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The Michelson-Morley Interferometer

What was the Luminiferous Aether?

¢ The Dutch physicist Christiaan Huygens had developed the wave theory of light
o Allotherknown waves atthe time (sound andwater) travelled through a medium, so
physicists assumedlight didtoo
o Huygens called this medium forlight waves the "luminiferous aether” (orjust aether)
and physicists wanted to study its properties

What was the Aim of the Michelson-Morley Experiment?

* In1849, Hippolyte Fizeau measured the speed of light in moving water
o Onebeam of light travelled with the current and the other travelled against the current
ofthewater
o Through theinterference between the two beams, he found that light movingin the
samedirection as the medium travelled faster than light in a direction opposing the
motion of the medium
o Interestingly, the speed decrease when travelling against the medium was greater
thanthe speedincrease when travelling with the medium
* Inthe1880s, Michelson and Morley wished to use a similarmethod to prove the existence
ofthe aether
o If the aetherexisted, then the Earth was travelling throughiit
¢ Lighttravellingin the direction of the Earth's motion would be travelling against the aether
o Themotion ofthe aetheragainstthe light was called the aether wind
o Likewith water, if light was travelling into the aetherwind, it would be travelling more
slowly thanlight travelling perpendicularto the aetherwind

Theory of motion of light relative to the "aether wind" as aresult of the
Earth's motion throughiit
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Light travelling into the aether wind was predicted to travel asmall fraction slower than light
travelling perpendicular to the aether wind
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* The aim of the Michelson-Morley experiment was to use this difference in speeds of light to
determine the absolute motion of the Earth relative to theaether
o Absolute motion refers to theidea that the motion of all bodies in the Universe could be
measured relative to the aether
o The phasedifferencein the twobeams of light can beusedto determine the Earth's
motion relative to the aether

What was the Michelson-Morley Interferometer?

¢ MichelsonandMorley created a device called an interferometer
o This consisted of two arms of identical lengths atright angles to each other, with
mirrors ateach end and a beam splitter (a semi-silvered mirror which allows somelight
to pass through andrefiects somelight) at theirintersection

A diagram showing the arrangement of the Michelson-Morley
Interferometer
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Uponreaching the beam splitter, some light was reflected and some was transmitted,
forming two beams that whereinitially coherent. The plane of glass ensuredboth beams
travelled through the same distances of glass and air.

+ White light travelled from a source to the beam splitter, where some travelled along path AB
andsome travelled along path AC
o Forthereflected beam, a plane of glass was placedinits path to ensure bothbeams
travel through the same amount of airand the same amount of glass
o Bothbeams arereflected by mirrors at Band C and meet at an eyepiece
¢ Both beams are from the same source and are therefore coherent
o This means they willform aninterference pattern
* The Michelson-Morley interferometerwas set up to float on a bath of mercury
o This allowedit to be rotated with minimalfriction
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* Aninterference pattern would be observed with one beam of light being slowed by the
aetherwind
o Rotatingtheinterferometer would then affect the phase difference of the beams
differently, causing a phase shiftin the interference pattern
o Thepredicted shiftwas 0.4x the width of one fringe in the interference pattern, so the
equipment was designed to detect changes of 0.01fringe widths

The Detection of Absolute Motion
The Results

* Michelson andMorley performed the experiment at different angles and at different times
of the day (so the Earth had also rotatedrelative to the aether)
o However, theirresults only ever showed displacements of the interference project
around 0.02 fringe widths and not evenin the expected orientations
o Thesevalues were fartoo smallto be significant and most likely experimental noise
« This null result led scientists to the following conclusions:
o The aetherdoes not exist and therefore light is a wave able to travel without a medium
o Thespeedoflightis unchangedby the Earth's motion - itis invariant
* Ifthereis no medium from which to measure the motion of the Earth, thereis no absolute
motion - everything is moving with respect to everything else

*> Worked Example

@
Explain why Michelson and Morley predicted that the fringes in the interference

pattern would shift when the interferometerwas rotated 90 degrees.
Answer:

¢ They predicted the speed of light depended on the motion of the Earth
(relative to the aether)

* (Therefore) the time difference would change between the two beams when
they were rotated

* (So)therewouldbe achangein the phase difference, shifting the fringes

¢) ExamTip

-
When referring to the expected change in the interference pattern, make sure to call
it an expected phase shift between the two beams, not a path difference. When the
interferometeris rotated, the length of the path of each beam remains the same.
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The Invariance of the Speed of Light
The Speed of Light

 Inavacuum, lighttravels at a speed of 3.0 x 108 ms~, which is given the symbol ¢
» When travelling through different materials, the speed of light may reduce but it can never
exceedc

What doesinvariance mean?

+ Theinvariance of light means that when in avacuum, the speed of light is always 3.0 x 108
ms~'for every observer
o Lightstilltravels at this speed even when emitted from a moving object

Diagram demonstrating the invariance of the speed of light

THE LIGHT TRAVELS
AT 3.0x10°ms*

THE LIGHT TRAVELS
AT 3.0x10%ms1

Light does not travel at 3.0 x 102 ms™ plus the speed of the person running, to all observers it
justtravelsat3.0 x 108 ms-!

