Welcome to Quantum Mechanics i |

@ “The most important fundamental laws and facts have all been
discovered, and these are so firmly established that the possibility of
their ever being supplanted in consequence of new discoveries is
exceedingly remote. ... Our future discoveries must be looked for in

the sixth place of decimals.”
Albert A. Michelson (1894)
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Welcome to Quantum Mechanics 3

@ “The most important fundamental laws and facts have all been
discovered, and these are so firmly established that the possibility of
their ever being supplanted in consequence of new discoveries is
exceedingly remote. ... Our future discoveries must be looked for in

the sixth place of decimals.”
Albert A. Michelson (1894)

@ "l cannot seriously believe in the quantum theory..."
Albert Einstein

@ “The more success the quantum theory has the sillier it looks.”
Albert Einstein
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Mysteries that Quantum Mechanics Explained 4

Spectral lines

Photoelectric effect

Specific heat of diatomic gases freeze-out
Constant specific heat of metals

Blackbody radiation

Davisson-Germer
Radioactivity

°
°

°

°

°

o Compton effect
°

°

@ Atomic structure/nuclear physics
°

Why does the Sun shine?

The current list:
https://en.wikipedia.org/wiki/List_of_unsolved_problems_in_physics
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Some Metals Like It Hot (and some don't care).

Light transfers energy. The first figure

shows an apparatus for measuring this en-

ergy flow from a metal. The intensity of

light is described by the Poynting vector
1 -

S=—ExB
Ho

where E and B are the oscillating electric
and magnetic fields. Electrons are ejected
from the surface. Assume the energy re-
quired to eject an electron is Eg; and all
the light energy falling on the surface atom
goes into a single electron. What is the
rate of ejected electrons? What is the time
lag between when light first strikes the sur-
face and the first electron is ejected?

Jerry Gilfoyle

The Photoelectric Effect

Ultraviolet light causes the metal
cathode to emit electrons. This is
the photoelectric effect.
1 Light The photoelectrons
4 .. form a current
/ between the cathode
and the anode.

.|||+ —

The current can be measured
while the potential difference,
the light frequency, and the
light intensity are varied.

difference can
be changed or
reversed.
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https://www.youtube.com/watch?v=1PSGPw05xJ4
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Demo is here.

Disturbance in a medium.
Transmits energy and momentum.
Delocalized.

Superposition.

Features: T, f, \, A, v

yo(x, t) = Asin (kx — wt + ¢g)

p—r—
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Electromagnetic Waves
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The simulations are here and here.
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http://www.falstad.com/emwave2
https://www.compadre.org/osp/items/detail.cfm?ID=7903

What Happens When Waves Hit Holes? 9

The videos are here and here. The simulation is here.

Jerry Gilfoyle The Photoelectric Effect 6 /28


https://www.youtube.com/watch?v=egRFqSKFmWQ
https://www.youtube.com/watch?v=Iuv6hY6zsd0
http://www.falstad.com/emwave2

What Happens When Waves Hit Holes?
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The videos are here and here. The simulation is here.
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Double Slit Interference - 1
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Double Slit Interference - 2 12

A double-slit experiment is performed with A = 589 nm light and a
distance L = 2.0 m between the slits and the screen. The fifth interference
maximum is observed at a distance y = 4.0 mm from the central
maximum. What is the spacing d of the slits?

P

?é:v’ﬁ;/

% 0

- y & -
B Viewing screen

SN

The simulation is here.
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Rapidly Time-Varying Intensity Pattern

sin®(kr - wt +

0.0
Time
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Rapidly Time-Varying Intensity Pattern

12—
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0.0
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Predicted Double Slit Interference Pattern

Intensity
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Double Slit Interference - 2 16

A double-slit experiment is performed with A = 589 nm light and a
distance L = 2.0 m between the slits and the screen. The fifth interference
maximum is observed at a distance y = 4.0 mm from the central
maximum. What is the spacing d of the slits?

P

?é:v’ﬁ;/

% 0

- y & -
B Viewing screen

SN

The simulation is here.
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Measured Double Slit Interference Pattern
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Measured Double Slit Interference Pattern

60

a4

38

Light Intensity, ChA (%)

20

slit width = 0.08 mm
separation = 0.25 mm

Locations of double-slit % |
interference minima L 1

LEPTEETERERE LT

RISt

.W\,.“..—-.x'\/\/\"

0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 0.065 0.070
Position, Ch1&2 (m)

Jerry Gilfoyle The Photoelectric Effect

13/ 28



Double Slit Interference Intensity Pattern

Intensity

0
Angular Position
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Diffraction At a Single Slit

?";
40 R
I
| |
| {
[
—_ | |
§ 30 T
£ |
[v] |
= (I a=0.16 mm
2 30 -
[T ’ |
2 H—
E | 4
2 ||
= i |
=S ‘ 1
= F
| 1
1 t
J A
4 %
0 m.,ws.../\ hYJ 'vf\.-"\..-—

-0.06

The simulation is here.
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Interference and Diffraction Together

Green - Measured
two-slit interference

Intensity

Angular Position

Green - Measured Red - single-slit
two-slit interference diffraction

Intensity
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Unraveling Diffraction and Interference 22

A double slit interference pattern is shown below. The angular distance of
the closest bright spots to the central peak is shown in the inset. What is
the separation between the slits? What is the size of the each slit?

