point mass,  656
SI unit,  647, 656

Gravitational field lines,  660
Gravitational force,  130

nature of,  639, 641–642
Gravitational mass,  128
Gravitational potential 

difference,  690
Gravitational potential energy,

247, 248, 249, 278, 280,
282–284, 309CO, 664–666
calculating,  249–250MP
SI unit,  249, 665
work,  251, 666

Gravity,  530
acceleration due to,  68–69inv,
82, 83inv, 132, 248, 479, 612QL
inverse square law,  632, 633
investigating,  266–267inv

982 MHR • Index



Kepler’s laws,  580, 583
nature of,  641–642
projectile,  533

Gravity wave,  650
Gray, Stephen,  688
Ground,  688
Ground state,  884

Half-life,  897, 912
radioactivity,  897ML

Halley, Edmond,  577
Hang time,  544, 547
Harmonic motion,  598
Harmonics,  415

fixed-length air columns,
425–427MP

Harrison, John,  343
Heat, mechanical equivalence 

of,  304
Heavy water,  931
Helium,  864, 901, 902
Hertz,  339
Hertz, Heinrich,  339, 805, 844
Hooke’s law,  256, 600

applying,  257MP
elastic potential energy,  258
SI unit,  256

Hooke, Robert,  259, 610
Horsepower,  263, 267inv
Humour,  644
Huygens, Christian,  236, 434,

610, 840
Hydrogen,  901, 902

Ideal interactions,  139
Impetus,  127
Impulse,  198, 199–200MP, 503

auto safety,  203
average force,  201–202MP
crumple zones,  204
SI unit,  199

Impulse-momentum theorem,
200, 201, 310
SI units,  201

In phase,  340
Inclined plane,  188, 192–194MP

coefficient of kinetic friction,
192QL
coefficient of static friction,
192QL
coordinate system,  189
kinetic friction,  192QL
sliding down,  189–191MP

static friction,  192QL
Index of refraction,  396,

399–400MP
SI unit,  396

Induced current,  784–786inv
Industrial Revolution,  263
Inelastic collisions,  310,

318–319inv, 513, 520
Inertia,  126

frame of reference,  156–157
Galileo’s perception of,  127
law of,  155, 531ML

Inertial frame of reference,  156
Inertial mass,  128
Inquiry,  20
Instantaneous acceleration,  64,

66CO
Instantaneous velocity,  54, 58CO

determining,  55–57MP
tangent,  55

Insulator,  688, 706
Interference

hearing,  428–430
locating,  428QL
sound,  415
wave,  354–361, 415

Interference pattern,  369
Interferometer,  808

Michelson’s,  811–812
Interial frame of reference,  159CO
Internal force,  301, 482
Internal resistance,  725, 729

dry cell, of a,  732inv
International space station,  662
Inverse square law,  632, 635

electrostatic force,  635, 636
gravity,  632

Ionizing radiation,  908
Isolated system,  301
Isotopes,  901

radioactive,  907

Jeans, Sir James Hopwood,  842
Joe, Dr. Paul,  671
Johns, Dr. Harold E.,  896
Joule,  219, 220

SI unit,  219
Joule, James Prescott,  219, 303, 304
Jupiter,  8

Kepler’s empirical equations,
573QL

Kepler’s laws,  575, 576

gravity,  580, 583
Kepler, Johannes,  510, 573, 575
Kilowatt-hour,  744
Kinematic equations,  76, 152,

175CO
projectile,  532

Kinematics,  128, 175CO
dynamics,  165

Kinesiologists,  31
Kinetic energy,  218, 236, 278,

280, 282–284, 290–291,
292–295MP, 309CO
calculating,  237–238MP
classical,  834
photoelectrons,  846
relativistic,  831–832MP, 834
SI unit,  237
stopping potential,
851–852MP
threshold frequency,
851–852MP
work,  239

Kinetic friction,  145CO
force,  471–474MP
inclined plane,  192QL

Kinetic frictional force,  137
Kirchhoff, Gustav,  840, 870

Laser,  9
atom,  885

Law of conservation of energy,
278, 302

Law of conservation of mass,
832–833MP

Law of conservation of
mechanical energy,
292–295MP

Law of conservation of
momentum,  504
applying,  505–508MP

Law of conservation of total
energy,  305–307MP

Law of inertia,  155, 531ML
Law of reflection,  383
Law of universal gravitation,  578
laws of motion,  480–481inv
Le Verrier, Urbain John Joseph,

