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Quantum Engineered States for Optical Clocks and Atomic Sensors

Overview

High precision clocks are key to the determination and dissemination of the Sl unit of time, particularly for the
realisation of the international atomic time, global navigation satellite systems and the exploration of
fundamental physical laws. The new generation of optical atomic clocks, which could redefine the second,
are limited by their stability (the amount the frequency changes over time). This project explored ways to
make optical clocks more stable, with decreased uncertainty, than is currently possible. Quantum mechanics
offers the potential to generate, detect and use specially designed states of atoms or ions for the clock. This
project made significant advances in developing concepts and methods to enable optical clocks to be more
stable and reach their full potential. This project developed several key enabling technologies, including a
commercially available innovative crystalline mirror coating; a key enabling technology for the next
generation of ultra-stable lasers. The outputs will have a direct impact on a wide range of quantum sensors
such as accelerometers, gravimeters, gyrometers and magnetometers.

Need for the project

Clocks with the highest stability and accuracy are needed for applications such as the realisation and
dissemination of the Sl second, the realisation of international atomic time, global navigation satellite
systems and the exploration of fundamental physical laws and phenomena. Improvements in clock accuracy
and stability in the low 1078 range or better could lead to new applications for clocks, for instance in geodesy
and earth science.

Clock stability is the time needed to reach a given measurement uncertainty. The best atomic clocks have an
accuracy around 1 part in 10'® and short term instabilities of 10> over one second, improving with the
square root of the averaging time. Technological developments may improve instabilities to the low 10718
range in the near future. However, investigating the physical phenomena which cause shifts of the clock
frequency is hindered by the prohibitively long time needed to measure such shifts and to compare clocks at
this level.

The stability is limited by two main causes. Firstly the quantum projection noise which is inversely
proportional to the square root of the number of particles. Therefore increasing the number of ions could
reduce the noise. The second limitation is called the Dick effect, which is due to the large amount of ‘dead’
time in the probe sequence which means the probe laser noise is also a problem.

A potential solution to solve both these stability issues is to use quantum entanglement. Entanglement of two
atoms to exhibit the same properties as one another without being physically linked, means that one can be
observed without destroying the state of the other.

This project focused on techniques for achieving the short term stability necessary to reach uncertainties at
the 1018 level in practicable times in the order of minutes to hours. These techniques will be based on
guantum entanglement. This project was designed to maximise the exchange of knowledge between the
fields of optical clocks and atom interferometry, quantum gases, quantum information processing.
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Scientific and technical objectives

The goal of the project was to identify, to develop and to implement methods that can improve the stability of
optical clocks and of atom-based sensors, whilst taking into account the specific requirements of precision
measurements. The objectives are:

1. To investigate the generation of entangled states using (i) interactions in neutral atom systems and (ii)
interactions in trapped-ion systems.

To investigate the generation of entangled states by performing measurements in neutral atom systems.

3. To develop the necessary technologies for the above objectives. To characterise these entangled
states, notably in terms of the degree of quantum correlation and coherence lifetime.

4. To design and implement protocols where the use of the above methods can improve the spectroscopy
and the clock stability.

5. In one or several of the systems under study, the spectroscopy and stability beyond that imposed by the
Dick effect for the same system will be demonstrated In one or several of the systems under study,
spectroscopy and stability beyond that imposed by the standard quantum limit will be demonstrated, for
the same system in the same configuration.

Results

The project has improved technologies and methods to enable optical clocks using quantum entangled
states. It has developed high yield parallel fabrication of micro-fabricated ion traps on 4 inch wafers. The
project has also developed methods to test and characterise such traps, and assess their suitability for
optical clocks. Non-destructive detection of trapped atoms for clocks, based on the dispersive effect of the
atomic sample on a probe light, has been experimentally demonstrated. A novel detection scheme was used
to measure the transition probability in optical lattice clocks with unprecedented sensitivity. A system was
developed to produce quantum engineered states of atoms in optical lattice clocks.

By studying factors that influence the trade-off between destruction and detection, schemes were optimised
for application in optical clocks. A control system was developed which was capable of fast acquisition of the
information delivered by this detection and of fast actions on the atomic system based upon this information.

Theoretically investigating whether squeezed light could improve non-destructive detection schemes and
taking into account realistic conditions such as optical losses, it was estimated that significant enhancement
of the sensitivity of such detection is possible.

Using the non-destructive detection of hyperfine population difference of trapped atoms, a novel scheme
where the phase difference between the atomic coherence and the interrogation oscillator is tracked without
destroying the atomic sample was successfully, experimentally demonstrated. The scheme can be used to
extend the interrogation of the atomic sample beyond the coherence time of the interrogation oscillator. By
extending the interrogation duration, the clock stability was improved.

A scheme where an optical lattice clock was used to extend the interrogation time of an optical single ion
clock beyond the coherence time of the interrogation laser was studied. As in the previous result, it provided
a way to improve, for a given ultra-stable laser, the stability of the ion clock.

Novel ultra-stable lasers were developed. A room temperature laser based on a long 48 cm cavity at 698 nm
was designed, implemented and characterised against two cryogenic silicon cavities. State-of-the-art thermal
noise floors of 6x101" and 4x10'7, were demonstrated. With the room temperature laser, state-of-the-art
stability of 1.6x1016 at one second was demonstrated on a strontium optical lattice clock.