Measured Double-Slit Intensity

14}
12 0 [deg] A =650 nm
100 -0.58
é\ -0.28
;c; 8 0.00
£ 6l 0.30
0.56
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Some Metals Like It Hot (and some don't care).

Light transfers energy. The first figure

shows an apparatus for measuring this en-

ergy flow from a metal. The intensity of

light is described by the Poynting vector
1 -

S=—ExB
Ho

where E and B are the oscillating electric
and magnetic fields. Electrons are ejected
from the surface. Assume the minimum
energy to eject an electron is E.; and the
light intensity falling on a surface atom
goes into a single electron. What is the
rate of ejected electrons? What is the time
lag between when light first strikes the sur-
face and the first electron is ejected?

Jerry Gilfoyle

The Photoelectric Effect

Ultraviolet light causes the metal
cathode to emit electrons. This is
the photoelectric effect.
1 Light The photoelectrons
4 .. form a current
/ between the cathode
and the anode.

.|||+ —

The current can be measured
while the potential difference,
the light frequency, and the
light intensity are varied.

difference can
be changed or
reversed.
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Photoelectric Stopping Voltage

Calhotie\s Anode

AV = 0: The photoelectrons leave the cathode
in all directions. Only a few reach the anode.

[ ——

\__/

I} +
AV > 0: A positive anode attracts lhe

photoelectrons to the anode.

AV<O0:A ncgalwe anode repels the electrons.
Only the very fastest make it to the anode.
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Swimming Pool Model

Jerry Gilfoyle

The minimum energy to remove a
drop of water from the pool is mgh.

Wl
Water

oo
o

o,
.
.
e

- Removing this drop
takes more than the
minimum energy.

Adding energy to

the water and making
waves can cause a few
of the most energetic
drops to escape.

The Photoelectric Effect
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Classical Photoelectric Effect

A helium laser pointer has a power P =1 mW with a beam spot of radius
w =1 cm. You shine the laser on a piece of tungsten which has atoms of
radius r = 1.41 A and work function Ee; = 4.55 eV. Assume all of the
light striking a single atom gets absorbed. What is the rate of electrons
ejected from the surface? How long does it take for the first electron to
get ejected?
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Photoelectric Effect Data - 1

@ Current directly proportional to intensity.

A more intense light
causes a larger current.

1

Intense light ¢

No current flows
ifAV< -V

stop*

Weaker light

| AV
Vi 0

s The current becomes inde-
“ pendent of AV for AV > 0.
The stopping potential is the same
for intense light and weak light.

Gilfoyle The Photoelectric Effect




Photoelectric Effect Data - 1

@ Current directly proportional to intensity.

@ Current vanishes at Vsop regardless of
intensity.

A more intense light
causes a larger current.

1

Intense light ¢

No current flows
ifAV< -V

stop*

Weaker light

f t + AV
Voep o i '
s The current becomes inde-

pendent of AV for AV > 0.

The stopping potential is the same
for intense light and weak light.
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Photoelectric Effect Data - 1

@ Current directly proportional to intensity.

@ Current vanishes at Vsop regardless of
intensity.

© The current appears without delay when
the light is applied.

A more intense light
causes a larger current.

1

Intense light ¢

No current flows
ifAV< =V

stop*

Weaker light

AV

f T :
~Viwp o i '
s The current becomes inde-
3 pendent of AV for AV > 0.
The stopping potential is the same
for intense light and weak light.
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Photoelectric Effect Data - 1

© 0 060

Current directly proportional to intensity.

Current vanishes at Vi, regardless of
intensity.

The current appears without delay when
the light is applied.

Photoelectrons are emitted only if the
light frequency f exceeds a threshold f.

A more intense light
causes a larger current.

1

Intense light ¢

No current flows
ifAV< =V

stop*

Weaker light

S i f Av
Voep o i '
s The current becomes inde-

pendent of AV for AV > 0.

The stopping potential is the same
for intense light and weak light.

Jerry Gilfoyle

The Photoelectric Effect

No matter how weak
the light, there is a
current if /> f;.

. = T f

AN

No matter how intense the light,
there is no current if f < f;,.

Threshold frequency




Photoelectric Effect Data - 1

© © O©°

Current directly proportional to intensity.

Current vanishes at Vi, regardless of
intensity.

The current appears without delay when
the light is applied.

Photoelectrons are emitted only if the
light frequency f exceeds a threshold f.

Value of f; depends on the
metal.

A more intense light
causes a larger current.

1

Intense light ¢

No current flows
ifAV< =V

stop*

Weaker light

— | Av
Ve, 0
s The current becomes inde-
“ pendent of AV for AV > 0.
The stopping potential is the same
for intense light and weak light.
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The Photoelectric Effect

No matter how weak
the light, there is a
current if /> f;.

