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1 —The Principle of Relativity

AlthoughNewtonianmechanicsvorksverywell atlow speedsit fails
whenappliedto particleswhosespeedspproachhatof light.

Experimentallythepredictionsof Newtonianmechanicsthighspeeds
canbetestedby acceleratingan electronthrougha large electricpo-
tential difference. For example, an electroncan be acceleratedo
v = 0:99 by usinga potentialdifferenceof severalmillion volts.

Accordingto Newtonian mechanicsthe speedshouldbe doubledto
v = 1:98c, if thepotentialdifferenceis increasedy afactor4.

However, experimentsshav that the speedof the electronremains
lowerthanthe speedbf light, no matterhow largethe potentialdiffer-
enceis.
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(" 2 —The Speedof Light h

Thereis a seriouscontradictionbetweenthe Newtonian additionlaw for
velocitiesandthefactthatthe speedof light is the samefor all obsenrers.

Suppose light pulsewith speedv. = cis sentout by anobserer
in atruck moving with speedv  relative to the ground. According
to Newtonianadditionof velocities thelight pulsehasaspeeds  +
v > crelativeto astationaryobserer (?).

e Ui = +C
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Ground-based
observer
Thereforegither

(1) thelaw for additionof velocitiesis wrong, or
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Albert Einsteinstheory of specialrelativity describemisphenomeh
correctly It is basedn two postulates:

1. The laws of physicsare the samein all inertial referenceframes
2. The speedof light (in vacuum) hasalwaysthe samevalue of c,
and is independentof the motion of the obsewver or of the light source.

To describeaphysicalevent,it is necessaryo specifya frameof refer
encei.e. acoordinatesystemanda clock. Referencdramesin which
Newton's rst law (law of inertia)is valid arecalledinertial frames.

Sincethelaws of physicsarethe samein all inertial referencdrames,
thereis no preferredirameandthereis no experimentthatcandistin-
guishbetweerdifferentinertial frames.
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(2) thelaws of electricityandmagnetisnarenotthesamen all inertial
frames.

If (1) is correct,notionsof absoluteime andlengthareincorrect.
If (2)is correct,a preferredreferencdramemustexist.

In the 19th centuryit wasthoughtthat electromagnetigvavesrequire
amediumto propagte,the so-calledether, which wasto be present
everywhere gvenin emptyspace.

If the etheractuallyexisted,a preferred(“absolute”)framewould ex-
ist. If () the Sunis assumedo be at restin the ether andv is the
velocity of the Earthwith respectto the “ether”, the speedof light
wouldthenbec+ v “downwind”, andc v “upwind”.

TheMichelson-Morley experimentwasdesignedo detecthesesmall
changesn the speedof light.

Its resultwasnegative, thus contradicting the ether hypothesis.
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3 — Consequencesf SpecialRelativity

The Relativity of Time
Considera vehicle moving to the right with a speedv. A mirror is
x edto theceiling of thevehicleandanobsenrerin the vehicleholds
a ash gunadistanced belov the mirror. Thetime it takesa light
ash to travel from the moving obsenrer to the mirror andbackagain
measuredby themoving obsereris
= 2

c
Now considerthe samesetof eventsasviewedby anobsenrer atrest.
For him, mirror and ash gunmaove with v to theright. Whenthelight
strikesthe mirror, it hasmoved a distancev t=2 horizontally andd
vertically. Here t is thetime differenceasmeasuredby theobsener
atrest.
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Length Contraction \
The measuredlistancebetweentwo pointsdependwon the frame of
reference.The proper length of anobjectis the lengthmeasuredy
anobsenrer atrestwith respecto theobject.

Considera spaceshigraveling with speedv betweentwo stars. The
properdistancebetweenthe starsis L . For anobsenrer at restwith
respecto the stars,thetime it takesfor thetripis t = Lo=v. The
spacetraveler measures tg = t= andthe distancebetweenthe

starsis

t
L=v tg=v—

Becausd.g = v t,

L=to- Lop 1 v2=@@ )

In words: lengthcontractiortakesplacealongthedirectionof motion.

Dr.D.Wacleroth

Spring2005 PHY102A

SpecialRelativity and Quantum Physics

\.

Usingthe Pythagoreatheoremgives:

2 2
t \"
- = +d2
2 2

Solvingfor t andsubstitutingd = ¢ to=2 one nds:

to
t= = t 1
Pr—icg 0 (1)

where = 1:p 1 v2=¢@.
In words: Thetime interval measuredy the obserer in the station-
ary frameis longerthanthatmeasuredy the obserer in the moving
frame,i.e. amoving clock runsmoreslowly thananidenticalstation-
ary clock (time dilation ).

to is calledthe proper time. The propertime is alwaysthe time
measuredby anobsenrer moving alongwith the clock.
Example for time dilation: Lifetime of cosmicmuons
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| 4 — Relativistic Momentum

In orderto properlydescribehemotionof relativistic particles New-
ton's 2ndlaw andthede nitions of momentumandenegy needto be
modi ed.

