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CONTEXT AND OBJECTIVES
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v Cold atoms in Bordeaux
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~Matter waves

~Cold atom interferometry
~Quantum simulation

~Quantum metrology
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« Cold atoms (T~pK) are free-falling under vacuum.

« Acceleration is measured by imprinting the phase of a laser on the atomic
wavepackets at 3 different times.

| Cold Atoms Matter—WTe Opiics Detection
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v Cold atoms: high sensitivity, high accuracy, high stability

v Joint Laboratory (Inertial Quantum Sensors for Position and
Navigation) rrm——

ﬁ; -273.149999 C |
%“ - 4 Ondes de m,gtiére

> Institut d’'Optique: atom interferometry

> iXBlue: optical gyroscopes, photonics and inertial
navigation
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Applications

. Land and sea mapping
. Space

«  (Geophysics survey

. Defense

«  Autonomous vehicle

Advantages

. Autonomous system
. Higher resolution than GNSS
«  Orientation and velocity information
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« Autonomous and quiet
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Performance
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» Long term goal: “"GNSS-free” navigation
> Bias free accelerometer
» Ultra high performance
iXAL A5 iIXAL A7
Low performances Average High performance Very High iXAtom
Consumer market. performances. Navigation class performance.
Military / Spatial
100 mg 10 mg 1 mg 100 pg 10|hg 1 ug 100 ng 10 ng
€ | | eceecee e
EEEEEEN [ | |

Price
Quantity

Applications

Technologies

MEMS Silicium (ex. : RS9000 Colybris) >

Pendulaire (ex.
]
MEMS Quartz vibrant

: QA Honeywell, MICAL)

Stainless steal (316LN)
viewports 1}
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LI\ M\%)? 1

ldeal platform to tackle three main
challenges of strapdown cold
atom sensors:

> Multi-axis measurement
> Vibrations
» Rotations 10
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REAL TIME COMPENSATION OF
VIBRATIONS AND ROTATIONS
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| | — acg tamac |

Increase dynamic
range and bandwidth

—— AQG, Talence

— —— FGS5, Larzac

Mechanical
accelerometer

10° 10° 10* 10

Correct slow

V. Menoret et al, Sci. Rep 8,12300
(2018)
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d Rotation rate measurement
with
Filber-Optics Gyroscopes

A Real-time correction (FPGA) of
the mirror orientation with @
piezo tfip-tilt stage
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3D “STRAPDOWN” ATOM
ACCELEROMETER FOR GRAVITY
MAPPING/MATCHING
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> Alternative measurement of the three axes (0, ,~ 45° with the
verfical) and the norm of the vector | g|

> Tilt of the experiment is drifting 86~é6urad over 10 hours

100

Allan deviation (ug)

»Simultaneous measurement
possible

10'1| i L ||||||| i i |||||||
102 103 104
TO BE PUBLISHED Integration time (s) 15
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GRAVITY MAPPING WITH A BIASLESS ACCELEROMETER
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T _gNS'Smte -GNSS signal provides direct position information with a position
02} wam | (white)noiseo, g = (Xcnss — Qgee)

—
o
T

Allan deviation (ug)
)

10k

7 (s)
» Perfect accelerometer: 370 ng with a correlation
length of 100 m

Performances of our hybrid accelerometer:

Long term stability: 200 ng
Bias uncertainty: 700 ng (vertical axis 500 ng)
Goal : 500 ng (calibration improvement)

mapy ing precis on (ug)

deviation a,, ; and a correlation length L.,,.

