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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
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Quantum Computers Quantum Sensors Quantum Networks
* break encryption e synchronize clocks better * connect quantum
e perform calculations - better GPS computersin a
impossible for regular * improve sensitivity of “quantum internet”
computers probes in medicine, e communicate securely
* simulate quantum systems transportation, and * improve astronomical

for e.g. drug discovery fundamental science observation
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guantum cloud computing: entanglement-based sensors guantum networks a few in the
over a dozen companies still in the lab world, but not publicly accessible

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



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.




Polarizing sunglasses

Imagine looking at a horizontally polarized screen
At first the glasses block all the photons.
The polarizers block photons waving horizontally.

If you tilt your head, some get through.
The photons that get through are in a
superposition of waving vertically and
horizontally.

When you put the two together, now
some horizontally polarized photons get
through. That’s because the photons’
polarizations changed into a superposition
after the diagonal polarizer.
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IMAX glasses

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

Photons can be polarized

Photons can be in a superposition of two possibilities

possibility . '

_ B

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



Quantum science challenges commonly held beliefs

Belief: “Objects have definite states before measurement.”
Superposition implies quantum particles may not.

Then is there an objective reality before measurement?






Entanglement



Entanglement
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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

L))

* This property allows them to behave as if they were one object no
matter the distance
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Quantum Analogies

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

- David Bohm



PHYSICAL REVIEW LETTERS 131, 101001 (2023)

Probing the Connection between Entangled Particles
and Wormbholes in General Relativity

Ben Kain
Department of Physics, College of the Holy Cross, Worcester, Massachusetts 01610, USA

®™  (Received 4 January 2023; accepted 26 July 2023; published 5 September 2023)

Maldacena and Susskind conjectured that two entangled particles, which can be thought of as forming an
Einstein-Podolsky-Rosen (EPR) pair, are connected by a nontraversable wormhole or Einstein-Rosen (ER)
bridge. They named their conjecture ER = EPR. We present a concrete quantitative model for ER = EPR,
in which two spin-1/2 particles in a singlet state are connected by a nontraversable wormhole in
asymptotically flat general relativity. In our model, the fermions are described by the charged Dirac
equation minimally coupled to gravity. This system has static wormhole solutions. We use these solutions
as imitial data and numerically evolve them forward in time. Our simulations show that black holes
form, which are connected by the wormhole and which render the wormhole nontraversable. We also
find that the wormhole throat shrinks, which places the particles in close proximity to one another and
suggests an explanation for how the wormhole facilitates the nonlocal communication required by

entanglement.

DOT: 10.1103/PhysRevLett.131.101001







Make your own entangled states!

* Fold the paper according to the number of particles you want entangled
* Open the paper and draw dashes on the creases you created

* Add symbols for the different possible states of each particle
* Choose which order the symbols are written according to what state you want
* Keep the symbols vertically aligned with other particles’ symbols

. F'l(if the paper over and draw filled-in circles over where the symbols are on the other
side

e Give it to someone else for them to make a measurement!

 How would you write your entangled state using kets?



Write the entangled state using kets

* Draw a vertical line to start the ket
* Add the first symbol of each particle to the ket
* Close the ket

* Draw a plus sign to add kets for the other possible state combinations
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So what is the real guantum understanding?

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

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

Quantum analogies are based on quantum interpretations.



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.
e 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)



Properties of Entanglement

at éea@t
“It takes two to tangle.”
J. Eberly, 2015

Ypair X |[HH) +|VV)  Entangled

Y1 o [H) +[V)
Y2 o< |H) +[V)
P19 = 1o < |HH) +|VV)Y+ |HV)+ |VH)  NotEntangled

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



1935: Einstein, Podolsky, Rosen (EPR) Paradox

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

spooky action
at a distance

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).
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We can create photons in pairs

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

+ (0j Energy conservation

—+ Ki Momentum conservation

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



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




Ysystem) = |VV) + Re'’|HH)

{

Paul Kwiat

Phys. Rev. Lett. 75, 4337 (1995).



