









































































































What is light
particles
Newton early 1700s

geometricoptics reflection refraction
Waves

Huygens 1700 Young early1800s
interference diffraction wavelets
superposition

by mid 1850s wave theory was dominating
over particle theory
By end of 1900s everythingchanged
Blackbotyprobl
Imagine a bodythat is heated up to sometemp
keep the temperature constant
look at the distribution of light given off
there will be different intensities f light at
different frequenties colors

This should be familiar heat something upcolor changes
as temp freqoflight givenoff bluer












































































































example Sun surface temp is 5000 6000k

energypeaks around
550am

But there is some light intensity all all frequencies

So expect 1 I X pealis at Xmax
2 I X 70 0
3 I a 0

IN

200 4116
400 4 16

max

Ideal body will absorb all frequencies

so the I X given off only depends on tempT
so I I X T

this ideal body is called a blank body
because it absorbs everything no reflections

At constant T it is in equilibrium E in E out

Can build such a thingbya hollow cavitywith a
pin hole for energy to get in won't es tapeout












































































































Then EM radiation out goes thin surface

For u
radiah EM inside

wravityer

Surface radiation is in equilibrium with radiation
inside cavity
I X T is intensity us wavelength for a

fixed temperature T
this is black body radiation

By late 1800s technologyallowed accurate measuring

ofblack bodyspectrum
esperiallyusing telescopes to measure spectrum

of stars
Here is what was measured












































































































Note intensitypeakwavelength depends on temp
as T increases peak decreases

From experiment plotabove we have Wien'slaw

maxT 2.898 153 m k forvisiblerangeof max

ex sun's energy peaks at X 500 nm yellow

Tsan hm 5800k

Stefan's law relates power radiatedpertemp
Power radiated integrate over all wavelengths
remember Intensity I Pages

so Power I area












































































































Stefan's law

Pff
04 0 5.67 15

4

so PIT OAT A surface area of
the bodyradiating

ex Tsun 5800k
so I 15800 5.67 10114 1580034

64 1061ms

Radius 7 108m

surface area A 4H02 4Tx 7 108m 49,1017m

so power radiated P I Area
64 10 4.9 10 m

3 1025W

So I x fordifferent temperatures is VERY weird

given what was known about EM radiation

1 EM energy is in periodic waves

2 for EM waves energy α amplitude
but here

as T increases total every
absorbed is larger

what is measured is that larger energy higher T
means shorterwavelengths
since Xf C shorten X larger f












































































































so larger E larger f HUHI
What is black body problem in late 19ᵗʰcent

how to calculate blackbody spectrumusingwhat was
known about thermodynamics and EM radiation

RaleighJeans published 1ˢᵗ attempt in 1900

Raleigh Jeans doesnot fit
especially at shorterwavelengths
predicts infinite intensityat short wavelengths

high frequencies

Something is seriouslywrong with our basic
understanding



MaxPlanck 1900 published a result that DID
fit

1 imagine a blackbodycavity
energy in is from heat
comes to equilibrium so temp is constant
the radiationemitted is through the hole

so cavitywalls are absorbing Ein and emittingEout
and Ein Eout constant temp T

frittataab
m

I
t
M heat

2 the way the walls emit oscillators in the walls
atoms but not known in 1900

Planck said that theoscillators emit EM waves

but only at discrete values not continuous

oscillators emit energyby transitioning from
a higher to lower energy



DE Enigh Elow are constrained to be

proportional to frequencyof
the radiation

DE α hf where h is a constant
note this is consistent withWren's law
heat in temp and T2

peak feet
so Eradiation n hf n integer

this is completely new classical E M say all
frequenties are possible

Planck says
no freqof radiation in cavities

is discrete discontinuous

Birth of quantum science

constant h Planck's constant
measured to be 6.63 10

3 J S

usingthis Planal calculate black bodyspectrum
I X T 2T

enat
k Boltzmann's constant 1.38 152351K



so atoms are oscillators w energy levelsEn
n 3

In sparing DE E E hf

no and sparing is the same for
all energy pairs n 1 us a

ex classial oscillator mass on spring
meeting w If
let km 1901g'm
w If 10dead atf

so f 1 Hz 1GHz

if this were a quantum system the
oscillators would have energy sparing
DE hf 6.63 1034Js 1 GHz