594
Lenard, Philipp,  805, 845, 846
Length contraction,  819–820, 821

SI unit,  821
Lenz’s law,  789, 792, 793
Lenz, Heinrich,  792

Index • MHR 983



Lever arm,  492
Liebniz, Gotfried Wilhelm,  237
Lift-off,  662

centripetal force,  563
Light

approximate wavelength of,  438
coherent,  413, 434
diffraction,  432, 433
index of refraction,  396
linear propagation of,  382
principle of reversibility,  406
ray,  382
reflection,  382
refraction,  395–396
refractive index,  396
speed,  391, 395, 808
total internal reflection,  407

Light meters,  850
Light ray,  382

reversibility,  406
Linear propagation of light,  382
Loads,  67, 702
Lockyer, Sir Joseph,  864
Lodestone,  752
Longitudinal waves,  346

sound waves,  377
vibration,  377

Lord Rayleigh,  842
Lorentz-Fitzgerald contraction,  812
Loudness,  378
Lowell, Percival,  594
Luminiferous ether,  805
Lyman series,  875

Mach number,  391
MAGLEV trains,  767
Magnetic damping,  795
Magnetic dipole,  660, 753
Magnetic field

conductor,  757–759inv
current-carrying coil,  760, 761
electric current,  781, 783inv
electric currents,  769
helix, around,  762inv, 763inv
motor force,  776
solenoid, around,  764–765

Magnetic field intensity,  651
Magnetic field lines,  660
Magnetic field strength

calculating,  777MP
SI unit,  776

Magnetic flux,  660
Magnetic force, nature of,  639,

641–642

Magnetic iron ore,  752
Magnetic monopole,  641, 651,

660, 756
Magnetic permeability,  813
Magnetic poles,  752

electric charges,  755
Magnetic quantum number,  882
Magnetic resonance imaging,  767
Magnetite,  752
Magnets,  750

domains,  754
forces,  751ML
interactions,  751ML
motors,  768
permanent,  755
temporary,  754

Magnitude,  35
Mass,  35, 131, 133

apparent weight,  184
calculations,  135–136MP
energy,  828
photons,  855
planets,  584
Sun,  584, 585MP

Mass defect,  902, 903
Matter waves,  857, 858–859MP,

860, 877
Mattingly, Thomas,  177
Maximum height of trajectory,  546
Maxwell, James Clerk,  379, 813,

840
Mayer, Julius Robert,  304
Measurement,  20
Mechanical,  280
Mechanical energy,  218, 280

conservation of,  281, 282,
285–286MP, 309CO
law of conservation of,  282,
292–295MP
SI units,  282
thermal energy,  304inv
total,  296, 297–298MP

Mechanical kinetic energy,  309CO
Mechanical waves,  344
Mechanics,  128
Medium,  344
Metastable state of atom,  885
Metre,  37
Michelson’s interferometer,  811
Michelson, Albert A.,  391, 434,

808
Michelson-Morley experiment,

808, 813
Microgravity,  592

simulating,  593
Milky Way,  8
Millikan, Robert Andrews,  698,

848
Mirror and reflection,  375ML
Mobile, building,  502QL
Model problems,  16
Models,  4ML, 11
Moderator,  927
Momentum,  196, 197MP, 503

angular,  509–510, 878
angular, quantum number,  881
applying,  505–508MP
beta decay,  909
collisions,  313–314MP, 513,
516inv
conservation of,  310
definition,  504
explosions,  511–513MP
law of conservation of,  504
Newton’s laws,  195–205
Newton’s third law,  310–313
photons,  855, 856
photons, calculating,
856–857MP
SI unit,  196, 504
technological implications,
323–326

