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Review Early Quantum Mechanics
Schrodinger’s Wave Equation
Heisenberg Uncertainty

Strange Consquences

Strange Contradictions



Review of Early Quantum Mechanics

So far..

@ Electrical charges are quantized in the form of electrons and
protons, nothing is smaller than +e.
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@ Electrical charges are quantized in the form of electrons and
protons, nothing is smaller than +e.

@ Classical Physics predicts that the intensity of radiation from
blackbody-like sources goes to infinity with decreasing
wavelength, which is experimentally shown to be untrue and is
impossible anyway.
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blackbody-like sources goes to infinity with decreasing
wavelength, which is experimentally shown to be untrue and is
impossible anyway.

@ Planck uses a mathematical trick for the first time ever—energy
quantization: E = hf to “fix” the equations.

@ Einstein takes this result at face value and shows that photons
are quantized in the same way, explaining the photoelectric
effect.
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Review of Early Quantum Mechanics

@ Electrical charges are quantized in the form of electrons and
protons, nothing is smaller than +e.

@ Classical Physics predicts that the intensity of radiation from
blackbody-like sources goes to infinity with decreasing
wavelength, which is experimentally shown to be untrue and is
impossible anyway.

@ Planck uses a mathematical trick for the first time ever—energy
quantization: E = hf to “fix” the equations.

@ Einstein takes this result at face value and shows that photons
are quantized in the same way, explaining the photoelectric
effect.

@ Bohr adapts the idea of quantization to “explain” the Rydberg
equation and why the emission/absorption spectrum is
quantized. He quantizes angular momentum.
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Energy is quantized.
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Review of Early Quantum Mechanics

The Ultraviolet Catastrophe

Thermal radiation of a

The 4 000-K curve has a peak
P body depends upon the

near the visible range. This curve

represents an object that would temperature and
glow with a yellowish-white wavelengt h.
appearance.

Intensity
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The Ultraviolet Catastrophe

Thermal radiation of a

The 4 000-K curve has a peak
P body depends upon the

near the visible range. This curve

represents an object that would temperature an d
glow with a yellowish-white wavelen gt h.
appearance.

We use blackbody
radiation as a proxy for the
more complex thermal
radiation.

Wien’s law can explain
the shift of the peak
leftwards with
temperature.

Intensity

Amax T = (0.2898 x 1072) mK
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Review of Early Quantum Mechanics

Why we can approximate some glowing bodies as
blackbody radiation

22
2.0+ extraterrestrial solar spectral irradiance
18 total area: 1367 W/m?

blackbody spectrum for T = 5777 K
total area: 1367 W/m?

Spectral irradiance, W/(m? nm)

0 500 1000 1500 2000
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The Ultraviolet Catastrophe

Stefan’s law predicts the
The classical theory power emitted by

(red-brown curve) shows ..
intensity growing without bIaCkbOdy radiation:
bound for short wavelengths,
. B _ 4
unlike the experimental data P = cAeT

(blue curve).

7

Intensity
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The Ultraviolet Catastrophe

Stefan’s law predicts the
The classical theory power emitted by

(red-brown curve) shows ...
intensity growing without bIaCkbOdy radiation:

bound for short wavelengths,

unlike the experimental data P=o AeT4

(blue curve).

Combining these laws
yields the Rayleigh-Jeans

prediction:

7

2mckg T

I(A7 T) = )\4

Intensity
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The Ultraviolet Catastrophe

Stefan’s law predicts the
The classical theory power emitted by

(red-brown curve) shows ...
intensity growing without blaCkbOdy radiation:

bound for short wavelengths,

unlike the experimental data P=o AeT4

(blue curve).

Combining these laws
yields the Rayleigh-Jeans

prediction:

7

2mckg T

I(A7 T) = A4

Intensity

Classical physics could
take us no further, and it
was wrong.
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Review of Early Quantum Mechanics

The Ultraviolet Catastrophe: Resolved Reluctantly

Planck’s leap: Supposing that blackbody
radiation was emitted by ’resonators’, these
resonators could only have energy in discreet
quantity:

E, = nhf
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The Ultraviolet Catastrophe: Resolved Reluctantly

Planck’s leap: Supposing that blackbody
radiation was emitted by ’resonators’, these
resonators could only have energy in discreet
quantity:

E, = nhf

n is a positive integer, the quantum number, f
is frequency of vibration, h is a new constant he
fit to experimental results:

h=6.626x 1073 .5
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The Ultraviolet Catastrophe: Resolved Reluctantly

Planck’s leap: Supposing that blackbody
radiation was emitted by ’resonators’, these
resonators could only have energy in discreet
quantity:

E, = nhf

n is a positive integer, the quantum number, f
is frequency of vibration, h is a new constant he
fit to experimental results:

h=6.626x 1073 .5

27whc?

