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• The National Quantum Initiative Act was signed into law on December 21, 2018. The law 
gives the United States a plan for advancing quantum technology.

• This act has spurred a tsunami of funding for quantum research and industry, much of it 
centered around “Quantum 2.0” technology.



WHAT IS QUANTUM 2.0?
Quantum 1.0: semiconductor junctions, transistors, lasers, etc.
Quantum 2.0 tech uses phenomena like superposition and entanglement for

Quantum Computers
• break encryption
• perform calculations 

impossible for regular 
computers

• simulate quantum systems 
for e.g. drug discovery

Quantum Networks
• connect quantum 

computers in a 
“quantum internet”

• communicate securely
• improve astronomical 

observation

Quantum Sensors
• synchronize clocks better
→ better GPS

• improve sensitivity of 
probes in medicine, 
transportation, and 
fundamental science





HANDS-ON QUANTUM 2.0

In the history of quantum entanglement, quantum light was and remains 
one of the most “accessible” hands-on quantum 2.0 technologies.

To see why this is, let’s dive right in…

quantum cloud computing: 
over a dozen companies 

quantum networks: a few in the 
world, but not publicly accessible

entanglement-based sensors 
still in the lab



Quantum



The smallest quantity of light is a photon.

Quantum science describes how photons and other quantum particles behave.



Superposition





Superposition



Measurement



Polarizers only let through photons that wave a certain direction.



The polarizers block photons waving horizontally.

Diagonal: superposition of vertical and horizontal

Some horizontally polarized photons get 
through because their polarizations 
changed into a superposition after the 
diagonal polarizer.

Polarizing sunglasses



Note: some IMAX glasses use circular polarization and this won’t work

IMAX glasses



Superposition

Photons can be in a superposition of two possibilities

Photons can be polarized

We write a superposition using symbols called “kets” (last part of “bracket”)

possibility



Belief: “Objects have definite states before measurement.”

 Superposition implies quantum particles may not. 

Then is there an objective reality before measurement?

Quantum science challenges commonly held beliefs





Entanglement



Entanglement



Measurement



Polarization Entanglement

• Photons can be in a superposition of two polarizations

• Two photons can be entangled such that when one of them is 

measured, they always end up being the same polarization

• This property allows them to behave as if they were one object no 

matter the distance



Why is this not entanglement?

• Consider socks in a box

• There are two boxes of socks. The socks can be red or green.

• Which color they are is determined randomly by a machine, 
but the two boxes always have the same color sockses.

• The sox are sent to distant locations, like Timbuktu and Wananifee.

• The recipients open the boxes simultaneously.

• Great fox! They always find the same color sox in the box!



With photons
• We don’t know what color the photons are, not because it’s hidden, 

but because the photons are in a superposition of colors

• Their color won’t be determined until the recipient sees the color.

• At the instant the color is measured, the color of the other photon 
becomes the same.

• So the key differences are:
• The colors are not predetermined (violating realism)

• Measuring the color of one instantaneously sets the color of the other 
(violating locality)



Quantum Analogies

“Every analogy is limited, otherwise it would be the real 
thing and not an analogy.”

      - David Bohm



So what is the real quantum understanding?

Unlike most other science concepts, at the root we do not 
have an intuitive understanding of quantum phenomena.

Quantum interpretations are used to provide a sense of 
intuition. They are not yet proven.

Quantum analogies are based on quantum interpretations.





Fold here



Fold here



Fold here



Fold here Fold here



Fold hereFold here



Properties of Entanglement

“It takes two to tangle.”
J. Eberly, 2015

Cannot be written as a product of two states

at least
v

Entangled

Not Entangled

In an entangled state, neither particle has definite properties alone.
 All the information is stored in the joint properties. 

1935: Entanglement is
“the characteristic trait of quantum mechanics, the one that 
enforces its entire departure from classical lines of thought”

             ––E. Schrödinger



1935: Einstein, Podolsky, Rosen (EPR) Paradox

spooky action 
at a distance

H

V

Requires speeds > c, i.e. non-locality

Quantum mechanics challenges two commonly held beliefs:

1. “Objects have definite states before measurement.” Superposition implies quantum particles do 
not. (Then is there an objective reality before measurement?)

2. “Physical changes can only be caused locally.” Entanglement implies nonlocal correlations exist. 
(Does this allow faster-than-light communication? No, because results are random.)

EPR: Maybe correlations are due to some local element of reality that we haven’t detected yet (“local 
hidden variables”)?

A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777 (1935).

