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Quantum technologies
The German Press 2020 - 2021

Seite 2

Jetzt kommt die Quantentechnik
Wer baut den Quantencomputer in die Industrie
5 "o Der weltweit erste Quantensensor hat seine Tauglichkeit
" IVI a_c_' €in G € rrn__a ny - fur die GroBserie bewiesen. Die Mittelstandler Trumpf
Die politischen Weichen fir einen deutschen Quanten- und Sick gehen jetzt den Markt an.

computer sind gestellt. Die Fordermittel von zwei Milliarden
Euro stehen bereit. Nun bringen sich die Forschungs-
standorte in Startstellung. Wer wird das Rennen machen?

QUANTENCOMPUTER IN DEUTSCHLAND

.In finf Jahren wollen wir einen wettbewerbsfahigen Rechner”
Deutschland stellt zwei Milliarden Euro bereit flir Quantencomputer.
Regierungs-Berater Peter Leibinger erklart, was damit geschehen soll.

QUANTENTECHNOLOGIE IM AUFWIND

Mehr Mut fur Europas Entscheidungstrager - die Quantenkryptographie ist die
erste wirklich breite und weltweite Anwendung der Quantentechnologie.

FAZ - Schlagzeilen



Quantum technologies - quo vadis
Agenda

= 3 brief historical outline

= phenomena of quantum physics
= the 1st quantum revolution

= the 2nd quantum revolution

= quantum-hub Tharingen

= what's next?!

Z Fraunhofer

IOF



Quantum technologies
History

—
Wiensche
Doppelspalt-
experiment
L
N || 1
® e
.
480 v.Chr. 1808

Strahlungsformel

Energiepackchen

de-BROGLIE-
Wellenlénge

Unschérferelation

Werner Heisenberg ermittelt die
Unscharferelation. Sie besagt, dass nur
entweder die exakte Geschwindigkeit
oder der exakte Ort eines Teilchens
gemessen werden kann, aber nicht
beides gleichzeitig - egal wie gut das
Messgerét ist. Eben weil Teilchen in der
Quantenwelt auch Wellencharakter
besitzen, sind sie nicht so scharf definiert
wie groBe Objekte in unserer beohacht-
baren Welt. Das widerspricht einer
Annahme aus der klassischen Physik,
wonach sich prinzipiell alles exakt
bestimmen lasst.

1802

Ernst Pringsheim und Otto
Lummer fithren sorgféltige
Messungen an schwarzen
Kérpern durch. Die Forschungs-
ergebnisse von Wien, Lummer

und Pringsheim dienen ein Jahr g

1500

Quantensprung

1927

Schrodinger-
gleichung

Auf der fiinften Solvay-Konferenz in Brilssel
diskutieren die weltweit hochrangigsten Fachleute
aus Physik und Chemie die neuen Erkenntnisse iiber
Elektronen und Photonen. Neben den bereits

spater Max Planck als genaﬂnmen Planck, Einstein, Bohr, de Broglie,
Ausgangspunkt fir seine Schrodinger und Heisenberg sind auch Max Born,
Forschungsvorhaben. Paul Dirac und Wolfgang Pauli anwesgnd,'d|e
= wichtige mathematische Grundlagen filr die
Wirmestrahlung Quantgnphys;k legten. Von den 29 W!ssenschaft—l
des schwarzen lem, die an dieser Konferenz teilnehmen, werden im
Ké i Laufe der Zeit insgesamt 17 zu Nobelpreistragern.
plic Ihre Erkenntnisse und die darauf aufbauende
Forschung fithren zu dem, was heute haufig als die
«erste Quantenrevolution” bezeichnet wird.
Atomos Das kleinste Teilchen Quantum des Lichts
Solvay-Konferenz
Seite 4 Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), Miinchen 2020
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Quantum technologies

History
480 v.Chr.
®

\

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), Miinchen 2020
7 Fraunhofer

IOF



Quantum technologies

History
|
1900
Seite 6 Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), Miinchen 2020 =
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Quantum technologies
History

1905

iInstein built on the
work of Young and Max
Planck and found that light
can have both wave an
artlc e character. He calls
he light particles photons.

“|l . . ]
LN .r-.f:
& S O



Quantum technologies
History

1912

\

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), Munchen 2020
: : ~ Fraunhofer

IOF



Quantum technologies

History
I
1926
Schrodinger-
gleichung
l {
Seite 9 Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), Miinchen 2020 =
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Quantum technologies
History

1927

\

Source: acatech (Hrsg.): Quantentechnologien (acatech HORIZONTE), Miinchen 2020
7 Fraunhofer

IOF



Quantum technologies

History

Slide 11

DIE NATURWISSENSCHAFTEN

23. Jahrgang 29. November 1935 Heft 48

Die gegenwartige Situation in der Quantenmechanik.
Von E. ScurODINGER, Oxford.