A\ <e>\ll(7;T _ ])
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Review of Early Quantum Mechanics

Atomic mystery

@ Quantization of energy solved the Blackbody Radiation
problem and the Photoelectric Effect. It solved the scattering
problem (Compton effect) and although nobody could quite
make sense of it,
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explain the spectra of gasses.
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explain the spectra of gasses.

@ We might expect a continuous distribution of wavelengths, but
instead we find discrete line spectrum called the emission
spectrum.
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Atomic mystery

@ Quantization of energy solved the Blackbody Radiation
problem and the Photoelectric Effect. It solved the scattering
problem (Compton effect) and although nobody could quite
make sense of it,

@ Another mystery dominated atomic physics—nobody could
explain the spectra of gasses.

@ We might expect a continuous distribution of wavelengths, but
instead we find discrete line spectrum called the emission
spectrum.

@ Passing white light through gasses result in discrete missing
wave- lengths, this is called the absorption spectrum.
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Review of Early Quantum Mechanics

Atomic mystery

@ Example emission (hydrogen, mercury, and neon) and
absorption spectrum for hydrogen:
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Atomic mystery

@ Example emission (hydrogen, mercury, and neon) and
absorption spectrum for hydrogen:

@ 19th century physicists can’t explain these spectra.
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Review of Early Quantum Mechanics

Atomic mystery

@ Balmer found an empirical equation that correctly predicted
the wavelengths of four of the visible emission lines; Rydberg
expanded this equation to find all emission lines:

! R ! ! 3,4,5
¥ = 5 5|y =549,
A T\22 ™
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Atomic mystery

@ Balmer found an empirical equation that correctly predicted
the wavelengths of four of the visible emission lines; Rydberg
expanded this equation to find all emission lines:

! R ! ! 3,4,5
¥ = 5 5|y =549,
A "\22 ™

@ Ry is a constant called the Rydberg constant and is equal to
1.0973732 x10’m ™.
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Atomic mystery

@ Balmer found an empirical equation that correctly predicted
the wavelengths of four of the visible emission lines; Rydberg
expanded this equation to find all emission lines:

! R ! ! 3,4,5
¥ = 5 5|y =549,
A "\22 ™

@ Ry is a constant called the Rydberg constant and is equal to
1.0973732 x10’m ™.

@ The shortest wavelength is found when n — oo is called the
series limit with wavelength 364.6 nm (ultraviolet).
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Review of Early Quantum Mechanics

Atomic mystery

Other physicists started experimenting with these numbers and
found similar equations that described other lines in the spectrum:

1 1
Lyman series: X = Ry <1 — nz> , n=234,.--
Pasch . 1 R 1 1 456
aschen series: — = — —— 1], n=4,56,---
A H\32 2
K L 1 1 B
Bracket series: N T Ry 2 m) n=56,7,---

It all works very well, but nobody knows why.
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Review of Early Quantum Mechanics

Atomic mystery

FIGURE 27-23 Line spectrum of

atomic hydrogen. Each series fits the Wavelength, 4
1
formula - —— | where
n/
n =1 for the Lyman serics.
n' =2 for the Balmer series,
n' =3 for the Paschen series, and so
on; n can take on all integer values - 3 1
from n =’ + 1 up to infinity Lyman Paschen serics
The only lines in the visible region series
of the electromagnetic spectrum are
part of the Balmer series. uv Visible light IR
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Review of Early Quantum Mechanics

Quantum solution

A physicists named Niels Bohr saw that energy quantization had
solved the blackbody and photoelectric problem, and he wondered if

it could solve the mystery of the atomic spectrum lines as well. Here
is a basic outline of his reasoning.
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Review of Early Quantum Mechanics

Quantum solution

@ Assume the classical model of the electron orbiting the nucleus
of the hydrogen atom under electrical forces. In this case the
total energy is

&2

1
E=K+U=-my*— ke—
2 r

and since we assume the electron is going in a circle, the
electric force must act as a centripetal force:

kee>  mgv? ke€?
= e 2 _

r? r Mer

Using this value for velocity, we have kinetic energy:
1 ' ke’

kee?
K=-myv*=—=—— and E=—=
2 2r 2r
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Quantum solution

@ Assume the classical model of the electron orbiting the nucleus
of the hydrogen atom under electrical forces. In this case the
total energy is

&2

1
E=K+U=-my*— ke—
2 r

and since we assume the electron is going in a circle, the
electric force must act as a centripetal force:

kee>  mgv? ke€?
= e 2 _

r? r mer
Using this value for velocity, we have kinetic energy:
1 ' ke’

kee?
K=-myv*=—=—— and E=—=
2 2r 2r

@ So far, so classical.
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Review of Early Quantum Mechanics