» This concept only applies tolight, as itis the only thing capable of traveling at the speed of
light
o Theinvariance of the speed of light has some very surprising consequences, which
willbe exploredin the following revision notes...
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() ExamTip

- Theinvariance of the speed of light may feel counter-intuitive at first, but remember
thatnothing can travel faster than the speed of light, soif you everend up with an
answer forvelocity biggerthan 3.0 x 108 ms~!, something has gone wrong!
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Inertial Frames of Reference

* Thetermrelativeis used oftenin Physics to make it clearwhich point of view we are
referring to

o Forexample, the velocity of a carrelative to someone stationary is different from the
velocity measured by another car travelling alongside the initial car at the same speed

» Areference frame, ora frame of reference, refers to the position of an object, itis defined
as:

Aset of coordinates torecord the position and time of events

* Forexample, you, currently sitting on yourchair at your desk, is your current reference frame
o You feelas ifyou are stationary, despite the fact the Earth is revolving onits axis and
orbiting the Sun
» Areference frameis the point of view where an object, at a specific co-ordinate, is at rest

Examples of Reference Frames

* Aneveryday exampleis the direction of an object from your point of view in comparison to
someoneelse

» |nthis example, a caris driving down a road and two people are standing on opposite sides
of thatroad

» Despite the carmovingin one direction, each person will view its direction relative to them
differently

o Thepersonononeside of theroad wouldsay the caris moving to theright, and the
person on the otherside of the road would say the caris moving to the left

o Bothare correct, but they are viewing the car's motion from different points of
reference

Diagram showing different points of reference foramoving
car
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THE CAR IS TRAVELLING
TO THE RIGHT

THE CAR IS TRAVELLING
ORREEEERT

Each person has a different frame of reference, so they interpret the direction of the car
differently relative to themselves

* Anothercommon exampleis of a train pulling out of a station, where Person Ais onthe
platform and Person Bis onthe train
« Asthetrain begins tomove, Person A, on the platform, views Person B, on the train, moving
totheright
o Therefore, according to Person A, they, themselves, are stationary and Person Bis
movingto theright
* Things look alittle different from Person B's perspective
* Asthetrain begins to move (to theleft from Person B's perspective), Person B, on the train,
views Person A, on the platform, moving to theright
o Therefore, accordingto Person B, they, themselves, are stationary (as they cannot feel
the train moving to the left) and Person A is moving to theright

Diagram demonstrating different reference frames for a train
leaving a station
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IN THE REFERENCE FRAME OF
PERSON A, THEY ARE STATIONARY
& PERSON B IS MOVING TO THE RIGHT

—

IN THE REFERENCE FRAME OF
PERSON B, THEY ARE STATIONARY
& PERSON A IS MOVING TO THE RIGHT

Person AandB are both stationary in their own reference frames and see the other as moving

« Therefore, frames of reference are usedto specify the relationship between a moving and
stationary object

Inertial Frames of Reference

¢ Aninertial reference frameis
Areference frame thatis non-accelerating

* Therefore, all inertial reference frames are moving at constant velocity withrespect to
each other
* Thereis nosuchthingas anabsolutereference framein our Universe
o Inotherwords, thereis no placein the Universe thatis completely stationary
o Everythingis always movingrelative to everything else
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9 Worked Example

Astudentis cyclingto schoolwith theirfriendwhois also cycling exactlyinline. As
they cycle past abus stop, they wave to theiraunt whois stationary at the bus stop
as shewaits forherbus.

The student's aunt estimates the speed of the students tobe 5 ms™'.
Atwhat speedwould the friend measure the student to be travelling?
A 5ms”!

B -5ms™

C Oms™

D 2ms”

Answer:
The correctansweris Cbecause:

* Wemustthinkabout the friend's reference frame for this question, in which
they are stationary (according to them)

 Since thefriendis cyclinginline with the student, this means they measure the
student to betravellingat O ms™ relative to them

ExamTip

Inexam questions, look out for terms such as ‘forthe reference frame of...", 'inthe
reference frame of..." or 'relative to...' to know which reference frameis being
referred to. You can think of it as 'What do they see from their point of view?'. This
becomes important when you learn about specialrelativity.

You willnot come across non-inertial reference frames (i.e. ones where a frameis
accelerating)in your exam.
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Einstein's Postulates
Galilean Relativity

* Galileanrelativity is the type of relativity we are most familiar with
* Ateverydayspeeds, anobject's speedin one frame of reference may be differentin
another frame of reference
o Thisis because the velocity, position and time of an event appeardifferently from
different reference frames

+ Forexample, Person Dis on a skateboard travelling at 4 ms~'when they throw a ballina
straight line ata constant velocity of 2ms~'. Person C is a stationary observer of the event.
o InPersonD's reference frame, theballis travelingat2ms-"
o InPerson C's reference frame, the ball is travelingat4 + 2=6ms-!

* Sothespeed of the ball depends on thereference frame.