10.6 10345
minisule amountofenergy
tells you that quantumeffects are hard to
see in classical situations



Plank's result was met with skepticism for 5 10years
until

P the coned photovoltaic elect

light on some materials generates voltages
late 1800s experiments with metals

light elections ejected
A metal

PhillipLenard experiment 1900 Nobel 1905

862 1947

glass tube w

UV light vacuum inside

and
ammeter measures current flow



shine UV light onto cathode registers a
current in the ammeter

saw that no light no current
current in space between electrodesmust be
same as current in the wires then meter

can measure intensityof current Ic us

intensityof light Ie
finds that Ic α Ie

now add battery to circuit
200 4 18 UV light

0 11

bias so anode is at V
relative to cathode

this will accelerate elections to anode

Energygained byelections DE eV



However Lenard observed that the current
thru the ammeter did not change with
increasing voltage

but still observed Ie α Ie
more light more current

next reverse polarityof battery
UV light

COA 11

Here elections would have toovercome
anode repulsion
Because battery is pumping changes to
cathode



UV light

COA 11
V

elections will need KE eV to get to anode

Lenard observed that as V increases
current dropped

but can make up for it by increasing
light current

However only up to
some voltage Vs

stopping voltage
and no matter how much you crank up
light intensity Ie still no current
as long as V3Vs
This implies that KE ofejected elections
is not proportional to light intensity



Next Lenard increase light frequency
and found current Ie turned on

so Ic α flight when V3Vs

this implies that KE ofelections ejected
is proportional to the light frequency
and not light intensity

Problems w classical picture f photo electriceffect
1 at some stopping voltage current 0

expect current to reappear by increasing
light intensity
result current intensitydoes not depend

on light intensity
current reappearsby raising light
frequency

2 it takes some energy work function
to free an election from the metal surface



any election would
have to absorb energy

from light intensity to build up enough
to get free
therefore there should be a delay between
seeing a current turning on light
result no delay seen current intensity

appears immediately
W

n _0345 s is so small energies in

joules will be small

ex visible light has X 500mm 500 159

c Xf so f 3
1112 6 10144

energyassociated with this photon
E h f 6.63 15345.5 6 10 s

4 10195 small

Remember from static electricity

chargeQ going then potential diff of AV

picks up or loses energy E Q DV

Q for proton 1.6 1519coulombs

if DV I volt E 1.6 10 C I V 1.6 15 J



lets define new unit election volt

energyof charge then volt

then lev 1.6 15 5 converts Joules to eV
then our 6 1014Hz photon has energy

E 4 101957jp ag
2.5eV nicer unit

From now on use eV for particlesatoms etc
Work function for most atoms that can emit elections

Na Sodium 2.36
AI Alum 4.064.26

Pb Lead 4.25
units of eVZn Zinc 3.6 4.9

Fe Irr e is not at work fanation
cu Copper 4.5 5.1 are few eV
Si Siliion 4,6 4.9
C Carbon 5.0

Ag Silver 4.2 4.7
Ni Nickel 5.0 5.4

An Gold 5.1 5.5

400 4 21



Resolution Einstein 1905

1 Photons are particles
2 Energyofphoton α photon frequency

w E hf he Planck's constant
as
PYPEEE.no

h 6.63 1534J s
3 each election absorbs single photon andgains
energy E hf

to get to anode w stopping voltage Vsand
work function of

KE hf 0 eVs

experiment to do
1 shine light w some frequency f
2 find Us that causes zero current

