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1. INTRODUCTION - OBJECTIVES OF THE QUANTUM TECHNOLOGIES FLAGSHIP 
 

The launch of the Quantum Technologies Flagship in October 2018 was a major milestone for the quantum 
community in Europe. The aim of this long-term, collaborative initiative is to enable Europe to stay ahead 
in the second quantum revolution and the transformative advances it will bring to science, the economy 
and society. It does so by bringing together top research institutions, RTOs, and companies, supporting the 
best European quantum scientists, and kick-starting a competitive European quantum industry. The 
Flagship is fundamental to European efforts to compete globally in a field of great strategic importance. 

The Flagship’s activities are shaped by its Strategic Research Agenda (SRA), originally drafted in 2017 and 
updated in early 20202, under the supervision of the Flagship’s Strategic Advisory Board (SAB) and with 
input from over 2000 experts. It surveys the current state of play in quantum research and sets ambitious 
but achievable goals for the Flagship’s ten-year lifetime, with a focus on its initial three-year ramp-up 
phase. It structures the Flagship’s work around four mission-driven research and innovation domains, 
representing the major applied areas in the field: quantum communication, quantum computation, 
quantum simulation, and quantum sensing and metrology, supported by work in basic quantum science 
(See Fig. 1 below). 

 

 

Figure 1: An overview of the ramp-up phase of the Quantum Technologies Flagship and the areas of the 
21 scientific projects it finances. 

  

 
2 The SRA can be found here.  
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Key performance Indicators: Quantum Communication15 

Performance16 World record 20 ms quantum memory; low-cost large-scale 
production ready QRNG; modular and miniaturized integration 
of various quantum communication systems 

European Technical Leadership17 World first proof of principle entanglement-based quantum 
network consisting of three quantum nodes 1.3 km apart 

Deployment18 2 subsystems ready; EuroQCI roadmap published; national 
deployment of testbeds; OpenQKD19 testbed and use case 
driven sites established  

Adoption20 5 new EuroQCI services; see also OpenQKD in Action21 for a list 
of early testbeds and use cases 

 

2.2 Achievements in Quantum Computation 
 

Despite still being in its infancy, quantum computation is regarded globally as the most promising 
application of quantum technology. The reason is evident. Our society is creating more and more data, and 
highly complex problems in many fields require computers that are capable of fully exploiting these large 
amounts of data. But the computational power of classical computers is stalling: the speed of processors, 
for example, has hardly increased in recent years. Quantum computers, with their promised greater speeds 
compared with (even the largest) classical computers and ability to handle at least some of these complex 
problems, can therefore ease the situation. 

The Flagship has been investigating the most promising scalable quantum computing platforms 
(superconducting, trapped ions, silicon), with the goal of assembling working, EU-made, quantum 
processors for each of them. 

By integrating the whole stack of necessary hardware and software components, the Flagship’s researchers 
have built a quantum computer system of globally competitive performance based on integrated electric 
circuits made from superconducting metals22. This quantum computer, which will be soon made available 
at Forschungszentrum Jülich (DE), has measurement and cryogenics systems that can hold 100 qubits with 
state-of-the-art errors in gate operations, and its processor has been already used for a global first in 

 
15 See https://qt.eu/app/uploads/2022/04/KPIs-for-QT-in-Europe.pdf  
16  Number of complementary subsystems, advancing the state of the art, necessary for Quantum 
Communications networks or to build a quantum internet. 
17 Entanglement distance in a quantum network based on entanglement distribution and quantum processing, 
linking processing nodes in two metropolitan networks (average of 20 km) via a quantum repeater backbone 
(>500 km). 
18 Number of connected European metropolitan areas (and QKD nodes) integrated with a commercial telecom 
infrastructure, including both terrestrial and satellite QKD links with a secure key rate of at least 100 bit/s. 
19 See project OPEN-QKD, https://openqkd.eu/ 
20 Number of quantum communication services that enable commercial adoption for the public as well as private 
sector. 
21 https://openqkd.eu/openqkd-in-action/ 
22 See project OPENSUPERQ, https://opensuperq.eu/ 
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Key Performance Indicators: Quantum Computation26 

Performance27 Developed platform independent theoretical and experimental 
tools to verify quantum advantage 

