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Wer baut den Quantencomputer 
„Made in Germany“?
Die politischen Weichen für einen deutschen Quanten-
computer sind gestellt. Die Fördermittel von zwei Milliarden 
Euro stehen bereit. Nun bringen sich die Forschungs-
standorte in Startstellung. Wer wird das Rennen machen?

QUANTENTECHNOLOGIE IM AUFWIND
Mehr Mut für Europas Entscheidungsträger - die Quantenkryptographie ist die 
erste wirklich breite und weltweite Anwendung der Quantentechnologie. 

QUANTENCOMPUTER IN DEUTSCHLAND
„In fünf Jahren wollen wir einen wettbewerbsfähigen Rechner“
Deutschland stellt zwei Milliarden Euro bereit für Quantencomputer. 
Regierungs-Berater Peter Leibinger erklärt, was damit geschehen soll.

Jetzt kommt die Quantentechnik 
in die Industrie
Der weltweit erste Quantensensor hat seine Tauglichkeit 
für die Großserie bewiesen. Die Mittelständler Trumpf 
und Sick gehen jetzt den Markt an.

FAZ - Schlagzeilen



Quantum technologies - quo vadis
Agenda

 a brief historical outline

 phenomena of quantum physics

 the 1st quantum revolution

 the 2nd quantum revolution

 quantum-hub Thüringen

 what´s next?!
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Quantum technologies
History

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020
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Quantum technologies
History

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020

The philosophers of 
ancient Greece wondered 
what particles the world 
was made of. Demokrit
called the smallest 
indivisible particle 
"atomos"
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Quantum technologies
History

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020

Max Planck wanted to 
gain a fundamental 
understanding of the 
radiation emitted by a 
black body. In his work, he 
found that energy is 
released in small packets -
he calls the energy packets 
quanta.
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Quantum technologies
History

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020

Albert Einstein built on the 
work of Young and Max 
Planck and found that light 
can have both wave and 
particle character. He calls 
the light particles photons.
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Quantum technologies
History

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020

Rutherford showed that 
an atom consists of a 
positively charged nucleus 
on which electrons move 
in specific orbits.
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Quantum technologies
History

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020

Erwin Schrödinger developed 
the Schrödinger equation, 
which allows the calculation of 
energy states in atoms and 
molecules.
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Quantum technologies
History

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020

Werner Heisenberg 
determined the 
uncertainty principle. It 
states that the position 
and speed of an object 
can never be precisely 
determined at the same 
time - a contradiction to 
classical physics.
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Quantum technologies
History



Quantum physics
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Explained

 Superposition is like a spinning coin: 
as long as we don’t “measure” it, we cannot tell if it is head or tail.

 Entanglement is like two spinning coins:
once, one coins side is determined, the other one will show the opposite result.

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), München 2020



Quantum Physics
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Superposition

© J. Kretzschmar



First quantum revolution
The sixties

Page 14

Theodore Maiman

utilization of collective quantum phenomena



But what to do with a laser?
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Arthur Schawlow



But what to do with a laser?
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Markets
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energy environment

medical

mobility

communication security



molecular scale imaging

laser particle accelerationadvanced sensing

attosecond science quantum computing

gravitational wave physics

Challenges in fundamental sciences



World market photonics
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(bn US$)

Smaller parts of the region–market links are not shown for better clarity

Source: Spectaris - Trend Report Photonics 2021/2022



Enterprises

Turnover

R&D rate

Export rate

Employees
of which in research institutes

Turnover development since 2008

180

~ 3,3 B€

12%

67 %

14,600
1,600

+ 6 % p.a.

©  OptoNet e.V. 2020

Optics and photonics region
Economic data in the field of optical technologies



…more consequences from the 1st quantum revolution
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ATOMIC CLOCK

LASER

GPS

MICROELECTRONICS MRI

FIBER OPTIC NETWORK



"Ultrafast creation of large Schrödinger cat states of an 
atom", K. G. Johnson, et al., Nature Comm. 8, 697 
(2017),https://www.nature.com/articles/s41467-017-00682-6

"Reincarnation can save Schrödinger's cat", Z. Merali, Nature 454, 8-9 
(2008), https://www.nature.com/news/2008/080702/full/454008a.html

"Schrödinger's cat is now fat", G. Blatter, Nature 406, 25–
26 (2000), https://www.nature.com/articles/35017670

https://www.latimes.com/style/pets/la-he-pets-obesity-20150620-story.html

utilization of isolated quantum systems
(entanglement / superposition)

for macroscopic applications

Quantum Technologies
Moving towards the 2nd quantum revolution



Quantum Technologies
Moving towards the 2nd Quantum Revolution

Understanding [..] the physical laws of the microscopic realm – resulted in ground-breaking technologies such 
as the transistor and the laser. Now, our growing ability to manipulate quantum effects […] is paving the way 
for a second quantum revolution.