3 vary f measureVs plot

Vs
Vs h

200 4 21

f in
f



Positive slope gives

y intercept gives Vs f o 0 2

Verified Theory fit thedata

ex light w 1 400 nm

c Af so f cA

E us

5.0 10
19
J small

then in eV E 5 15 Jy.gl gg
3 leV

so 400am in not going to ejectelections
except in sodium

usually we want to go from wavelength to

energy



E hf and f c

so E

we want to use X in nm and E in eV
so calculate he in eV nm

he 6.63 153 5.5 3 10811 1.989 1525 J M

he 1.989 1525J.mx
eage fIm 1243ev

nmusehe 1243evnmf
ex light w wave length 600am has energy

E
124311L

2 her

ex what is maximum wavelengthof light that
can eject electrons from Na and Au

for Na 0 2.36 eV incident photon energy
An 0 5,2 eV

energy
needed

KE ofejected elections KE Ex toget out

of material
minimum KE 0 so Ey 0 0



Er hemin hey max If
for No Xmax 124351ft 540am green
for An Xmax 12131ft 240am Uv

ex 300 nm photons hit Na
what is KE of elections ejected
KE Lf 0 he 0 1233 1

2.360

4.14 ev 2.3bev 7.78
UKE1.78eU

if massofelection is 9.1 153 kg what is velocity
nest
energyof elections Eo Moe 51 keV

here KE LC Eo Kinetic energy
2 rest mass energy

so use non relativistic formula
easier than relativitybut will get the same answer

KE MU v 2KEF 2apr_LEFT
T c 20 102

7.94105m S



photonevpf.mn ftt fXsof c X
so E he

Special relativity E pcJ meJ

from other experiments M 0 for photons Js

SO E PC

E Pc a photoas

note

É É I

B
1.243 10

6
eV m

1.243 eV mm
1243 ev nm



This lets you convert from wavelength to energy
ex 400am
E hf 1243,151in 3 lev

ex laser pointer w output 5mW emits red
light 650mm

energyofeach photon E 124314
1 GeV

T.fi iiiiiifiiiior

elections in air molecules
Wave prediction

light w freq f hits a chargedparticle

eg molecule in air

charged particle will feel É from light
and will oscillate like an antenna



that will send out EM waves from

oscillatingchanged partiile at same f
so wave picture says absorption radiation are
at same freq f

Photon model

photons are partiiles with energy Er hf

Before at
election

After
7

p mu

electionconservation of momentum

Pr pjws0 p wso component

Ps picosd p'coso

pisind p sino y component

so ps pjcos J pjas.ind p

2PJpj'cosd 2prpjcosd pjsiak p
2



so p pi pj app'scost
also conservation ofenergy
Before Etot Est Mec

After Etot E's Cmec'S p'c
2

so Est mi Eg Maj pics

Eg me Ej J McJTp
Ea Es me J Er E8Jt2m Eg me

me p'cJ L
so Es Es 2MC Er Eg p'cJ
for photons E Moc PCP but mo 0 for8 s

so E PC photons only

divide by C2

p EEP 2m Er Eg

Po po's 2 me ps pi
pf 2psps ps 2mi Pr Pr

from

p pi pj app'scost



subtract

O 2psps 2me p Py appscost

2 p p 1 cord me ps py
for photons p E c fx

so 2101 2inch II
must by h 1 cord mch x x

so 71 7 1,1160271
this predicts the shift in wavelength for

scattering photons Comptonscattering
Verified byexperiment

note he units of length do
this is called the Compton wavelength
represents limitof precision for knowing
a particle's position more below

for election t.sn g 12g ff
2.93403mm



we usuallyuse pm pico meters 1pm 15 m

so do for election is 2.43pm
ex X 80pm x ray scatters off ofelections in glasswhat is of scattered X ray at 45

7 810 sÉ
molecule

Compton scatteringof x rays from elections

DX 2.43 1 coso

2.43 1 cos450 0.71 pm
DX X X 0.71 pm so X D 0.71

80.77 pm

m1
mnewheatvsticornot

KE 8 1 MoC

relativistic B 71,8 large ED Moe

non relativistic β70,8 31 so KELLMOC

200 4 23



Light intensity I in photon picture

For light power eggs
intensity PalF

intensity I flux unitsofPages Eagle
is the rate ofenergy flow pertime thru an area

