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the future  
IS quantum

“quantum information is a radical departure in information technology, more fundamentally different from current 
technology than the digital computer is from the abacus”.

W. D. Phillips, 1997 Nobel laureate 
member of the EU Integrating Project AQUTE 

Basic science is motivated by the quest to understand the world

It is a long-term undertaking, but...

...it’s exactly these changes that define the modern society

...it results in transformative (as opposed to incremental) changes in 
technology, and...



second quantum 
revolution

“But it could be that the most profound and mysterious feature of quantum mechanics, known as ‘quantum 
entanglement’ has not been exploited yet. Quantum entanglement opens the way to radically new ways of 
transmitting and processing information…”

Th. W. Hänsch, 2005 Nobel laureate 
member of the EU Integrating Project AQUTE

Information, its acquisition, storage, transmission and 
processing is fundamentally physics

Ultimate elements of processors will be of quantal size

Quantum techniques will have wide applications in science 
and technology

Tremendous “speed-up” may be possible using quantum 
mechanical systems



Europe is  
leading

“FET research on quantum technologies opened a new path to 100% secure communications, taken up by companies such as Siemens, Thales and the high tech SME 
idQuantique SA, a leader in this technology.” 

Commission Communication  
Moving the ICT frontiers, a strategy for research on future and emerging technologies in Europe, COM(2009) 184

Roughly half of the world‘s publications in the field 
comes from EU based groups, funded through FET
EU roadmap already in place; constant progress, 
milestones reached, gaps and challenges identified
Many countries (Australia, China, Japan, Singapore, Russia, US) are 
developing their own research programs in the field

Overall, many branches of quantum technology have gone past 
the proof-of-principle phase
Further profess can only be achieved through the leap in resources 
and the long-term commitment coming with it.
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U/J = 2.44(2)

K/J = 1 × 10¬2

U/J = 5.16(7)

K/J = 1.7 × 10¬2

U/J = 3.60(4)

K/J = 1.3 × 10¬2

U/J = 9.9(1)

K/J = 2.9 × 10¬2
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Figure 2 | Relaxation of the local density for different interaction strengths. We plot the measured traces of the odd-site population nodd(t) for four
different interaction strengths U/J (circles). The solid lines are ensemble-averaged results from t-DMRG simulations without free parameters. The dashed
lines represent simulations including next-nearest neighbour hopping with a coupling matrix element JNNN/J ' 0.12 (a), 0.08 (b), 0.05 (c) and 0.03 (d)
calculated from the single-particle band structure.

lattices, which gives rise to a significant amount of longer-ranged
hopping. When including a next-nearest neighbour hopping term
�JNNN

P
j(â

†
j âj+2 + h.c.) in the t -DMRG simulations we obtain

quantitative agreement with the experimental data (dashed line
in Fig. 2). For larger values of U/J and correspondingly deeper
lattices, the tight-binding approximation is valid. For U/J ⇠> 10
(Fig. 2d), larger deviations are found. We attribute these to residual
inter-chain tunnelling and non-adiabatic heating. Both of these
effects become more relevant for larger values of U/J , because we
adjust this ratiomainly by tuning the tunnel coupling J .

The results of the density measurements can be related to the
expectations for an infinite chain with K = 0. There, the time
evolution can be calculated analytically in the case of either non-
interacting bosons (U/J = 0) or infinite interactions (U/J ! 1;
refs 17,18). These limiting cases can be understood well through
the mechanism of local relaxation by ballistically propagating
excitations. The on-site densities follow zeroth order Bessel
functions describing oscillations that are asymptotically dampened
by a power law with exponent �0.5. The damping we observe in
the interacting system, however, is much faster. As we will show
below, the dynamics is approximated well by a power law with an
exponent<�0.5 for the first tunnel oscillations. This behaviour has
also been found in t -DMRG simulations of homogeneous Hubbard
chains with finite interactions17,18. The exact origin of this enhanced
relaxation in the presence of strong correlations constitutes one of
themajor open problems posed by the results presented here.

Measurements of quasi-local currents
Employing the bichromatic superlattice, we were also able to detect
themagnitude and direction of quasi-local density currents. Instead
of raising the short lattice at the end of step (2), we ramped up the

long lattice to suppress the tunnel coupling through every second
potential barrier in the chain (Fig. 3a). At the same time, we set
the short lattice to a fixed value to obtain always the same value of
(U/J )DW ' 0.2 in the emerging double wells. By tuning the relative
phase between the long and short lattice we were able to selectively
couple sites with index (2j,2j + 1) (‘even–odd’, j integer) or
(2j�1,2j) (‘odd–even’).We recorded the time evolution in the now
isolated double wells using the same final read-out scheme as for the
densities (see Fig. 3b). We find sinusoidal tunnel oscillations which
dephase only slowly and decrease in amplitude with increasing
relaxation time t . The phase � and amplitude A of these oscillations
were extracted from a fit of a sine wave to the data and are plotted
in Fig. 3c as a function of the relaxation time for U/J = 5.16(7).
The phase contains the information about the direction of the mass
flow, whilst the amplitude is a combination of the local population
imbalance and the strength of the local current.

