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Quantum Technologies
DLR

Growth Potential and Areas

2020-2030 market forecast for quantum technologies

(Suurce: Quaniur Technoiogizs 2020 report, Yoie Développernent, Z2021)
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UK National QT Hub in Sensors and Timing
Funders, Partners and Collaborators
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http://addedscientific.com/
http://www.avantiplc.com/

Atomic Quantum Sensors: Atoms Manipulated by Lasers

a

height

Laser pulses

time
Unprecedented sensitivity for measuring gravity, rotation, time and magnetic fields
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Atom-Light Interactions

System:

- two-level atom '

- resonant laser beam

.
Is

animation and images from: http://iff.physik.unibas.ch/~florian/rabi/rabi.html
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Atom-Light Interactions

Beam splitter: Mirror: Rabi oscillation:
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Roadmap to Applications

Atoms sensing Atorns sensing Atoms sensing
GRAVITY MAGNETIC INERTIAL
GRADIENTS FIELD SENSING

Atoms sensing £1bn E7bn £500M Atoms sensing

GRAVITY THz Atloms making

£300M £400M
Atoms sensing QUANTUM
Earth |: ZI LIGHT
TIME ﬁ Nuwga i

£500M observation - £100M

,; Mavigatio f; 2 Mon-destructive
Agricu Iture@ Matpnalq testing ’]} %?
ﬁBiDPhys =
Sst\lau B d Heur- »
order o ﬁ Atomic Force
e [_-;.,| caontro Border ﬂ Microscope
cantrol i @

BioPhys
Radar Infrastruciyre Minerals
Georeference
C:urnms

Atoms based QT platform

> FoT O

For Atom Interferometry, see also: Nature Reviews Physics 1, 731 (2019)
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Selected Quantum Sensor Applications

Sensing into the ground

Underground risk in infrastructure
projects
- 0.5% GDP

UK
Quantum Technology Hub
Sensors and Timing

Sensing brain function

Satellite-derived
Time and Position:
A Study of Critical
Dependencles

29M drones by 2021

Dementia: 1% GDP
ADHD: 1% GDP

The World Economic Forum has recognised Quantum Sensing
as one of the top 10 emerging technologies for 2020

Sensing small objects in the air Sensing position and movement

~7% GDP
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World first detection for quantum gradiometry

- Survey over tunnel
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Credible interval bands
Gradiometer data

----- Site model

Position {m)

Tunnel centre localised to: =0.19 m, horizontal; -0.59/+2.3 m, vertical
Nature volume 602, pages590-594 (2022)



https://www.nature.com/

Enabling Gravity Cartography

Soil compaction Bu1ilg(i)ngs
- Relevant to a range of 0D . e —

applications, including: e St
Aquifers W
(<20 E, not to scale)

« Water monitoring Tiififieks
(<150 E)

>
i e —

e

Future gravity
cartography

500l moisture
(<30 E)

* Infrastructure
* Archaeology Surface
 Agriculture

» Navigation

Subsurface

Nature volume 602, pages590-594 (2022)


https://www.nature.com/

Towards compact sensors

- Person-portable and moving platform devices underway
CASPA MOT on UAV MOT in 50 m borehole
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Exploitation in new start-up:
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Schematic Setup of a Quantum Navigation System

Acceleration
Sensors

Rotation rate
Sensors

Inertial Sensing

Time

Time

Acceleration in
lab system

2

2.

2

Velocity

| [

I$ Position

2\ O\ ﬁ
Orientation

il il

Correction
Coriolis Acceleration

<

T

Correction
local Geoid

i

Gravity map

4

~

Gravity/Gravity
Gradient sensing
+ Map Matching

Mag Gradient
+ Map Matching




Quantum Sensors and Timing: Opportunities in PNT

Map Matching for Positioning Inertial Sensors for Navigation Clocks for Timing

Gravity gradient  Magnetic Fields Acceleration and Rotation =4
3 Ty e ¢ |

Ll
= On board holdover
- GNSS spoofing alert

- Providing absolute position - Low drift

without any communication - Low bias

(including under water) - Ingredients for INS _

- Collision alert (?) = Time references

— Transportable time

UK
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One Navigation System Example: TERPROM