European Technical Leadership28 25 qubits (superconducting); 50 qubits (trapped ions) 

European Impact Leadership29 

Quantum error correction with 17 qubits implemented. 70 use-
cases elaborated with industrial partners ranging from 
chemistry to machine learning and optimization through to 
symbolic AI and graph algorithmics30 

Accessibility31 

Forschungszentrum Jülich (DE) aims to provide access to a 100-
qubit quantum computer building on the OPENSUPERQ results; 
Forschungszentrum Jülich and GENCI (FR) will also host and 
provide access to a 100-qubit analogue simulator 

 

 
26 https://qt.eu/app/uploads/2022/04/KPIs-for-QT-in-Europe.pdf 
27  The number of unique European quantum computing hardware stack systems/services demonstrating 
quantum advantage (i.e. outperforming a non-quantum hardware system/service in the solution of the same 
problem) by an ad-hoc benchmark created for proof. 
28 Largest quantum computing capacity based on a European (or alternatively a widely adopted global) quantum 
volume benchmark. 
29 Quantum algorithms and use cases created with clear impact orientation in basic science, applied science, 
industries, and the public sector (aligned with the UN and EU 2030 goals). 
30 See the Quantum Industry Consortium database for quantum computing and simulation use cases.  
31 Number of entities providing public or private access from fully European quantum computing facilities (also 
based on fully European computing stack) to institutions, academia, research centres and companies. 

Ramp-up phase : report
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2.3 Achievements in Quantum Simulation 
 

Fully programmable fault-tolerant quantum computers have still a long way to go before becoming a 
reality; however, currently available noisy intermediate-scale quantum (NISQ) devices can already 
simulate32 systems that could not be simulated by classical computing means or otherwise. 

During the Flagship’s ramp-up phase, European researchers have developed and perfected, in 
collaboration with European industrial partners, the building blocks underpinning the next generation of 
scalable and programmable quantum simulator33. As a result of improvements to various cryogenics and 
atomic/optical techniques and enhancing control of atomic-physics-based platforms using the latest 
industrial developments, the number of individually addressable atoms/ions increased to above 50 (ions), 
300 (tweezer array), and 1500 (optical lattices). This has made it possible to run simulations on these 
platforms beyond the reach of classical simulation. In particular, in a world-first, practical quantum 
advantage34 has been reached in scientific problems involving dynamics of phase transitions and quantum 
transport in strongly interacting systems. 

These results lay the groundwork for the platforms’ developments towards practical quantum advantage 
for real-world problems in the Flagship’s next phase, where researchers plan to deliver over 1000 
interacting atoms in industry-ready platforms. To be prepared to capitalize on these and future 
advancements, key European industrial end-users, who have been identifying their demand in terms of 
quantum simulation (with use-cases multi-parameter quantum metrology, dose optimization in cancer 
treatment, solving partial differential equations like non-linear Schrödinger equations and the Navier 
Stokes equation but also problems in combinatorial optimization, machine learning, and big data), have 
already been presented with the capabilities and opportunities brought by quantum simulation, together 
with means to use the Flagship’s new quantum simulation platforms for “real-world” problems relevant to 
them. 

Two 100-qubit analogue quantum simulators developed within the Flagship are in the process of being 
installed in the supercomputing and data centres at Forschungszentrum Jülich (Germany) and GENCI 
(France). This will mark the first step in the deployment of a pan-European hybrid high performance 
computing and quantum simulation infrastructure that will give researchers and industries access to next 
generation computing machines. 

 

 

Key Performance Indicators: Quantum Simulation35 

Performance36 
Optical lattices reached practical quantum advantage in scientific 
problems involving dynamics of phase transitions and quantum 
transport in strongly interacting systems 

