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Bananas at $0.63/lb.,

the Speed of Light, and

Quantum Mechanics

Yes, these things are related!

About the titleé



·Some concepts are complex, unintuitive 
and quite mathematical

·Simplifications have been made

·Resulting in:

V easier understanding

V whole story isnôt told

V inaccuracies introduced

·Rigorous exposition would result in:

V boredomðtoo much talking

V minds drifting

V little understanding
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Heads Up!

¸ƻǳ ŎŀƴΩǘ ƘŀǾŜ ƛǘ ŀƭƭΗ

On the other

handé



A Little Backgroundé
·March 21, 2020ðPresentation ñSI* UnitsðWho Cares?ò 

·Importance of standards

·Systems of measurement

V International System of Units (SI)ðmodern metric system

V U.S. Customary Units

V Imperial System of Units

·Overview of the seven basic SI units (standards)

·Bill Walshôs surprised about the new standard kg
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* SI = ñSystème Internationalò, i.e., the metric system
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Todayôs Focusé

Some background information

kg



The Many Units of Length
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See ċ Hypertext links to more information (94 in total)

Shot = 15 fathoms or 90 feet

1068-1135

King Henry I

https://www.ibiblio.org/units/
https://www.dot.state.wy.us/files/live/sites/wydot/files/shared/Highway_Development/Surveys/Survey%20Manual/Appendix%20G%20-%20Units%20of%20Measure.pdf
https://www.adducation.info/how-to-improve-your-knowledge/units-of-measurement/
https://simple.wikipedia.org/wiki/Unit_of_measurement


Many Values for the Foot*
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* All these countries now use the meter.

} 71 km (44 mi)

apart



A Tale of Two Feet in the U.S.

·International foot of 1959,   Ifoot

·U.S. Survey foot of 1893*,  Sfoot
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* Sfoot to be avoided effective January 1, 2023, according to NIST, see  

Ifoot = 0.999998 Sfoot

Ifoot
Sfoot

https://www.nist.gov/pml/us-surveyfoot
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Miles/Hour Furlongs/Minute

8Č

û Used in horse racing

Engines rated  

in horsepower



Metrification of the U.S.

·U.S pound = 0.45359237 kg

·International (U.S.) foot = 0.3048 m

·TemperatureðAbsolute zero*

V 0 K

Vī 273.15°C

Vī 459.67°F

·The U.S. uses the metric (IS) units for: the second, 

ampere, mole and candelaðbut not the meter, 

kilogram or °C
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* The state at which the enthalpy and entropy of 

a cooled ideal gas reach their minimum value

Lowest temp reached 3.8 x 10-11 K

LED light bulb

2700K soft white

https://en.wikipedia.org/wiki/Absolute_zero
https://www.zarm.uni-bremen.de/en/press/single-view/article/extremely-long-and-incredibly-cold.html
https://www.ctvnews.ca/sci-tech/scientists-create-coldest-temperature-ever-in-a-lab-to-help-understand-quantum-mechanics-1.5632054


International System of Units
(aka the modern metric system)
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See 

*

https://www.nist.gov/si-redefinition/meet-constants
https://en.wikipedia.org/wiki/International_System_of_Units
https://en.wikipedia.org/wiki/Kilogram


International System of Units
(aka the modern metric system)
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time, s

length, m

mass, kg

electric current, A

(temp K)

amount of

substance, mol

luminous

intensity, cd

ᾛ

ᾛ

ᾛ*
ᾛ

Spoiler

alert

ᾛ

https://www.nist.gov/si-redefinition/meet-constants
https://en.wikipedia.org/wiki/International_System_of_Units
https://en.wikipedia.org/wiki/Caesium_standard
http://hyperphysics.phy-astr.gsu.edu/hbase/acloc.html
https://hackaday.com/2020/05/08/measuring-the-speed-of-light-in-1927/
https://www.britannica.com/science/light/The-Michelson-Morley-experiment
https://www.nist.gov/pml/owm/si-units-luminous-intensity
https://en.wikipedia.org/wiki/Boltzmann_constant
https://wiki.oroboros.at/index.php/Elementary_charge
https://en.wikipedia.org/wiki/Elementary_charge
https://www.nist.gov/physics/what-planck-constant
https://en.wikipedia.org/wiki/Planck_constant
https://en.wikipedia.org/wiki/Luminous_efficacy
https://www.studysmarter.us/explanations/chemistry/physical-chemistry/avogadro-constant/
https://en.wikipedia.org/wiki/Avogadro_constant
https://www.nist.gov/si-redefinition/kelvin-boltzmann-constant