Measuring the photons with polarizers shows near-

perfect quantum correlation . .
<

7]
—
o
R

7]
~—

=

=
=]

(9]

<P]

&

=

=?]
=
T

&
i

=]
@)

90° 135° 180°

Angle of polarizer a (degrees)




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 a
* The angles are chosen to maximize violation of the inequality ¢ .
[ E(a,b) + E(a’,b) + E(a’,b’) —E(a,b’) ] < 2 A

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

~
~
~
~
~
~
~
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The last term ~ likelihood
more different than similar

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

J.S. Bell, Physics 1, 195-200 (1964)
J.F. Clauser, M.A. Horne, A. Shimony, R.A. Holt, PRL 23, 880-884 (1969)
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Strong Loophole-Free Test of Local Realism

Lynden K. Shalm."" Evan ;\1-:_\'cr-F;um.2 Bradley G. Christensen.” Peter Bierhorst," Michael A. \\-";1_\110.3‘4 Martin
J. Stevens,' Thomas Gerrits,' Scott Glancy,' Deny R. Hamel,” Michael S. Allman,' Kevin J. Coakley,! Shellee D. Dyer,'
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(Received 10 November 2015; published 16 December 2015)

We present a loophole-free violation of local realism using entangled photon pairs. We ensure that all
relevant events in our Bell test are spacelike separated by placing the parties far enough apart and by using
fast random number generators and high-speed polarization measurements. A high-quality polarization
entangled source of photons, combined with high-efficiency, low-noise, single-photon detectors, allows us
to make measurements without requiring any fair-sampling assumptions. Using a hypothesis test, we
compute p values as small as 5.9 x 107 for our Bell violation while maintaining the spacelike separation
of our events. We estimate the degree to which a local realistic system could predict our measurement
choices. Accounting for this predictability, our smallest adjusted p value is 2.3 x 1077, We therefore reject
the hypothesis that local realism governs our experiment.




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”



SPOOKY ACTION AT A DISTANCE

A SOURCE OF
PHOTONS SENDS

OUT A PAIR OF
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ALICE RANDOMLY CHOOSES | BOB AL50 RANDOMLY CHOOSES ALICE AND BOB REALIZE THAT THE
HOW TO MEASURE THE A WAY TO MEASURE THE RESULTS OF THEIR MEASUREMENTS
POLARIZATION OF HER PHOTON POLARIZATION OF HIS PHOTON | ARE CORRELATED, BECAUSE THE
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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

! ;;e rage

Relative IPv4 utilization observed using ICMP Ping requests Source: Cama Botnet

There are a handful of few-node and many
(~40) node quantum networks in the world.



Why are entangled states important?

Responsible for guantum measurements and decoherence

Central to demonstrations of qguantum 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



Classical Cryptogrphy

NSA uses supercomputers to
crack Web encryption, files
show

RSA Algorithm (1978): Generate random prime numbers p & g.
Compute n = pg, ¢(n) = (p-1)(g-1), e co-prime with ¢, d = e’ mod ¢(n)

From: UIUC

Sent: Friday, March ., .v.~11:40 AM
'="%=1| To: 'Virginia Lorenz'

Subject: Physics

Hi Virginia,

Security relies on computational difficulty of factoring the public key



Quantum Key Distribution

| '

Security is guaranteed by the laws of quantum physics

L5 i"", . O - Enigine —JllL'
land.- '= - |n|—[| :

Eavesdropplng without bemg detected is impossible
because measurement changes the correlations




PUBLIC
QUANTUM
NETWORK
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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)

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

* Quantum technology innovation
* Involvement of industry partners

The Grainger College
E of Engineering
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GRAINGER ENGINEERING L]
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Public 8w
Quantume= == &
Network .

.
launch event e

Nov.4 « 1 pm
Urbana Free Library

1:00 - 1:45 PM h l j '
Hands-on activities about quanium soience and mﬁ:\gy

Liguid Mitrogen Ioe Creom « Games« Quan&rmw

145 - 2:00 PM
Welcoming and opening statemeamts fror m Daan Roshid Boshir,
Mayar Dinne 'n i, WC2E 2324 Bogrd co-chair Pam Necson,

and a representative from The Urtsona Free Librory HI .
" . i &
200 - 2:30 PM » .
Live dema of the Public Quantum Metwork ‘!

