Statement of Solidarity by MSU faculty and
staff with respect to students and
immigrants at MSU:

We the faculty and staff of MSU, stand in agreement with President Simon’s calls for support
of all students and our values of diversity. President Simon stated: "Our students and
scholars come from around the world to become Spartans, and then return to the world to
make it better. We must not allow fear to change the nature of who we are.” We declare our
solidarity with all our students, including those who are immigrants, refugees, or children of
Immigrants. We will not collaborate with federal forces or agencies seeking to establish the
legal immigration status of students or facilitate their apprehension or deportation. We
support completely their attempts to remain here as students pursuing a higher education
and their drive to make a better life for themselves and contribute to the future of our country
and the world.

T34 MSU faculty omd | ave siguatories.
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housekeepin

Question about anything?

I’'ll make a movie for you:

Marie Curie movie anyone?

March 29: 6:30pm, BPS 1400
penultimate pizza poll pace peaked & pegged Chip Brock created 2 poll

& March 23 at 2:51pm

Fa ke Fa C e b O O ( i S d u e A p ri | FO o I S D a y. te e h e e We'll watch Madame Curie, Wednesday evening, March 29 at 6:30pm in

BPS 1400. I'll buy pizza. You supply fluids. The movie is 124 minutes long.
(How long is that as a spacetime coordinate?)

Blog read-reflect project has started. it stinks et s oo

https://www.youtube.com/watch?v=PrURyPLBV44

Next week’s homework: back to MasteringPhysics toe e iicia orghwikiMadame.Curi. i)
~| 2 pieces pepperoni +7
Manuscript chapters: N
. ~1 3 pieces cheese! +3
man_waves_up and man_quantumil_up In ) 2 pieces cheese ;

1 ] . 1 pi h
http://www.pa.msu.edu/~brock/file sharing/QSandBB/QS&BB manuscript/ prace cheese
1 piece pepperoni
1 piece of each

Add an option...

e Seen by 58




Honors Project

has begun. First milestone was last Friday.
Read the Second of two sets of instructions:

MinervalInstructions2 2017.pdf In

www.pa.msu.edu/~brock/file sharing/QSandBB/2017homework/honors project 2017/



http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/honors_project_2017/

ohe more tool

waves




a wave 1s

d d | St U rba Nnce. one part is stretched, but the rope’s tension restores it -
and K is passed on to an adjacent part

a way to transmit
energy

without
transmitting matter

the disturbance moves with velocity U =

T
P

SHPPev - \Do\s%-ev
lighter - Laster



2 kinds
Of waves Lo gtd al SOUND
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j us t Some maximum height of the disturbance: “Amplitude,” A.

“Intensity” is ~ A?
facts, AT

time

. \ J \ J \ J \




relation alert:

refers to: T )\f

middle C~ 4 ft (=1.2 m) wavelength

example: f=262 Hz, so speed of sound:

v=1.2x 262 =314 m/s




what
characterizes
a wave’?

different from

a material
body?

a material object is

here.

a material bounces

doesn’t pass through.

waves go right
through

one another

blue or red

blue + red

a wave Is

everywhere.




for waves?
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that’s
right

Interference

can always make

a third wave out
of the sum of two
waves




for us, two

traveling waves

standing waves

kinds

13



Standing

room only

"standing wave"

the sum of two
traveling waves
moving in opposite
directions

1o
0.5
..........................

b -4 L 4 b
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'2 —
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..........................

-6 -4 4 é
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Quantum Mechanics




SO...all

tied up 1n a

nice
package, Mr
Michelson?

notsomuch

we got matter falling
apart in radioactivity

we got the Michelson
Morley Experiment
showing no Ether

we got Blackbody
radiation all messed up

The more important fundamental laws and facts
of physical science have all been discovered,
and these are now so firmly established that
the possibility of their ever being supplanted
in consequence of new discoveries is

exceedingly remote. = A.A. Michelson
Light Waves and Their Uses (1903

EE—
16




in the
1890°s
things were
heating up

| mean, literally.

Gassan Sadatoshi

color =
temperature

why?



http://www.howstuffworks.com/sword-making.htm/printable

AT

n temperature

amount of each wavelength: O NL

jargon alert:

(o)

"Blackbody radiator”

A little more complicated - glass, metals, soot...all behave differently

Basically think of a “Blackbody Radiator” as a perfectly absorbing, perfectly radiating substance.