Diagram showing the difference in velocity of an objectin two
reference frames

THE BALL TRAVELS}
AT 2ms

THE BALL TRAVELS
AT 6ms™?

Person C measures the ball to be travelling faster than when measured by Person D

When does Galilean Relativity Stop Working?

+ Galileanrelativity states that Newton's laws of motion are the samein all inertial reference
frames
o Therefore spaceandtime are treated as fixed and absolute

Page 10 of 42
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o This means thetime interval between two events in one frame (x, y) is thesame as the
timeinterval between anotherframe(x', y)

However, thisis not whathappens when we are close to the speed of light
o Spaceandtime becomerelative, meaning, thelength of an objectoratime interval
depends on the frame of reference
Velocity addition works with speeds much lower than the speed of light (c)
Itdoesn't work forobjects travelling closer to the speed of light
o According to Galileanrelativity, if arocket ship travels at 0.7c andreleases a probe
directlyin front of it at 0.5¢, a stationary observerwouldview thisat 0.7¢ + 0.5¢c =1.2¢
o However, we know that nothing can travel fasterthan the speed of light, so this is not
possible
* Einstein proposed two postulates of special relativity

The First Postulate of Relativity

« Einstein's first postulate of specialrelativity states:
Thelaws of physics are the samein allinertial frames of reference

« Inourownreferenceframe, we are always stationary
« This means in practice, we should not be able to tellwhether we are moving or not
o Someone conducting a physics experiment on a moving train versus on a stationary
platform should produce the exact same results

The Second Postulate of Relativity

« Einstein's second postulate of special relativity states:
The speed of light, ¢, ina vacuum, is the samein all inertial frames of reference

» Two different observers willalways measure the speed of light to be the same value, cin
their reference frame
o |tmakes no difference whetherthey are travelling ornot. If it did, you would know
whetheryou are moving, which counteracts the first postulate
* Forexample, arunnerholding a flashlightin front of them willmeasure the speed of the light
asc
o However, someone stationary observing therunner will also see the speed oflightas ¢
and not ¢ + the velocity of the runner
» This only works forthe speed of light, not any other speed

Diagram demonstrating Einstein's postulate of special
relativity

Page 11 of 42
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THE LIGHT TRAVELS
AT 3.0x10°ms—

THE LIGHT TRAVELS
AT 3.0x10°ms

Both a moving and stationary observer would measure the same speed of light from the
torch

@ ExamTip

®  Youmustrememberthese two postulates, as they play animportant part

conceptually and mathematically in further equations in special relativity.
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Time Dilation

When objects travel close to the speed of light, to an observer moving relative to that
object, it looks as if the object has slowed down
o Thisis bestdemonstrated by clocks

ObserverH isin a rocket moving close to the speed of light
o Theywill seetheirclockticking ataregularpace, say, itis reading15:00
Observer G atrest on Earth, with remarkable eyesight, willmeasure the clock as ticking
slower
o Theywillobserve that time has slowed down in the spaceship from theirreference
framei.e.they may seethetime as 14:45 instead of 15:00

However, the same occurs the other way around
ForobserverH on therocket, itis observer G thatis movingrelative to them
o Therefore, observerH willmeasure observer G's clock as ticking sloweri.e. they see
time slow down on Earth from their reference frame

Page 13 of 42
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IT’S 15:00

INO, IT’S ONLY "I4=45]

A stationary observer in their reference frame views clocks as running slowerin the moving
reference frame. We're back to disagreeing

The GammaTerm

» Recallfrom Einstein's Postulates that moving between frames of reference means the
speed needs to be changed through simple addition or subtraction
o When travelling at speeds close to the speed of light, this no longer applies, because
the speed of lightis independent of the frame of reference
» This transformation from one reference frame to anotheris corrected by multiplyingby a
scalingfactor called the gamma factor, ¥

y =
1 —Vz
cz

¢ Asv isalwaysless thanc (the speed oflight), this means y is always greater than1
» This is especiallyimportant for time dilation and length contraction

Page 14 of 42
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o Wewilluse time dilation to explain where this gamma term comes from

Time Dilation Equation

Consider a light clock. This consists of two mirrors facing each otherwith a beam of light
travellingup and down between them

An observeris atrestrelative to the clock on a train platform and watches the light reflect
between the mirrors

The distance between the mirrorsis L and the light travels ata speedc

Therefore, the timeinterval for the light to travel from the top mirror back down to the
bottomis:

[0 Mirror

_2L
-

A At
\ g

- Light beam

LlATELTL

Anotherlight clockis on a moving train, relative to the initial observer on the platform,
travelling at constant velocity v

o This velocity v is close to the speed of light
The stationary observer on the platform sees the light clock on the train and watches the
reflection of therays between the mirrors
Itappears that thelight rays travel to theright at an angle to the direction of motion

777777777 >
Mirror position 1 Mirror position 2
P ~a
S P
vAt

The observeron the train platform sees the mirror at:

o Position 1, when thelight leaves the bottom mirror

o Position 2, when thelightreturmns toit
The distance between the mirrors, L, is the same, but the light now travels alongerpath, D
The distance travelled by the lightray is now 2D, and the time observed between the
reflections is now

