Impact case study (REF3) 202]

Institution: University of Birmingham

Unit of Assessment: UoA 9, Physics

Title of case study: A UK Quantum Technology Industrial Ecosystem in Quantum Sensors for
Gravity and Optical Clocks

Period when the underpinning research was undertaken: 2010—present

Details of staff conducting the underpinning research from the submitting unit:

Name(s): Role(s) (e.g. job title): Period(s) employed by
submitting HEI:

Prof. Kai Bongs Professor 2008—present

Dr Mike Holynski Senior Lecturer 2016—present

Dr Yeshpal Singh Senior Lecturer 2016—present

Prof. Nicole Metje Professor 2010—present

Period when the claimed impact occurred: 2014-2020

Is this case study continued from a case study submitted in 2014? No

1. Summary of the impact

The commercial and economic impact of the University of Birmingham’s Quantum Technology
(QT) Hub is significant innovation within government and industry. Our ability to measure
time and gravity with extreme precision using QT has effected a strategic shift in public
spending priorities by the MOD agency, Defence Science and Technology Laboratory (Dstl),
which has invested over [text removed for publication] of public funding into QT in gravity and
timing. We also enabled an ecosystem of over 70 companies to engage in QT research. This
reach extends to numerous multinational companies including [text removed for publication],
informing their commercial strategic decisions, investment priorities and product pipeline.
The QT Hub leads over 110 projects, valued at approximately £120M and has generated 17
patent applications.

2. Underpinning research

In 2013, the Government announced a £270M investment, over 5 years, in the UK National
Quantum Technologies Programme (UKNQTP). This encompasses 4 QT Hubs which support a
network of academic and industrial partners. Each of these hubs focuses on a particular aspect
of QT, with the University of Birmingham leading the QT Hub in Sensors and Timing from within
the Midlands Ultracold Atom Research Centre.

To create an atom interferometer gravity sensor or an atomic clock, atoms need to be measured
with extreme precision. This can be done by slowing their movement by reducing their
temperature through laser cooling, and then manipulating their quantum behaviour by exposing
them to further laser pulses. Our research in this area led to 3 principal key findings [KF] that
enabled the commercial impact outlined in section 4.

Firstly, one of the key technical challenges of this cooling technology lies in the laser system,
which needs to be absolutely stable in frequency to 1 part per billion, exceeding the state-of-the-
art in telecoms by a factor of 1,000. While it is possible to realise such laser systems in well-
controlled laboratories, a lack of robustness has been a barrier to wider economic exploitation.
Bongs provided a solution to this barrier by making the laser system sufficiently robust for
operation in drop-tower experiments under large temperature fluctuations and
accelerations and packaging them into a smaller format using less power than typical
laboratory systems [KF1]. He demonstrated their functionality in the first realisation of Bose-
Einstein condensation and atom interferometry in micro-gravity [R1, R2].
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A second key challenge is to reduce the size, weight and power demand of the atomic
equipment to make it useable in the field. Laboratory systems often fill several cubic metres,
weigh hundreds of kgs and use kWs of power. In 2015, Bongs and Singh demonstrated the
most compact optical clock atomic package at the time, 10 times smaller and lighter than
the state of the art using a new atom source and a compact optical/vacuum system [KF2;
R3, R4].

Finally, the atom interferometry activity (Bongs, Holynski) and its applications (Metje, School of
Engineering) has focused strongly on the development of gravity-gradient sensors for
commercial applications [R5]. The iSense project (EC GA 250072, FET-Open, Pl Bongs) and
Gravity Gradient - Technologies and Opportunities Programme (EP/1036877/1, Pl Bongs)
created the UK’s first transportable atom interferometer. Subsequently, during the MOD-
funded Gravity Imager project (DSTLX-1000095040), Birmingham developed this further into the
UK’s first cold atom gravity gradiometer [R5] and demonstrated its use in field environments
through creating new approaches in sensor integration and high-performance sub-systems.
These includes linear laser beam geometry for both magneto-optical trapping and atom
interferometry, very compact vacuum system designs with integrated mirrors, and integrated and
robust laser systems based on telecoms fibre technology [KF3; R6].
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4. Details of the impact

The impact derived from the QT Hub in Sensors and Timing is on commerce and the
economy, specifically influencing national public funding priorities and commercial
strategic decisions, investment and product pipeline in quantum technology and securing
its future in the UK. The QT Hub has established an industrial ecosystem in second generation
QT, principally in ultra-precise clocks and gravity sensors. The ecosystem consists of
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component suppliers, system integrators and end-users, with application in numerous sectors
from defence and healthcare to civil engineering. The Hub has over 110 projects, valued at
approximately £120M, and 17 patent applications [E1].