Moon,  7
Morley, Edward William,  434, 808
Motion,  392

analyzing,  74–112
angular,  490
Aristotle,  7
connected objects,  482,
483–484MP, 486–488MP
coordinate system,  33
describing,  28–68
equations of,  76, 454
equilibrium,  490
force,  453ML
frame of reference,  33
graphing,  65QL
harmonic.  See Harmonic
motion
illustrating,  31–32
laws of,  480–481inv
linear restoring force,  615
mathematical models,  76–89
Newton’s laws of.  See Newton’s
laws of motion
periodic.  See Periodic motion
picturing,  30–33
planets,  587

984 MHR • Index



predicting,  125ML
projectile,  538inv
relative,  33
rotational,  490
satellites,  587
simple harmomic.  See Simple
harmonic motion
torque,  490
translational,  490
two dimensional,  531ML
uniform,  454–454
uniformly accelerated,
454–455
variables,  29ML
vector,  454, 455

Motor effect,  771–772inv
Motor force

magnetic field,  776
quantitative analysis,  775–776
SI unit,  776

Motors,  750
magnets,  768

Moussavi, Dr. Zahra,  780
MRI technology,  786
Mu meson,  822
Multiple images,  5ML
Muon,  822
Music,  358, 415

N-pole,  752
Nanotechnology,  2, 7
Nanotube,  2
Natural frequency,  342, 358

sound,  378
spring,  342QL

Negative acceleration,  62
Negative work,  233

doing,  233–234MP
Neptune,  594
Nerve impulses,  6
Net force,  145, 168
Neutrino,  909
Neutron,  898

thermal,  927
Neutron star,  887
Newton’s first law,  154, 155
Newton’s law of universal

gravitation,  130, 574, 578,
583, 586, 587

Newton’s laws,  67, 152
momentum,  195–205

Newton’s laws of motion,  123,
159CO

Newton’s mountain,  588

Newton’s second law,  168,
175CO, 470
applying,  162–163MP, 168
motion,  160, 161
SI unit,  162

Newton’s third law,  177, 178
applying,  179
connected objects,
180–182MP
momentum,  310–313

Newton, Sir Isaac,  133, 154, 198,
259, 379, 382, 576, 577, 632, 814

Newtonian mechanics,  154
Nodal line,  370
Nodes,  356
Noise,  415
Non-conservative force,  281
Non-contact force,  130
Non-inertial frame of reference,

157, 159CO
Non-linear,  712
Non-ohmic,  712
Non-uniform acceleration,  64,

66CO
Non-uniform motion,  47, 58CO
Normal force,  140
Normal line,  364
Noronha, Jennifer,  930
North pole,  752
North Star,  752
North-seeking pole,  752
Nuclear binding force,  902,

903–904MP
Nuclear chain reactions,  926
Nuclear energy,  920
Nuclear fission,  922

control rods,  928
coolants,  928
enriched uranium,  928
moderator,  927
neutron,  927
thermal neutron,  927

Nuclear fusion,  923
Nuclear model,  868
Nuclear power,  920

survey and discussion,  921QL
Nuclear reactions,  915

energy,  923–924MP
Nuclear waste,  929
Nucleon number,  899
Nucleons,  898, 900
Nucleus,  868, 896

daughter,  907
estimating size of,  869QL

parent,  907
radioactivity,  896
stability,  900

Nuclides,  901

Observation,  11
Oersted, Hans Christian,  755
Ohm’s law,  789

applying,  713–714MP
SI unit,  712

Ohm, George Simon,  712
Open air columns,  422

resonance,  418
Open circuit,  701
Open system,  301
Optical fibres,  412–413
Optically dense,  397
Orbit(s),  30

electron,  871–876, 878, 
879, 881

Orbital quantum number,  
880, 881

Orbital speed of planets,
581–582inv

Orbitals,  879
Organizing data,  14, 15

diagrams,  15
temporal diagrams,  15
text,  15
tree diagrams,  15

Oscillation,  20
graphing,  620QL
pendulum,  21inv, 22inv

Out of phase,  340
Overtones,  358

P-wave,  346
Parabola,  537

football kickoff,  547–549MP
symmetrical,  547
trajectory,  539–543MP

Parallel,  703, 715
electric circuit,  715
resistors,  720–722,
722–724MP, 726–728MP

Parallel circuit and resistors,
720–722

Parent nucleus,  907
Particle accelerators,  767
Particle nature of light,  840
Paschen series,  875
Pauli exclusion principle,  882,