; = t f
AN

Threshold frequency
No matter how intense the light,
there is no current if f < f;,.

K Metal 1 Metal 2 Metal 3
o
0
J
-1
0y
s




Einstein To The Rescue

@ By the late 19th century at least some of the Ultraviolet light causes the metal
properties of the photoelectric effect were ;]‘éhl‘;]?;[:;l;’g:"fﬁg;“‘ This is
known mostly due to the work of Philipp von Ligl:t/ The photoelectrons
Lenard (NObEI Prize, 1905) E »{/ Ltz:llr::crclligflgtnhodc
@ Max Planck (Nobel, 1918) had made the first OGS,
use of the quantum hypothesis (E = hf)in
explaining the blackbody radiation
measurements (1900).

Ammeter

il
@ The Young double-slit experiment and _'|I|Jr —

, . ey AV
Maxwell's theory of electromagnetism had e
solidified the view of |Ight as an The potential The current can be measured
. A , difference can while the potential difference,
electromagnetlc wave instead of Newton's be changed or the light frequency, and the
corpuscular theory reversed. light intensity are varied.

@ In 1905 along comes Einstein (Nobel Prize, =~ -————————p—————- -
1921) and resurrects the corpuscular theory in K Emaa
the form of Planck’s quanta hf

[w
— Er
KEmax = hf —W E T Fermi sea of
where W = E,; is the work function. 0 clectrons
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Photoelectric Effect Data - 2

© © O©°

Current directly proportional to intensity.

Current vanishes at Vi, regardless of
intensity.

The current appears without delay when
the light is applied.

Photoelectrons are emitted only if the
light frequency f exceeds a threshold f.

Value of f; depends on the
metal.

A more intense light
causes a larger current.

1

Intense light ¢

No current flows
ifAV< -V

stop*

Weaker light

- | Av
“Viep 0o i '
s The current becomes inde-
3 pendent of AV for AV > 0.
The stopping potential is the same
for intense light and weak light.

Jerry Gilfoyle

The Photoelectric Effect

No matter how weak
the light, there is a
current if /> f;.

; = t f
AN

Threshold frequency
No matter how intense the light,
there is no current if f < f;,.

K Metal 1 Metal 2 Metal 3
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Photoelectric Effect Data- 2 34

The plot below shows some results from Intermediate Lab on measuring
Planck’s constant and the work function of a metal. What is the
relationship between the stopping voltage and the frequency f of the light
striking the metal? What is the value of Planck’s constant from the fit to
the data? What is the work function of the metal? What is the metal?

Planck's Constant (h/e)

B Element | W (eV)

slo-pe=3.610.4x10 V/Hz Aluminum 408

y-intercept=-1.2+ 0.2V
=S Calcium 29
g1 Carbon 481
2 Cesium 2.1
3, Iron 4.5
& Magnesium 3.68
_1 ] Sodium 2.28
Potassium 2.3

0 2 4 6 8 10

Frequency (10”Hz)
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Wave Particle Duality

Wave-particle duality is the concept in quantum me-
chanics that every quantum entity may be described
as either a particle or a wave. It expresses the in-
ability of the classical concepts ‘particle’ or ‘wave’
to fully describe the behaviour of quantum-scale ob-
jects. As Albert Einstein wrote:

“It seems as though we must use sometimes the
one theory and sometimes the other, while at times
we may use either. We are faced with a new kind
of difficulty. We have two contradictory pictures of
reality; separately neither of them fully explains the
phenomena of light, but together they do.”

Jerry Gilfoyle The Photoelectric Effect
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Wave Particle Duality

Wave-particle duality is the concept in quantum me-
chanics that every quantum entity may be described
as either a particle or a wave. It expresses the in-
ability of the classical concepts ‘particle’ or ‘wave’
to fully describe the behaviour of quantum-scale ob-
jects. As Albert Einstein wrote:

“It seems as though we must use sometimes the
one theory and sometimes the other, while at times
we may use either. We are faced with a new kind
of difficulty. We have two contradictory pictures of
reality; separately neither of them fully explains the
phenomena of light, but together they do.”
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(a) Afier 28 electrons

(b) Afier 1000 electrons

il

(c) After 10000 electrons

i

(d) Twosslit electron pattern
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The Electric Field of Sunlight 37

The intensity of sunlight reaching the Earth is called the solar constant
(which is not really constant) and has a value of s = 1366 J/s — m?.
What is the size of the electric field in sunlight? How does this compare
with the typical fields we use in lab (|E| ~ 10 N/C)?

Jerry Gilfoyle

The Photoelectric Effect
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Diffraction Equation

<sma> (sini/\sns]lgﬁ)>2

a= sinf 0 = angular position

mTa
A
Intensity Intensity Intensity

/> a=52 a=102

Jerry Gilfoyle The Photoelectric Effect



L’Hopital’s Rule

If
f(a)=g(a) =0
and
f'(x) _
x—at g'(x)
then F(x)
ety =
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