Measuring the Speed of Light
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From Wikipedia see
CGPM = Conférence Générale des Poids et Mesures

General Conference on Weights and Measures

Č

Č

Č

Č

Č

https://en.wikipedia.org/wiki/Speed_of_light


Improved Methods of Measurement

·What happens if measurement of the standard- dependent 

object changes (like the speed of light)? 

V Most likely outcome ˈ result is a better value, i.e.  less 

uncertainty and greater accuracy

VA decision could be made to adopt the new, more accurate value 

for a standard, but

·The bases on which the standards are derived do not 

change, itôs the measurement that changes (an 

improvement)

14
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The Kilogram (kg)



History of the Kilogram (kg)

·1793ðThe grave (precursor to the kg) mass of 1 liter 
of water at 0°C (18,841 grains1)

·1799ðThe prototype Kilogramme des Archives the 

mass of 1 dm3 of water at its maximum density 
(about 4°C)

·1889ðThe IPK (International Prototype of the 

Kilogram) established and in use until November 16, 

2018

16

1 1 grain = mass of a single grain of barley
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The International Prototype of 

the Kilogram

aka le Grand K

aka urkilogram

aka IPK

Stored in the Pavillon de Breteuil

In Saint-Cloud, France

ċ 90% Pt, 10% Ir

https://en.wikipedia.org/wiki/International_Prototype_of_the_Kilogram


Why Change the kg Standard?

·Objective to create a precise kg of unchanging value

·Comparisons were made of the 1889 IPK, 6 sister 

copies and the national prototypesé

VPooled standard deviation of repeated weighings of 

the prototypes was Ñ0.4 ɛg(1 ɛg= 0.000001 g)

VCleaning and washing removed a mass of ~15 ± 2 ɛg

·See     for more information
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https://iopscience.iop.org/article/10.1088/0026-1394/52/2/310
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Mass drift over time of national prototypes K21ïK40, plus two of the 

IPK's sister copies: K32 and K8(41).[Note 2] All mass changes are relative to the IPK. 

The initial 1889 starting-value offsets relative to the IPK have been nulled.[17]

The above are all relative measurements; no historical mass-measurement 

data is available to determine which of the prototypes has been most stable 

relative to an invariant of nature. There is the distinct possibility that all the 

prototypes gained mass over 100 years and that K21, K35, K40, and the IPK 
simply gained less than the others.

} Note_________________________

https://en.wikipedia.org/wiki/International_Prototype_of_the_Kilogram#cite_note-n841-16
https://en.wikipedia.org/wiki/International_Prototype_of_the_Kilogram#cite_note-Girard-20
https://en.wikipedia.org/wiki/International_Prototype_of_the_Kilogram


20

More essential background information
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Ludwig Boltzmann
(1844-1906)

For information on the 

Boltzmann Constant, see

kB = 1.380649 × 10ī23J/K

Boltzmannôs Constant (kB)  

relates the average relative kinetic

energy of particles in a gas with

the thermodynamic temperature
of the gas (K)

One J = a Watt-second; 1/3600 Wh

How can I 

explain this?

https://en.wikipedia.org/wiki/Ludwig_Boltzmann
https://www.youtube.com/watch?v=SHNsG4sBEr0
https://byjus.com/physics/boltzmann-constant/
https://www.nist.gov/si-redefinition/kelvin-boltzmann-constant
https://en.wikipedia.org/wiki/Boltzmann_constant


Boltzmannôs Constant Explained

PV = nRT

P is pressure in Pascals (Pa)