883, 884
Pauli, Wolfgang,  882, 909
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Pendulum,  280
energy,  280
energy transformation,  289inv
Foucault,  340
oscillation,  21inv, 22inv
period,  21inv, 22inv, 610–611,
612, 613–614MP

Pendulum clocks,  610
Percent deviation,  22
Percent difference,  21
Perfect radiator,  840
Period,  20, 338

frequency,  340–341MP
pendulum,  21inv, 22inv,
610–612, 613–614MP
SI unit,  339

Period of mass on a spring,
601–605, 606–608MP, 609inv
SI unit,  605

Periodic motion,  338, 600
Permanent magnets,  755
Perturbations,  594
Perturbing orbits,  593–594
Pfund series,  875
Phase difference,  340
Photoelectric effect,  805, 806,

844, 845, 846, 847, 848, 870
SI unit,  849

Photoelectrons and kinetic
energy,  846

Photons,  806, 847, 854
collisions,  854
mass,  855
momentum,  855, 856

Physics,  6
Physiotherapist,  336
Pitch,  378
Pivot point,  490
Planck’s constant,  844, 848, 849
Planck, Max,  382, 843, 844, 870
Plane mirrors,  5ML
Planets,  7

mass,  584
motion,  587
orbital speed,  581–582inv
speed,  581–582inv

Pluto,  594
Point charge and electric

potential difference,  672
Point source and fields,  651
Polaris,  752
Pole vaulting,  299
Poseidon’s powerhouse,  368
Position,  31, 35

Position vectors,  36
Position-time graph,  47, 48, 50QL
Positive electron,  909
Positive work,  233

doing,  233–234MP
Positron,  909
Potential difference,  689, 690,

729CO, 734, 735
conductors,  687inv
electric,  729CO
electric current,  709–711inv
resistance,  709–711inv

Potential energy,  218, 247
fields,  662
work energy theorem,  247

Power,  216, 262, 729CO
calculating,  263–264MP
generating,  267inv
investigating,  266–267inv
SI units,  262

Power output,  734, 735
Power rating,  737, 738
Power supply,  702
Priestly, Joseph,  635
Primary coolant,  928
Principal quantum number,  874
Principle of reversibility of light,

406
Primary wave,  346
Probeware,  18
Problem-solving,  13
Projectile,  530, 532

coordinate system,
534–536MP
football kickoff,  547–549MP
gravity,  533
horizontal launch of,  533,
534–536MP
kinematic equations,  532
launched at an angle,  537
maximum range,  544QL
motion,  538inv
motion components,  538inv
parabolic trajectory,
539–543MP
range,  532
spring,  599inv
trajectory,  532, 539–543MP
uniformly accelerated 
motion,  532

Proper length,  821
Proper time,  817
Proton,  898, 900

Coulomb force,  900

elementary charge,  698
Ptolemy,  8, 574
Pulley,  476
Pulsars,  887
Pythagorean theorem,  109, 455

Qualitative,  11
Quality,  378
Quantitative,  11
Quantized,  843
Quantum,  843
Quantum mechanics,  154
Quantum number,  880
Quantum theory,  864
Quinn, Bonnie,  550

Radar,  671
Radiation,  379–380

blackbody,  841–843
gamma,  910
ionizing,  908
medical uses,  915–917

Radioactive decay,  914–915MP
rate of,  912
SI unit,  913

Radioactive emissions and
penetrating ability,  897ML

Radioactive isotopes,  907
applications of,  916–917
medical uses,  915, 916–917
radioactive tracers,  917
smoke detectors,  917

Radioactive materials,  906
Radioactivity,  805, 906

half-life,  897ML
nucleus,  896
penetrating ability,  897ML

Radioisotopes,  907
Radiometer,  5ML
Raection forces,  177
Range,  532

trajectory,  546
Rarefraction,  377
Rate of change of position,  41
Ray (of light),  363, 382
Ray model,  382
Recoil,  315

canoe, of a,  316–317MP
Rectified DC current,  791
Reflection

critical angle,  408
diffuse,  383
law of,  383
light,  382
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mirror,  375ML
regular,  383
sound waves,  381
specular,  383
total internal,  407, 408QL
wave,  351–352, 366

