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housekeeping

Starting grading book reviews. Some tips for the second one:
1. "novels" are fiction. these books are not novels!
2. Please, please put the book title and author in the heading of your report

3. Many of you did not "reserve” your book, so | had to constantly edit the
Googledoc.

4. Treat it like a university paper. Make it look decent, please? That means
formatting, a title, your name, the date...

5. and...proofread.

Grades to date: Projects, quizzes, notes in a pdf in the slides area
the rest of your grades are in LON-CAPA or MasteringPhysics

The "redshift homework problem."”
this Saturday
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particle:

symbol:
charge:
NESY

spin:

category:

7
O
O
1

an intermediate vector boson,
a messenger particle




interference
of light

Single Slit Diffraction

and diffraction at PRTTHL 0N .
the Same tl me “‘ r. STEE S s Double Slit Diffraction \

1
i

was light,
it’s dark




finally,
1918

Planck got his due

‘> Nobelpriz

Nobel Prizes

About the Nobel Prizes
Facts and Lists

' Nobel Prize in Physics
All Nobel Prizes in Physics

Facts on the Nobel Prize in
Physics

Prize Awarder for the Nobel
Prize in Physics

Nomination and Selection of
Physics Laureates

Nobel Medal for Physics
Articles in Physics
Video Interviews

Video Nobel Lectures
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Nobel Prize in Physiology or
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Nobel Prize in Literature
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The Nobel Prize in Physics 1918
Max Planck

The Nobel Prize in Physics 1918

Max Planck

£
Max Karl Ernst
Ludwig Planck

The Nobel Prize in Physics 1918 was awarded to Max Planck "in recognition of
the services he rendered to the advancement of Physics by his discovery of
energy quanta”.

Max Planck received his Nobel Prize one year later, in 1919. During the selection
process in 1918, the Nobel Committee for Physics decided that none of the
year's nominations met the criteria as outlined in the will of Alfred Nobel.
According to the Nobel Foundation's statutes, the Nobel Prize can in such a case
be reserved until the following year, and this statute was then applied. Max
Planck therefore received his Nobel Prize for 1918 one year later, in 1919.
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relation alert:

refers to: E=nhf

Energy of radiation comes in a
discrete amount for each frequency

example: photoelectric effect




constant of
nature:

Planck’s Constant, h

value:

units:

usage:

h = 6.62606896(33)x10-34 J-sec

Energy - time

everything at atomic and smaller
sizes




Nobel
Prize 1in

Chemistry

1908

which greatly amused
him

and went on

to do his best work
after his Nobel...very
unusual

> Nobelprize.org

The Official Web Site of the Nobel Prize

Nobel Prizes

About the Nobel Prizes
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Nobel Prize in Physics
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All Nobel Prizes in Chemistry

Facts on the Nobel Prize in
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Prize Awarder for the Nobel
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The Nobel Prize in Chemistry 1908
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1908

Prize category: Chemistry | 4

The Nobel Prize in Chemistry 1908
Ernest Rutherford

¢ The Nobel Prize in Chemistry 1908

Ernest Rutherford

Ernest Rutherford

The Nobel Prize in Chemistry 1908 was awarded to Ernest Rutherford “for his
investigations into the disintegration of the elements, and the chemistry of
radioactive substances".

Photos: Copyright @ The Nobel Foundation
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1899: he
carefully

isolated 2
components of

radiation:

one stopped by
thin aluminum

one highly
penetrating

and one more

and figured out another
found in 1903:

negatively charged,
passes through
matter relatively
easily

b

beta rays

q
— —)p electrons

™

neutral
gamma rays

positively charged,
easily stopped in

matter

alpha rays

—_—) 2 X H atom

l

Helium nuclei

S [=

12



beta particles,

jargon alert: ,8 (old name for an electron)

refers to: the emission of an electron in the
decay of some nuclei - beta decay

entomology: alpha, beta,...