what does this mean in photon picture

Let R 8s sec photons per second

if all the photons have E hf then

energy sec power is

egg Phet yes
p I if
or R ofphotons sec

ex laser pointer has 5mW power and 650mm

R If Ex 400 4 23



IEI.ms somt as
1.6 10168 see

ex sun intensity is 1400W m at top of
atmosphere
if all those 8 s were 400mm how

many
photons hit an area of 1 m per see

1400Up 1m 1400W 1400J
total energy in J 8 s

eggs No
hf

Note Nr 1 sm
J Ng 3 eV

14005 3 her so 111T at
2.8 102 8 5

lotsof8 s per sec



Atomicsptia
Heat material gives off light
Can use diffraction grating to carefully
measure wavelengths of emitted light
If substance is a gasof one particular element

light emitted has a very
restricted setof

wavelengths atomic spectra

e.g I I I

Big puzzle
What was known aboutatoms 1900
1897 Thompson measured Emofatoms
1909 Millikan measures 8 this allowed

determinationofatomic masses
mass atoms mass all elections



theoryof nucleus consisted f
1 elections negativelycharged

cathode
rays were readilyobserved

2 some positive charge
atoms observed to be neutral

Plum pudding model

elections plums embedded somehow in
positively charged pudding

Ernest Rutherford 1911 UnivofManchester
in England

had students do experiment
particles called alphas bombard target made

ofgold or silver
α's positive charge

come fromnaturally radioactive elements



detector

α o

gold foil

α's will penetrategold foil if its thin enough

placedetector at angle 0 record α hits

vary 0

expectation
α's would scatterweaklythru the

plum pudding ofposchange
elections have very

small mass compared
to α's Mep 0

so all scattering is

dueto the positively charged partofthe
atom
since atom is neutral scattering will be
when α is inside atom

such scattering experiments allow

probing internal structure ofthings



Result was surprising some back scattering

detector

α to

gold foil200 4 25 plumpudding
modelThis implied

plumpudding was not correct

atom must have hard center
solar system model hard

positively charged nucleus
w election in orbit

ex M 6.64 1527kg
Mac 6.64 152719 3 1085 de aj

3.735 10 eV 3.735 GeV

KE of α from radioactive Ra 226 is 4.7MeV



since KE CL MC α are non relativistic
so do not need relativity
ex KE 4.7MeV Mv mc β
4.7 106eV 3.735 109ev β

β 0.05022 1

V βC 0.0502 3 10
5

15.1 10
5

Rutherford's theory elections are in orbit
around nucleus

Problems that's like an antenna elections in
orbit should radiate energy
and fall into nucleus

but atoms are stable
as elections spiral in chargeofatom
should change

it doesn't

anyemited light should have
continuouswavelengths
atomic spectra are not continuous



Rutherford's solar system model is consistent

with scattering experiment results

but not the rest of EM theory

1913 Niels Bohr

atomic spectra tell us that excited atoms
emit light w specific wavelengths

so E He Lf must have specific
notcontinuous energies

so atomic excitation must mean

1 excited atom has energy En n is integer

2 de excites and emits J ofsomefrequency
3 new energy is Em

En Em Lf energyconservation

heating atom drives it into highenergystate
de excite transitions back emits

so energylevelsof atoms must bequantized
this is revolutionary



B modlusingquantigatinidas

apply wave nature ofelections
é

election in orbitaround
N nucleus

fr

if elections are in orbit w radius r then
circumference 24T

if elections are waves then circumference
has to be an integer numberofwavelengths

I n Xn ZTT

same points

this means radius is quantized
2T rn nda Xn 2 ru A



and deBroglie holds p
so if X Xn then p isalsoquantized

Pa mon
nE nE

mourn It An h hkit

mourn angular momentum In
Ln nI angularmomentum

is quantized

angular acceleration MI
Force due to EM attraction

Emi 8 1 ME centripetal force on
election

let qe le election

qn le hydrogen

magnitude f force Em p
inward attracts

this holds election in orbit
centripetal acceleration a



centripetal force ma ME Em from EM
attraction

IT
or murn Eg multiply both sidesby

Mrn
mori

mur p r angular momentum L mur

and L Ln nt fromabove

so muri L it m e

solve for rn m 47812
multiplylightside by C

ru ii EYE
Tc If 1212,1 nm 197.3eV nm

m c 511 keV election rest energy
200 4 28



4 É f4
9ᵗʰ

1
so

y a
has no units is a dimensionless

number

41
9 10904

so 47 gt
9 109Name

317
call this α fine structure constant

so in n'ftp.t Tc Ea 143
71

197.3 eV um

2 197311ft
0.053 nm 0.538 Angstrom

1A toum
define Bohr radius 9 0.53A

then rn n'do for hydrogen



ground state n 1 r ao radius ofé in
grog

n 490
1 3 53 990
etc up to a α where election

is free no longer bound to
proton

so angular momentum and radii ofelection in
H atom are quantized
what about energy