Baromatnc Height https://www.whatdotheyknow.com/reques
t/491019/response/1182168/attach/3/Seg
ment%20005%200f%20AP3456%20Tablet%
20Vn%2010p0%202018Redacted.pdf?cooki
e_passthrough=1

nstantareous
<4 Radalt Height

Teeram Contour
profie procuced
by sublrading
Radatt Height from
Barometric Heignt

- Tecrain redarencad navigation

* Prodictive 9round celasos
O e W EN T

- Bherructize warning and curing

~ " y [
IS JeNIiELD 2NAY, N
EFE 2 | ;'» | ) ““'.\‘ 3 .":'- 0 + Dutasase werrin folewng Rada r

* Panabon target ranging
Enables aircraft oot Altimeter
to fly demanding
missions more safely
and effectively in all
weather conditions,
day and night

https://www.collinsaerospace.com/-/media/project/collinsaerospace/collinsaerospace- Kalman — NaV|gat|On

website/product-assets/marketing/t/terpromr/terpromr-digital-terrain-system-fixed- Fl Ite r
wing.pdf?rev=14709802dc674d959f4fd9e787f2b2bc O ut p ut
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Magnetic Sensor Overview — Scale vs Sensitivity

Sensors 2021, 21, 5568

16 of 27
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Sensors 2021, 21(16),
5568:; https://doi.org/10.3390/s21165568



https://doi.org/10.3390/s21165568
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Quantum-Magnetoencephalography — Spin off from QT =
= cerca
i "~ il Impact Opportunities:
1 ; § F N ’ Epilepsy: 60M people worldwide
L Dementia: 1% GDP
{ Schizophrenia: 1% of population
Cerca: Trauma: 100.000 / year in UK
Joint venture spin-off between Magnetic

Shields and Nottingham University u e
Founded in 2020 % generation of
3 quantum
) . ) . e sensors have
First systems delivered internationally enabled
. . ‘wearable' brain
£6M turnover in first year p— Fachd T
i o channel whole
>£50M requests for quotations MES technology | pead system 2020
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Quantum Clocks Potential to Change Business Models f DLR

Timing today: Centralized model

Timing via Global Navigation Satellite Systems:

'/ * ,Free“touse
EIEI{*W*\I‘J---TF{‘ I“ *  Worldwide availability
Communication and "~ - Finance ; 39 ns within UTC. .
energy networks Wl.d'espreac.j use .|n industry and
critical national infrastructure
UTC . - Can be easily spammed or spoofed
% mostly jL - Is not available everyehere (e.g. underwater)

- Risk to critical infrastructure in case of conflict
- Potential limits to communication

1 ( viaGNss

Navigation Defence




Quantum Clocks Potential to Change Business Models f DLR

Timing future: ,,Edge” model
* ‘& Quantum ,,Edge” Timing:

*  Resilience

A /
EIEI(*W** :i?i\? * Network architectures with higher bandwidth
Communication and Finance and better energy efficiency
energy networks Local timing * Architectures for safe autonomous vehicles
. * Improved air and space surveillance
with
synchronization
% - Not ,free“ to use

- Will need 10-15 years of development to
reach full potential

Gy

Navigation Defence




How do Quantum Clocks Work? Enm

A quantum clock replaces the manmade frequency reference in a classical clock (e.g. a pendulum) with an atom

Always made the same by nature
Precision governed by the laws of physics




Microwave (old) and Optical (new) Quantum Clocks I: DLR

A quantum clock replaces the manmade frequency reference in a classical clock (e.g. a pendulum) with an atom

Microwave atomic clock Optical atomic clock

A \
[ | \

Atomic reference oscillator

Frequency counter Frequency counter

Laser .
A A A ~ O_ptlcal to A NA N
’% % L%J‘ +«<— Quartz «— — microwave —* l% ’%’ ’%f
* * . converter e T TR
Microwave atomic transition is used Optical atomic transition is used to discipline a laser
to discipline a quartz oscillator
100.000 higher frequency

—> faster sychronization & higher precision




1000 I, 1 kW, £1M

100 I, 100 W, £100k

101, 10 W, £10k

100 ml, 100 mW, £1k

So far: “linear” relationship between SWAP-C and stability

Why are Optical Clocks Disruptive?