Inhaltsibersicht.
Die Physik der Modelle.
Die Statistik der Modellvariablen in der Quan-
tenmechanik.
. Beispiele fiir Wahrscheinlichkeitsvoraussagen.
. Kann man der Theorie ideale Gesamtheiten
unterlegen?
Sind die Variablen wirklich verwaschen?
Der bewuBite Wechsel des erkenntnistheoreti-
tischen Standpunktes.

N~

wnwn  WAWH  Wn W
= w

o o

Gebilde, das sich mit der Zeit verdndert, das ver-
schiedene Zustdnde annchmen kann; und wenn
ein Zustand durch die nétige Zahl von Bestim-
mungsstiicken bekannt gemacht ist, so sind nicht
nur alle anderen Stiicke in diesem Augenblick mit
gegeben (wie oben am Dreieck erldutert), sondern
ganz cbenso alle Stiicke, der genaue Zustand, zu
jeder bestimmten spdteren Zeit; dhnlich wie die
Beschaffenheit eines Dreiecks an der Basis seine

\

“ Fraunhofer

IOF



Quantum physics
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), Miinchen 2020 =
Seite 12 7 Fraunhofer
IOF



Quantum Physics
Superposition

\cH W3BE WiER EiN
QUANTEN-GESICHERTES

DSTENPIKET FOR
HERRN MOWER! ”
/. \J, %

HOFFENTLICH
iST €5 DiES-
ML EiNE

LEBENDIGE!

.
.
sletler

T \ \ﬂ“ﬂ ‘.uiu,u///‘/ WA 7
I, YT [/ M Wi, }}) L _
"'mmur)ffm.w?ﬂmﬁ

© J. Kretzschmar

Seite 13




First quantum revolution
The sixties

Components of the first ruby laser

100% reflective
mirror
_Quartz flash tube

; Ruby crystal

Polished aluminum \ Laser beam
reflecting cylinder  gge; reflective
mirror

Theodore Maiman

utilization of collective quantum phenomena



But what to do with a laser?

Arthur Schawlow

Z Fraunhofer

IOF
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But what to do with a laser?

Page 16



Markets

energy mobility environment

medical communication

Z Fraunhofer

Page 17 |OF



Challenges in fundamental sciences

guantum computing

s A A

‘ uvuavvv_‘

P IS A Ll /8 A8

mwoouuowvw-v
wwwoTvovvOovovvvvwowvoowvww

—————— e e ey o W

advanced sensing e

laser particle acceleration

gravitational wave physics

\
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World market photonics

@ Photovoltaics

p— « Consumers — Displays

e Consumers — IT

(bn US$) Y i
(oo

Taiwan e
A k +6%
CAGR .
1000 — \ p— e Lightning
/!'»\ o - ]
il Korea « . v
-] e Telecommunications
800 |
r— \h cen
600 — - Healthcare
North America - /0 Industry — Machine vision
400 — 3
: o Automotive
. ’ Kot Defense & Security
200 RURpEe L Industry — Production systems
2019 2025 i.eie Optical components & systems

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

\

Source: Spectaris - Trend Report Photonics 2021/2022
Seite 20 7 Fraunhofer

IOF



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

Enterprises 180
Turnover ~ 3,3 B€
R&D rate 12%
Export rate 67 %
Employees 14,600
of which in research institutes 1,600

Turnover development since 2008 + 6 % p.a.

© OptoNet e.V. 2020

\

- —
: T;;i;:rp?:ysics ~ Fraunhofer
‘ IOF

Friedrich-Schiller-Universitdt Jena



...more consequences from the 1st quantum revolution

MICROELECTRONICS

74\




Quantum Technologies
Moving towards the 2nd quantum revolution

"Schrodinger's cat is now fat", G. Blatter, Nature 406, 25— _ I
- B2 1

26 (2000), https://www.nature.com/articles/35017670 g | ||
1!

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

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

utilization of isolated quantum systems
(entanglement / superposition)
for macroscopic applications

\

https://www.latimes.com/style/pets/la-he-pets-obesity-20150620-story.html
P yew P y Y ~ Fraunhofer
10F



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

Z Fraunhofer

IOF



New markets
Applications of quantum technologies of the 2nd generation

-

communication

sensing & metrology

guantum ,enabling technologies”:
photonics, microelectronics, information
science, ...