H



1930’s

1960’s 2022

1970’s to present

Such experiments 
are now regularly 
incorporated in 
undergraduate 
laboratories



We can create photons in pairs

In 1970, the theory for spontaneous parametric down-conversion showed we 
can create photons in pairs

p  = s  + i *

p  = s  + i 
†
 

()

We can choose an orientation so that the photons have identical polarizations:

e

o

o

Energy conservation

Momentum conservation

Burnham & Weinberg, PRL 25, 84 (1970).



Using two crystals, we can create polarization-entangled 
photon pairs

Input:



Paul Kwiat

Phys. Rev. Lett. 75, 4337 (1995).
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perfect quantum correlation
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Bell’s theorem tests for entanglement
• Bell’s theorem gives an inequality that would hold if local realism were true

• The measurements are taken over many entangled pairs and thus are statistical

• The angles are chosen to maximize violation of the inequality

J.S. Bell, Physics 1, 195-200 (1964)
J.F. Clauser, M.A. Horne, A. Shimony, R.A. Holt, PRL 23, 880-884 (1969)

[ E(a,b) + E(a’,b) + E(a’,b’) – E(a,b’) ] ≤ 2

a
b

a’

b’

a

b’

a’
b

First 3 terms ~ likelihood the results are more similar than different

A B

With entanglement, the correlations are stronger, resulting in a larger value

The last term ~ likelihood 
more different than similar





Does this mean we can communicate faster 
than light?

• Because the state the photons end up in is random, knowing that you 
share the same state cannot be used to communicate – although it 
can be used as a resource called “shared randomness”



https://www.jpl.nasa.gov/news/news.php?feature=5210



Quantum networks: a new type of internet

• Genuinely secure communication through 

detection of eavesdropping

• Connections with real-world quantum 

computers (once they are ready)

• Fundamentally new ways of solving 

computational problems

• Improved sensing of astronomical objects

• Unforeseen applications of the technology

• There are a handful of few-node and many 

(~40) node quantum networks in the world.



Why are entangled states important?

• Responsible for quantum measurements and decoherence

• Central to demonstrations of quantum nonlocality (e.g., Bell’s 
inequality)

• Quantum computation – intermediate states are all complex 
entangled states

• Quantum cryptography – separated particles’ correlations 
allow sharing of secret random key

• Quantum teleportation – transmit unknown quantum state 
without sending the state itself



Entanglement, and the scaling that results, is 
the key to the power of quantum computing
• Classically, information is stored in a bit register:

• A 3-bit register can store one number, from 0-7

• Quantum Mechanically, a register of 3 qubits can store all of these numbers in superposition:

Result:

• Classical: one N-bit number

• Quantum: 2N (all possible) N-bit numbers
• N.B. A 300-qubit register can simultaneously store more combinations than there are particles in the universe.

• Acting on the qubits simultaneously affects all the numbers:

• Some important problems benefit from this entanglement, enabling solutions of otherwise 
insoluble problems. 

101

|000+ |001+ |010 + |011  + |100+|101 + |110 + |111 

 

= 0 + 1 + ... 7

 

0 + 1 + ... 7( ) f x( )  0 f 0( ) + 1 f 1( ) + ... 7 f 7( )



Controlled-Not Gate:

2-Qubit interactions lead to entangled states.
 
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Quantum Logic



____________________________________
From: UIUC
Sent:  Friday, March 1, 2014 11:40 AM
To:  'Virginia Lorenz'
Subject: Physics

Hi Virginia,
…

http://en.wikipedia.org

USA TODAY:

____________________________________
From: UIUC
Sent:  Friday, March 1, 2014 11:40 AM
To:  'Virginia Lorenz'
Subject: Physics

Hi Virginia,
…

9AFGJI4JT09RKSP

Security relies on computational difficulty of factoring the public key

RSA Algorithm (1978): Generate random prime numbers p & q.
Compute n = pq, (n) = (p-1)(q-1), e co-prime with  d = e-1 mod (n)
Release e, n as public key. Encrypt: c = messagee (mod n)
Keep d as private key. Decrypt: message = cd (mod n)

Classical Cryptography



Quantum Key Distribution

Entangled
photon
source

Ekert Protocol (1991): Generate entangled photon pair.
Send one to each user. Each user measures in random basis.
Repeat. Public discussion of basis. Reject unlike bases.
Use key to encrypt and decrypt message.

Eavesdropping without being detected is impossible 
  because measurement changes the correlations

Security is guaranteed by the laws of quantum physics

http://www.idquantique.com/quantum-safe-crypto/



1,200 kilometers

Satellite-to-ground QKD





• The National Quantum Initiative Act was signed into law on December 21, 2018. The law 
gives the United States a plan for advancing quantum technology.