 
32 Quantum simulation encompasses several of the most exciting short-term uses of quantum computers, 
including high-energy physics, quantum chemistry, and simulating the quantum features of particles that are 
directly relevant to contemporary material science. 
33 See project PASQUANS, https://pasquans.eu/ 
34 Quantum advantage refers to the ability of quantum devices of having an advantage (being it faster, better, 
and/or more cost-efficiently) over classical ones when solving an artificial problem. Practical quantum advantage 
refers instead to the ability of quantum devices to solve problems of practical interest that are not tractable for 
traditional supercomputers. 
35 See https://qt.eu/app/uploads/2022/04/KPIs-for-QT-in-Europe.pdf 
36 Number of unique EU quantum simulators (services) outperforming the best-known algorithm running on the 
best classical computer on at least one relevant real-life computational problem. 
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Market readiness37 Two 100-qubit analogue quantum simulators (PAQUANS/PASQAL) 
to be installed in Forschungszentrum Jülich (DE) and GENCI (FR) 

European Technical Leadership38 Number of individually addressable atoms/ions: >50 (ions); >300 
(tweezer array); >1500 (optical lattices) 

 

2.4 Achievements in Quantum Sensing and Metrology 
 

The Flagship’s researchers have developed some of the world’s most advanced quantum sensors based on 
nitrogen vacancy (NV) centres in ultrapure diamonds39, which has required advances in their theoretical 
understanding, material fabrication, engineering of all sub systems involved, and assembly technologies 
(enabling, for example, the positioning of a diamond within a few 100 μm on top of a tiny optical fibre). A 
plethora of applications were then developed: a detector with electrical readout and an improved 
sensitivity surpassing the one obtained with optical readout, a commercial cryogenic scanning probe 
system with stable operation at low temperature and a spectrum analyser with an extended bandwidth; 
several new sensing functionalities of NV centres with attractive sensing performances in the optical 
domain; the demonstration of NV magnetometry under extreme pressures; the possibility of unravelling 
biochemically relevant reactions with nanoscale spatial resolution; and new scientific applications of the 
NV-based quantum sensors to advance knowledge on a variety of unresolved topics in modern condensed 
matter physics.   

The Flagship’s researchers have also advanced two promising approaches for improving medical imaging 
diagnostics and spectroscopy by making use of more precise, practical, and efficient nuclear magnetic 
resonance 40  (NMR). First, they have demonstrated that microscopic spectroscopy is appropriate for 
(metabolic) analyses of single cells by taking advantage of the unique quantum sensing properties of 
nitrogen-vacancy centres (NV centres) in nanostructured diamonds to detect NMR signals with 1,000 times 
better spatial resolution than the current state-of-the-art. The quantum microscope they developed 
provides researchers with a distinctive tool that significantly advances cell analysis and creates new 
opportunities for in vitro diagnostics and medical research. Second, they have successfully demonstrated 
hyperpolarized magnetic resonance imaging (MRI) in practical settings, setting a stepping stone to 
overcoming the low sensitivity of conventional NMR. The latter is generally limited by the fact that, on 
average, only one out of several billion nuclear spins is magnetically aligned; this new technique increases 
the number of aligned spins by several orders of magnitude, thus increasing the strength of the NMR signal 
by the same factor. This leads to MRI results of equivalent quality, even with a weaker magnetic field and 
therefore at a fraction of the operating costs.  

Ultra-precise clocks are also an important area to which the quantum sensors developed by the Flagship 
have contributed41. The Flagship’s researchers have in fact developed the components needed to build a 
robust, compact, transportable, and easy to use industrial-grade clock, of which the assembly is currently 
underway (a second design which could lead to more compact and robust optical clocks more suitable for 
operation on moving platforms has also been developed). These clocks will have a large impact on 
telecommunication and navigation (e.g. network synchronization, increased traffic bandwidth, GPS 

 
37 New unique industrial or societal real-life applications (products and services) introduced by EU companies, 
based on any quantum simulation 
38 The number of qubits or simulated particles of Europe's most advanced non-gate-based quantum simulator. 
39 See project ASTERIQS, https://www.asteriqs.eu/ 
40 See project METABOLIQS, https://www.metaboliqs.eu/ 
41 See project iqClock, https://www.iqclock.eu/ 

Ramp-up phase : report
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spoofing and outage resilience, terrestrial navigation with cm precision), geology (e.g. underground 
exploration, monitoring of water tables, volcanoes or ice sheets), astronomy and space (e.g. low-frequency 
gravitational wave detection, radio telescope synchronization, deep space navigation), and other fields.  

Another promising sensor technology has been developed around atomic vapour cells holding a high 
number of Rubidium atoms in the vacuum42, which required the development of a novel fabrication 
process to produce these cells via a reliable and industrial means based on the same technique used all 
over the world to produce electronic circuits.  