European Quantum Manifesto

Quantum technologies […] will lead to a wave of new technologies that will create many new businesses […] 
including secure communication networks, sensitive sensors for biomedical imaging and fundamentally new 
paradigms of computation […] and will be the decisive factor for success in many industries and markets. 

Quantum Technologies Flagship Intermediate Report



https://www.bmbf.de/de/quantentechnologien-7012.html, https://qt.eu / https://qt.eu/app/uploads/2018/04/93056_Quantum-Manifesto_WEB.pdf , New J. Phys. 20 
(2018) 080201, https://www.photonikforschung.de/media/quantentechnologien/pdf/Quantentechnologie_bf.pdf, China‘s XIII. 5-year plan: 
http://en.ndrc.gov.cn/newsrelease/201612/P020161207645765233498.pdf

computing & simulation

sensing & metrology

communication

quantum „enabling technologies“:
photonics, microelectronics, information

science,…

Imaging / life sciences

New markets
Applications of quantum technologies of the 2nd generation



Quantum technologies
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Public funding – current worldwide investments reaching almost $30billion

Source: Yole – Quantum Technologies 2023



Quantum technologies
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Market forecast 2022 - 2030

Source: Yole – Quantum Technologies 2023

Quantum as a Service



Page 28

Quantum technology in Germany
ACP and quantum technologies

* Quelle: VDI Technologiezentrum GmbH, bzw. http://qurope.eu/db/groups/map / 
www.quantentechnologien.de/qt-in-deutschland.html



Page 29

Core activities
Quantum technologies in Thüringen

Computing & Simulation

Imaging Sensors & Metrology

Communication

photonics:                            
an enabling technology for QT



Quantum Hub Thüringen
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People…
Quantum technologies in Jena

Markus Gräfe
group leader: quantum 

enhanced imaging

Fabian Steinlechner
Fraunhofer Attract-group 

quantum communication“

Falk Eilenberger
quantum materials group

Frank Setzpfandt
quantum optics group

Erik Beckert
group leader system integration

and quantum hardware

Uwe Zeitner
micro structure technology

Thomas Pertsch
nano & quantum optics

Stefanie Gräfe
Quantum optics (theory)
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imaging with undetected photons
Quantum imaging

* source: heise c`t 10/2021 S.134 



Page 34

Video rate recording
Quantum imaging

Gilaberte et al., Laser Photon. Rev. 2000327 (2021)



Reestablishment of
SECURE Commmunication
and TRUST

Quantum Communication
Why?
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Quantum Communication
Why?

Increasingly clever quantum-algorithms on increasingly powerful quantum computers bring 
quantum hacking of classical encryption within reach

Page 36 Siehe auch: Studie: Entwicklungsstand Quantencomputer, BSI, 17.05.2018: e.g. 1.2 (p.17-18)



Quantum Communication
Quantum key distribution (QKD)

Page 37 Siehe auch: Studie: Entwicklungsstand Quantencomputer, BSI, 17.05.2018: e.g. 1.2 (p.17-18)

Quantum Key Distribution

encryption and data 
transmission*



Entanglement-Based Quantum Key Distribution (QKD)
BBM92 protocol

Basis A 0 0 0 0 0 0 1 1 1 1

Bitvalue 0 1 0 1 0 0 0 1 0 1

Basis B 0 0 0 0 1 1 1 1 0 0

Bitvalue 0 1 0 1 1 0 0 1 1 0

25%

50%
Basis A ≠ Basis B Basis A = Basis B
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Quantum communication
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Quantum key distribution (QKD)

Kagermann, et al.: The Innovation Potential of Second-generation Quantum Technologies (acatech IMPULS), München 2020.
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Quantum communication

Gilaberte et al., Laser Photon. Rev. 2000327 (2021)

Project QuNET



QKD in the Field
QuNet-Alpha Demo Experiment in Bonn



Seite 42 A Kržič et al., arXiv preprint arXiv:2205.12862

Quantum communication
Entanglement-based QKD in daylight
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Quantum communication
Entangled photon sources

Gilaberte et al., Laser Photon. Rev. 2000327 (2021)
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Chancellor Merkel inspects Fraunhofer IOF's 
entangled photon source at the Digital 
Summit 2020 on Dec. 1.