Quantum solution

@ Next comes the quantum step. Assume that only certain orbits
are stable (called stationary states, which validates are previous
assumption of using classical physics). The atom emits
radiation when it makes a quantum leap from one state to
another. The change in its energy after making this leap is
quantized:

Ef—E; = hf, positive value means absorbed, negative value means et
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Review of Early Quantum Mechanics

Quantum solution

@ Bohr next a new leap: quantizing the electron’s orbital angular
momentum:
h
mgvr = n— = nh
27

where i = h/2m. The energy quantization was enough to
fluster some, but this latter assumption was a radically new
expansion of the concept of quantization.
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Quantum solution

@ Bohr next a new leap: quantizing the electron’s orbital angular
momentum:

h
mgvr = n— = nh
2

where i = h/2m. The energy quantization was enough to
fluster some, but this latter assumption was a radically new
expansion of the concept of quantization.

@ Now lets apply this radical concept:
. MR ke n?h?

= = — rpy=————
2,2 27
mr mer mgk.e

n=1,2,3
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Review of Early Quantum Mechanics

Quantum solution

@ Call the orbit with the smallest radius the Bohr radius (when

n=1):
2

h
ay = ——— = 0.0529nm
0 mek,e?

Plug this all back into the energy equation to find:
kee? [ 1
En=— — ), n=1,2,3,--

2a, \ n?

or numerically:
13.606eV
E,= T 5 n=1,2,3,---
n
Now let’s find out the frequency of light emitted from a
quantum leap:
f—Ei_Ef—keez 1 1
~ h2ah\n n?

1
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Review of Early Quantum Mechanics

Quantum solution

@ That looks familiar...

T_f_ ke (11
A ¢ 2ayhc ch n?

Plugging in all of our numbers:

2
e€

ZaohC

= 1.0973732 x 10'm~ ' = Ry
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Quantum solution

@ That looks familiar...

T_f_ ke (11
A ¢ 2ayhc ch n?

Plugging in all of our numbers:

2
e€

2aghc
@ Quantum mechanics had theoretically predicted the value of
Ry. At this point, attempts to rescue classical physics were
beginning to look hopeless.

= 1.0973732 x 10'm~ ' = Ry
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Review of Early Quantum Mechanics

Quantum solution

@ That looks familiar...

T_f_ ke (11
A ¢ 2ayhc ch n?

Plugging in all of our numbers:

2
e€

2aghc

@ Quantum mechanics had theoretically predicted the value of
Ry. At this point, attempts to rescue classical physics were
beginning to look hopeless.

@ We see it again: integers describing physical reality—one of the
key signatures of quantum mechanics. This made most
physicists uncomfortable, but also energized by the
revolutionary spirit in the air.

= 1.0973732 x 10'm~ ' = Ry
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Review of Early Quantum Mechanics

Summary:

@ Planck predicts quantization (1900): E = nhf, solves ultraviolet
catastrophe
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catastrophe

@ Einstein proposes that light is quantized (1905), solved
photo-electric effect
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Summary:

@ Planck predicts quantization (1900): E = nhf, solves ultraviolet
catastrophe

@ Einstein proposes that light is quantized (1905), solved
photo-electric effect

@ Bohr proposes electron orbital angular momentum is quantized

—13.606eV
nZ

(1913), solves hydrogen spectrum problem, E, =
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Summary:

@ Planck predicts quantization (1900): E = nhf, solves ultraviolet
catastrophe

@ Einstein proposes that light is quantized (1905), solved
photo-electric effect

@ Bohr proposes electron orbital angular momentum is quantized

—13.606eV
nZ

(1913), solves hydrogen spectrum problem, E, =

@ de Broglie (1923/24) proposes that if photons are waves and
particles, so are massive particles like electrons:
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Formalization of Quantum Mechanics

Schrodinger’s formalization

@ If particles are waves, how do we discuss their amplitudes and
displacements like we do for classical waves? We need some
sort of wave function to do so, which we write as V.
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Formalization of Quantum Mechanics

Schrodinger’s formalization

@ If particles are waves, how do we discuss their amplitudes and
displacements like we do for classical waves? We need some
sort of wave function to do so, which we write as V.

@ For light, the intensity of the wave is proportional to the square
of the electric field. The more intense the light, the more
photons we can find, and so the number of photons is
proportional to the intensity is proportional to the square of
the electric field (the EM wave amplitude).
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Schrodinger’s formalization

@ If particles are waves, how do we discuss their amplitudes and
displacements like we do for classical waves? We need some
sort of wave function to do so, which we write as V.

@ For light, the intensity of the wave is proportional to the square
of the electric field. The more intense the light, the more
photons we can find, and so the number of photons is
proportional to the intensity is proportional to the square of
the electric field (the EM wave amplitude).