is election relativistic

nt Murn angular momentum
in ground state r 1 a 0.53 A

write t mur

and so he MC Ur

me E r

E II sEEY.it 53am
7.3 103221 so

not relativistic



energy E KE PE

Es EMpotential energy
KE mv ME r

but we see above ME FEMEfa
so KE ftp.n.tn Eton

PE Ian last semester

so E KE PE Efrn 481in

a

substitute rn M.IE

i.E.IE t.ge
En Met



c 2
5114103eV 13 Gev

note 13 GeV 22 Mec so non relativity ok
so En 13.611 400 428

Enco because it takesenergy to free
the election

need 13GeV added to hydrogen to free
election and the liberated election will

have no KE

add more than 13.6 and é will have KE
13.6 is the wall function of hydrogen

lowest energy is
called the ground state

ex atomic spectraofsome element has 3 longest
wavelengths 1 240 nm 620am 414 nm

this means there are 3 transitions
DE DE DE



let E 0.0eV

DE hf hey so 1240mm hassmallest

energy transition
DE Tom 1243TEur lev

DE La 12311 Zev

DEL Ifm 1243,11hr3eU

what fits E ground state 0.0eV

Hausition from Ei Eo both are ok

E2 Eo

Ez E n

E Eo EE EE
ffEf

so Bev Zev lev
or 3eV lev zev

ÉÑ

break ambiguitybymeasuringwhat s can

be absorbed byground state

ex sayyou measure that ground state can

change by absorbing 1240 nm lev or
414mm 3 US but not 620 nm Zev



this tells you the energy levels look like
this

Ez
zed Zev

El

Tiev
Eo

the 620m 5 has no effect on atom in ground
state
But if you exciteatom with 414am 5 it can go
into E state and decay to E emitting 620mm 8



Bohrtheryncape
1 Atomshave states
2 each state has a different energy radius of
election angular momentum

3 States are quantized not continuous
n foreach state 1 0 is ground state

quantizedproperties

Ln at angular momentum T hat
rn Rao radius do is Bohr radius

Ao 0.529 A 0.0529 nm

do he amec Me election m

En 13.6m

Atomic spectra

ground state it is E 13GeV
1ˢᵗ excited state E LEV 3.4 eV

to excite H from E to Ez add energy
Ein Ez E 3.4 13.6 co zev

to exsite using photon Ein Es Le
so need photon X Is REITs



121.9 am UV 8

Any photonofwavelengh that satisfies

En En M n integers

will be absorbed by atom
Emission can happen when atomgoesfrom

n to in state nsm

transitions hey En En Nfani eg 2
71

131 i
13.6 V

write

axiom

define R 1.09 10 m Rydberg constant

then
Rf

is wavelength
of 8 emitted
when it transitions
from Ni to Nf





interferes waves

Light consistsofphotons particles

Which is correct Both

If you do an exponent to measure wave like
properties it will behave like a wave

Same for particle like properties

Photomultiplier tube detects photons

chr
mus election is accelerated to

photo
1ˢᵗ stage which is at a

photoelectriceffect
Vo potential

é gainsenergy eVo and hitsplate
this kicksoff more elections that share eV

energy
next place 2ⁿᵈ stage w potential V above 11



accelerate electionsfrom 1ˢᵗ stage to 2ⁿᵈstage

secondaryelections
each gain energymust

v ev and hit
2ⁿᵈ stage

2ⁿᵈ stage produces tertiaryelections that
head to 3ʳᵈ stage that is at V2above
2ⁿᵈ stage

ffite.TT

e t.ca it Iuasnxmevious
stage
if you have n stages final current of
elections



I IF IE
these are fast At 10ns

if you start w 1 photon and have N 10
produced at each stage in 10ns

I 10 IE
o16Amps

so its a photo multiplier

rnffvEAIIIIEuadoutp.in
Built into cylindrical form factor
pins at end are for various stage voltages
and final stage readout pin

