__ UK National
el UNIVERSITYOF Q Quantum Technology Hub
2.9 BIRMINGHAM Sensors and Metrology

Space activities in the
UK QT Hub in
Sensors and Metrology

Raffaele Nolli
ZARM, Bremen, 24/10/2017

Py A
T IIIIIIIIIII||.||IIIIII =
rveervrr W HHTTTTTTHHHL "




Outline

> The UK National Quantum Technology
Hub

> Gravity
> Clocks
> Key research areas in the group

> Focus on Space applications
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The QT Hub in Sensors and
Metrology

Part of the UK National Quantum Technologies
Programme (= £400M). Four hubs:

-Sensors and Metrology
-Quantum Enhanced Imaging

‘Networked Quantum Information Technologies

-‘Quantum Communication Technologies




The QT Hub in Sensors and
Metrology

'g Commercial
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Technology transfer
(Innovate UK: £400M/yr)




The QT Hub in Sensors and
Metrology

New academic-industrial
collaborations

Translating scientific
development into
marketable technologies

\

Developing skilled
workforce and production i
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The QT Hub in Sensors and
Metrology

We develop atom based sensors
Exploiting atomic physics to produce clocks,

magnetometers, gravity sensing, inertial
sensing...




The QT Hub in Sensors and
Metrology

The University of UNIVERSITY Of Universityof@ lB
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O Birmingham led hub in guantum sensing

O

12 academic and over 120 industrial partners

O Partnership projects with Universities of Liverpool, Durham, Warwick, Oxford
and UCL

Total of £80M over 5 years (EPSRC: £35M, Dstl: £15M, Industry: £30M)
Connect across the value chain, strong industry collaboration
O 1000m? Technology Transfer Centre for co-location

O Od

GOAL: Promote Science to Market R



120 Industrial partners

Dstl: gravity imager & optical clock developments, field trials
e2v: vacuum, imaging, systems engineering

MSquared: electronics, lasers, system integration Other
NPL: clock and magnetometer development and system validation Chemring
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The QT Hub in Sensors and
Metrology

Demonstrating solutionsto
Prototyping end-user challenges
Prototypes &Demonstrators
Supply Chain Technologies beating the state-of-the-art
>10x smaller,lighter,cheaper
Scalableto mass production

Definition of Mass
Detection of sinkholes
Locating pipes
Archaeology

Assessing leaks

Assessing rail tracks
Underground intelligence
Climate space missions
Navigation

Definition of time

Network timing
Monitoring flow

Brain diagnostics
Brain-machine interface
Skin type determination
Drug effects on ion current
Data Storage (opt.&magn)
Bio-imaging

Gravity J :

/Vacuum & Atom chips )
Lasers & electronics
Optical Delivery
Systems package
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Rotation

Clocks
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Quantum imaging
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Components Modules Systems

Commercial Supply Chain Partners
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The QT Hub roadmap

- £1bn

" Health monitoring £100M
_— Gaming interfaces

Alysnpuijjeyew Josuag 1o

- _,.,--f-"""'fli\.ﬁedicaldiagnostics GPS replacement
g Construction Data storage products £10M
~_— Defence Naval navigation Local network timing
il Geophysics Data storage masters ~ Gavity imaging {
= T ‘\\‘
Laboratory Specialised Industry Consumer \‘\
demonstrations // QT sensors QT sensors QT sensors N T
|III |III . ‘\ r
size: room H car boot Lnfn%ﬁrm \ Backpack E:QE:TT: grated \ Handheld N .3.-
power: kW /] 100s Watt | New schemes / 10s Watt New schemes / Wat <
beating classical /f 10x better / 100 x better / 1000 x better =
counterparts ¢ },ﬂ )f than classical ¢ than classical ﬁ than classical
/ 2015 / 2020 2025 / 2030 -
3 5
Superposition Composite pulses Large momentum Entanglement § 3
Laser cooling QND detection beamsplitters QT sensor networks § E.




From experiment to

Instrument
Laboratory Portable
environment _ (space!!)
devices
=~ m?3, 103 kg Volume, weight =102m3,10 kg
No restrictions Energy/Power Batteries, 10-100 Whr
£100k-1M Cost =~ £10k
Protected Robustness External stress

environment




From experiment to
instrument

Vacuum
System




From experiment to
instrument
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From experiment to
instrument

2N
P |

ISense project (indoor)
=120L, 50 kg, 240 W
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The QT Hub in Sensors and

Market Building
Demonstrating solutionsto

Metrology

Prototyping

beating the state-of-the-art

Supply Chain Technologies

Prototypes &Demonstrators

end-user challenges

>10x smaller,lighter,cheaper
Scalableto mass production

[
cuum & Atom chips \ / [ Rotation J
Lasers & electronics /7 :
Optical Delivery — > [ Clocks J
\Systems package ) \ [ = - J
\ agnetic
{

Quantum imaging J
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Components Modules

Gravity J :