2:20 - 4:00 PM -
Hends-an activities about quantum schence and :-echrrurog-_-'

UC2E & The Urbana Free Library
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Quantum Secure
Communication

Quantum
Teleportatio
The Quantum Int_erriet" e @ :

Fault-tolerant quantum memories are used to build repeaters and swtfch_es s : Secure : -_ R
for high-fidelity high-rate quantum communications over 1000s of km ‘ Comrrmqigauurgs Applications

Sensing,Timing, GPS ~  Networked
2 -~ Computing
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TIMELINE

Source and public
interface development

) /2

Launch Event

PUBLIC
QuaAnTum
NETWORK

Summer Summer

2022 , , 2023 , 2023 Full measurement
Fiber link Preparations for .
. : automation
characterization public launch event
VPN )




THE LINK




FIBER OPTIC CABLE







Broadband network
to underserved
communities created
from funding via 2009
American Recovery
and Reinvestment Act

UIUC-city partnership

Public quantum
network was in-line
with vision for
community access

Generously providing
fiber links and service

URBANA-CHAMPAIGN BIG
BROADBAND




* Founded in 1874

* Provides free internet

service

* Runs STEM workshops for
kids

THE URBANA FREE LIBRARY

—-— THE URBANA FREE
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Loomis Laborats
Of Physics, University...
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ViSpringfieldrs

Vivekananda &= 3 min
House UIUC 1.6 km

e W Western Ave
Central lllinois Mosque@

& Islamic Center
Twice Is Nice Thrift Shop @

Hendrick HouseQ

WIGTeeniSt e S
%e s @ 3 min

1.5km

@ WL sl s

* Fiber Loop from

UIUC - library - UIUC
e 24.3-km roundtrip fiber
e ~10-dBloss at 1550 nm
e ~1,500 cps dark counts




J o D 1549 nm

—e= D 1549 9 nm

206 4 = D 1549.99 nm
—+— D 1549 999 nm '
—+— D 1550 nm

s 204 =
x> o
o 4 140
202 4
135
200 1
130

16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00
Time

* Polarization rotated 10-20 degrees in 16 hours
* Depolarization is minimal

POLARIZATION STABILITY

1549 nm
15495 nm
15499 nm
154999 nm
1549.999 nm
1550 nm

EERRR

16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00
Time

—

* Since measurements take just a few minutes, manual compensation enough to start



THE VISION

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)

UNIVERSITY OF —__-T—THEURBANAFREE
I ILLINOIS DI | [BRARY
Network Closet Public Station

Polarization-entangled
photon-pair source

Fiber
Patch

o H w
PBS
; JJ Panel
: Q
TTa'g”g‘gr H  SNSPDs S)

67



THE ENTANGLEMENT SOURCE

|HY IV, H) V),

' PPKTP crystal ‘

|HV) + |VH)
at output

idler signal



DC SOURCE

|H)s V)i |H)s V)i

Pulsed Laser

SHG PPKTP crystal
1.3 ps, 1560 nm, 500 MHz
H H
PBS
H O Q H Q Filter
LR '
Dichroic PBS . l

X N

I
IV,

Filter % H==
D H PPKTP
PBS [\

U — Filter
Q

—
Tagger H SNSPDs O

|HV) + |[VH)
at output

idler signal

|H) + |V)

Dichroic
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* Analytical fit function
can provide CHSH
results to users while
automation is still
under construction

CHSH value

3.00

2.75-
2.501
2.251
2.001
1.751
1.501
3
1.251

1.00
0

CHS

VS ANGLE DIFFERENCE

Data taken over the network link, optics hardware in lab

S = E(a,b) — E(a,b') + E(a',b) + E(d',V)

________________________________________________________________________________________________________________________________________

10 20 30 40 50 60 70 80

Difference between angles a and @’