example: Carbon-14 — Nitrogen-14 + e




alpha particles, «

jargonalert:  (old name for a Helium nucleus)

refers to: the emission of a Helium nucleus in
decay of some nuclei - alpha decay

entomology: alpha, beta,...

example: Uranium-238 — Thorium-234 + e




-
—————ee———

=

He had the JJ Plum pudding...smear of positive
charge - tiny individual deflections

solution
the Rutherford Model of the atom:

after 2 ye ars Matter consists of hard-cores of positive charge.

of work The nucleus is tiny: most alphas go right through...
only direct “hits” recaoil.

The electrons? Somewhere around the outside?

he found: ©.

That’s problematic, the

1911: that the Atomic Ie) E electrons would
Number was +Ze accelerate...and

radiate.

and made a model of

the atom... E

a “spiral of death”

15



finally

the 1921 prize,
given in 1922

not the Nobel’s finest
hour.

Nobel Prizes

About the Nobel Prizes

Facts and Lists

» Nobel Prize in Physics

All Nobel Prizes in Physics

Facts on the Nobel Prize in
Physics

Prize Awarder for the Nobel
Prize in Physics

Nomination and Selection of
Physics Laureates

Nobel Medal for Physics
Articles in Physics
Video Interviews

Video Nobel Lectures

Nobel Prize in Chemistry

Nobel Prize in Physiology or
Medicine

Nobel Prize in Literature
Nobel Peace Prize

Prize in Economic Sciences
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Nobel Laureates Have Their Say

Nobel Prize Award Ceremonies

Nomination and Selection of
Nobel Laureates
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The Nobel Prize in Physics 1921
Albert Einstein

The Nobel Prize in Physics 1921

Albert Einstein

Albert Einstein

The Nobel Prize in Physics 1921 was awarded to Albert Einstein "for his services
to Theoretical Physics, and especially for his discovery of the law of the
photoelectric effect".

According to the Nobel Foundation's statutes, the Nobel Prize can in such a case
be reserved until the following year, and this statute was then applied. Albert
Einstein therefore received his Nobel Prize for 1921 one year later, in 1922.

Photos: Copyright @ The Nobel Foundation
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remember
the
formula

Einstein’s
extension of
Planck’s idea
to a statement
about the
nature of light
itself

the higher the frequency

| = hf the higher the energy
the lower the energy

the lower the frequency

< Increasing Frequency (V)

1?24 1?22 1?20 1(')18 1916 l(|)l4 l(|)12 1910 l|08 1|06 1I04 1|02 l|00 v (HZ)
Y rays X rays [OAY IR Microwave |FM AM Long radio waves
Radio waves
| [ | | | vl [ | | [ | |
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______________ ——— Increasing Wavelength (A) —
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-
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Visible spectrum

1 1

400 500 600 700

remember about waves: U — )\f

U =C forlight

F=3

ne larger the wavelength
ne smaller the energy

ne larger the energy

~ e~ e~ o+

ne smaller the wavelength 7
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Prize Awarder for the Nobel
Prize in Physics The Nobel Prize in Physics 1922
Nomination and Selection of Niels Bohr
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y Video Nobel Lectures
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Swiss HS teacher:
Johowmn Balmer |88
LounA by Frial oamA evvov:

1 1 1
B >
A 22 n?

Rydbevg Coustomt R =1.097 x 10" m™*

*"/\o\*'juﬁ' sat Hheve as o cuviosity

n=3J3,4,9,...
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|. Theve ave electvon states im am atom
Hhat Aow't vadiate: “stationavy states”

what
Bohr
did, 1/2

two
assumptions

2. Auy vadiation or absovption of light

covvesponds to am electrom making o
trawmsition between two stationavy states.