Influence on national research strategy, the agenda of Dstl and public funding

We led the MOD executive agency Dstl to include applications in next generation sensing
technologies in its research strategy through our work on compact and robust ultra-cold atoms
systems [KF1, KF2] and through knowledge transfer as a result of KF3. In particular, gravity
sensors [KF3] provided new deployable capabilities for the MOD and ultra-precise clocks [KF1,
KF2] allowed access to secure time, which underpins all national and economic security. Both
also contribute to novel resilient navigation and mapping systems, which are key priorities for the
MOD. Dstl confirmed that “Before [Birmingham’s] work, we had not been able to identify how to
engineer systems which will provide the capabilities critically required in the future” [E2].

Our work led to a change in Dstl’s funding strategy and the largest academic R&D investment
since its creation in 2001 [EZ2], thus impacting the development of new technologies. In 2014,
Dstl invested [text removed for publication] for QT in Bongs’ research to develop 2
demonstrators (a transportable gravity imaging system and an optical lattice atomic clock).
Moreover, Birmingham’s research [KF3] directly contributed to gravity sensors being included in
the key Dstl UK QT Landscape document (2014), ensuring that sustained investment in QT has
become an industry priority [E3]. Dstl's Senior Research Fellow in Quantum Technologies stated
that “Dstl greatly admires [Birmingham’s] outstanding success in delivering a major part of the
UK National Quantum Technology Programme (UKNQTP) [. . .] Within MOD Centre,
[Birmingham’s] success in developing new technologies for Dstl and the UKNQTP has attracted
notice at the highest levels in Defence Science and Technology (DST, which sets strategy for
future MOD investment in technology), the Front Line Commands (FLCs) and UK Strategic
Command and Defence Equipment & Support” [E2].

In turn, this collaboration led Dstl to commence building internal capability to carry out R&D
for militarily deployable sensing systems. The importance of our contribution to this capacity
building is evidenced by the recruitment, in 2020, of 2 permanent members of staff to Dstl from
the Birmingham team whose specialist roles draw on our research to enable technology
translation. Dstl confirms the pivotal role of Birmingham’s researchers, stating that “The
continued collaboration will accelerate knowledge and technology translation from
[Birmingham’s] team into Dstl and increase Dstl's and the MOD’s understanding of the potential
of these emerging ‘quantum 2.0’ technologies” [E2].

Influence on strategic decisions, investment and product pipeline in QT

We created the confidence for companies to invest and change their research strategies,
through our demonstration of small, light, low-power, and yet robust, quantum sensors and ultra-
precise clocks [KF2, KF3]. This was further catalysed by the significant and agenda-setting
investment by Dstl. There was no commercial activity in QT sensors and clocks before our
findings, but over 30 companies have now invested £25M, including £7M towards 31
Innovate UK-funded projects (with a total value £26M), working collaboratively with the QT
hub to create new commercial products [E4]. Highlights include:

¢ Significant industrial investment exceeding [text removed for publication] from
international companies, including
[text removed for publication];

e [text removed for publication] new products, including a sequencer for quantum sensors,
quantum sensor vacuum systems, the development of additively manufactured magnetic
shields, a miniature atomic clock, a quantum gravimeter and a gravity gradiometer;

¢ 3 international companies ([text removed for publication]) setting up offices in the West
Midlands and contributing to the local economy;

o [text removed for publication] [E5].
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From the vast number of industrial collaborations with Birmingham, 4 examples are provided to
illustrate the significance of commercialising quantum technology.

[text removed for publication]

Stimulating the development of the QT sector and securing its future

Our leadership in QT has materially contributed to the success of the QT sector as a whole,
setting the agenda for government and industry. In 2019, the Treasury announced £94M of
government funding to extend the QT Hubs, thus providing increased security and expansion of
QT commercialisation. This would not have been possible without the significant contribution of
the 4 national QT Hubs and Bongs and the other Hub directors providing evidence before the
House of Commons Science and Technology Select Committee [E12]. This work has
demonstrated the development potential of the QT sector and the viable application of QT
research in critical national and economic security [E13].
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