Optical Lattice or

: lon Clock
Today: Lab/TRL3
o . | |
: \@’b Optical Vapour
e | Cell Clock
& ~ Today: Lab/TRL3
""""""""""""" ;o&” 1 Cs Re]arence
fg@b Cldcks
i\&o 1
N Rb Clocks
S |
- @ Miniature Rb b
| GNS$ accuracy
5G requirement
1pus 1ns 1 ps

Deviation/day after Synchronisation

i DLR



Some International Developments — Optical Clocks

GPS Solutions (2021) 25:83
https://doi.org/10.1007/s10291-021-01113-2

Table 1 Summary of the key figures of the different optical clock technologies, together witll the corresponding ﬁJJI‘ES of the Galileo RAFS and PHM

Galileo RAFS Galileo PHM Ca beam I, MTS Rb MTS Rb TPT Sr Lattice clock  Ca single ion clock
References Orolia datasheet Leonardo data-  Shang et al. Schuldt et al. Zhang et al. Martin et al. Bongs et al. (Delehay and Lac-
(2016) sheet (2017) (2017) (2017); Déring- | (2017) (2018) (2015); Origlia  route 2018; Cao
shoff et al. et al. (2018) etal. 2017)
(2019)
Frequency stabil- 1 s 3x 1072 2x 107" 5%x107 6x 1071 1x 1071 4% 10713 /s n/s
ity inRAV— q5 1x10712 3107 2% 107 3x107° 4x 10715 1x1072 1x107' 6x 10713
fm‘f:}gm“““ 10% s 3% 1071 Tx 107 5% 1073 2% 10713 3x 10715 4% 107 4%107" 2% 1073
10° s 6x 107" 2x 107 2x 1077 2x 1077 n/s 1x107* 1x107" 6x 107"
10* s 3x107 7x 1077 n/s 3x107” n/s 5x107° 4x107"® 2x107'°
10° s Long-term Long-term n/s <2x 10 n/s n/s n/s n/s
10° s drift< 107"/ drift< 1072/ g /s /s /s /s n/s
Longest reported 7 day 1600 700,000 600 180,000 30,000 30,000
(continuous)
T (8)
Clock transition frequency/wave- 6.8 GHz 1.4 GHz 657 nm 532 nm 420 nm 778 nm 698 nm 729 nm
length
Clock transition natural linewidth 0.4 kHz 300 kHz 1450 kHz 330 kHz 6 mHz 140 mHz
SWaP Budgets™®  Mass (kg) 3.4 18.2 n/s 21410° 104 10° 12°+10° <250 n/s
Power (W) 35 60" n/s 44 +66° 207+ 66° 25°+ 66" n/s n/s
Volume (1) 3.2 263 300+7" 33+47° n/s 847" <1000 540
Complexity # Lasers n/a n/a 2 1 1 1 5 6
Vacuum chamber Yes Yes Yes
Cavity pre-stabi- n/a n/a Yes Yes Yes
lization
TRL 9 9 4 4 4




Why are Optical Clocks Disruptive? Enm

So far: “linear” relationship between SWAP-C and stability

Optical Lattice or

; ; ; ; lon Clock
10001, 1 kw, £1M Today: Lab/TRL3
B N (2
| L . Optical Vapour  gtical Lattice or
1001, 100 W, £100k ; & . Cell Clock lon Clock
5 & ~ Today:Lab/TRL3  potential : 2035
"""""""""""" ;%;‘o“*"' i GCs Rejarence
L & Cldcks Optical Vapour
101, 10 W, £10k & | ~ CellClock |
’ ’ s ALl . Potential: 2030 | Robust enough for
< ' ; ' .
(¥ winiature R o fot .t mobile platforms
i . | Optical Vapour
CSAC 100.000 x better | Cell Clock _ .,
100 ml, 100 mW, £1k | e Potential: 2040 ~——f—, 100 times ,better
GNS$ accuracy ! than GNSS
5G requirement
1 us 1ns 1ps

Deviation/day after Synchronisation




Where Does DLR Stand?

Worldwide leading optical vapour cell clock

Table 1 Summary of the key figures of the different optical clock technologies, together with the corresponding figures of the Galileo RAFS and PHM