21



h . Plain, olA Newton centvipetal fovce plus the
what Counlomdb force between + amd - chavges

Bohr "
Cev\hﬂpe%-o\\ Fovce™

did, 2/2 ; Fc 1 provided by
: ) 4—(9

Counlomb’s Fovce
Newton +

Maxwell +
Planck

N. ‘ﬁ
~ . -
------

2. But: he assumed tHhat Hhe momentum in
the ovhit is “quomtizeA”

h
L=rp=rmv= n— n=1,2,3,4,),...
27
3. Solved Pov E, v, v omd the enevgy

Aitfevence between stationavy states




results

for each orbit:
a NUMBER, n
FIXED radius

FIXED velocity

agp — 00529 11111 “Bo‘/\v Ro\a\iu\g”
whew w=1,.lowest

1 =13.6 eV the evnevgy of H
ground state ,,

FIXED energy




look at a

particular

transition

O
A \he/\ 22 p2

just & nvumbery, ..

24
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Visible spectrum
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the ‘‘Bohr
Formula’’

atoms with Z
protons and
electrons...and
one lone electron
outside
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the agreement with
experiment

was game-changing

while simultaneously making no physical sense!

27
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The Nobel Prize in Physics 1929

About the Nobel Prizes €= Printer Friendly [ Share Tell & Friend CQ Comments
Facts and Lists 1901 2012
- . . = ————— 1929
» Nobel Prize in Physics o :
i | i — rze ca ory: i :
All Nobel Prizes in Physics Sort and list Nobel Prizes and Nobel Laur €gory:; Physics
Facts on the Nobel Prize in . . .
Physics The Nobel Prize in Physics 1929
) Louis de Broglie
Prize Awarder for the Nobel
Prize in Physics The Nobel Prize in Physics 1929
Nomination and Selection of Nobel Prize Award Ceremony

Physics Laureates
) Louis de Broglie
Nobel Medal for Physics

Articles in Physics
1 : ! Video Interviews
Video Nobel Lectures

Nobel Prize in Chemistry

Nobel Prize in Physiology or
Medicine

Nobel Prize in Literature
Nobel Peace Prize

Prize in Economic Sciences

Nobel Laureates Have Their Say X . "
Prince Louis-Victor

Pierre Raymond de

Nomination and Selection of Broglie
Nobel Laureates

Nobel Prize Award Ceremonies

The Nobel Prize in Physics 1929 was awarded to Louis de Broglie "for his
discovery of the wave nature of electrons”.

Photos: Copyright @ The Nobel Foundation




t he photons: electrons:

momentum A= — de=— A =

of an

electron A ;-

related to the ~ / e |
wavelength of an PR RRN Lff ,,.-"‘ "
electron ..ome deBroglie wavelength Sl {,." '."

the wavelength of an o ohil']
electron?? :




this relation will be 1mportant

relating the wavelength of a guantum object

to Its momentum h

"deBroglie relation” )\ m———

P




J’S son

GP
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Facts on the Nobel Prize in

Physics The Nobel Prize in Physics 1937
Clinton Davisson, George Paget Thomson

JJ got the Nobel
for showing that
the electron exists e e e—

) George Paget Thomson
Nobel Medal for Physics

Articles in Physics

and Is a particle

Video Nobel Lectures

Nobel Prize in Chemistry

Nobel Prize in Physiology or
Medicine

( ; P Ot t h e N O b e | Nobel Prize in Literature
g Nobel Peace Prize
Prize in Economic Sciences 1Y
° Nobel Laureates Have Their Say H
for showing that ST cinen o oo oge
Nobel Prize Award Ceremonies Davisson Thomson
the electron is a

wave

Nomination and Selection of o . o ) )
Nobel Laureates The Nobel Prize in Physics 1937 was awarded jointly to Clinton Joseph Davisson

and George Paget Thomson "for their experimental discovery of the diffraction of
electrons by crystals”

Photos: Copyright @ The Nobel Foundation
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particles as waves?