Definition of Mass
Detection of sinkholes
Locating pipes
Archaeology
Assessing leaks
N Assessing rail tracks
"> Underground intelligence
e Climate space missions
Navigation
Definition of time
Network timing
Monitoring flow
Brain diagnostics
Brain-machine interface
Skin type determination
Drug effects on ion current
Data Storage (opt.&magn)
Bio-imaging
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Systems

Commercial Supply Chain Partners

SIauped 1asn pul



Fibre-coupled DFB lasers

- Nanofabricated DFB

- Reduced size
- Drastically reduced cost
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Fibre-coupled DFB lasers

Lensed -.a - Miniaturised (14-pin
- butterfly package)

¢ Durable
Optical

ufibre
}. . - Low power
e consuming
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Metrology

The QT Hub in Sensors and

Supply Chain Technologies
>10x smaller,lighter,cheaper

Prototyping

Market Building
Demonstrating solutionsto
end-user challenges

Prototypes &Demonstrators
beating the state-of-the-art

Scalableto mass production

.

Vacuum & Atom chips |

/7 [ _~  Climate space missions
Lasers & electronics : ‘__Jd__...i Navigation
Optical Delivery E—— [ Clocks J R > Definition of time
————2> Network timing
Systems package \ . ———> Monitoring flow
[ Magnetic J — ” Brain diagnostics
N S ?}t"‘“i Bl?in—mailhine inFerf:.ace
Quantum imagin J . \Imy  Skintype determination
[ ging \:‘:\:‘u Drug effects on ion current
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. = Data Storage (opt.&magn)

Definition of Mass
Detection of sinkholes
Locating pipes
Archaeology

Assessing leaks
Assessing rail tracks
Underground intelligence

Bio-imaging

o~

Systems

Commercial Supply Chain Partners

SIauped 1asn pul




Optical interferometer...
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...atomic interferometer




...atomic interferometer
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Transportable Gravimeter

Laboratory system built for absolute comparisons and to
act as future reference platform for the hub

Participate in calibration campaigns to benchmark
performance




Mechanical
Frame

T. Gravimeter

Raman Telescope

Top Detector

Rubidium atoms, six-beam, arone
vertical launch via moving _
m o I a Sses § Quantis:.ation‘ Coil

Region * ‘
W [ ’ .7 7
7N

. ki

Performance in TTC 2" floor

laboratory:

- Experimental cycle: 1.5s
- ~108 atoms launched

- Temperature <10 pK Ret,m:d passivelwmm
- Sensitivity 2 x 108g in 600s %

- limited by mirror motion (vibration = B

and air currents) A
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T. Gravimeter

First campaign at Space Geodesy NERC

Facility, Herstmonceux, for calibration
with FG5-X gravimeters




T. Gravimeter

Aim for long term comparison and to NERC

understand benefit of continuous data
acquisition for satellite laser ranging
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T. Gravimeter

Herstmonceux Castle

Implement single side band techniques NE

to remove systematics and biases
versus EOM scheme

tlrap 1t

We + W We + w
Double SideBand

Full-Carrier Single SideBand
(DSB) (FC-SSB)
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T. Gravimeter = = =8

Implement single side band techniques NERC

to remove systematics and biases
versus EOM scheme
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T. Gravimeter

Implement single side band techniques NERC
to remove systematics and biases
versus EOM scheme
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ortable gradiometer

Increase portability

-‘Decrease size and
weight of apparatus

-Integrating and
simplifying sub-
systems




Space applications

Fields of interest:

-Atomic clocks

-Gravity sensing (mapping/environmental studies)

-Fundamental Physics (tests of the equivalence

principle, gravitational wave detection, fundamental
constants)
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The Space-Time Explorer
and QUantum Equivalence
Principle Sp

ace Test

atomic




STE-QUEST

atomic
clocks

- performing precision measurements with high
accuracy atomic sensors, including clocks and Al

- Investigation of fundamental physics questlons and
of Einstein's Equivalence Principle. ~




STE-QUEST i I (s

System/Subsystem TRLS8
Development S
TRL7
— Technology ==
- = Demonstration P
atomic h — "
clocks

Technology
Development

Research to Prove
Feasibility

Basic Technology
Research

- performing precision measurements with high
accuracy atomic sensors, including clocks and Al

- Investigation of fundamental physics questlons and
of Einstein's Equivalence Principle. ~




Space applications

Fields of interest:

m) -Atomic clocks

-Gravity sensing (mapping/environmental studies)

-Fundamental Physics (tests of the equivalence

principle, gravitational wave detection, fundamental
constants)
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Applications of precision

clocks
Netwo_rk o lab Next generation GNSS
Synchronlsatlon\,g{gg

5 Financial

" . .

