
Quantum Computation, 
Communication, and Internet

with Light 

Peter van Loock

Institut für Physik,
Johannes Gutenberg-Universität Mainz



Quantum Information with (Laser) Light

Optics

Geo-
metrical
Optics

Wave 
Optics

Quantum 
Optics

Physics

x

p



Quantum Information with (Laser) Light

Optics

Geo-
metrical
Optics

Wave 
Optics

Quantum 
Optics

Quantum 
Information

Physics
Information

Theory

Photonic 
Quantum

Information



Quantum Information with (Laser) Light

Quantum 
Information

Photonic 
Quantum

Information

J. S. Neergaard-Nielsen et al., PRL 105, 053602 (2010)



Quantum Information with (Laser) Light
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Bosonic / Photonic Code:
“Qubit in Quantum Oscillator”

Bosonic / Photonic Qubit

J. S. Neergaard-Nielsen et al., PRL 105, 053602 (2010)
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Quantum Simulation

Quantum 
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Quantum Chemistry,
Simulating Quantum Field Theories,

Noisy Intermediate-Scale Quantum (NISQ) Devices,
No Quantum Error Correction/Detection,

No Fault Tolerance 
…
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Quantum Computer

Quantum 
Information

Quantum 
Computation

Quantum Speedup, Quantum Parallelism,
Quantum Algorithms,

Universal Models, Scalability, Fault Tolerance,
Quantum Error Correction

…

There's Plenty of Room 
at the Bottom

Feynman 1959 Q. Turing Machine,
Universal Q. Computer

     Deutsch 1985 

Q. Algorithms and Codes
Shor 1994, 1995 



“Quantum Parallelism”

Qubits

Parallel Bit Combinations



Quantum Software

Shor Algorithm

Grover Algorithm



Shor Factorisation with Faulty Qubits 

The estimation is that for a 

2048-bit-number (number with 617 digits)

10 - 100 million qubits

will be needed

(in the ideal error-free case, it would be

only a few thousand)



Quantum Computer: IBM, Google …



Status 2024: logical vs. physical qubits

Harvard: ~ 10 logical qubits with atoms
(for 280 physical qubits)
https://www.nature.com/articles/s41586-023-06927-3

IBM: physical superconducting qubits ~ 1000:
https://www.newscientist.com/article/

https://www.nature.com/articles/s41586-023-06927-3
https://www.newscientist.com/article/
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Quantum Bit, “Qubit”

2 States
(„computational

basis“)
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Quantum Bit, “Qubit”



0 or 1 10  +=

Classical Bits, Quantum Bits 



Qubit in Dirac Notation 

10  +



Qubit in Dirac Notation: Vektor Basis 



“Pauli-X” Basis (Eigen-)States 



P

S

t = 7 ns

397 nm

D

729 nm

„Qubit“

|1>

|0>

Ion Qubit 

Ferdinand

Schmidt-Kaler

Group

in Mainz



Quantum Algorithms: Input



Quantum Algorithms: Input



Quantum Algorithms: Input



Quantum Error Correction: Shor Code

THIRD SERIES, VOLUME 52, NUMBER 4 OCTOBER 1995

RAPID  COMMUNICATIONS

The Rapid Communications section is intended for the accelerated publication of important new results. Since manuscripts submitted to this

section are given priority treatment both in the editorial office and in production, authors should explain in their submittal letter why the

work justifies this special handling. A Rapid Communication should be no langer than 4 printed pages and must be accompanied by an

abstract. Page proofs are sent to authors.

Scheme for reducing  decoherence  in quantum  computer memory

Peter W. Shor*
AT&T  Bell  l.Aboratories, Room  2D-149,  600 Mountain Avenue,  Murray  Hill, New  Jersey  07974

(Received   17 May  1995)

Recently, it was realized that use of the properties of quantum mechanics might speed up certain computa tions dramatically. Interest has

since been growing in the area of quantum computation. One of the main difficulties of quantum computation is that decoherence

destroys the information in a superposition of states contained in a quantum computer, thus making long computations impossible. lt is

shown how to reduce the effects of decoherence for information stored in quantum memory, assuming that the decoherence process acts

independently on each of the bits stored in memory. This involves the use of a quantum analog of error correcting codes.