Page 15 of 42
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The apparent distance horizontally travelled by the mirroris vAf where v is the speed of the
train
Notice that this is part of a right-angled triangle, sousing Pythagoras' theoremwe can see

that:
7
D=2+ v AL
2
Where:
3 cAt
Z

Wewant to find A £, the time taken for the light ray to travel up and down in the reference
frame of the stationary observer on the train platform, who is moving relative to the light
clockonthetrain
o Remember, althoughitis the train thatis moving, in the reference frame of an observer
onthetrainitis the observer on the platformthatis moving

2L

Rememberthe gamma factory =

Therefore:
At = yA A

Where:
o At=thetimeintervalmeasuredfrom an observermovingrelative to the timeinterval
being measured(s)
o A £y = the proper time interval (s)

As y>1,thismeansthatthe At > A,

o Inotherwords, a clock observed from a reference frame moving relative toit willbe
measured to tick slowerthan a clock thatis at restinits frame of reference

The observer on the platformwill view the train clock as moving slower
The observeron the train willview the platform as moving slower

You may be wondering why it's the time that slows down for the light beam, and not the light
beam just speedingup to hit each mirror at the same frequency
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o Thisis duetoEinstein's secondpostulate
o Both Observers GandH must measure the speed of light tobe c, soitdoesn't slow
down or speedup according to eitherreference frame

* [tisimportant to note thatthe time has been measuredatthe same position
o Inotherwords, the timeintervalis the position at which the light leaves the first mirror
and at which it returns to the second mirrorin the reference frame of the mirror

Page 17 of 42
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Worked Example

Alex's spacecraftis onajourneytoastartravellingat 0.7 c. Emmais on a space
stationon Earth atrest. According to Emma, the distance from the base stationto
thestaris14.21y.

Show that Alex measures the time taken for her to travel from the base station to
thestartobe about14.5years.

Answer:
Step 1: List the known quantities:

» Distance of spacestation accordingto Emma=14.21ly
¢ SpeedofAlex's spacecraft,v=0.7c

Step 2: Analyse the situation

*+ Wearetrying tofindthe time that Alexmeasures for her traveli.e. the time she
would measure on herown clockin the spaceship which sheis stationary
relativeto

¢ Thisis the propertime, Atg

Step 3: Calculate the time taken according to Emma, At

* Tly(lightyear)is thedistance, s, light (at speedc)travelsin a year
* Thereforeittakes thelight14.2 years (time) to travel the distance at speedc

s = speed X time = 142cm

¢ Therefore, thetime taken accordingto Emmaiis:

Step 4: Substitute values into the time dilation equation

B _ At
ﬂt—y:‘_\.t‘o = AIO—T

o 20.29 i 20.29 —
b= 1 = 1 = 14.5 years
(0.7¢)? J1 - (0.7)2

-

Step 5: Check whether your answer makes sense

* Since Emma (whois stationary) is viewing Alex's clock (which is moving) she
would measure a longer time for Alex to reach the star than Alex will

« AsEmmarecords 20.29 years, but Alex only records 14.5 years, this time
makes sense
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¢) ExamTip

Anice way to remember this is 'moving clocks run slower'. The caveatis whatis
considered 'moving' depends on the reference frame.

You willnot be expected to remember this derivation, butit's helpfulto know where
all the factors have come from. The time dilation equation is given on your data
sheet.

The notion of 'propertime’ is incredibly important here, as it depends on the
reference frame the timeintervalis being measured from.

Themaths forthe derivation is only using and Pythagoras'

theorem.
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Muon Lifetime Experiment

* Muon decay experiments provide experimental evidence for time dilation and length
contraction
* Muons are unstable, subatomic particles that are around 200 times heavierthanan
electron and are producedin the upperatmosphere as a result of pion decays produced by
cosmicrays
¢ Muons travel at 0.98c and have a half-life of 1.6 us (or mean lifetime of 2.2 us)
o Thedistancethey travelin one half-lifeis around 470 m
* Aconsiderable number of muons can be detectedonthe Earth's surface, which is about 10
km from the distance they are created
o Therefore, according to Newtonian Physics, very few muons are expected toreachthe
surface as thisis about 21half-lives!
* Thedetection of the muonsis a product of time dilation (orlength contraction, depending
on the viewpoint of the observer)

Muon Decay From Time Dilation
¢ Accordingtothemuon's reference frame, timeis dilated soits half-life is longer
* We can see this from the time dilation equation

At = yO¥y

« Where:
|

o Thegammafactor,y = —(————= =5
v 1 —1(0.98)2

o At =thehalf-life measured by an observeron Earth
o A t(} =the propertime for the half-life measuredin themuon's inertial frame

* Therefore, in the reference frame of an observer on Earth, the muons have a lifetime of
At=5X1.6 =8 pus

¢ Thetimetotravel 10 km at0.98cis 33 us or4.1half-lives, so a significant number of muons
remain undecayed atthe surface