18



jargon alert:

Black Body Radiation

refers to: A thermal absorber that perfectly absorbs all
wavelengths of EM radiation and emits
according to its temperature

entomology: “black” in the sense of a perfect absorber...no
reflection
example: A cavity with a hole, a near-black object, a

star...




)

1076 nm -

10-5 nm + i
Gamma

104 nm -~ rays

everything radiates 10 m 1

|

10-2 nm +
10-1 nm + 1
X rays ”
1 nm+ 400 nm
10 nm + Ultraviolet Violet

Blue
Green

radiation

'

eve rything, 100 nm 4

103 nm=1um -+ Yellow

L.

Visible light | Jrange
Red

\ Infrared 700 nm

radiation

|

10 um A

Wavelength

100 um +
1000 um =1 mm +
IOmm=1c¢cm+ Microwaves

10 ¢cm +

100cm=1m-+

'

10 m -

O0m + ;
100 m Radio waves

1000m=1km

10 km +
100 km +
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temperature scales

Water - o __; ,:
boils = LLE i

| 50°C

water freezing - boiling - absolute zero j| TV

The US go-it-alone scale: Fahrenheit by e |

freezes

-100°C
--150°C

+ (32°F - 212°F - —459°F)
The rest of the world: Celsius (or Centigrade) R BCRe
« (1°C-100°C --2/73°C) bl ||

Z8ro

The scientific community: Kelvin ) 5 &
« (273 K-373K-0K) Fabreabei o i

(Centigrade) (Absolute)

l ~ (solid CO,)
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everything with a temperature radiates
electromagnetic waves

0.8 p—w N
NASA/IPAC
G.6p
>
o
-
)
-
LLI 0.4
> ¢
= 76.4
7y}
-
)
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e.2p
0.0 —n - - - - n - - - - n - - - - n - - - - n - - - = |
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Am

about 1 x 10”m, 10 microns: infrared i
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200000
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Density Energy

Sun’s warmth?

0000000
0000000
0000000

0000000

notsomuch

0000000

Sun, 5780 K

1,000,000 x Body, 310 K

00000000000000

Am

0000000

0000000
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a range

of wawelengths for each temperature

1500 K \
hot five
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what would [l

Maxwell’s

theory
S ay ? falls at short

wavelengths!

NONSENSeE.

a major problem.

Imagine a cavity with
radiation inside

0 M 1Y Y fallsatlong

4% Y wavelengths

100 8
1
1

e " G §
i : ] Y ; i
e
i} \

i b i

Energy, arbitrary units

60 -

Wavelength,

long wavelength —
<+ high frequency

AVAVAVAY

Maxwell-like theory:

no limit to the number of
different short wavelengths
(= high frequencies) that
could fit

29



a universal phenomenon...

Why iIs there such a strict relationship between
temperature and color?

Heat seems to be related to
Electromagnetism...independent of the material.




the solution to heat radiation

came in 1900

and then expanded in 1905

Max Planck
1858-1947

one of the good guys




falls at long
wavelengths

Planck could only get a turnover,

and falls at

solution short

wavelengths

é

If he restricted energies of emitted
electromagnetic radiation

“bundled energies”

-}\ y ik Wavelength, u
i E B,
J—_— Bl L
|; — EEEEH-_ :
(R

HE
_ zﬁw&ﬁ'ﬁ = VUV = )\f
= N E? _'.::f_:

-"I
f'--r'ﬂ"'_



what 1n the world does that mean?

Good question:

"It was an act of desperation. For six years | had struggled with
the blackbody theory. | knew the problem was fundamental and |
knew the answer. | had to find a theoretical explanation at any
orice..."




Energy of radiation 1s parceled 1in

particular amounts

Planck: "bundles

Philip Lenard 1902: "quanta”

Planck’s Law: E — nhf

Jitsy bitsy...n is an integer




energy of an Before Planck: E(C]assjcal) ~ F?
electromagnetic ——— 2 “E's” going on...this

wgrn - : one’s Electric Field
2 “E's” going on...this .
Wave one’s “energy”

before 1905 E TI\/\/\/\/\/\’
: physics is
classically h often called
“classical electric field vector

and physics” magnitude E could be
—— any amount

Planck

After Planck: FE(modern) = nhf

1 “E” going on...just 3h
Henergyﬂ

35



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)x1073* J-sec

Energy - time

everything at atomic and smaller
sizes




for a given frequency (wavelength)

E =nhf

the only energies that can be radiated:

1hf, 2hf 3hf, 4hf....