="
echnologien ~
Quantent dlagen zum M

yon den Grun

e

arkt

Positionspapier der
Deutschen industrie

https/Awww.bmbf.de/de/quantentechnologien-7012.html, https:/gt.eu / https:/gt.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 XIll. 5-year plan:

http://en.ndrc.gov.cn/newsrelease/201612/P020161207645765233498.pdf




Quantum technologies

Public funding — current worldwide investments reaching almost $30billion

oW
Y

$1.18

EU Quantum Flagship:

» 2

1 1N
UK: $1.3B

&

| Canada: $1.1B

USA: $1.2B

$904M

FR: $2.2B

. :

Other countries investing in
quantum are:

Denmark $34M

Spain $67M

Hungary $11M

Sweden $160M

Finland $27M

Thailand $6M

New Zealand $20.9M

Netherlands:

Germany: $3.1B

N\

"

Russia: $663M

Korea: $40M

%
@
}

Japan: $700M |

%
o

*:_

380M
\ — ' Taiwan:
India: $1B o $282M “
®

&
Singapore:

$109M C:

f

Source: Yole — Quantum Technologies 2023
Seite 26

\
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Quantum technologies
Market forecast 2022 - 2030

$2 500

$2 000

$1500

$1000

$500

$0

Em QKD
E Quantum sensing
B Quantum computing hardware

W QaaS Quantum as a Service

TOTAL

2022

$106
$545
$65
$46

$761

2023

$124
$563
$65
$95

$847

2024

$145
$583
$65
$152

$945

2025

$169

$604
$98
$228

$1,099 $1,309 $1,480 $1,737 $1,940 $2,135

2026

$198
$627
$130
$354

2027

$232
$650
$163
$436

2028

$271
$679
$195
$592

2029

$317
$708
$228
$687

2030

$371
$740
$260
$764

CAGR
2022-
30

17,00%
3,89%
18,92%
4219%

US$™M

13.75%

Seite 27

Source: Yole — Quantum Technologies 2023

\
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ACP and quantum technologies
Quantum technology in Germany

Forschungslandschaft Quantentechnologien
IR hland & i = i 8 =il

L JEM,

Dresden

% Bundesministerium
4 fiir Bildung

und Forschung

Karlsruhe

Technologiezen’rrum

R
Stuttgart
@ =

Munchen

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

\

.5 Institute of
page 28 -‘é’ sppliedpiysis 24 Fraunhofer

Friedrich-Schiller-Universitit Jena IOF



Quantum technologies in Thiiringen
Core activities

photonics:
an enabling technology for QT

Imaging

3P Institute of =
Page 29 -gé- sppliedpiysis 24 Fraunhofer

Friedrich-Schiller-Universitit Jena IOF



Quantum Hub Thiringen

Quantum Hub
Thiiringen

® Qil-Quantenkommunikation
@® Qi2-Quantensensorik

@ Qi3-Quantenbildgebung
B Koordination

Frei nisterium FRIEDRICH. SCHILLER. = Forsc r ==
ceite 30 Thﬁrinﬁ ﬁww @.}&'Xmm m TEcHNiscE  HELMHOLTZ LelanZIIpl'ltO ﬁ % IMMS iigjsrnmmmma?u “ Fraunhofer

ILMENAU Helmholtz-Institut Jena o



Quantum technologies in Jena
People...

Markus Grafe

group leader: quantum
enhanced imaging Frank Setzpfandt Erik Beckert

quantum optics group group leader system integration
and quantum hardware

Falk Eilenberger

quantum materials group

Fabian Steinlechner Stefanie Grafe
Fraunhofer Attract-group Quantum optics (theory)
guantum communication”

Uwe Zeitner
micro structure technology

Thomas Pertsch
nano & quantum optics

© ® LEISTUNGSZENTRUM ) Freistaat FESFM  Ministerium
o ‘ﬂ I E”.";,Tf"",'f“m'"" o, Bt fiir Wirtschaft, Wissenschaft
iir Bildung

und Forsehung Thurl ngen '_"“,' und Digitale Gesellschaft

Page 31



Quantum imaging
imaging with undetected photons

|
pump laser
nonlinear
crystal
DS f DS DS - —
[II] B " ANENEEERRR NN NN INNNEENERRNNRNEOEP ‘ll!llllllllll.llllllﬁf‘ ANIENENRNANNENERRNN . SEUNEENENURRRNANEEERERRNNND ﬂ W
‘lllllllllllllllllllllllll_": lllllllllllllillllll": - TIETOF,
dichroic mirror (DS) E ; idlerE
= signal E E
£ signal =
z object
camera mirror mirror
g o Institute of
Page 32 * source: heise c't 10/20215.134 *’ Applied Physics

Friedrich-Schiller-Universitat Jena



Quantum imaging
Video rate recording

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

\

B Institute of
Page 34 -ﬁ' sppliedpiysis 24 Fraunhofer

Friedrich-Schiller-Universitat Jena IOF



Quantum Communication
Why?