Muon Decay From Length Contraction

¢ Accordingtothemuon's reference frame, lengthis contracted so the distance they need
totravelis shorter
» We can see this from the length contraction equation

L,

I=—
Y

* Where:
° Lo =the properlength forthe distance measured in the muon's inertial frame

o L =thedistance measured by an observeron Earth
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» Therefore, inthereference frame of the muons, they only have to travel a distance:

10000
L= 5 = 2000 m

2000
0.98¢
a significant number of muons remain undecayed at the surface

* Totravelthis distance takes a time of = 6.8 us whichis about 4.3 half-lives again, so

EARTH’S REFERENCE MUON’S REFERENCE
FRAME FRAME

CREATED CREATED
8
at
MUONS
Lo
MUONS
DECAYED

Muondecay fromthe Earth's anda muon's reference frame
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‘) Worked Example

]
Muons are created at a height of 4250 m above the Earth’s surface. Themuons

move vertically downward at a speed of 0.980c relative to the Earth’s surface. The
gamma factorforthis speedis 5.00. The half-life of a muoninits restframeis 1.6 us.

(a)
Estimate the fraction of the original number of muons that willreach the Earth’s
surface before decaying, from the Earth's frame of reference, according to:

(i)

Newtonian mechanics
(ii)
Special relativity

(b)
Demonstrate how an observer moving with the same velocity as the muons,
accounts forthe answer to (a)(ii).

Answer:
(a) (i) Newtonian mechanics
Step1: List the known quantities

» Height of muon creation above Earth's surface, h=4250m
» Speedofmuons,v=0.980c¢c
« Lifetimeofmuon,t=16pus=1.6x10"%s

Step 2: Calculate the time to travel for the muon

, distance h
i i e 7

speed
4250 1.45 % 10=°
= = 2 x =
177098 x (3.0 x 10°) =
Step 3: Calculate the number of half-lives
1.45 x 1073 a .
W = 9 half-lives

Step 4: Calculate the fraction of the original muons that arrive

I
> X 100 % = 0.2 %

(a) (ii) Special relativity

Step 1: List the known quantities
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* Time forthe muonto travel, Aro =1.45x107%s

Step 2: Calculate the time travelled in the muons rest frame

At = yAt,

At=5x(1.6 X 1076) =8 x 1076
Step 3: Calculate the number of half-lives

1.45 X 1073

3 % 10-6 = 1.8 half-lives

Step 4: Calculate the fraction of the original muons that arrive

il
ﬁ X 100% = 29 %

(b)
Step 1: Analyse the situation
¢ Anobservermovingwith the same velocity as the muons willmeasure the
distance tothe surface to be shorter by a factor of (%) =50RIength

contraction occurs

Step 2: Calculate thedistance travelled inthe muon's rest frame

T

L=—
i

4250

L =——=850m
5
Step 3: Calculate the time to travel
distance 850
time taken = = = 2.9 x107°

speed  0.98 x (3 x 108)
Step 4: Calculate the number of half-lives

2.9 % 105

W = ].8 half-lives (same as (a)(ii))
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¢) ExamTip

* Rememberthatitis the observeron Earth thatviewed the muons' lifetime or half-life
as longer (time dilation), whilst itis the muons' reference frame that views the
distance needed to travel as shorter (length contraction).

Always do a sense check with your answer, you must always end up with alonger
time or shorter distance for the muons to be observed on the Earth's surface.

Any exam questions on this topic will only use the following equations:

« Timedilation
* Length contraction

Calculating half-lives through is acommon way to calculate

the number of muons remaining:
« Afterlhalf-life, theoriginalmuonsremain
« After2half-lives, or oftheoriginalmuonsremain

» After3half-lives, or  oftheoriginalmuonsremain, andsoon
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Length Contraction

When objects travel close to the speed of light, to an observer moving relative to that
object, itlooks as if the object has become shorter
o Thisis bestdemonstrated usingrulers

ObserverH, in theirrocket moving close to the speed of light, measures the length of their
penciltobe14 cm
Observer G, atrest on Earth, would measure (with remarkable eyesight) the length of the
pencilto be shorter
o Theywillseelengths contracted in the spaceship fromtheirreference frame, e.g. the
length may appearto be 10 cminstead of 14 cm

However, the same occurs the other way around
ForobserverH ontherocket, itis observer G thatis movingrelative to them
o Therefore, observer H would measure the length of observer G's pencil as shorteri.e
observerH, on therocket, sees lengths contracted on Earth from their reference
frame
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jIT’S 14 cm LONGJ

\% v=C

INO, IT’S ONLY 10 cm LDNG]

TTTTTITTTTTTTTT
o 5 0 44

lIIIIIIIIIIl‘
[v] 5 10

[NO, IT'S ONLY 10 cm LONGI

Astationary observerin their own reference frame views lengths as shorterin the moving
reference frame