DLR

GPS Solutions (2021) 25:83
https://doi.org/10.1007/510291-021-01113-2

Galileo RAFS Galileo PHM Ca beam 1, MTS Eh MTS Eb TPFT Sr Lattice clock  Ca single ion clock
References Orolia datasheet  Leonardo data-  Shang er al. Schulde et al. Zhang et al. Martin et al. Bongs et al. {Delehay and Lac-
(2016} cheet {2017) (2017} (2017); Déringe ~ (2017) {2018) (2015); Origlia  route 2018; Cao
shofT et al., ct al, (2018) etal, 2017
(2019)
Frequency stabil- | s ax 10" 2% 107" Sx 107 6x 107" 1% 10714 4x10M /s n/s
ity (in RAV 10s 1% 10712 3x 107" 2% 107 3% 1071 4x 10715 1% 107 1% 107 63 107"
:?’"::‘;gm""“ 10°s 3% 107" T3 107 S 107 2% 10715 310705 4107 4x 10777 210715
1 s B 10 v i 2x 10 T 107 nfs 1107 e i A 1071
10 s Ixip Tx 1 nfs 3k 107'd nfs sxloh 4x 10" 2 107"
10F = Long-term Long-term nfs <2 10 s s n's nis
1 5 drift= 107"/ drift= 107"/ nfs n's nls n's nfs nfs
Longest reported S day 1600 700,000 600 180,000 30,000 30,000
(continuous)
T (5]
Clock transition frequency/wave- 6.8 GHz 1.4 GHz 657 nm 532 nm 420 nm TT8 nm 6498 nm 729 nm
length
Clock transition natural linewidth 0.4 kHz 300 kHz 1450 kHz 330 kH= tmHz 140 mHz
SWaP Budgets®™®  Mass (k) 34 182 n/s 21 4100 1044100 12°4 10° <230 n's
Power (W) £ al’ n/s 44 4 66" 20 4 66" 25° 4 6A" n's nfs
Valume (1) 3.2 26.3 300+ 7" 3+7° /s 8+ 7" < 1000 540
Complexity # Lascrs n'a nfa 2 5 il
Vacuum chamber Yes [\ Yes Yes
Cavity pre-stabi- nfa nfa Yes Yes Yes
lization
TRL ] 9 4 4-5¢8 4 4 4 4




Roadmap for Optical Clock Applications E DLR

Business Advantage through Quantum Timing

Credit: ESA Credit: DLR -

N S d
i — o o ) P A T
- Credit: AdobeStock/J-mel " /u N R
Next generation Long distance Urban airspace mme-level global height
GNSS 3d imaging radar control reference system

GNSS resilient operation High bandwidth Autonomous vehicles
communication



Timeline for Quantum Clocks providing Business Advantage

¥ ViDRG “yéy
' ‘?*::*:"&

Advanced signal-based Radar in cluttered Long distance mm-level global height
intelligence environments 3d imaging radar reference system

gt Y 2 @' )
GNS5 resilignt operation Urban airspace Low power high bandwidth
with multi-month on control communications

board holdover
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UoB ADRAN Testbed

* UoB ADRAN ADvanced Networked RAdar facility is enabling to
* Benchmark conventional radar performance in challenging urban environment

* Demonstrate the capability of network synchronisation through practical demonstration in radar
under demanding realistic conditions

* Only dedicated multistatic network radar testbed for urban surveillance

UK :
Qquamum = TOUY
Sensors and Timing



2021-07-22 Uob GK000

Noise limitations in the radar =

Radial Velocity of target 3800 |
--* ————» -------’ -* 2000}

dB] G2 100Hz doppler e

aharn

e o

Dense Urban Environment gosil
4 Power Quantum oscﬂlatorg provide
dB _ improved phase noise and
[ ] SNR qgai Thermal noise floor = mm - .
gain therefore improve the
«— Clutter

Return sensitivity of the radar in

: high clutter regions
Q#antum-Oscnlat r Phase noise of g g
phase noise Quantum Oscillator
Noise floor of the

radar

Doppler
Frequency [HZz]

! I
e

Slowﬁmovinlg SmaILII Target
«@aﬁsﬂuﬂf&nn&gﬁms

4
Large Target Returns

Sedsors andTiming DG 'Timing and Synchronization Network Radar' 29



Components of the
Quantum Enabled
Staring Radar

Optical

Optical
(698nm)

Optical Network Menlo G Gamekeeper

Fibre Interface - Staring
Clock Laser - Laser - . ‘ MGU

Sr Optical Clock Transfer

— etwork Node Radar
ensors and Timing DG 'Timing and Synchronization Network Radar' 30 rr O
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Radar Improvement with better Oscillator — Drone Tracking

Small Drone Tracked by two radar

Side-by-side comparison: Tracker output

Radar#1 Radar#2
Purple lines Yellow Line - Better Phase Noise

DJI Mini Mavic 2
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