Reestablishment of
SECURE Commmunication
and TRUST

Page 35



Quantum Communication
Why?

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

Computing

How a quantum computer
could break 2048-bit RSA
encryptionin 8 hours

A new study shows that quantum technology will catch up with
today’s encryption standards much sooner than expected. That
should worry anybody who needs to store data securely for 25
years or so.

by Emerging Technology from the arXiv May 30,2019

Page 36



Quantum Communication
Quantum key distribution (QKD)

Quantum Key Distribution

transmission*

Fraunhofer

N

Page 37

IOF



Entanglement-Based Quantum Key Distribution (QKD)
BBM92 protocol

0: HV basis 1: DA basis
+ zi _i { ">
97) =5 (Y +1V,V) = —=(D,D) +|4,4) o A N

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

Basis A # Basis B Basis A = Basis B
50% I
L 1 1 1L~ I I I
—> . LS
0,05 0415 1405 1415 0,05 0415 1,05 1415

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

—

\
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Quantum communication
Quantum key distribution (QKD)

I
QKD transmitter
Qubit sequence
[ Photon source ] [ QUb'F ]
encryption
Quantum channel
Key distillation
( Sifting ]
[ Parameter estimation }
[ Eror correction |}
( Verification ] .
Service channel
[ Privacy amplification ]
[ Authentication ]
Secret key
Kagermann, et al.: The Innovation Potential of Second-generation Quantum Technologies (acatech IMPULS), Miinchen 2020.
Seite 39

QKD receiver

De.
Qubit Single-photon
decryption detectors

De

Key distillation

( Sifting ]

[ Parameter estimation |

[ Ermorcorrection |

( Verification ]

[ Privacy amplification ]

[ Authentication ]

<

Secret key

7 Fraunhofer

IOF



Quantum communication
Project QUNET

\

3P Institute of
Page 40 -‘é’ sppliedpiysis 24 Fraunhofer

Friedrich-Schiller-Universitit Jena IOF



QKD in the Field

QuNet-Alpha Demo Experiment in Bonn

QKD-optimiertes Teleskop @
fiir Freistrahllinks &

Alice 777 :_BSb ______________ )
Polarization . Polarization
analysis Signal Idler - q A analysis
H V | !1-! LH V D A

SPDC pair :
source @

A

Antenna
_____________________ y} N S e e o

Schliisselerzeugung

IOF



Quantum communication
Entanglement-based QKD in daylight

a 23/02/22 b 24/02/22 c 25/02/22 d 02/03/22
* *
(G ¥ 3% g‘g (G
—\9‘_\9
-9
6 - -\ ——\/ M VA~

secure key
rate [kbps]
NN

— 3 il

5= ™

@ ® | ‘__I_‘J\
2, 2, 9% 0, B, &, B, B %, o, 2, % <, D
» Q@ 9 Y D D L P L P P QL @ 9

A Krzi¢ et al., arXiv preprint arXiv:2205.12862



Quantum communication
Entangled photon sources

_.g-': Institute of
Page 43 Applied Physics
tat Jena

Friedrich-Schiller-Universi



Quantum communication

Hybrid quantum communication via free beam and fiber link

Page 44

Single Photon
ection Rate

1.81 MHz

Quantum Key
Distribution System

Receiver

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.