Free beam and fiber QKD technologies 
were presented digitally to the Federal 
Minister of Education Anja Karliczek at 
the QuNET press conference on Dec. 2, 
2020.

Hybrid quantum communication via free beam and fiber link
Quantum communication



»PhotonBox«
IOF

Free-space link for field trials
Active and adaptive optics for quantum communcation



Quantum Hub Thüringen
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First successful exchange of quantum keys between Erfurt and Jena via optical fiber
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Quantum communication

Gilaberte et al., Laser Photon. Rev. 2000327 (2021)

 „Strategies for achieving high key rates in satellite-based QKD“, S. Ecker, B. Liu, J. Handsteiner, M. Fink, D. 
Rauch, F. Steinlechner, T. Scheidl, Anton Zeilinger, Rupert Ursin, npj Quantum Inf. 7(1), 1-7 (2021).

“This model and our field test 
will prove helpful in the design 
and operation of future 
satellite missions and advance 
the distribution of secret keys 
at high rates on a global 
scale.“
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Start-up Quantum Optics Jena
QKD-Systems with Entangled Photons
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source: https://blog.sintef.com/digital-en/diving-deep-into-quantum-computing/

Quantum Computers
From bits to qubits



„Tech giants Intel, Microsoft, IBM, and Google are all plowing tens of millions of dollars into quantum 
computing. Yet the contenders are betting on different technological horses: No one yet knows what type 
of quantum logic bit, or qubit, will power a practical quantum computer.“

G. Popkin, Science 2016, „Scientists are close to building a quantum computer that can beat a conventional one”
G. Wendin, Rep. Prog. Phys. 2017 “Quantum information processing with superconducting circuits: a review”

/add: neutral atoms /photonic Q-Comp. /add: spins/NMR

sub-types: e.g. JJ-cQED-based qubits: Phase qubit, rf-SQUID, Flux qubit, Fluxonium, C-shunt, Charge qubit, Quantronium, Transmon, Xmon, Gatemon, …

Seite 50

Quantum Computers
Open race: base technologies / hardware stacks (excerpt)



Seite 51 E. Farhi, J. Goldstone, S. Gutmann, H. Neven, „Quantum Algorithms for Fixed Qubit Architectures“
G. Wendin, Rep. Prog. Phys. 2017 “Quantum information processing with superconducting circuits: a review”
D. J. Reilly, „Engineering the quantum-classical interface of solid-state qubits“

Space-time volume of a quantum circuit computation 
(qubit register, gate operations)

initialization

gate operations

measurement

 “In practice, a quantum computer (QC) is 
always embedded in a classical computer 
(CC), surrounded by several classical shells of 
hardware (HW) and software (SW)”

Quantum Computers
qubits and gates, hybrid systems



 Superior scaling behavior (different!) and thus potentially higher 
computational power in certain categories 

 Prime factorization of integers (Shor)

 Search in unsorted databases (Grover)

 Linear systems of equations (HHL)

 Traveling salesmen

 Optimization (Annealing)

 3-SAT, .... & more to discover! 

 Simulation of quantum matter (Feynman)

 Medical development

 Physics at low temperatures

 Entangled many-body systems

 Quantum Machine Learning / AI

*https://www.quantum-bits.org/?p=2309,                     
https://www.simonsfoundation.org/report2017/stories/scott-aaronson-quantum-and-classical-uncertainty/
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Quantum Computers
Potential Q-benefits in a nutshell
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in medias res…
Photonics and quantum computing need each other 
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in medias res…
Photonics and quantum communication need each other 
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in medias res…
Photonics and quantum sensing need each other 



Thüringen goes space
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Cubenik
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Professional continuing education program 

Photonics & Quantum Manager Compact
June 12-16, 2023 I Jena I Germany

Discover current research and trends of photonics
exclusive small group I top speaker I networking events

Register until May, 13th



Max Planck School of Photonics
Connecting Science, Research, and Teaching 

We are 
looking for 
sponsors
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