deBroglie suggested how:

they should exhibit diffraction

1927
Davisson & Germer P 6

a “slit” appropriate for
X-ray wavelengths

JAUME NAVARRO

A HISTORY OF THE

JELECTRON

J.J.and G. P. Thomson




1n one S
picture

electrons!

both the particle

A Aemonstration 1s wovth | 0% wovAs

features of
electrons

the diffraction
pattern



http://www.hqrd.hitachi.co.jp/em/doubleslit.cfm

Quantum Mechanics born of some anxiety

the lack of radiation of Bohr’s
accelerating electrons was still a
problem: Bohr knew it and figured

there would be a more complete what in the world is an electron in
answer. deBroglie’s scheme?

There was mugt that was ad hoc a not believable
both in|Bohr’s approach|and|deBroglie’s

however, the experimental situation made it clear that the broad
suppositions of both had to be a part of the truth.

Quantum Mechanics, proper was the child of 3+1 people:
Werner Heisenberg - 1925; invention #1

Erwin Schrodinger - 1926; invention #2
Paul Dirac - 1925; showed #1 and #2 are equivalent
Max Born - 1926; gave the modern interpretation

34




the breakthrough

from an unlikely source

Erwin Schrddinger




where do you look for your
keys 1n the dark?

Schroedinger was an expert

In the mathematics of waves

EM waves, material waves, fluids, elastic media, sound...



http://as-sonya.blogspot.com/2011/03/iconography-associated-with-thriller.html

the quantum 1idea:

made use of integers

so do complicated waves

37



what 1s There can be classical states:

the
‘‘state’ of

a

Let’s call the “state” of the
drumhead, S...which is a function of
time and space.

The value of Sis the height above
the plane.

‘‘regular”’

system

drumhead
mechanics

forces
a function:

you give me a time initial state at xo, yo, to

and a position In & energy

Space a.t any
time, all

I"ll give you the over the
surface

"'state” of the system .




integers agailn

M=o f=oo
. . . ®,."
u(r,)= Y, Y [(A,fcosw, tH# B, sinw,, t)cos O+ (A, cos®,,t + B, sin®,,t)sin 0]/, (—-)
N
m=0 k=0 ’

Solutions for the vibrations of a drumhead, or a violin string, or that vibrating hoop...

Forget the details...just notice the mixing of lots of waves...the m’s and k’s? Integers.

Here are some of these infinite modes of vibration as described by some of the functions (white and brown are moving in opposite directions

(the drum is clamped down at the edges)

these are both m=0 modes these are both m=1 modes

39



Schroedinger “solved” a drum-head-like equation for the
hydrogen atom

Discrete, vibrational modes...

terrific

However, he was in for a surprise -

Brave guy: worked in the alps over Christmas 1925 with
his girlfriend while his wife stayed in Zurich.

what's waving???

The surprise, is that the mathematics required
that the state of such a system had to be

S — E—

Solutions: the Bohr atom bang-on.
but with a twist. 40




the ‘‘quantum field”

"nsi"...also called the "wavefunction”

the "state" of something.

The "Schroedinger Equation”

predicts its behavior in space and time

T,




what 1s
the
‘‘state’ of

a quantum

I Schroedinger
equation

forces

S y stem initial state at xo, yo, to
& energy
at any
time, all
over the
Schroedinger didn't volume

know what it was

but he could solve the
equation
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forces can be of two types _ -
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i Schroedinger
equation

attractive, bound forces...

sl R R e =

I

with negative energies - atoms

free forces

with positive energies...often the forces of other particles - particle
physics




what 1s
the
‘‘state’ of

a system

Schroedinger
equation

Coulomb’s Law

initial state at xo, yo, to
for an electron & E.

and proton at any
time, all

coupled by the over the

Coulomb’s Force? volume
[ ]
Energy level diagram
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WHAT?’S WAVING??

"wavefunctions”

...but they’re imaginary!