Requiringmomentumconseration and that the relativistic momen-
tum approacheshe “classical” value, mgv, for v=c ! 0, onecan
shaw thattherelativistic momentunis givenby

MoV
= 97 = MoV 3
. 1 v2=¢ 0 ®)

wheremy is therestmassof the particle. The restmassis the mass
measuredby anobsenrer atrestwith respecto the particle.
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5—Massand the Ultimate Speed|

Einsteinalsoshavedthatthe massof anobjectdepend®n theframe
of referencelt increasesvith speedaccordingto

Mo
= 4
m 1 v2=¢ @

Thusfor v ! ¢, objectsbecomen nitely massie. This meanghat
anin nite amountof enegy is requiredto acceleraten objectto the
speedf light.

Thus,the speedbf light is the ultimatespeedor ary materialobject
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| 6 — Relativistic Addition of Velocities

Imagineamotorg/cleridermovingwithv = 0:8c pastastationary
obsenrer. If the rider tossesa ball with a speedof v = 0:7cin
theforward directionrelative to himself, whatis the speedof the ball
recordecby thestationaryobserer (v = )?

Commonsensdellsustheanswelisv  =v  +v = 0:8c+
0:7c = 1:5c. This mustbewrong becauseao materialobjectcango
fasterthanthe speedf light.

Einsteinresohed this dilemmaby derving a correctedformula for
addingvelocities:

v otV
v = 1 + B M > M G (5)
Applying thisformulagivesv = 0:96c in theabose example.
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7 — Relativistic Energy A

Besidesnomentumalsothede nition of kineticenegy mustbemod-
i ed in relatiistic mechanicsTheformulaKE = mv?=2is replaced
by

KE = mc¢? moc?
ThetermE( = moc? is calledtherestenergy of the object.

Thetotalenegy is givenby E = mc? = KE + moc? or

c?
E= mod= po® 6
oSS Prg ©

In words: massandenegy areequialent

Relationbetweerrelativistic total enegy, E, andmomentunp:

E% = p?c® + (moc?)?
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8 — Summary )
ClassicalPhysics SpecialRelativity
Concept validforv ¢ valid for all speeds
Timelntenal, t= to to
Length,L = Lo Lo=
Mass,m = Mo Mo
Momentump = MoV MoV
Kinetic Enegy, KE = Imov? mc2  moc?
Total Enegy, E = KE + PE mc?
Addition of velocities | v = v +v Vo= geteels
= p—— ; E%= PP+ (mod)?
1 v2=¢
S
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Between1900and 1930a revolution took placein physics. The eld of
Quantummechanicsvasdeveloped.This approachs highly successfuin
explainingthe behaior of atoms.

N

l 9 — Blackbody Radiation and Planck's Hypothesis

It all startedwith blackbodyradiation. An objectat any temperature
is known to emit electromagneticadiation(so-calledthermal radia-
tion). The characteristicef this radiationdependon thetemperature
andthe propertiesof the object.

Thermalradiationconsistof acontinuoudistribution of wavelengths
from theinfraredto ultraviolet portionsof the spectrum.

Thermalradiationwasthoughtto originatefrom accelerated¢thaged
particlesnearthe surfaceof anobjectwhich emit radiationmuchlike

smallantennas.
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wheren is apositiveinteger(n = 1;2; 3;:::) calledaquantum num-
ber andf isthefrequeng of vibrationof theresonatorsThefactorh
is aconstanknown asPlanck's constant, givenby

lh=6626 10 % s @8)

Theresonatoremitenepy in discreteunitscalledquanta or photons
by “jumping” from one quantumstateto another The enegy of a

photonis givenby
E = hf I 9

A moleculeor atomwill radiateor absorkenegy only whenit changes
quantumstates.

Thekey pointin Planckstheoryis theassumptiomf quantizecenegy
stateswhich wasprettyradical.
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Thetheoreticapredictiongor thedistribution of wavelengthdor ther
mal radiationof a black body did not matchthe experimentaldata
(black body: anidealsystenthatabsorbsll radiationincidenton it):

Theorypredictedhatat shortwavelengths
theamountof radiationshouldincrease,
whichis in clearcontradictionwith data.