Refraction,  367, 404–405MP
angle of,  398
index of,  396
light,  395–396
sound,  407
wave,  366
wave model of light,  405–406

Regular reflection,  383
Relative time,  818–819MP
Relative velocity,  104,

105–110MP, 111–112inv
Relativistic lengths,  823–824MP
Relativistic mass,  828, 829–830MP

SI unit,  828
Relativistic speeds,  823
Resistance,  686, 704, 729CO,

734, 735
conductor,  706
electric,  729CO
electric current,  709–711inv
electric power,  742–744MP
equivalent,  716
factors affecting,  704–705,
706–707
internal,  725
potential difference,  709–711inv
resistivity,  705
series circuit,  716–717,
718–719MP
SI unit,  706
using,  707–708MP

Resistivity,  705
SI unit,  706
using,  707–708MP

Resistors
parallel,  720–722,
722–724MP, 726–728MP
parallel circuit,  720–722

Resolved,  456
Resonance,  342, 343, 358, 415

closed air column,  416QL,
417, 418, 419–420MP
fixed-length air columns,  
421, 423
open air column,  418, 419

Resonance lengths,  417
Rest energy,  830
Rest mass,  828

Rest position,  338
Restoring force,  256
Resultant vector,  91
Resultant wave,  355
Retroflector,  412
Right-hand rule #1,  756
Right-hand rule #2,  765, 794
Right-hand rule #3,  770

applying,  774
Rocket motion,  59QL
Rontgen, Wilhelm Conrad,  805,

854, 906
Rotational motion,  490

describing,  560
Rotor,  778
Rutherford, Ernest,  867–870,

898, 906
Rydberg constant,  871, 872
Rydberg, Johannes Robert,

871–872

S-pole,  752
S-wave,  346
Safety and collisions,  323
Safety poster,  326QL
Safi-Harb, Dr. Samar,  887
Satellites and motion,  587
Saturn,  8
Scalars,  35
Schrodinger wave equation,  878,

879, 880
Schrodinger, Erwin,  864, 878
Science, technology, society and

the environment,  9
Scientific inquiry,  6, 8
Secant,  55
Secondary coolant,  928
Secondary electron emission,  911
Secondary wave,  346
Semiconductors,  688, 706
Series,  715
Series circuit and resistance,

716–717, 718–719MP
Short circuits,  757
SI unit,  37

acceleration,  61
acceleration vector,  61–63
beat frequency,  430
centripetal acceleration,  553
centripetal force,  555
conservation of momentum,
312
conservation of total energy,
303

Coulomb’s law,  636
dilated time,  818
efficiency,  268
elastic potential energy,  259
electric current,  694
electric field intensity,  645
electric potential difference,
673, 691
electric power,  736
elementary charge,  698
frequency,  339
gravitational field intensity,
647, 656
gravitational potential energy,
249, 665
Hooke’s law,  256
impulse,  199
impulse-momentum theorem,
201
index of refraction,  396
joule,  219
kinetic energy,  237
length contraction,  821
magentic field strength,  776
mechanical energy,  282
metre,  37
momentum,  196
motor force,  776
newton,  133
Newton’s second law,  162
Ohm’s law,  712
period,  339
period of mass on a spring,  605
photoelectric effect,  849
power,  262
radioactive decay,  913
relativistic mass,  828
resistance,  706
resistivity,  706
Snell’s law,  401
sound,  386
surface friction,  141
torque,  492
velocity,  41
wave equation,  350
weight,  133
work,  219

Significant figures,  17
Silicon Valley,  688
Simple harmonic motion,  598,

600, 609inv
acceleration,  616inv, 618
defining,  600
graphing,  620QL
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period of mass on a spring,  601
position versus time,  617–618
spring,  601, 602–604
velocity,  616inv, 618

Slip-ring commutator,  790
Snell’s law,  401, 404–405MP

SI unit,  401
verifying,  402–403inv

Snell, Willebrod,  398
Solenoid,  764–765, 781, 782
Sonic booms,  393, 394
Sound

diffraction,  432, 432QL
graduated cylinder, from a,
375ML
interference,  415
Mach number,  391
natural frequency,  378
properties of,  378
refraction,  407
SI unit,  386
speed,  386, 387–389MP, 390QL