@ Put another way, the square of the electric field amplitude is
proportional to the probability that we will find a photon at a
certain region.
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Formalization of Quantum Mechanics

Schrodinger’s formalization

@ If particles are waves, how do we discuss their amplitudes and
displacements like we do for classical waves? We need some
sort of wave function to do so, which we write as V.

@ For light, the intensity of the wave is proportional to the square
of the electric field. The more intense the light, the more
photons we can find, and so the number of photons is
proportional to the intensity is proportional to the square of
the electric field (the EM wave amplitude).

@ Put another way, the square of the electric field amplitude is
proportional to the probability that we will find a photon at a
certain region.

@ We seek a matter wave such that W? is proportional the
probability of finding an electron at a certain place and time.
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Formalization of Quantum Mechanics

Schrodinger’s formalization

@ Schrédinger found the equation that properly describes how
these matter waves behave:
h2 d*y

S FUP=EY
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Schrodinger’s formalization

@ Schrédinger found the equation that properly describes how
these matter waves behave:

h2 d*y

m dx2

@ This is called the Schrédinger equation.

+ U = EY
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Schrodinger’s formalization

@ Schrédinger found the equation that properly describes how
these matter waves behave:

h2 d*y

m dx2

@ This is called the Schrédinger equation.

+ U = EY

@ For most particles, we can separate the time-dependence so
that

W(r,t) = (r)e ™"
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Formalization of Quantum Mechanics

Schrodinger’s formalization

@ Schrédinger found the equation that properly describes how
these matter waves behave:

hz d*y

m dx2

@ This is called the Schrédinger equation.

+ U = EY

@ For most particles, we can separate the time-dependence so
that

W(r,t) = (r)e ™"
@ This is a probabilistic equation, where the probability of

finding a particle whose wave is 1 within any given region of
space is P(x, y,z)dV =| ¢ |* dV.
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Formalization of Quantum Mechanics

Schrodinger’s formalization

@ Schrédinger found the equation that properly describes how
these matter waves behave:

hz d*y

m dx2

@ This is called the Schrédinger equation.

+ U = EY

@ For most particles, we can separate the time-dependence so

that
V(r,t) =(r)e ™!

@ This is a probabilistic equation, where the probability of
finding a particle whose wave is 1 within any given region of
space is P(x, y,z)dV =| ¢ |* dV.

@ What is matter then? A particle? A wave? Is ¢ the true
manifestation of matter?
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Formalization of Quantum Mechanics

Schrodinger’s formalization

@ Schrédinger found the equation that properly describes how
these matter waves behave:

hz d*y

m dx2

@ This is called the Schrédinger equation.

+ U = EY

@ For most particles, we can separate the time-dependence so
that

V(r,t) =(r)e ™!

@ This is a probabilistic equation, where the probability of
finding a particle whose wave is 1 within any given region of
space is P(x, y,z)dV =| ¢ |* dV.

@ What is matter then? A particle? A wave? Is ¢ the true
manifestation of matter?

@ 1) is the true manifestation of matter.
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Formalization of Quantum Mechanics

Probability

For any probability function, the integral of the entire function over
infinity must be equal to one:

+00
/ ()| dx = 1
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Probability

For any probability function, the integral of the entire function over
infinity must be equal to one:

+00
/ ()| dx = 1

It can be show that the “standard deviation in the results of
repeated measurements on identically prepared systems”, or the
“uncertainty”, has the following relation:

h
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Probability

For any probability function, the integral of the entire function over
infinity must be equal to one:

+00
/ ()| dx = 1

It can be show that the “standard deviation in the results of
repeated measurements on identically prepared systems”, or the
“uncertainty”, has the following relation:

h

This is the Heisenberg Uncertainty Principal.
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Probability

When there is a barrier

The wave function is which has too much
sinusoidal in regions I and  energy for a particle to
III, but is exponentially pass through in terms of
decaying in region II. classical physics, quantum

mechanics correctly

U predicts that there is still a
¥ probability it will pass
7 through. This is called
\[ T i tunneling.

II

I
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The wave functions i for a

Formalization of Quantum Mechanics

particle in a potential well of
finite height with » = 1, 2, and 3

AW

A

Dr. Jones

The probability densities |/|? for
a particle in a potential well of
finite height with n = 1, 2, and 3

ol ANS N
|’ /\
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Proton-Proton Fusion

This is the nuclear fusion process which fuels the Sun and other stars which have
core temperatures less than 15 million Kelvin. A reaction cycle yields about 25
MeV of energy.

@ &k /2 One proton is transmuted
O "pa neutron, forming
@ ds utarium.
ov——"
1. Protons
L

Click on the /'
illustration

for discussion 3 pauterum Iusss

of any stage with another 5. An alpha particle
of the process.  proton. forms with the

enargetic releasa
4. Two of the resulting of two protons to

helium nuclei fuse, @ complete the
process

e

H Some details of the nuclear reactions involved”
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