In 1900, Planckdevelopeda formulafor black body radiationwhich

was in completeagreementvith dataat all wavelengths. Plancks

modelwasbasedon the ideathat the walls of a black body radiator
were composedf resonatorsvhich could only have certaindiscrete
amountf enegy E , givenby

E = nhf | @)
J
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| 10— The Photoelectric Effect

In the outgoing19th century experimentsshaved thatwhenlight is

incidenton certainmetallicsurfaces electronsareemittedfrom these
surfaces.This phenomenoiis calledthe photoelectric effect, andthe

emittedelectronsarecalledphotoelectrons

.\, Light
3 Phototube
%43\ (evacuated)

lector Metal plate

(negative)

Whenmonochromatidight shinesontoa metal
plate,acurrentis detectedn theammeterA.
For increasingvoltageV betweerthe metal

beam  TY

-—
Photoelectrons

— —

’?\ plateandthecollector thecurrentreaches
[ maximum:all photoelectronsrecollectedon A
N
IIF 2 9
v Ammeter
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For a negative potential Vg, no photoelectronsvill reachA. This
stoppingpotentialis independenfrom the radiationintensity The
maximumkinetic enegy of the photoelectronss relatedto V, by

KE  =ew] (10)

In 1905, Einsteindevelopeda theorywhich explainedthe photoelec-
tric effect. Themajorfeaturesof histheoryare:

1. No electronsareemittedif thefrequeng of thelight is belov athresh-

old frequeng f . Thisis inconsistentvith thewave theoryof light.

2. Thenumberof photoelectronss proportionalto the light intensity

3. The maximumkinetic enegy of photoelectronss independenof thje
light intensitybut increasesvith thelight frequeng.
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In Einsteins theorylight is a streamof photons.Eachphotonhasan
enegy
E = hf I (11)

Whenthe photons enegy is transferredo an electronin the metal,
theenegy acquiredby theelectronis E = hf .

A certainenegy Wy (so-calledwork function) is requiredto free
electrondrom the metalsurface. The maximumkinetic enegy of the
ejectedphotoelectronss thengivenby

|KE =hf W, (12)

whichis in agreementvith the obseration.
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11 - Compton Scattering

Furtherjusti cation for the photontheoryof light camefrom an ex-
perimentconductedy Comptonin 1923.

HedirectedanX-ray beamof wavelength towardablockof graphite.
The scatteredX-rays hada longerwavelength, ©> . Theshiftin
wavelengthdependeantheangleatwhichthe X-rayswerescattered.

/

Recoil
Electron electron
at rest

Incident X-ray
photon

Scattered X-ray
photon

Dr.D.Wacleroth

Spring2005

J

PHY102A

Dr.D.Wacleroth

Spring2005

SpecialRelativity and Quantum Physics

-

\.

To explain the effect, Comptonassumedhatif a photonbehaeslike
a particle, its collision with otherparticlesis similar to that between
billiard balls.

Henceenegy andmomentumareconsered. Whenaphotoncollides
with an electronwhich is at rest, part of the photonenegy and mo-
mentumaretransferedo theelectron

I theenepy of the scattereghotonareloweredandthe wavelength
increases.

Theshift in wavelengthis givenby

= 0 —L(l

= = cos ) (13)

wheremy is therestmassof the electronand is theanglebetween
thedirectionsof the scatterecandincidentphotons.
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How canlight beconsiderec photonwhenit exhibits wave-like prop-
erties?Is light awave or a particle?

Theanswerdepend®nthespeci c phenomenowbsened.

Light hasadual nature;
it exhibits both wave and photon characteristics.

If light hasa dual nature, how about massve particles ?
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Becausehemomentunof aparticleis p = mv, thede Broglie wave-
length of a particleis

_h
= (15)

il
p

The effectsof this wavelengthare only obsenablefor particleswith
very smallmass(electronsprotons).

In 1927 ,DavissonandGermemdiscoveredthatelectronsanbediffracted
and,thus,behae lik e wavesin certainexperiments.
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12— The Wave Propertiesof Particles

In 1924, de Broglie proposedhat all forms of matterhave wave as
well asparticleproperties

For a photon,the enegy andmomentumaregivenby (mg = 0)

he . %: h (14)

deBroglie suggestedhat

Material particles of momentum p should alsohave

wave propertiesand a correspondingwavelength.
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13- The Uncertainty Principle )

In classicalmechanicsit is in principle possibleto perform experi-
mentswith arbitraryprecision. Quantumtheory in contrastpredicts
that

It is fundamentally impossibleto make
simultaneousmeasurementsof a particle's

position and velocity with in nite precision.

This statementthe so-calleduncertainty principle was derived by
WernerHeisenbay in 1927.

Considera particlemoving alongthex axisandsupposéhat x and
p representhe uncertaintyin the measuregositionandmomen-
tum, respectiely. Theuncertaintyprinciplerequiresthat

X p — (16)
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If xismadesmall, p will belargeandvice versa.

Anotherform of the uncertaintyprinciple thatappliesto the simulta-
neousmeasuremerdf enegy andtimeis

E t (17)

h
4

where E istheuncertaintyin a measuremertf theenegy and t
is thetime it takesto make themeasurement.

Signi cance of the uncertainty principle:
If anexperimentis designedo revealtheparticlecharacteof, say an
electron,its wave charactebecomedguzzy, andvice versa.
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