20



THE PUBLIC INTERFACE



Fresnel
lenses Fliters
BS PBS ;
§§§§§§§§§ H-gi '-Q‘
HWP H Vi
\ PBSL  H, D X &
1Y v 'L
Hp A
________ ) =
Photo‘diodes

* Rotatable HWP to select using the lights
. \ CONEE e User enters 2 CHSH angles for library
,,,,,,,,,, I P e node; the other 2 are calculated to

»
- ot ®
& -

SRR g e maximize CHSH value
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Superposmon

Quantum mechanics is a theory that

helps us understand how nature mmmusumim of many aptions all at once.
warks when things put really tiny. 2 ENTANGLEMENT ties the of multiple articies togethar.
Electrons, atoms, and photons are all 1. MEASUREMENT randomly From the different possibile
examples of quantum particles. options for a property, destroying superposition and uu'l-mc.




THE QUANTUM NETWORK V.1

UNIVERSITY OF —E—THEURBANAFREE
Pulsed Laser s JL ILLINOIS AT | |BRARY
1.3 ps, 1560 nm, 500 MHz v DREANATERAREALEN
H pgs H Fiber Setup Public Station
” Q) Q H Q Filter
Q Dichroic
y/4
O Filter H
@ﬁ N y

PBS
b Filter
Q

Measurements facilitated by communication amongst researchers
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Public Quantum Network
Launch Event

Saturday, November 4, 1:00 - 4:00 p.m.
The Urbana Free Library | For all ages.

Celebrate the launch of the first publicly
accessible quantum network in the nation!

Where everyone can
play with quantum particles.
Come explore with us!

Quantum activities for all ages | Liquid nitrogen ice cream

e B e [ HE URBANA FREE ucan

UNIVERSITY OF
MG | [BRARY o, I ILLINOIS
—_— Big Broadband URBANA-CHAMPAIGN
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UNIVERSITY of

............
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ABCS @{?

Print out a coloring book!
iquist.lllinois.edu/outreach/pgn/coloring-book \

PUBLIC
8 QUANTUM \
NETWORK \

Wave-Particle Duality \

Do you ever feel sleepy and hungry at the same time? Quantum particles
can be two things at the same time, too. They can act as both waves
and particles.




Pulsed Laser

1.3 ps, 1560 nm, 500 MHz

TR
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S
Filter

H H
PBS 0 D

N
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Time
Tagger

SNSPDs

PBS [\ A\
— Filter

e\ N
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oy PPKTP Fiber
Patch

UNIVERSITY OF
s JL ILLINOIS

Polarization
Filter Control

O

THE QUANTUM NETWORK V.2

e B . THE URBANA FREE

MMinifM| |IBRARY

Network Closet Public Station

’(@\I Panel

Fully automated measurements using VPN and TCP server; no active polarization control
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Loomis

Gets measurement request
Runs automized
measurements

Sends the result to library
computer

USB Cable

VPN

VPN

The Urbana Free Library

Public Measurement Setup

TCP
serv,

er

TCP
server

1. Raspberry Piruns GUI
2. Sends measurement requests
3. Gets and displays the result

Network Closet

= i

controls
motor via
USB Cable




Fully automated CHSH
measurements

No active polarization
compensation

Most CHSH values stay
above 2.4 for over 2 days

2.8
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polarization compensation
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WHAT'S NEXTe

Links to Chicago: Kankakee Community College Fermilab Visitor’s Center

ﬁ Schaumburg
3 710 Morth
Shore Drive
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Locally: preparing for next node, ongoing outreach activities

Next spring: add a second measurement station at the Urbana Free
Library to give people the power to share “guantum valentines”

Next summer: build curricula with local high school teachers




Quantum outreach at UIUC

NOW OPEN FOR MISSIONS AT OUR NEW LOCATION!

LabEscape Quantum Salvation Mission Center, Rm 1262 Digital
Computing Lab

1304 W, Springfhield Ave., Urbana, IL
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CASCADE: AN ARTS- :
| SCIENCE CELEBRATION
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