Chancellor Merkel inspects Fraunhofer IOF's
entangled photon source at the Digital
Summit 2020 on Dec. 1.

g -'F' Institute of
Applied Physics

Friedrich-Schiller-Universitat Jena



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

» PhotonBox«

\

“ Fraunhofer
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Quantum Hub Thiringen
First successful exchange of quantum keys between Erfurt and Jena via optical fiber

| Weimar

{@]
Quantum Hub
& _Thiiringen

e ] R i - —NJV\MV‘- HocHscHuLE
T r i i N
B ;mu_-, I [ F Q-net-Q Deployments 1 Nororavse

3
IITE!!L! al i:%t

\‘

Freistaat [

Seite 46 Thurmgen o ._':

Mirnislerium - FRIEDRICH. SCHILLER TECHNISCHE HELMHOLTZ ("“ % Forschungsinstitut fir /
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Quantum communication

= | 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

Entangled photon source
-

Transmitter telescope

Receiver telescope

Detection module (BOB)

2005
(13 km)

a
Ursin

at high rates on a global L
n
Scale- = Detection module (ALICE)
= 2006 [}uswurk. r
B Prironts tazkm®
Z o0l . this work ALICE
g Erven (143 km)
z 2008 —
‘% (1.5 km) Scheidl
= I10F . 2
; Peg uﬂ&w)
E

2007
(144 k)

Page 47

L
10

L L
15 20

s
25

' L '
30 35 40

Free-space link attenuation [dB]

GPS clock
§

La Palma

GPS clock

LEGEND

SPAD 0 Lens
Fiber
BS > coupler
PBS I Mirror
Wave Dichroic
e retarder II mirror
g

g -'F' Institute of
k" Applied Physics

Friedrich-Schiller-Universitdt Jena

=
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Start-up Quantum Optics Jena
QKD-Systems with Entangled Photons




Quantum Computers
From bits to qubits

I
Bit Qubit
Q O 1) = al0) + BI1)
1 bit =1 operation 1qubit = 2 operations
N bits = N operations in N gubits = 2N operations in parallel.
parallel « 2 qubits 2 4 possible states (0,0), (0,1), (1,0), (1,1)
« 3 gubits > 8 possible states (0,0,0), (0,0,1), (0,1,1), (1,1,1), (1,0,0), (1,1,0), (0,1,0) or (1,0,1) etc ..
B source: https:/blog.sintef.com/digital-en/diving-deep-into-quantum-computing/ —

“ Fraunhofer

IOF



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

~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.”

Electron

Microwaves

Q

Current

Capacitors
Laser

Inductor

«—— Microwaves
Diamond vacancies

Electron
/add: spins/NMR

Silicon quantum dots Topological qubits
/photonic Q-Comp.

Superconducting loops Trapped ions
/add: neutral atoms

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

\

“ Fraunhofer

IOF

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"”



Quantum Computers
qubits and gates, hybrid systems

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

High Level Software & Compilers

,'_,j.}::';: = ::‘ |'Purnoce Hardware

//“\;
DACs ASIC Amps / MUX
AWGs — Processor — ADCs

M Classical Hardware Interface

Quantum Physical Layer

00000000

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

array of qubits

2-qubit gates
measurement

gate operations

measurement

\
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Quantum Computers
Potential Q-benefits in a nutshell

= 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 / Al

*https:.//www.quantum-bits.org/?p=2309, =
https://mww.simonsfoundation.org/report2017/stories/scott-aaronson-quantum-and-classical-uncertainty/ 7 Fraun hOf,eot



in medias res...

Photonics and quantum computing need each other

Photonic
devices

Lasers

<

—— |

Single photon
source

Photo detectors <

Fiber optics (if _—

networked)

Modulators

Collection and %
imaging optics

Switches

Waveguides

Couplers and
filters

—

f==" .
Unlikely?

Unlikely?

Superconducting
Trapped ions

Photons

Neutral / cold atoms

Sispin/QD

NV centres

Topological

Qubit
approaches

Seite 53
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in medias res...
Photonics and quantum communication need each other

\\ . Discrete variable

Use of single-photon
states

Lasers -

Single photon
source

Photo detectors

Phot.onic Fib T = ’ - = Continuous variable
devices iber optics - = QKD
// P i

P = T Entangled multi-photons with
Modulators - /_///-’/ P coherent detection. Both phase
’ it s ///" AND amplitude are modulated.

.- - Multiplexing can be done.

Integrated optics / //
Al QKD
Repeaters approaches

\

“ Fraunhofer

IOF



in medias res...

Photonics and quantum sensing need each other

Lasers

Single photon
source

Photo detectors <}

Fiber optics —=—
Photonic

devices

& S

= Atomic clocks

= Gravimeters

Modulators

Integrated optics %

== NV centre sensors

—. Quantum lidar

Quantum
sensors /

timing
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Thiringen goes space

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

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

Register until May, 13th
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Max Planck School of Photonics
Connecting Science, Research, and Teaching
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15. Erfurter TechnologieDialog fiz fopdwewd o

24. April 2023 | COMCENTER Briihl

Vielen Dank an unsere Sponsoren!
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