Schroedinger
had to work
with real

quantities

built from the

guantum field
function

With only a half-baked clue of what he was doing.
Remember what imaginary quantities are?

i:\/—l >A:CL—|—Zb

has both real and imaginary parts

Nature... does “Real.”

So, Schroedinger created a real number out of )
The “complex conjugate” of Ais: A™ = a — b

And a real combination of them is the “norm” | A |2

AA* = (a+ib)(a — ib)

Schroedinger thought that |¢‘2 might refer to the

distribution of electrons’ electrical charge. .



Sandy: Oh Danny, is this the end?
Danny: No Sandy. It's only the beginning.

e

“I am now convinced that theoretical physics

Is actually philosophy.”

T —

—
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probably, 1t’s probability

Where Max Born (Olivia Newton-John’s grand-dad) comes in

|1 |2 is the probability of finding the electron

a measure of the likelihood that an electron will be at a given place at a given
time...that’s all we can know

then: no radiation problem...since the electron is not actually orbiting

We calculate the shape of its probability density
a probability

The concept of normal matter disappears, never to return
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Q,

slice through the probability depsgit f Hydrogen

the Bohr radius - the
| most probable radius
pm 50

from Schroedinger

AN
| and Born
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Square these:

Y(z, 1)

Electron wave functions of atomic hydrogen R, ,(r)
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W& o*
the weirdness

of guantum mechanics

52



I°’m now uncertain.

This probabilistic interpretation stresses your intuition

Intensely pursued by Heisenberg, who in the best Einsteinian
tradition, asked a simple question:

what’s involved In measuring something...?




this relation will be 1mportant h

relating the wavelength of a quantum )\ —_— —

object p

to 1ts momentum




enough

1t was
A particle is HERE:
hard
P

— TNU

for photons

but for an electron? A wave is EVERYWHERE:

The deBroglie hypothesis:

of given momentum

~h
also has p o )\

a single wavelength

55



immediate

implications

wavelength and
momentum are
inversely linked

56



immediate

implications /\/\/\/\/

B h
p2—>\2
P2 < P1

long wavelength: low momentum

57



immediate

implications

B h
Ps—)\g
P3 > D1

short wavelength: high momentum

but & pure momentum:
one wawvelength, one
Aefimitive momentum

58



S upp ose Where’s the electron?
we trap

somewhere here:

-—>

an electron

how to locate it better?




S upp ose Where’s the electron?
we trap

somewhere here:

-—>

an electron

make the trap smaller




S upp ose Where’s the electron?
we trap

somewhere here:

-—>

an electron

how to locate it better?




S upp ose Where’s the electron?
we trap

somewhere here:

-—>

an electron

make the trap smaller

The wavelength is shorter...
D= — So the momentum is higher!

A




an l1nevitable trade-off

In order to make the location more precise

you pay the price that its speed is higher




Helsenberg Uncertainty
Principle

64



the Helsenberg Uncertainty Principle

was from 26 year old Werner Heisenberg
an enigma

Inventor of many important concepts

did he save the west from a German
nuclear bomb?

or the opposite?




measuring something...

you have to "look" at it

by eye or some external, intermediate probe

remember for waves what determines the scale?

wavelength

What if the object is atomic sized or smaller? ... what is it to "look"??




Helsenberg
Uncertainty

... really!

how do you
NEERICERE
trajectory of an
object?

look at it in Time

— bounce light off it

Sweet spot for identifying an object:
need A ~ size of the object
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uncertainty - sometimes called ‘‘indeterminancy’’

Try to “see” and electron.
Electrons are small.
So...need light wavelength small.