• This act has spurred a tsunami of funding for quantum research and industry, much of it 
centered around “Quantum 2.0” technology.
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THE IDEA

Enable the public to make measurements on a real quantum 
network that transmits entangled photons, for​

• Extensive public engagement
• Hands-on public participation in quantum technologies
• Quantum curricula (K-12 & community college)​

• Fundamental research
• State-of-the-art quantum protocols
• Fundamental tests at scale​

• Quantum technology innovation
• Involvement of industry partners​





Quantum 

Teleportation

Unforeseen 

applications 

from the 

public



Fall
2022

Spring 
2023

Fall 
2023

Summer 
2023

Summer 
2024

TIMELINE

Full measurement 
automation

VPN

Source and public 
interface development

Launch Event

Fiber link 
characterization

Spring 
2022

Idea

Preparations for 
public launch event



THE LINK





62

THE VISION

Time 
Tagger

Network Closet Public Station

H
PBS

Fiber 
Patch 
Panel

Polarization-entangled 
photon-pair source

Fiber 
Patch 
Panel

PBS
H

Send one photon from each pair of polarization-entangled photons in a 
loop to the library, where users can perform a Bell test (CHSH inequality)

SNSPDs



THE ENTANGLEMENT SOURCE





THE PUBLIC INTERFACE



Superposition Entanglement Measurement
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THE QUANTUM NETWORK V.1

Time 
Tagger

SHG

HH

Q

HQ Q

H
H

Filter

Filter

Filter

PBS

PBS

PBS

Dichroic

PPKTP

Pulsed Laser
1.3 ps, 1560 nm, 500 MHz

Fiber Setup Public Station

H
PBS

Fiber 
Patch 
Panel

Fiber 
Patch 
Panel

SNSPDs

Measurements facilitated by communication amongst researchers







Print out a coloring book!

iquist.Illinois.edu/outreach/pqn/coloring-book





THE SOFTWARE
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Hardware-level example

Feynman Computing Center Lederman Science Center

Public Measurement Setup

Network Closet

5. Controls motor via 
USB cable

3. Gets the measurement request
4. Runs the measurement
6. Sends the result to LSC 1. PC runs GUI

2. Sends the measurement request
7. Gets and displays the result

Controls motor via 
USB cable Communication via 

wireless connectionGets detection 
counts
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The PQN GitHub repository is now public

github.com/PublicQuantumNetwork/pqn-stack

• Raw code, loose structure in place

• Refining and polishing as we go

Next steps:

• Complete two-player codebase and test at UIUC

• Test at Fermilab

https://github.com/PublicQuantumNetwork/pqn-stack
https://github.com/PublicQuantumNetwork/pqn-stack
https://github.com/PublicQuantumNetwork/pqn-stack


THE PUBLIC INTERFACE



Public Interaction Activities

76

Game Approximate protocol

Verify Quantum Link CHSH

Quantum Fortune random number generation

Get to Know Someone quantum voting

Send a Secret Message QKD

Graphical user interface features PQN mascot “Whobit,” who guides 4 possible games

Can see interface at https://pqnetwork.web.illinois.edu



Quantum fortune examples

• Give the world the best you've got. And you will get kicked in the teeth. Give the 
world the best you've got anyway. - Hedy Lamarr

• The only sure way to avoid making mistakes is to have no new ideas. - Albert 
Einstein

• Once you can accept the universe as matter expanding into nothing that is 
something, wearing stripes with plaid comes easy. - Albert Einstein

• The best way to cheer yourself is to cheer somebody else up. - Albert Einstein

• Everybody is a genius. But if you judge a fish by its ability to climb a tree it will live 
its whole life believing that it is stupid. - Albert Einstein





Examples of two-player questions

• Photons can be undecided (in a superposition) when asked which way they wiggle. What question 
would your friend be most undecided about? Which book to read / Which movie to watch

• Photons can be in superpositions (undecided) together. Which scenario would your friend prefer 
being in superposition about with you? Where to go on vacation / Who to invite to a party

• Photons can be entangled so they always choose the same way. What do you think your friend would 
prefer to always agree with you on? When to leave a party / When to eat dinner

• Quantum networks can share secret messages using entangled photons. What message would your 
friend send first on such a network? An embarrassing photo / A declaration of love

• If your friend controlled a quantum network, what would they use it for? World domination / World 
peace

The more they agree, the longer 
the key -> higher res emoji



Survey assesses impact



Fermilab Visitor’s CenterLinks to Chicago: Kankakee Community College

Locally: preparing for next node, ongoing outreach activities

Next summer: build curricula with local high school teachers

Planning public quantum networks in Boulder, Colorado, and Irvine, 
California

WHAT’S NEXT?



Quantum outreach at UIUC
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