that's why it's called a photomultipliertubePMT

can be used to detect individual photons



M

ff.TT wave with f h wave properties

Planck Einstein f energy
looks like a particle that we call a photon

relativity E Cpc Mo c J

mass of photon 0 experimentally
so E pc hf

1p I
Compton scattering assumes light is a particle
and experiments confirm Compton scattering

so a wave a particle
E hf 2T w

T hat
p I tk

Tc IF 1243,1hL 197.8 v nm

does a particle w mass alsohave wave properties

yes then if a particle has m E P



then f I for particles elections
protons

here E p are the usual energy momentum
and can be relativistic or not

ex baseball mass 1459m
velocity 90mph ls 40.2m S

occe so use non relativistic

P MV 0.145 kg 40.2m s 5.83 bym s

no m

too small to measure
so wave properties are irrelevant for classical

everyday experience
ex election has E 2MeV Moc

E hf If f Ecc
Rishta 308ms fam
4.8 1020Hz

election mass Moc 0.5 lev LE so use relativityto
get election momentum



use E piJ MOL
Pi E M.is FEm

1.93MeV
t k

6 mom
0.64 103nm

0.04pm

Note forparticles E hf
p

so Ep tf tf o a E β
but if you write E 8M c

PC JβMOC
then PE β n E

so which is correct
this brings up differencebetween the

Vg group velocity
Up phase velosity

Og carries energy not up so Ec Og groupvelocity
and Up If phase velocity

200 4 30



YE.ieetenghk
wavefront

has definite wavelength

but is not localized wave exists

alonginfinite wavefront

particleshave position coordinates

but a particle not moving
does not have a definitewavelength
this implies that in wave particle
picture there is a relationship
between the degree that you can
know position uncertainty in DX
and momentum p DPthen p h relation



Single slit diffraction wave particle

dir
o

Z dir

R

from wave theory 1ˢᵗ minimum is at

a sino

uncertainty in wave position in slit

Dy a

wave has a momentum along a direction

Pz tk

for photon to get to 1ˢᵗ min angle
it would have to pick up some
unknown momentum Apy
and can write sino tant DEI



a sp

pppppppp.gg
DyDpy h

whenyoudo the calculation using more
modern

techniquesofquantum mechanicsyou get
DXAP

DX is uncertainty in position
AP momentum along

this kind of relation ship is common

in Fourier analysisof signals
for wave particles it all has to do with the idea
that a wave is net a localized thing
butaparticle.is



current theory on what is a matter wave

wave function formatter wave 4 x t

this wave can be a simple periodic oscillation

4 x t Asin Kx wt for a free particle

it describes a particle w wavelength I
and req

w 2 If

but what is oscillating
4 is the amplitude for finding the
particle at position at time t

1412 is the probabilityof finding
the particle there then

where is the particle if it has a wavelength
and frequency

that's where uncertainty relation comes in

if you ionstrain particle to be in region DX
then you cannot know its momentum precisely

Ap 1 so as DX 30 Dp α and
as Δx Dp 0



DX ΔPx 412

Heffffamental to QM
you can not in principle know precisely
both position and momentum

also there's an uncertainty relation forenergy
DE At 512

cannot localize in time and know energy
precisely
The more localized in position the less

definite the momentum

Vice versa

But the theorgalso says more

The position momentum do not exist
until measured

only the probability forhaving some value
of position and momentum exist
The wave equation tells you this probability



It is not that you don't know position
momentum
its that a definiteposition adefinite
momentum do not exist

reality at subatomic quantum level

the onlything that exists is probability

This might seem odd orwrong but all
technology is based on it

Sq windioactive source

QM says
1 can not predict when source will decay
2 can predict probability as functionoftime
that has decayed

3 can make many measurements construct
probability compare w theory agrees



4 before measuring decay is not a valid
concept particle is in a superposition
of decayed and not decayed

state ofdecayed or not only is real
once you make the measurement

this is called collapse of wave function

Schrodinger cat we still don't agree about it