}AQZ‘ ~ A\ So, make ) small to reduce Az
N Photon diffracts by
R N @j‘? the electron L
| \ “barrier” and blurs But, p = — makesp large!
the electron A
position by h  sonow
_ about the amount Ap ~ —— knowledge of
Gedankenexperiment Ax
of the photon the
wavelength momentum is
blurred
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there 1s no way to beat this:

one cannot make a simultaneous arbitrarily precise
measurement of position and momentum

69



but here’s the hard part

this inability to determine position or momentum to
arbitrary precision

IS not about poor instruments

It. Is. About. Nature.




relation alert:

refers to:

example:

AzAp>h & AtAE > h

an inherent property of Nature

objects to not possess precise
position and precise velocity at the
same time.
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| A measurement cannot be

and premse momenkun:
| Objects in Nature dont
| possess those

a new way w ;
- proper&es..

—

Of thinking and doing science

we lose another classical, unchallenged scenario

-

=
<
"‘\

made of both precise position b

- -

-

~

)

4

N\



there 1s no such thing as a precise
trajectory

fr

and a measurement Is not isolated .. mm.,.w

from the thing being measured o B , WRammEE

which is where new-age-y analyses of
physics go off the rails




get real

| got pulled over for doing 105 mph*

The state police use radar

~20 GHz, A ~ 14cm

How uncertain was my position?




instead of midlife-crisis sports cars

how about:

a proton at 0.9c

what’s its position uncertainty?




the whole story

for technical reasons, we use:

plus

the other form:




one more...

from the Bohr model, the speed of the electron is

~ 2 X108 m/s — let’'s use non-relativistic momentum:

for for an electron:

So, the size of the atom is

consistent with the electron
being smeared all over the “fixed”
Bohr radius.

probabili

o
o
3

U

o




The “electron cloud” in a bound system is sort of...visualizable

I°’m dancing around a tough question

But, If particles are waves and If waves are "everywhere"

...what's the "particle” in Particle Physics?




ulzt) o Yelzt) i@, t) +4a(z, t)
ﬁ ﬁ ﬁ A n ”
YANNNAN |
+ =
VvV VvV VY |

But, remember that what’s real about the quantum fields is the square: |y (z,t)|?

1 (2, t) + Yoz, t)]?

notice the peaking

(I've changed the heights)
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add quantum field functions - more terms

Gwl(az,t) -+ wg(CC,t) T ...wzo(x,t)‘a Gzpl(x,t) + wg(x,t) -+ ...¢5Q(I,t)’2]

20 teH-ms 50 tﬁrms
2 ——— s 2 —

- e iy ) IR S O /o S
3 2 1 0 1 2 3 -3 -2 -1 ( 1 2 3

@1(33, t) + Ya(x,t) + ...0020(x, @ Gbl(x, t) + oz, t) + ... 050(, t))

peaking is even more
pronounced

(I've changed the heights)



add quantum field functions - more terms

Gwl(az,t) -+ wg(ﬂﬁ,t) T ...wgo(CE,t)‘a 6¢1($7t) + wg(x,t) -+ ...¢50(513,t)’2]
9 . C 9 9 - = N C =1 C
= wip o = : =d J) d U 9
JLC =l C c =10 0

(e o)+ mterd) (o) ot vt

peaking is even more
pronounced

(I've changed the heights)
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a classical particle (dot) and its wavefunction

waves of different
wavelengths?

different momenta

Helsenberg Uncertainty Relation at
Work again 06 —04 02 0).(0 02 0.4 0.6

called "wavepackets"




the larger the momentum spread

the smaller the localization

“particles” are more particle-like at large momentum




THAT'S WHY'WE CALL IT
“PARTICLE'PHYSICS” and not
“wave physics”



The Schroedinger Equation 1s precisely,
predictive

There is no ambiguity in how the quantum field evolves

the only measurable is its probabilistic feature...

s the quantum field function - the wavefunction - real?

| don’t know. It cannot be observed...so moot.

Does it work as a description of Nature?

absolutely...to exquisite precision




1911 Solvay Conference




Einstein: “God does not play dice.”
Bohr: "Einstein, stop telling God what to do." snap.



Nature’s little joke

IS encapsulated in a famous Feynman-description
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