V is volume in m3

n is amount of material in moles

R is the gas constant 8.31446 J/mol-K

PV = NkBT

P is pressure in Pascals (Pa)

V is volume in m3

N is number of atoms or molecules

kBBoltzmannôs Constant 1.380649 x 10ï23 J/K

22
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And Now, Planckôs Constant



Weôre Not Going To Talk abouté

24

https://en.wikipedia.org/wiki/Planck%27s_law
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Max Planck
(1858-1947)

For more information see

Č

Planckôs Constant

(energy)

Č

Č

Č

Č

Č

https://en.wikipedia.org/wiki/Max_Planck
https://www.youtube.com/watch?v=nOI_bgCj-3M
https://physicsworld.com/a/max-planck-the-reluctant-revolutionary/
https://www.toppr.com/guides/physics/electromagnetism/planck-equation/
https://en.wikipedia.org/wiki/Planck%27s_law
https://en.wikipedia.org/wiki/Planck%27s_law


Getting to E = hf
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No further

discussion

Trust me!!

https://energywavetheory.com/equations/ehf/
https://energywavetheory.com/#papers


Getting to E = hf
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No discussion

Trust me!!



Getting to E = hf
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No discussion

Trust me!!



Planckôs Constant
·The relationship between the energy of a photon and its 

frequency, i.e. E = hf  (remember this equation)

·h = 6.62607015 x 10-34 J-Hz-1

·A fundamental constant of foundational importance in 

quantum mechanics

·E = hf is also called the Planck-Einstein equation

·For more information see
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https://en.wikipedia.org/wiki/Planck_constant
https://en.wikipedia.org/wiki/Planck%27s_law
https://www.toppr.com/guides/physics/electromagnetism/planck-equation/
https://www.youtube.com/watch?v=nOI_bgCj-3M
https://physicsworld.com/a/max-planck-the-reluctant-revolutionary/
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Einstein and Planck at a dinner held by Max von Laue November 11, 1931

Albert Einstein
Max Planck

Max von Laue

Nobel Prize 1921
Nobel Prize 1918

Nobel Prize 1914

Theodore H. von Laue



The MoleðAvogadroôs Number
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X X



Avogadroôs Numberðthe Mole
·NA = 6.02214076 x 1023  mol-1 as defined in 2019

·The number of atoms or molecules in one mole is 
dependent on a substanceôs atomic or molecular 
weight, soé

·In 12.00000 g of 12C  there are 6.02214076 x 1023 

atoms of carbon 

·In 18.00988 g of H2Oé same number

·In 27.9769265325 g of Sié the same

·See 
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Amedeo Avogadro

1776-1856

https://en.wikipedia.org/wiki/Avogadro_constant
https://physics.stackexchange.com/questions/13757/how-was-avogadros-number-first-determined
https://science.howstuffworks.com/avogadros-number.htm
https://collegedunia.com/exams/avogadros-number-physics-articleid-1973
https://www.vedantu.com/physics/avogadros-number
https://www.nist.gov/pml/owm/si-units-amount-substance


Interrelationships

·Boltzmannôs constant

·Planckôs constant

·Avogadroôs number

33

} ċ these are interrelated
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Sneaking up on the new kilogramé

And now a 12-minute video Č

https://www.youtube.com/watch?v=ZMByI4s-D-Y


Defining the kg By Number of Si Atoms

·Volume of a sphere 

·Knowing the size of the 28Si unit cell (0.543 nm)

·The kg could be defined as the mass of 2.15253873 x 
1025 atoms of 28Si 

·For more information, see 
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ċ 18 atoms/cell

https://en.wikipedia.org/wiki/Alternative_approaches_to_redefining_the_kilogram
https://arxiv.org/abs/1010.2317
https://www.technologyreview.com/2010/10/14/261582/physicists-count-the-number-of-atoms-in-1kg-of-silicon/
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Good, but not good 

enough by itself

It gets better!

* Useful in establishing Avogadroôs number



Now Comes Quantum Mechanics
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Schrödinger equation Heisenbergôs

Uncertainty

Principle

Composite systems

and entanglement

Unitary time-

evolution

operator