Length Contraction Equation

¢ Thelength of an objectis the differencein the position of its ends
» Considerthe observers GandH measuring the length of a pencil, which is stationaryin
reference frameS' (for observerH)
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Observer G measures the length of the pencil to be different toobserver H
As observerHisinthe moving frame S', they measure the length of the ruler as:

o 1 _
Ax—xz X, LO

This is the properlength, Ly as the pencil is not moving relative to observer H

o Boththe penciland observerH are, however, movingrelative to observer G
Observer G needs to measure the length of the pencil by measuring the position of its ends
atthe sametime (justlike observer H did)
They measure thelength of therulerto be:

L\X=X2—X1=L

This is the observed length, L as the pencilis moving relative to observer G
o Moving between differentreference frames tellus howthe xand x' are related

Wewanttofind A x, thelength measuredin thereference frame of the stationary observer
on Earth (G), who is moving relative to the observeron therocket (H)
Transforming these distances gives:

xl' = y(xl = w‘)
X = y(xz - Vt)
These are then substitutedinto the equation forthe properlength, Lg:
X, =X = y(xy V) = oAx - V) = A (x, - x)
L,=7L

Therefore;
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L
0
L, ===
¥
Where:
o L =thelength measuredby an observer movingrelative to the length being measured
(m)

o Lo =the properlength (m)

As v >1,thismeansthattheL < L(}

o Inotherwords, lengths measured from a reference frame movingrelative to the object
willbe measured as shorter than the lengths measured at rest from within their frame
of reference

Similarto time dilation, length contractionis also due to Einstein's second postulate
o Bothobservers GandH must measure the speed oflight to be ¢
¢ Sincethetime forobserverH will run slower, accordingto observer G(i.e. tincreases),
then forc to stay the same, thelength of the object, L must decrease

Itisimportant to note thatthelength has been measured atthe same time
o This length is the difference between the ends of the pencil, with both ends measured
atthesametime

Therulerusedin both reference frames is stationary in theirown reference frame
o Otherwise, observer Gwould see theruleron observerH's rocket contracting as well
and wouldn't measure any difference in length
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9 Worked Example

Aspacecraftleaves Earth andmoves towards a planet.

The spacecraft moves at a speed of 0.75crelative to the Earth. The planetis a
distance of 15 ly away according to the observeron Earth.

Spacecraft

O > 0.75 ¢

\

———
—_

The spacecraft passes a space station thatis atrest relative to the Earth. The
proper length of the space stationis 482 m.

-
T

15 ly

Calculate thelength of the space station according to the observerin the
spacecraft.

Answer:
Step 1: List the known quantities

» Speedof the spacecraft,v=0.75¢
» Properlength of thespacestation,Log=482m

Step 2: Analyse the situation

« Weare trying to find the length of the space station in the reference frame of

the observerin the spacecraft

» Inthis observer'sreference frame, itis the space station thatis movingaway

fromthemat 0.75¢c

* Therefore, we a measuring alength in the movingreference frame (relative to

the spacecraft) - this is thelength, L

Step 3: Substitute values into thelength contraction equation
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482 482
L = = =319m
1 1
\/] (0.75¢)2 J 1 =(0.75)72
2

Step 4: Check whether your answer makes sense

* Astheobserverinthe spacecraftis stationary, thelength of the space station
they measure should be shorter than the properlength

¢ Asthelength recorded from the spacecraftis 319 years, and the properlength
is 482 m, this length makes sense

Exam Tip

You will not be expected to remember this derivation, but it's helpful to know where
allthe factors have come from. The time dilation equation is given on your data
sheet.

The notion of 'properlength’ is incredibly important here, as itdepends on the
reference frame the length is being measured from.

You will find in some exam questions you can use time dilation or length contraction,
you will receive marks for eitherway.
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Equivalence of Mass & Energy

Einstein showedin al?05 paperthat matter can be considered a form of energy andhence,
he proposed:

o Mass can be convertedinto energy

o Energycanbeconvertedintomass
This is known as mass-energy equivalence, and can be summarised by the equation:

E = mc?

Where:
o E=energy(J)
o m=mass (kg)
o c=thespeedoflight(ms™)
Scenarios where mass is converted to energy or energy tomass include:
o The fusion of hydrogen into helium in the centre of the Sun
o Thefission of uraniumin nuclear power plants
o Nuclearweapons
o High-energy particle collisions in particle accelerators
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Relativistic Mass

« Anobject's propermass (thatis, its mass measured by an observeratrestrelativeto the
object)is also calledits rest mass, mg

* Anobserverinaninertialreference frame moving at speedv relative to the object
measures the object's mass as m, whichis given by:

* This canalsobewritten as:

m = ym,
* Becausey>1,whenan objectis moving relative to your frame of reference, you measureits
mass as larger thanit's rest mass
o The derivation for this relativistic mass is a good deal more complex than the derivation
for relativistic time andlength andis not examinable soitis omitted from this revision
note
¢ Oneinteresting outcome of this relativistic mass is the speed limit imposed on objects
o Asanobject's speed nears the speed of light, it's mass gets larger and larger
o Veryclosetothe speed of light, an object's mass tends towards an infinite mass

Graph showing how relativistic mass changes with velocity

20 mq
15mg
MASS D,
Smg -
Mg
0 T T T T T T T T T 1
0 i c
2
SPEED

The effect of speed, as a fraction of ¢, onanobject's mass, inmultiples of rest mass. Mass
increases rapidly as the object's speedapproaches c.