These sensors have then been used to develop several applications: integrated quantum sensor prototypes 
at high TRL for miniaturized atomic clocks (with superior timing accuracy with respect to high-end quartz-
base clocks) and optically-pumped magnetometers (applied in magnetoencephalography for investigating  
human brain function); a shoebox-sized proof-of-principle demonstrator of an atomic gyroscope for use in 
the automotive sector; the demonstration of an atomic spectrometer through the imaging of the frequency 
spectrum of microwave fields; and a method to detect a handful of molecules (nitric oxide, an important 
tracer gas for inflammatory diseases, like asthma) in a gas of billions of other particles. 

In addition, a new technique for imaging THz waves has been realised. THz waves can penetrate many 
materials, much in the way that X-rays do, but, unlike X-rays, they emit low-energy radiation and therefore 
safe to use. Through atomic vapour cells, a spatial resolution of 1mm has been achieved with a record-
breaking imaging frame rate of 20 thousand frames per second. This will have applications in process 
monitoring, food safety, security screening and renewable energy technologies. 

All the Flagship’s developed quantum sensors have the potential to become, in the short to mid-term, 
compact devices ready for applications, with many more to come. 

 

Key Performance Indicators: Quantum Sensing and Metrology43 

Market readiness44 
3 (clocks; cold-atom gravitometers; NV-centre magnetometers) 

TRL advancements in all quantum sensors studied: NV-centres in 
ultrapure diamonds, atomic vapor cells, quantum clocks 

Next generation technologies45 
Increased sensitivity in NMR and MRI; miniaturized atomic clocks, 
atomic gyroscopes, atomic spectrometers; molecule detectors; THz 
imaging  

 

 
42 See project MACQSIMAL, https://www.macqsimal.eu/ 
43 See https://qt.eu/app/uploads/2022/04/KPIs-for-QT-in-Europe.pdf 
44 Number of different (publicly known) product classes or service classes (or use cases) based on quantum 
sensors developed, implemented and sold by European companies or deployed in the EU. 
45  Number of demonstrated sensing technologies exploiting advanced quantum effects (entanglement, 
collective coherence etc.) 

Ramp-up phase : report

https://qt.eu/news/2024/2024-02-14_new-roadmap-to-position-europe-as-the-quantum-valley-of-the-world
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Computing with Quantum States 
• Consider two qubits, each in superposition states 
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• We can re-write these states a single state of the 2-e- system 

ψ = 

0 

ψ ψ 
A B 

=( 1 )⊗( 0 )+ +
A A B 

1 
B 

= 0 + 0 +0 +
A B A 

1 
B 

1 
A 

0 
B 

1 
A 
1 

B 

• All four “numbers” exist simultaneously 
• Algorithm designed so that states interfere to give one “number” 

with high probability 
Massachusetts Institute of Technology  

6.763 2005 Lecture QC1 

The Promise of a Quantum Computer 

A Quantum Computer … 
• Offers exponential improvement in 

speed and memory over existing 
computers 

• Capable of reversible computation 
• e.g. Can factorize a 250-digit number in 

seconds while an ordinary computer will 
take 800 000 years! 

Massachusetts Institute of Technology  
6.763 2005 Lecture QC1 

2 

1. Quantum Computing Roadmap Overview 

2. Nuclear Magnetic Resonance Approaches 

3. Ion Trap Approaches 

4. Neutral Atom Approaches 

5. Optical Approaches 

6. Solid State Approaches 

7. Superconducting Approaches 

8. "Unique" Qubit Approaches 

9. The Theory Component of the Quantum Information 
Processing and Quantum Computing Roadmap 

http://qist.lanl.gov 
Massachusetts Institute of Technology  

6.763 2005 Lecture QC1 

Outline 
1. Introduction to Quantum Computation 

1.The Unparallel Power of a Quantum Computer 

2.Two state systems: qubits 

3.Types of Qubits 

2. Quantum Circuits 

3. Building a Quantum Computer with Superconductors 

1.Quantizing Superconducting Josephson Circuits 

2.Dynamics of Two-Level Quantum Systems 

3.Types of Superconducting qubits 

4.Experiments on superconducting qubits 

1. Charge qubits 

2. Phase/Flux qubits 

3. Hybrid qubits 

4. Advantages of superconductors as qubits 

Massachusetts Institute of Technology 
6.763 2005 Lecture QC1 

3 
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The Nobel Prize in Physics 1973