So, for 10 micron infrared wave, E = n(3 x 107'3J)

E'smustbe=3x10"J 6 x10"J, 9x 1073 J...

that is: 5x 103 J 7.8 x 1073 J etc are not possible




1t’s as 1f

no matter how hard you pump

your amplitude is choppy




the lack of light at LN
short wavelengths 1;1 6 AVAVAVAY

= high frequencies? |||

a maximum E, depending on temperature

classically,
all frequencies are probable

Classical radiation theory
predicted an infinite amount
of energy at high
frequencies....the “Ultraviolet
Catastrophe”

40



the lack of light at the short wavelengths

= high frequencies?

But, for Planck: n=38
n=">7, :
a maximum E,
e nhf N=6 depending on
n=5 temperature
A Energy 4
3
2
1
| I | I
frequency

1 )

The number of high frequency oscillations are much fewer
than low frequencies:

each quantum has more energy...but there are fewer of them.
41




electromagnetic

waves
can still be anything

the radiator walls
"guantize" emission

EM can be any frequency
radiator (the container wall)

can produce only particular
frequencies

VW

Not a statement about EM!
A statement about the material

radiators of energy!

42



perfect

analogy

sound can be any frequency
piano can produce only particular frequencies

Not a statement about sound!
A statement about pianos!

43



. ﬁ"

ALBERT = ©
EINSTEIN ¢ e

He’s Back



perfect

sound can be any frequency

piano can produce only particular fregfg@hcies

analogy

KKy
\.\

4
A) p
F/ '
f
V4 ’
[ = o ‘
J

Not a statement about sound! %
A statement about pianos!

5
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Einsteiln Planck’s bundles are not about
sald: the walls...the radiators

It is a statement about light

(electromagnetism)

In that famous 1905

Light is itself “quantized”

“photons,” Y
. they have no mass




hold the
phone.

How could things so
opposite be combined into
one reality?




Einstein was
motivated by
experiment:
‘‘photoelectricity”

found by Hertz in
his confirmation
of Maxwell’'s
waves

Ultraviolet light
causes electrons to
stream from surface
of some metals

electrons

frequency

The facts:

1. no electrons until a particular frequency

then, with higher frequency they come
out with more energy

The light-wave
expectation:

huh?

43



Using Planck’s formula

E = hf
It makes sense.

the electrons are bound a little...so, they get released above a
particular f - a particular E is required

The intensity is just more and more photons kicking more and more
electrons




photoelectric
effect

everywhere:

photodiodes

photocells

packed into "pixels"
and arrays of pixels:

The facts:

1. no electrons until a particular frequency

then, with higher frequency they come
out with more energy

The light-wave
expectation:

huh?

that’s a current




remember
the
formula

the higher the frequency

| hf the higher the energy
the lower the energy

the lower the frequency

<— Increasing Frequency (V)

1924 1922 1920 1?'8 10'6 10 10'2 19‘0 1|08 1|06 1|04 1|02 1|00 v (Hz)

Y rays X rays uv IR Microwave |FM AM Long radio waves

Radio waves

| | | | 1
10 10 102 10710 10 ) 10 107 1072 10° 102 10* 10° 108 A (m)

- -~ -
- -
- -~ -
- -
P
-
-

.- Increasing Wavelength (A) —

- -
-
- -
-

-
-
-
-
-
-
-
-
-
-
-
-

! Visible spectrum -

400 500 600 700

-
-~ -
-
-~
-~ -
-

remember about waves: U — )\f

U =C forlight

"=

ne larger the wavelength
ne smaller the energy

ne larger the energy

~ e~ e~ o+

ne smaller the wavelength -



Einstelin made
a prediction:
treat 1light
like billiard-
balls

and cause
collisions

like particles

the photon loses energy

vy+e—q +¢

@

Y — €

the electron gains energy
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longer wavelength - lower energy

AV

this
seals the
deal

"Compton Effect”

measured in 1923

I
i Broken line, spectrum of
; : primary X-rays from ¥o.