Relativistic Energy

« Let'sreconsiderEinstein's famous equation, taking relativistic effects into account:
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l__

+ Themass of a stationary object is its rest mass, mo, soit has a rest energy of E = moc?

9 Worked Example

Aparticlein a particle acceleratorhas arestmass of Mpandis acceleratedtoa
maximum speed of 0.998c.

Calculate the total energy of the particle at its maximum speed, as a multiple of its
proper energy, fromthereference frame of an observerwhois stationary relative to
the accelerator.

Answer:
Step 1: List the known quantities:
*« Maximumspeed,v=0.998c
Step 2: Writedown therelevant equations:

* Restenergy, Eg=mgc?
« Relativistic energy, E = ympc?
« Write the equation with the gamma term outin full
7 m, c?
E =
VZ

]__

2
Step 3: Substitute the known quantities:

» Therelativistic energy interms of restmass Mpis

Moc2 1"'»4\’042'2
E = = = 15.8Mc?
\/1 (0.998¢)2 V1 —0.9982
02

Step 4: Give the answer as a multiple of proper energy:

« Properenergyis anotherway of saying rest energy, which is Moc?
» Theparticle's energyis 15.8 times larger than the rest energy, according to the
observer
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¢) ExamTip
' Whenyou see a speed and amass, it's tempting to gointo auto-pilot and stick
everything into the equation Ey = 2mvZ, but this would gain you no marks in this
worked example! The trickis tolook at how large the speediis, ifitis close to the
speed of light, the relativistic effects are significant andyou need to account for
them. The context of the question can also provide clues, such as mentioning
frames of reference orrest mass.
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Relativistic Energy
Relativistic Kinetic Energy

» \We know that an object in motion relative to an observer has energy E = (ymg)c? and its rest
energyis Eg=moc?
o Thekinetic storeis the energy store associated with motion
o [fan objectin motion has atotal energy E whichis greater thanits rest mass Ep, the
additional energy must bein the kinetic store

E, = m¢ = m o

¢ Where:
o Erisenergyinthekinetic store
o misrelativisticmass
o mgisthe object'srest mass
o cisthespeedoflight
e This canberearrangedforan expression for the total energy, E, of a particle:

E = mc?

— vl
= 204
E m ¢ E'k

* Thetotal energy of an objectincreases at a rapidly increasingrate asit's speed approaches
the speed oflight

Graph showing how total energy increases as an object's speed
approaches the speed of light

RELATIVISTIC
ENERGY

u

4mgc2
3mgec2-

ENERGY KINETIC
2myc2] ENERGY

mpc2 st ¥ O
NEWTONIAN. ‘ REST
s ENERGY

0.|2c O.Ac O.I6c. O.IBc. c.
SPEED

¢ Aswith mass onthe previous page, the asymptote on this graph shows that an infinite
amount of energy is needed to make an object with massreach the speed of light
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9 Worked Example

O
Aspacecraftwith a propermass of 450 kg accelerates toa speed of 0.7¢.

Calculate the differencein its relativistic kinetic energy and its kinetic energy
calculatedusing Newtonian physics.

Answer:
Step1: List the known quantities:

¢ Restmass, mp=450kg
* Speed,v=0.7c
+ Speedoflight,c=3.0x108ms™!

Step 2: List therelevant equations:

* Newtonian kinetic energy, Exn = Vamov?
* Relativistic kinetic energy, Ex, = ymoc? - moc?

Step 3: Calculate the Newtonian kinetic energy:

* Substitute theknown quantities:

1
E, = = 450 x (0.7 x (3.0 x108))2 =9.9 x 1018]

Step 4: Calculate the gamma term:

« Substitute the speedinto the gamma term:

1

}l:
VZ
I__

Cz

1 1

(0.7¢)? J1 =072

= 1.40

-
I
Il

Step 5: Substitute the gamma terminto therelativistic kinetic energy equation:
» Substitutetherestmass, speed of light and speed as well:

= -
B, =@ e = i

A 2= mﬁcz(y -1)

0

E . =450 x (3.0 x 108 x (1.40 — 1) = 1.6 x 10'?]

Step 6: Calculate the difference between the two kinetic energies:

« Subtractthe smaller Newtonian kinetic energy from the larger relativistic
energy

AE, = (1.6 % 10") - (9.9 X 10'8) = 6.1 X 10'%]
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* Asyou cansee, therelativistic kinetic energy is almosttwice as large as the
Newtonian kinetic energy!
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Bertozzi's Experiment
How do you Measure Kinetic Energy?

* When accelerating a particle with charge g fromrest, the work done by an electric field with
potential difference V is equalto the energy gained by the particle’'s kinetic store, Ej:

qV=Ek

* This gives a way of measuring the kinetic energy of a particle of known charge, such as an
electron

What was Bertozzi's Experiment?