We find � to evolve linearly in time, giving strong evidence that
the excitations in the system expand approximately ballistically,
as suggested in refs 17,18. Furthermore, its value does not change
when coupling even–odd or odd–even sites, indicating the absence
of centre-of-mass motion in the system. The amplitude A, on
the other hand, decays to zero on the same timescale as the
oscillations in the local densities dampen out—in fact the quantities
(1 ± A)/2 provide envelopes to the traces nodd and neven (see
Supplementary Information). On short timescales, 0< 4Jt/h< 3,
we find the decay of the amplitude—and therefore also that of
the density oscillations—to follow an approximate power law/t�↵

with ↵ =0.86(7). This behaviourmight change for longer evolution
times, where no significant amplitude was measurable. We extract
the power-law coefficients ↵ for a wide range of U/J (right inset to
Fig. 3c). In all cases, the absolute values of the coefficients are larger
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quantum  
computers/simulators

Next thing on the horizon (3-5 years)

Impact: Provide answers to problems 
that are fundamentally beyond 
classical computing capabilities 

“...trying to find a computer simulation of physics, seems to me to be an excellent program to follow out...and I'm not 
happy with all the analyses that go with just the classical theory, because nature isn’t classical, dammit, and if you 
want to make a simulation of nature, you'd better make it quantum mechanical, and by golly it's a wonderful problem 
because it doesn't look so easy.”

R. P. Feynman, 1965 Nobel laureate  
Simulating physics with computers, Int. J. Theor. Phys. 21, 467 (1982)

First hints of a quantum simulator outperforming a classical supercomputer 

Example: The development of high-temperature superconductors via a 
quantum simulator would enable lossless electric transmission lines
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quantum  
communication “Beyond approximately 10 years into the 

future, the general feeling among ECRYPT 
partners is that recommendations made today 
should be assigned a rather small confidence 

level, perhaps in particular for asymmetric 
primitives (ie public key).”

2008 ECRYPT NoE report (conventional cryptography community)

Challenges: Continental-scale quantum 
communication (quantum repeaters) 

Vision: Consumer quantum cryptography 
(quantum bank card/ATM, quantum door/car key...)

Already a real-world technology

European scientific community/SMEs 
leading at world level

Security (e-commerce; smart grids...) 
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quantum  
metrology and sensing

Potential in many areas

Sensing: sub-micron imaging of 
tissues for early detection and 
diagnosis of health problems

Quantum-logic based metrology: 
ultra-precise atomic clocks for 
navigation (building on e.g. ESA 
Galileo satellites)

Heal
th



second quantum revolution 
potential outcomes

Quantum internet (absolute security)

Quantum sensors

Custom-designed quantum materials

Atomic clocks
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Ultrafast, “smart” computers





TRL Quantum 
Communication

a Single Photon Sources: there is still a large amount of fundamental work to find new approaches to them (TRL=1), some approaches are 
more mature but still need to demonstrate basic functionality (TRL=2), others are perhaps more advanced and would profit from having a 
dedicated development programme (TRL=3). 

b In the case of Trusted-Node QKD, the KET part could consist of short distance point-to-point networks (TRL=5) whereas using trusted node 
QKD in more complex (passive or reconfigurable) networks as well as new use models (securing information within a hospital for example) 
could be seen as closer to TRL=4 

Technology/Platform/Implementation TRL H2020 area

Quantum Memories 1,2 FET
Quantum Repeaters 1,2 FET
Source (SPCD Integrated/Compact) 2,3 FETàGAP
Source (Single Photon) 1,2,3 FETàGAP
Detection (Superconducting) 3 GAP
Detection (Solid State – InGaAs + Si) 3 GAP
Beyond QKD (protocol development) 2,3 GAP
Trusted-Node QKDa 4,5 KET

1. Basic Science
2. Proof of concept (in lab)
3. Component and protocol development
4. Proof of feasibility (in real world)
5. Integration for applications



Technology/Platform/Implementation TRL H2020 area

Trapped ions 2 FET
Neutral atoms, molecules and cavity QED 2 FET
Superconducting circuits 2 FET
Semiconductor Quantum Dots 2 FET
Linear Optics 3 GAP
Impurity spins in solids and single molecular clusters 2 FET

TRL Quantum 
Computation 1. Basic Science

2. Proof of concept (in lab)
3. Component and protocol development
4. Proof of feasibility (in real world)
5. Integration for applications



Technology/Platform/Implementation TRL H2020 area

Quantum Random Number Generatorsa 4,5 KET
Quantum Metrology and Sensingb 1,2,3,4 FET
Quantum Imagingc 1,2 FET
Quantum clocks 3 GAP

TRL Quantum 
Enabled Applications

a For Quantum Random Number Generators, we remark that new concepts, such as device independent or certified random number 
generation falls under TRL=1,2. 
b Quantum Sensing (single-parameter estimation) has a small element in TRL=3,4 - that is, it is understood how to deal with e.g. losses, 
and known what sorts of systems are optimal, but they have not yet been put into practice, in part because of the lack of components (e.g. 
sources and detectors) with the right performance. 
c The TRL of Quantum Imaging is 1,2, since currently there are no robust protocols for multiparameter estimation or for assessing 
enhancements in realistic systems.

1. Basic Science
2. Proof of concept (in lab)
3. Component and protocol development
4. Proof of feasibility (in real world)
5. Integration for applications


