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Quantum Computing, once all the rage...
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Evolving and
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Quantum Information Science & Technology
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Quantum
Sensors
Improving
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“Gentlemen, what are the four pillars?” -- Dead Poets Society (1989)




A Two-(Qu)Bit
Hilbert Space

Quantum Computer

Non-Separable States

Separable States
Classical-like

No classical analogue
“Entangled”
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All the “oomph” of quantum technology
comes from using more dimensions in
multi-particle Hilbert space



Safety tip: No cloning allowed

Measuring a quantum system projects it into a basis state,
so some information on the initial state is inevitably lost:
no general classical copying

Quantum copying turns out to be forbidden by the No-Cloning Theorem;
more involved, can be seen as a consequence of information conservation

However, as long as a quantum state is not measured/projected

then it can be Converted between physical qubit types (Transduction)

* Carried, caretully, over long distances (Networking)

e Stored and read back (Quantum memories)

* Destroyed in one place and re-incarnated in the same state
somewhere else (Teleportation, Entanglement Swapping)



Quantum(Transduction
RoW = “Rest of the World”

[“Yac 100)orc | P)row = [V0)gc 1XYdore [P )row A necessary condition for

guantum transduction is
that the final state @’ of
the rest of the world is the
same independent of the
state of the qubits; this is
equivalent to saying there is
no interaction between the
physical qubits and the
outside world, e.g. no
information leakage.

Quantum Computer Quantum Transmission
(QC) Channel (QTC)

Linearity: (|10)gc + [01)gc) [00)gre [P)row = [00)gc (110)grc + 101)ore) 1P Y row

PWS currently Pl for BNL LDRD to demonstrate quantum transduction between superconducting
resonators and room-temperature photons, mediated by atomic vapor; details to follow.




Entanglement as a resource

Entangled pairs can be created, transmitted, and stored -- where can I get some?

Note: |//H)+ |VV) = |UD)+ |/A)
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Polarization Entangled Photon Pair Creation



Viennas « ; ek )
. by 3 A
Budapes§
LEoTS

sCatania

Barcelona

Algierse Tunise

< &

Synchronisation arXiv:1803.00583
1550 nm [quant_ph]

J

12000 | —
. . . .. anti-diagonal In >icli
" 3 vertical in Sicily g y

In-field entanglement distribution over a 96 km-long submarine optical fibre* o 10000
O
Soren Wengerowsky,l’z’ * Siddarth Koduru Joshi,!*2 Fabian Steinlechner,!*2 Julien R. Zichi, >4 Sergiy. M. Dobrovolskiy,4 .E

René van der Molen,* Johannes W. N. Los,* Val Zwiller,>4 Marijn A. M. Versteegh,3 Alberto Mura,® Davide 7, 8000
Calonico,” Massimo Inguscio,®’ Hannes Hiibel,® Anton Zeilinger,"-® André Xuereb,'? and Rupert Ursin!-2-# b=
' =
o

© 6000
(]
(8}
o

o 4000
(S}
.E

o 2000
(&)

O | | | | |

0 45 90 135 180 225 270 315 360
Measurement angle in Malta (°)


https://arxiv.org/abs/1803.00583
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Random but perfectly
@ correlated observations
at two stations constitute
a quantum key for

cryptography
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Quantum Cryptography: Vulnerability?

Interlopers can imitate

the same effect by j >
sending HH or VV at
random, and they will

then know the key

LE<E<<E



Quantum Cryptography: QM for the win
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HV: H results are correlated when va H
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cannot be imitated




Going the distance

Transmission of single photons over fiber limited to <100 Km — but remember, no
cloning/copying, so nothing like a standard classical repeater/amplifier is possible
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How to go farther? First we recall
the set of fully entangled states, called

the Bell State Basis:
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One-hop quantum repeater

Initial wavefunction has two independent entangled pairs, /B and CD

Y =(7HY+[VV) ([HH) + [VV) /2 = |®T) 5| )cp

Long distance 2L

/B C~ D
0] 0]
Entangled Entangled
Pair Sou Pair Sourc




One-hop quantum repeater

After some algebra we can re-group / with D and B with C

P =|P") p|P)sc +|PT)p|P e + [P p ¥ s + W) p|¥P s

Long distance 21 > Measurement/projection of the
Processng b} 'f rocesing BC pair in the Bell State basis will
Bell State @ - partially collapse the 4-particle

Measurement \ ’ ’
wavefunction and leave the /D
pair in a fully entangled state!

5’!*%3'“ PE,,,%;,Q,, “Entanglement Swapping”




Repeat as necessary

In principle we can chain repeater stages for as many hops as are needed to
go the desired distance, as long as we can generate the intermediate
entangled pairs — a form of teleportation using entanglement as a resource.
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Memories and persistence

Long distance 2L
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In practice, the
generation and
transmission of
photons is
probabilistic, and so
the simple repeater
depends on fortunate
coincidence.

We can de-skew and
greatly improve
efficiency by storing
successful
transmissions in
quantum memories.
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Room-temperature quantum memories

PHYSICAL REVIEW APPLIED 8, 034023 (2017)

Ultralow-Noise Room-Temperature Quantum Memory for Polarization Qubits

Mehdi Namazi, Connor Kupchak, Bertus Jordaan, Reihaneh Shahrokhshahi, and Eden Figueroa

Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA
(Received 27 July 2016; revised manuscript received 14 August 2017; published 25 September 2017)
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The Quantum Internet Will Blow Your Mind. Here's

What It Will Look Like @SEDVER.

"There is no such thing as
good publicity or bad
publicity; there is only more
publicity and less publicity”

-- Sam Goldwyn

Mehdi Namazi, Mael Flament, Prof. Eden Figueroa



I 2020 media coverage I

RESEARCH NEWS

The Key Device Needed for a Quantum
Internet

June 30,2020 « Physics 13,104

As researchers worldwide work toward a potential quantum internet, a major roadblock remains: How to build a

device called a quantum repeater.

physics.aps.org/articles/v13/104
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US Takes an Important Step Toward Quantum Internet

A recent experiment has created a one-way quantum network between two labs,
reaching a milestone on the path to creating a quantum internet.

https://www.insidescience.org/news/us-takes-
important-step-toward-quantum-internet
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Ll researchers work to create quantum
internet
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First-generation Quantum Internet
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With links and
memories, we
can deliver
entanglement to
any pair of users
on request



Local long distance experiments, SBU to BNL
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Mach-Zehnder single photon interference
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Hong-Ou-Mandel Two-Photon Interference
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With added delay, we look for two
independent photons arriving at
the final beam splitter.

Hong-Ou-Mandel (HOM)

interference dip shows that the two
photons are indistinguishable

Du, et.al., quant-ph/2101.12742v1
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Network-1n-progress

* The (near?) future Quantum Internet will distribute
entanglement as a resource to pairs of users on demand

* All the necessary ingredients have been demonstrated:
transduction, transmission, entanglement swapping, and
quantum memories

* Our Long Island collaboration is in a good position to build
out the first quantum local area network



And now for something not so
completely different...
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