- Initial gravity map EGM2008 characterized by an error standard

v=2m/s o,=2ug/NHz Om;=5Ug
Leorr =10km | 0, =1mm/vVHz

—FW/BW

" Biasless limit \/50,:,(,’(1 /L)*/®(20,)!/6

100} 1
H ‘/ Best classical navigation grade accelerometers

10"
1073

1072 107 10° 10°
Accelergmeter bias (ug)

102

10°



VITY MATCHING NAVIGATION
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Easting deviation (m)
g 2
= =

-1000

-2000

-3000

-4000

-5000

Northing deviation {m)

-6000

-30 =20 -10 0 10 0 10
longitude (*) Time (hour)

Gravity Matching Accelerometer Gravity map

Blue No Classical EGM2008 (5 ug)

Red Yes Classical EGM2008 (5 ug)
Yellow Yes Quantum EGM2008 (5 ug)
Purple Yes Classical Improved map (1 ug)
Green Yes Quantum Improved map (1 ug)

It requires a better map to benefit from the absolute character of the quantum accelerometer
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v 3D strapdown atom interferometer: from the laboratory
fo the first industrial prototype /,//

v Proof of concepts for real time compensation of
vibrations and rofations R

v Classical/guantum sensors hybridization

v Tests on the field (onboard)

v Exploration of « not so mature » fechnology: atom chips,
ultra-cold atoms, 3D atom interferomeftry, miniaturizeg
laser source
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Starting a gyroscope

activity

- 2020 2023 2025

‘ Miniaturized
Bias free 3D accelerometer

Bias free 3D accelerometer
accelerometer on the field

Gravity mapping
Gravity matching
Navigation
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First gyroscope gyroscope on
prototype

the field
Navigation

2030 2035

First Space atom
accelerometer

Space applications

19
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p P + hkeff

6p = kerrgcos (t) T corrected in real time! .
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, 2 T=20ms
hybrid accelerometer 107 i ;
" | a,ta,,ta, .y [ Classical -
| £ T @) | . Correlated |
) | continuous l a 2 +a = 1D1F s Accelero :
blai \ vib slgw B F
\_ / \__/ continuous ~ - o~
. avib+aslﬂw Q 1 D'[},_.
Al = dead times ‘E i
= :
B 401
: 10— " Subtraction
> Bias subtracted from the c <=~ of tides
classical accelerometer < 1{)'2[ vl
r :
output : ‘

107 10 10" 10% 10° 10* 10°
Integration time 7(s)
> Hybrld Sensor:
* High bandwidth
« Stability ~10 ng

* Sensitivity (long-term): P. Cheiney et al, Phys. Rev. Applied 10, 034030 (2018)

3,2 ug/vVHz



universite
“BORDEAUX

REAL TIME COMPENSATION OF
ROTATIONS
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¢+ Use the same beam for cooling and the ™ @& -
MOT/Raman

Raman atom interferometer along the 3
axes

v Compact sensor head using stafte of the
arf technology

Magnetic

waveplates

All metgl valve Coils SAES ion pump

(a) " (b)

Collimator

Custom viewports

/
(AR-coated 780 nm) \ Reference mirror Accelerometer l Gyroscope 24

I
Gyroscope mount mount l mount

Accelerometer



RAST DUE TO STRONG ROTATIONS
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e Lagrangian for a body undergoing rotations and linear accelerations
1
L(rw) = §M(v +Qxr)* + Ma-r

e Evaluate interferometer trajectories and insert into Roura model:[Roura2014]
C ~ e}{p[—(k:eﬂcc:r.it,,’l’)2 (|QT|T)2]
d

Velocity sprea \/\ Rotation rate

Interrogation time transverse to ke
C
101 ewgoaatssececceeennaeaee o
0.8
0.6-
04- —=—T=5.0ms
—+—T=10.0ms
——T1=20.0ms
0.21
0.0
0 20 40 60 80 100
Q(mrad/s)

[Roura2014] A. Roura, W. Zeller, and W. P. Schleich. Overcoming loss of
contrast in atom interferometry due to gravity gradients. New Journal of
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A Full contrast refrieval for any rotation rate and interrogation fime
 Visible fringes without additional phase correction for:

» Rotation rates up to 100 mrad/s
> Interrogation times up to 10 ms

. 0.7
0.54 1
0.52 1 . .. . 0.6 -
L]
0.50 1 B
e . . 205
2 048 ° g
= =

0.3 1

76 2 - ) 7 1 : 6 4 2 0 2 1 6
¢ias (rad) $ras (rad)
a Next step: real fime correction of the residual Coriolis phase 26
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