Sound barrier,  394
Sound spectrum,  415
Sound waves,  374

diffraction,  377
longitudinal waves,  377
rarefraction,  377
reflection,  381
vibration,  376

South pole,  752
South-seeking pole,  752
Special theory of relativity,  806,

814, 815–818
frame of reference,  815–816
length contraction,  819–823
simultaneity,  815–816
time dilation,  816–818

Spectroscopy,  875
Speed,  35, 41, 75ML

light,  395, 808
planets,  581–582inv
sound,  386, 387–389MP,
390QL, 424inv
spring,  359–360inv
universal wave equation,  346
wave,  347–349MP,
359–360inv
waves,  385

Speed of light,  154, 808, 824–825
Spin down,  882
Spin quantum number,  882
Spin up,  882
Split ring commutator,  779

Spring,  153ML, 255inv
elastic potential energy,
260–261MP, 599inv
energy,  279ML, 280, 292QL
force,  255inv
natural frequency,  342QL
projectile,  599inv
simple harmonic motion,  601,
602–604
Slinky,  279ML
speed,  359–360inv
wave speed,  359–360inv

Spring constant,  256
Standing wave,  356, 433, 361QL
Stars,  7
Static equilibrium,  496
Static friction,  145CO

coefficient of,  496–498MP
force,  471–474MP
inclined plane,  192QL

Static frictional force,  137, 138QL
Stefan, Josef,  842
Stopping potential,  848

kinetic energy,  851–852MP
threshold frequency,
851–852MP

Strong nuclear force,  899
Strutt, John William,  842
Subcritical (nuclear reactions),  926
Sun,  7

mass,  584, 585MP
Super Ball,  5ML
Supercritical (nuclear reactions),

926
Supernova,  887
Surface friction,  145CO

SI unit,  141
Swigert, Jack,  572
Symmetrical parabola,  547
Symmetrical trajectory,  545–547
System,  301, 482

Tachyons,  824–825
Tacoma Narrows Bridge,  336,

343
Tangent,  55
Tangent galvanometer,  769
Technology and wave,  368
Temporal diagrams, organizing

data,  15
Temporary magnet,  754
Tension,  476

cable,  477–478MP, 498–50MP
Terminal velocity,  187

examples,  188
Terminal voltage,  729

electromotive force,  730–731MP
Tesla,  776
Test charge,  644
Thales,  752
Theory,  11
Theory of relativity,  105
Theory of special relativity,  11
Thermal energy,  304inv
Thermal neutrons,  927
Thompson, Benjamin,  304
Thomson, George P.,  860
Thomson, J.J.,  697, 698, 805,

845, 860, 866, 867
Thorburn, Dr. Jane,  67
Thought experiment,  127
Thought experiments,  153ML
Threshold frequency,  849

kinetic energy,  851–852MP
stopping potential,  851–852MP

Time,  35, 39–40
Time dilation,  816
Time interval,  39, 40

velocity,  53QL
Tombaugh, Clyde,  594
Torque,  490, 491, 492, 778

application of,  493–495MP
centre of mass,  493
SI unit,  492

Torsion balance,  584, 631QL, 635
Total energy,  830

conservation of,  301, 303,
309CO
law of conservation of,
305–307MP
SI unit,  831

Total internal reflection,  408QL,
409
applications of,  411–412

Tower of Pisa,  68
Trajectory,  532

football kickoff,  547–549MP
maximum height,  546
parabola,  539–543MP
projectile,  539–543MP
range,  546
symmetrical,  545–547, 547
time of flight,  545

Translational motion,  490
Transmission wave,  351–352
Transmutation,  908
Transverse wave,  345
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Tree diagrams in organizing 
data,  15

Tritium,  902
Trough,  345
Tsunami,  336
Tychonic system,  574
Tyson, Dr. Neil de Grasse,  681