"for their experimental 
discoveries regarding 
tunneling phenomena 
in semiconductors and 
superconductors, 
respectively"

Leo Esaki Ivar Giaever Brian David 
Josephson

1/4 of the prize 1/4 of the prize 1/2 of the prize 

Japan USA United Kingdom 

IBM Thomas J. 
Watson Research 
Center 
Yorktown Heights, 
NY, USA 

General Electric 
Company 
Schenectady, NY, 
USA 

University of 
Cambridge 
Cambridge, United 
Kingdom 

b. 1925 b. 1929
(in Bergen, 
Norway)

b. 1940

"for his theoretical 
predictions of the 
properties of a 
supercurrent through a 
tunnel barrier, in particular 
those phenomena which 
are generally known as the 
Josephson effects"

•http://www.nobel.se/physics/laureates
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From quantum tunneling to the 
Josephson effect

http://www.nobel.se/physics/laureates/1973/giaever-lecture.pdf
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Following slides inspired from :
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In the superconducting electrodes:
The Supercurrent  Equations govern the electrodes,

Even in the absence of E&M fields, a gradient of 
the phase can cause a current and the time change 
of that phase can cause a voltage. For example, for 
a constant current Jo, at the boundaries we find
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Macroscopic Quantum Model
1. The wavefunction describes the whole ensemble of 
superelectrons such that

density

and Total number

2. The flow of probability becomes the flow of particles, with 
the physical current density given by

3. This macroscopic quantum wavefunction follows
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Conservation du flux en l’absence de champ EM 

J0
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In the insulator

The current must be continuous, so it must flux 
through the insulating barrier; a process which is 
not allowed classically. But quantum mechanically 
the superelectrons can tunnel through the 
insulating barrier as a supecurrent with zero 
voltage. This is the Josephson current. 

Because the supercurrent equation does not hold 
in the insulating region, the full macroscopic wave 
equation must be used to find Y in the insulating 
region, with the boundary conditions given by the 
wavefunction at the electrodes.

Tunneling Potential Barrier

in the insulator
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Tunneling through the Barrier 
The energy of the superelectron is less than the 
barrier height, so that no classical particles flow. 

constant

Therefore, in the insulating region

Where so that
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Tunneling through the Barrier

&

At the boundaries. 

&

So that

Therefore,

with
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Josephson Voltage-Phase relation
The gauge-invariant phase is

The rate of change of the gauge-invariant phase is

At the boundary in the electrodes, 

so that

0

Therefore, or
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Voltage
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Basic Lumped Junctions
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Ic is the critical current
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AC Josephson Effect
The voltage source  is DC with v=V0 , so that

Vo
+
-

The  resulting current is ac!

The Josephson frequency is

A dc voltage of 10 µV causes an oscillation frequency of about 5 GHz, a 
Josephson microwave oscillator.  But with a typical Ic of 1 mA, this 
oscillator delivers a very small power of the order of 10 nW. Therefore need 
many synchronous oscillators.
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AC and DC voltage drives

v(t) 
+
-

Let 

Then the guage-invariant phase is 

The current is FM-like:

Use the Fourier-Bessel series to express the current as a Fourier series

A dc current will occur when 2πfJ = n ωs , that is, 
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Principle of the DC Voltage Standard

v(t) 
+
-

An ac voltage of  1 GHz applied across the junction will give a dc current, at
V0= 0 and at dc voltages of integral multiples of 2µV. 

The principle of the dc Volt: Put 5000 Josephson junctions in series, and apply 
a fixed frequency, which can be done very accurately, and measure the interval 
of the resulting dc voltages that occur at precise voltage intervals.

DC voltage standard
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Summary: Basic Josephson Junction (I<Ic)

1

11
θien=Ψ

2

22
θien=Ψ

Insulator
~10Å, Al2O3

Superconductor
Nb

• Josephson relations: • Behaves as a nonlinear inductor:
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