PACS  number(s):  03.65.Bz,  89.70.+c



Classical Error Correction: “Redundancy”



Quantum Error Correction



Shor’s Quantum Error Correction Code
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No-Cloning Theorem 

 ⎯→⎯



Cloning 



No-Cloning 

U
0=

0

0

0

U
1=

0

1

1

U
10 +=

0


+ 1100

Wootters and Zurek, Dieks, 1982



No-Cloning 

U
0=

0

0

0

U
1=

0

1

1

U



+



Photonic QComputer: PsiQuantum,Xanadu



Dual-Rail Qubit:

Photonic Qubit 

Single-Rail Qubit:



PsiQuantum’s Photonic Qubit 

 +



Quantum Communication

Quantum 
Information

Quantum 
Communication

“The Art To Transfer Quantum States”,
Quantum Cryptography (QKD), Quantum Networks,

Entanglement-Assisted Data Transfer,
Distributed Quantum Computing,

Quantum Internet,
Quantum Error Detection/Correction

…



Quantum Networks: Amazon …



Photon-Based QTechnology: Why Light? 



Quantum Optics,
Quantum Light



Electromagnetic Light Wave 
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Minimal Uncertainty  

„Zero Point Energy, 
Vacuum“

Place



Minimal Uncertainty  

„Zero Point Energy, 
Vacuum“
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Quantum Optics

Squeezed States:
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Squeezed Vacuum  

Place



Quantum Beam Splitter



Quantum Beam Splitter: There’s no Nothing 



More Exotic/Non-Classical, Non-Gaussian 
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Non-Gaussian Quantum States,“Side View” 



Schrödinger Cat State

Place



“Encoding a qubit in an oscillator”

J. S. Neergaard-Nielsen et al., PRL 105, 053602 (2010)



“Cat Code”



“Encoding many qubits in an oscillator”



“Encoding many qubits in an oscillator”

Logical qubit
in a single

LASER light pulse !!!



Schrödinger Cat State with CQED

G. Rempe-Group, MPQ, Nat. Photon. (2019)



Quantum Entanglement



Classical Correlations



Quantum Correlations, Entanglement



Beam Splitter: Hong-Ou-Mandel Effect



Beam Splitter: Hong-Ou-Mandel Effect



Photon Entanglement via Nonlinear Optics

pumpP OPO 



Two-Mode Squeezed State, Entanglement   
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Entanglement of Two Laser Light Pulses

Place Place



Entanglement: ``EPR’’, Schrödinger and Bell

Entanglement

2/1001 





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+

 − cxxdx ,

Continuous Variables Discrete Variables

Einstein, Podolsky, and Rosen (1935)...

... non-locality, non-realism, or hidden variables... QM incomplete



Entanglement of Many Light Pulses



Use Laserlight, Photonic Qubits,
Entangled Photon Pairs



Quantum Communication



Quantum Communication

Reliable Transmission 
of Quantum Information…
(Quantum Teleportation)

Secure Transmission 
of Classical Information…
(Quantum Cryptography)



Teleportation





Quantum Teleportation



Alice Bob



Quantum Teleportation

entanglement 
generation

joint 
measurement conditional 

transformation

classical channel



Quantum Key Distribution


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Quantum Key Distribution
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Quantum Key Distribution

Alice sends 

value 0         1          1          0          1          1          1          0          0

Bob 
measures

result

Eve 
measures

result



Quantum Information, Technology

“No-Cloning”
Theorem

No Communication
Faster Than Light

Heisenberg
Uncertainty Relation

Entanglement

Quantum Teleportation
Beats

Classical Teleportation

Quantum Cryptography
Beats

Classical Cryptography

Universal
Quantum Computer

Global
Quantum Internet



Quantum Communication: Large Distances



Alice Bob

Eve

~ 1000 km 



Classical Communication with Light

Europe-USA 

41 Channels with 10Gb/s



Optical Fiber Technology

Ideal Wavelength

1.5µm 

- single-mode propagation

- 0.2dB/km attenuation

repeater stations for 

optical pulse recovery:

- light amplification

- compression of spreading 

wave packets

1mW @ 1.5µm corresponds to 7.106 photons per 0.1ns pulse

plus in- and out-coupling losses: 

transmission through 300km fiber ~100 photons



Alice

Bob

Alice

Bob

http://www.idquantique.com

http://www.magiqtech.com

Point-To-Point QKD Systems

Problem:
Probability to lose

a photon grows
exponentially in an

optical fiber channel!

GHz Source, 1000km:
0.00000000002 Hz



Quantum Space Satellite (QUESS) 



Classical Repeater via Optical Amplifier

AmpAmp Amp



Quantum Repeater via Optical Amplifier

AmpAmp Amp



Quantum Repeater



Qubit Entanglement with Ions
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Quantum Repeater

✓ Entanglement Purification

✓ Entanglement Distribution

✓ Entanglement Swapping 

✓ Quantum Memories

0110 +



Entanglement Swapping

Bell Meas.
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Shor’s Quantum Error Corection Code
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Classical Error Correction



Quantum Error Correction



Quantum Networks



Quantum Networks



Conclusion / Bottom Line

Photons

Light is great, 
and 
indispensable 
for
Quantum 
Technologies!
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