Crystalline coating technology is key to further improve such lasers and has been improved through this
project. Repeatable, high yield manufacturing of aluminium gallium arsenide (AlGaAs) crystalline mirror
coatings with low optical losses were developed. The process of transferring such coatings onto crystalline
silicon substrate that can withstand operation at cryogenic temperature was demonstrated. This is a key
enabling technology for next generation ultra-stable lasers.
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It was demonstrated that interactions and spin dynamics can offer the reliable production of squeezed
vacuum states, which were then characterised. A prototype microwave clock was designed where such
states were used to demonstrate stability beyond the standard quantum limit, thereby experimentally proving
the applicability of a squeezed vacuum for quantum-enhanced atom interferometry.

In a multiple ion trap, with strings of up to 20 ions, a protocol was demonstrated using spectroscopy to
perform precise characterisation of systematic shift inhomogeneity across the ion string. This is an important
capability for enabling highly accurate multiple ion clocks. A second promising key result was the
demonstration of a novel scheme for generating an entangled state of multiple ions. Limits of the scheme
were analysed and ways to produce a higher level of entanglement were defined, highlighting the need for a
trap with lower heating rates.

In conclusion, several new key enabling quantum engineering methods for improving optical clock stability
and their accuracy in a variety of systems were demonstrated by the project. These methods can benefit
both the quantum regime, to go beyond the standard quantum limit, and the classical regime, to make a
better use to existing ultra-stable oscillators. Key technologies for future ultra-stable oscillators have also
been developed. State-of-the-art ultra-stable lasers were realised and used to demonstrate clock stability
close to 1016 at one second.

Actual and potential impact

The project demonstrated several novel concepts and methods which will be used, and further improved, to
enhance the sensitivity of quantum sensors such as optical clocks and atom interferometers. Several of
these concepts will be applicable to other atomic sensors such a magnetometers, and others may contribute
to the broader field of quantum technologies.

A start-up company Crystalline Mirror Solutions GmbH is now offering cryogenic cavity end mirrors
developed from the work in the project. They have also developed improved coatings for use in new
applications, such as high-power lasers and mid-infrared coatings.

Research undertaken within this project will continue being highly relevant and timely. In particular, it is
connected to the new Future and Emerging Technology Flagship on Quantum Technologies which is being
started by the European Commission. Outcomes of the project will feed into new activities under the
quantum sensing & quantum metrology pillar of this programme. Clocks and atomic sensors are explicitly
identified as important area of applications, where readiness for transfer toward industry is high. Advanced
optical time and frequency metrology is also a potential resource for other pillars of the flagship programme
such as quantum telecommunication or computation.

The project led to new metrological capabilities within the NMls of Europe, several of which have enhanced
their operational measurement capability for optical frequency standards. For instance, the project developed
improved ultra-stable lasers as well as non-destructive detection for operational lattice clocks. It also gave
high yield procurement scheme for micro-fabricated ion traps which will facilitate the development of multi-ion
clocks as operational frequency standards. These improved capabilities are and will be used in upcoming
optical fibre link inter-laboratory comparisons, which will keep European laboratories at the forefront of the
work towards a redefinition of the second based on optical frequency metrology.

Dissemination

The project produced 23 publications in high-ranking peer-reviewed scientific journals and 46 presentations
at international conferences and workshops, including several invited talks. A final international workshop
was organised to disseminate the outcomes of the project, which took place in association with the European
Time and Frequency Forum, one of the most important international conferences in the field. It attracted
companies, stakeholders and organisations active in field of time and frequency metrology, and from
laboratories and metrology institutes outside Europe. Further information on the workshop can be found at
this link: http://www.eftf2016.org/satellite-workshop.html.

14 training courses were provided in international or European schools which were specifically oriented
towards students, PhD students and early stage researchers. The project co-organised a training school
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together with the Initial Training Network FACT (Future Atomic Clock Technology) and gave lectures at this
school. Similarly, project partners gave lectures at another school organised by another European Initial
Training Network QTEA (Quantum Sensor Technologies and Applications).

Contributions to standards committees and regulations

Many partners of this project are members of scientific committees, working groups and consultative
committees of international conferences, international and European regulation bodies or organisations.
They presented the outputs of the project to these committees and contributed to defining programs of the
main international conferences.

The project contributed the Working group on frequency standards within the Consultative Committees for
Time and Frequency of the Bureau Internationale des Poids et Mesures (BIPM). It also contributed to the
JRC Science for Policy Report: The impact of quantum technologies on the EU’s future policies and to
roadmap for the Future and Emerging Technology Flagship on Quantum Technologies of the European
Commission.

Potential Impact

In the long term, the work undertaken within the project will translate into increased levels of performance of
operational optical clocks and atomic sensors. These future optical clocks will be used to the redefine the
second of the international system of units and to improve timescale and timekeeping. The higher accuracy
is important for International Atomic Time (TAI) or time references of Global Navigation Satellite Systems.
More accurate optical clocks will also yield new applications in the investigation of the fundamental laws of
physics beyond the current standard models and in the search for dark matter.

The crystalline mirror technology developed in the project will also find application in other fields of science
such as earth rotation sensing and gravitational wave detection.
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