Ultrasound,  336
Ultraviolet catastrophe,  843
Uniform acceleration,  64, 66CO,

84–89MP
Uniform circular motion,  530,

551, 552
verifying the equation,
561–562inv

Uniform motion,  47, 58CO, 64,
84–89MP
work,  222

Uniformly accelerated motion,
64, 479, 532
projectile,  532

Unit of resistance,  712
Universal gravitation,  572, 577,

578
Universal speed limit,  824–825
Universal wave equation,  346
Unruh, William George,  650
Uranus,  594
Ursa Major,  753

Van de Graaff generator,  4ML
Vector,  35

adding,  92–93MP, 459,
460–462MP
adding graphically,  91
components,  456, 459,
460–462MP, 464–466MP
dividing,  99, 100–102MP
dynamics,  463–464
equilibrium,  467QL
force,  174QL
motion,  454, 455
multiplying,  99
plane, in a,  90–102
representing,  90
resolution,  456, 457–458MP
resultant,  91
subtracting,  94–96, 97–98MP,
459, 460–462MP

Vector diagrams,  90
Velocity,  31, 35, 41, 76

average,  41, 42–45MP, 47, 49,
51CO, 58CO, 59QL

change in,  75ML
changing,  77–79MP
constant,  47, 49, 50QL, 51CO,
58CO, 75ML
direction,  51–53
dynamics,  165–167MP
graphing,  65QL
instantaneous,  54–55, 58CO
position-time graph,  47, 48,
50QL
relative,  104–105
simple harmonic motion,
616inv, 618
terminal,  187, 188
time intervals,  53QL

Venus,  8
Vibration,  338

frequency,  339
longitudinal waves,  377
phase difference,  340
phase of,  338
sound waves,  376

Virtual reality,  70
Volt,  689, 691
Volta, Alessandro,  688
Voltage of conductors,  687inv
Voltaic cell,  689
Voltaic pile,  688
Voltmeter,  702
von Laue, Max,  860

Water, waves,  365inv
Watson, James,  369
Watt,  262, 263, 736
Watt, James,  263
Wattage,  735
Wave,  344

amplitude,  347–349MP
angle of incidence,  364
angle of reflection,  364
antinodes,  356
boundaries, at,  351
component,  355
constructive interference,  355
crest,  345
describing,  345
destructive interference,  356
diffracting in water,  366QL
diffraction,  367
electromagnetic,  345
energy,  336, 344
examples,  357–358
force,  344
frequency,  345, 347–349MP

interference,  354–361, 415
interference pattern,  369
longitudinal,  346
nodes,  356
normal line,  364
prediction of interference,
354QL
probability,  879
radio,  345
reflection,  351–352, 366
refraction,  366, 367
resultant,  355
speed,  347–349MP,
359–360inv, 385
speed of,  344
spring,  337inv
standing,  356
superposition,  355
technology,  368
transmission,  351–352
transverse,  345
trough,  345
two dimensional,  363–370
universal wave equation,  346
water surface, on a,  365inv
wavelength,  345, 347–349MP

Wave equation,  347, 347–349MP
SI units,  350

Wave function,  879, 880
Wave mechanics,  877
Wave model of light,  405–406
Wave of probability,  879
Wave speed and spring,

359–360inv
Wave-particle duality,  382, 861
Wavefronts,  363
Wavelength,  345

wave,  347–349MP
Web link,  18
Weight,  131, 133

astronaut,  579MP
calculations,  135–136MP
Si unit,  133

Weightlessness,  187, 592
Whitfield, Simon,  236
Wong, Dr. George,  387
Work,  216, 219, 223CO, 224MP,

309CO, 662
constant force at an angle,
229–230
determining amount done,
220–221MP
displacement,  219
distance,  219
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elastic potential energy,
258–259
elevator versus ramp,  232QL
energy,  218
force,  219, 222, 230QL, 231
graph, estimating from,
227–228MP
gravitational potential energy,
251, 666
investigating,  266–267inv
kinetic energy,  239
negative,  233
positive,  233
SI unit,  219
uniform motion,  222

Work energy theorem,  241
applying,  252–253MP
potential energy,  247

Work function,  847
Work-kinetic energy theorem,

239, 241QL, 242–245MP

X rays,  6, 805, 854
x-y coordinate system,  36

Young, John,  177
Young, Thomas,  379, 434, 840

Zeeman effect,  877
Zeeman, Pieter,  877
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