* Bertozziaccelerated electrons to speeds close to the speed of light and measured their
kinetic energies
o The aim of the experiment was to plot the squared speeds of electrons against their
kinetic energies and compare the results to Newtonian andrelativistic predictions
» Astrong electric fieldwas used to transferenergy to the kinetic store of the electrons
o This meant that, foran electric field of potential difference V, each electron had a
kinetic energy of eV, where e is themagnitude of charge on an electron
o Theseelectrons were fired at an aluminium target
s Thespeedof the electrons was simply calculated using distance divided by time
o Oncethe electrons left the electric field, they travelled at constant speed, as no forces
acted
o Asignal after the electric field and a signal attached to the aluminium target were used
tomeasure a timeinterval using an oscilloscope
o Thedistance was measured between the two signals and speed was calculated

A diagram outlining the experimental setup of Bertozzi's electron

experiment
TIME
CATH OF 7| DIFFERENCE
ELECTRONS SIGNAL 1

EVACUATED| [LSIGNAL 2
> TUBE /
! .\1 i
(:b—@-; t
A L

B}
ELECTRON GUN] k—EELECTFuc FIELD] [AL TARGET

Electrons are accelerated by an electric field and trigger a signal once they have left the field
andtrigger another when they hit the aluminium target, allowing speed to be calculated

The Results
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* With severalvalues of speed-squared andkinetic energy, Bertozzi produced a graph
showing the followingresults

A graph showing speed-squared against kinetic energies

\[—ESPEED OF LIGHT SQUARED|

0 1 2 3 4 7] 6 7 8 S 11
Ey/ mgc?

X
I

= EXPERIMENTAL RESULTS
RELATIVISTIC PREDICTION
= NEWTONIAN PREDICTION

I
[

This graph shows the kinetic energy of the electrons, with units of m.c?, plotted against
their squared speeds, with units of c2. The Bertozzi results agree closely with the relativistic
predictions of speeds and show electrons cannot exceed the speed of light.

» This experiment's data agreed with the relativistic predictions farmore than the Newtonian
predictions

Verifying the Kinetic Energy of the Electrons

* Toavoid any doubts about whether the electrons actually did have a kinetic energy equal
to eV, Bertozzi and his team measured the kinetic energy of the electrons directly as they
hitthe aluminium target

» Theydid this by measuring the temperature change of the target and using the equation AE
=mcAg

o This energy changeis equalto the total kinetic energy lost by theincoming electrons
o Thetotal chargetransferred to the target was used to calculate the number of
electrons which hit the target

* Withtotalenergy transferredto the target and the numberof electrons known, the team
could calculate the kinetic energy perelectron

o Thesevalues were in agreement with the energy transferred to the electrons by the
electric field, showing the results were valid and the electrons behaved relativistically
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atspeedsclosetoc
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Worked Example

In arepeat of the Bertozzi experiment, electrons are fired through an evacuated
tube ata 0.0250 kg aluminium plate. Afterthe experiment has run foratime, the
targethas accumulated -6.20 uC of charge and has increased in temperature by
1.80°C;

Calculate the kinetic energy per electron in units of MeV.
Specific heat capacity of aluminium =902 J kg™ K
Answer:

Step 1: List the known quantities

» Mass of aluminium, m=0.0250kg

* Specific heat capacity of aluminium, c =902 Jkg™' K
* Changeintemperature, A6=1.80°C

¢ Chargetransferredto aluminium plate, @ =-6.20 pC
« Chargeofanelectron,e=-1.60x10"7C

Step 2: Write out therelevant equation
* Thermal energy transferredto aluminium, AE = mcAé
Step 3: Calculate the energy transferred to the aluminium's thermal store
¢ Thethermal energy gained by the plateis:
AE = mcA@ = 0.0250 x 902 x 1.80 = 40.59]
Step 4: Calculate the number of electrons incident on the aluminium plate

¢ Eachelectrontransfers acharge of e totheplate
+ Thetotal chargetransferredto the plate divided by e will give the number of
electrons, n, incident on the plate:
Q —6.20 x 106

== = 3.875 x 1013
T e T Z1.60 x 10719

Step 5: Calculate the kinetic energy perelectron

¢ Thetotal thermal energy gained by the plateis equalto the total kinetic
energy, E «ot, Of allthe electrons hitting it

s E, ;ordivided by the number of electrons gives the kinetic energy per
electron, E

_— Ecwi AE 4059
k™ n n 3.875x 103

= 1.0475 x 10712 ]

Step 6: Convert the kinetic energy per electron into mega-electronvolts

¢ Recallthat1eVisequalto1.60x1077J:
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E = ESIE AR 6.547 X 106 eV
Kk~ 7160 x 1019 .

» Finally,the answer must be to 3 significant figures, as all the figures in the
question were given to this number:

Ek = 6.55MeV

@ Exam Tip

' You may be asked on either method of determining the kinetic energy of each
electron so expect to see the thermal energy equation and work done by an electric
field in this topic.
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