Mo Xerays soattered at
90° by graphite,

. / /
/\{" i Yy+e—vy +e

o folid line, speotrmm of
i
of &

Intecslity, Arbitrary units —sp

k‘-&oto.mi(-nt)
*""“Zmi:mm)

Called: Compton Scattering

o Eashould be < Eg sO Aa > Ag

o 1 & 38 4 & & 7 8 © 10 11 18 13 14 18°
Jlancing angle from Caloite —

Fig. 4. Spectrum of molybdenum X.rays scattered by graphite, compared with the
spectrum of the primary X-rays, showing an increase in wave-length on scattering



| played with his

grandson as a kid

which | find
absolutely bizarre

"*Nobelprize.org

The Official Web Site of the Nobel Prize

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 Nobel Lectures

Nobel Prize in Chemistry
Nobel Prize in Medicine

Nobel Prize in Literature
Nobel Peace Prize

Prize in Economic Sciences

Nobel Prize Award Ceremonies

Home

FAQ

Press

Contact Us

The Nobel Prize in Physics 1927

€= Printer Friendly @ Share Tella Friend | Comments

‘ E—— ] 1927

Sort and list Nobel Prizes and Nobel Laureate | 2 Prize category:| Physics &

The Nobel Prize in Physics 1927
Arthur H. Compton, C.T.R. Wilson

¢ The Nobel Prize in Physics 1927
Arthur H. Compton

C.T.R. Wilson

Arthur Holly Compton Charles Thomson
Rees Wilson

The Nobel Prize in Physics 1927 was divided equally between Arthur Holly
Compton “for his discovery of the effect named after him" and Charles Thomson
Rees Wilson “for his method of making the paths of electrically charged particles
visible by condensation of vapour".

Photos: Copyright @ The Nobel Foundation

TO CITE THIS PAGE:
MLA style: "The Nobel Prize in Physics 1927". Nobelprize.org. 7 Feb 2011
http://nobelprize.org/nobel_prizes/physics/laureates/1927/

Copy

Home

FAQ

Press
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~pm——t

o earc

Contact Us

N
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our second elementary particle, 1923

the photon (aka “gamma")

g

massless




particle:

symbol:
charge:
NESY

spin:

category:

7
O
O
1

an intermediate vector boson,
a messenger particle




Compton

scattering

Space diagram

Yte—a +e

space -y

space - X
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Compton N+e—A +e€
scattering

spacetime space - X
diagram

aka, Feynman
diagram

sssssss

this reaction will get a technical modification later

draw the Feynman
diagram for Compton
Scattering

time
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the
definitive

proof that

light acts
like

a particle.

How is that possible?

Particles come in whole sizes - no parts, no fractions.

Remember what “makes” a wave...

Waves interfere with one another.

What makes wave behavior in your life?

How about hearing around corners?

Stay tuned...as it will become weird.

59



the wavelength 1s the key

look at the relative sizes of openings and barriers

compared to the wavelength

First, think about water
waves, then about light
waves.



lmagine

t wO “plane wave”
shapes of

waves

from side: E—

on water toward beach

“circular wave”

61




waves

one tap

solid- crest
dashed - trough




interference

"crest’”: a peak

solid- crest
dashed - node




this 1s 1t

THE smoking gun of wave behavior:
Interference

2)

L3
L |

a

e
-
-

(&




keep those 1n mind

1and 2 taps




a p 1 ane a gap of about a wavelength-width
wave
lmp - ng 1 ng plane waves

on a gap

like 1 "tap"

like the 1-tap image

This is diffraction

Another smoking gun of wave-behavior
(as opposed to particle behavior)

T

...the bending of the wave around the opening.
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dramatic

1mages

from
oceans

67



now we know the answer

about hearing around corners

wavelength of sound? about Tm

middle C, f = 256 Hz

which is about door-sized
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the side where the
waves are coming

look «it it from the end

y

at you

ysnoul

15940

ysnoul

}S9JJ

ysnoul

15940

ysnoul

T

Intensity
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the
relative
size of

the gap

determine the
apparent
diffraction
amount

Increasing gap
relative to wavelength

that’s why
you can’t see
around doors




this 1s for water

close to the slits

for light...many, many wavelengths away from the slits...stuff happens




crest
trough

crest
trough

intensity

diffraction

with light

|

like that of water

wave height like

brightness

all across the width of the gap is light on the
projected wall

intensity of

light
—

Single Slit Diffraction

/2



now do something strange.

add light by opening another gap




interference
of light

and diffraction at
the same time

where there
was light, now
it’s dark

Single Slit Diffraction

Double Slit Diffracti

single slit
envelope

[
¥
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yet, Einstein suggested that waves and particles are spookily

connected together in one object - a particle of light

how’'s that work?