+V. time-stamping
23 P

_ Geodesy
Time reference_s applications
for data encryption
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Space Optical Clock
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Portable apparatus, 970 L
and 300 kg

Atomics package
developed in Birmingham
and relocated to PTB
(Braunschweig)

Model for future
deployment on the ISS
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Space Optical Clock

Main goals:

‘Testing Einstein
Equivalence principle

‘Relativistic geodesy
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Space Optical Clock

10—15

-
|
—
(o)]

T
®
L]
r
/
i
]
[
/
/
L]
7

1077h b s
1 Interleaved RS AR AR RIS SR A AL ) _“_“::-;_j}_“;-_

Companson with 5 | s
i
2" Sr clock S

Allan Deviation, g,(1)

10-18

1 10 100 1000 10000
Averaging time, 1 (s)




Applications of precision
clocks

Improvements in Primary Frequency Standards: Optical Clocks
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Space applications

Fields of interest:

-Atomic clocks

»Gravity sensing (mapping/environmental studies)

-Fundamental Physics (tests of the equivalence

principle, gravitational wave detection, fundamental
constants)
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Gravity mapping

GRACE, GOCE missions

Image from NASA




Gravity mapping

GRACE, GOCE missions

Earth's Gravity Field Anomalies {milligals)
40 50

-50 -40 <30 <20 <10 O 10 20 30
Image from NASA Image from ESA

Tﬁ PRy %
o @ E:I_I g




Gravity mapping

Classical sensing to map gravity
field anomalies:

-Geoid map
‘Water/ice sheet distribution
-Ocean currents and heat transport
-Geodynamics of Earth’s interior

Y in the sky

K Bongs, M Holynski & Y Singt
Nature Physics 11, 615 (2015)

Rotational Oblateness

Coarse Geography

Inner Structure
and Tides

Fine Geography




Gravity mapping

Fine Geography

spatial resolution =100 km

QT gravity sensing to increase
spatial and temporal resolution

Current: Future:

=10 factor improvement in
resolution, more localised
Information

Win the sky

K Bongs, M Holynski & Y Singh
Nature Physics 11, 615 (2015) W
Th S




Compact vacuum Champer 1or
an Earth Gravity Gradiometer
based on Laser-cooled Atom
Interferometry

.. ...

A spaceborne gravity gradiometer concept based on cold atom
interferometers for measuring Earth’s gravity field

Olivier Carraz - Christian Siemes - Luca Massotti - Roger Haagmans -
Pierluigi Silvestrin

&\%esa RAL Space }i &> BIRMINGHAMp,




The CVC project

sensitivity 1 time of
measurement

[a]
~
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25 cm

A spaceborne gravity gradiometer concept based on cold atom
interferometers for measuring Earth’s gravity field

Olivier Carraz - Christian Siemes - Luca Massotti - Roger Haagmans -
Pierluigi Silvestrin

f2esa RAL Space™
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The CVC project

Ag o< T

Lower noise environment

50

BEC interferometry

‘ Lower expansion rates

A spaceborne gravity gradiometer concept based on cold atom
interferometers for measuring Earth’s gravity field

Olivier Carraz - Christian Siemes - Luca Massotti - Roger Haagmans
Pierluigi Silvestrin
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Cold Atoms Space PAyload

MY TELEDYNE SV (Consortium
Everywhereyoulook | ead er)

%% UNIVERSITYOF Innovate UK
e-.y BIRMINGHAM
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UNIVERSITY OF

Southampton
XCAM
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CASPA

MY TELEDYNE SV (Consortium
Everywhereyoulook | ead er)

e UNIVERSITYoF  Innovate UK
#*J BIRMINGHAM

4 Gooch &Housego

UNIVERSITY OF

Southampton
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Compact MOT system

o

Atom number: 10
Atomic species: 8’Rb

Components:

OVacuum chamber
OLaser system
OLaser control
OPower supply
OPackaging

SWAP:

OVolume: 20 L
OWeight: 10 kg

OPower: 80 W “
Tﬁ S
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D4 Innovate UK
I"‘ TELEDYNE €2V

Everywhereyoulook™ Fataveers _
SPACE B e

CASPA | rcan

ﬂ@: BIRMINGHAM DEFENCE & SPACE

..\\\\\\
UNIVERSITY OF covesion

/A Gooch &Housego  Southampton

Produce a Cold Atoms Space Payload for in orbit
Technology demonstration based on CubeSat (4U of 6U

spacecraft)

»Increase TRL for cold atoms space applications
»>Miniaturising and integrating
»Autonomy, durability and resilience for prolonged

operation
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D3 Innovate UK
I’“ TELEDYNE €2V

Everywhereyoulook g.'SYDE

ACE se0ee
CAS PA 7 UNIVERSITYOF XCAM

BIRMINGHAM @ARBUS, .

..\\\\\\
UNIVERSITY OF covesion

/A Gooch &Housego  Southampton

Payload requirements on a
6U CubeSat: < 4 kg, 4U,
<40 W
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Payload Electronics

Laser System

Spacecraft Avionics / /5 R & Gooch &Housego
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Science Concept
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Spacecraft Structure
Physics Package
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Study for Al on suborbital flights

¢ - Concept mission towards

b sensitivity required for a dual-
spemes Al on a suborb'

. Operateﬁor 3 4 mms’: in
ﬁcrograVIty (10> g)

;
& Measurement cycle of several
seconds

'7 UK - Test t_hetechnology and
/‘ SPACE techniques
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