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Gravimétrie - Instruments g g=1|g] gradg

1 puGal = 10 nm.s™?> 1E = 1079 s72
~ 107% = 0.1 p Gal.m™"

Gravimeters Gradiometers

Combination of

= e accelerometers, (gyro
lati ! Absolute stabilized plateform),

ve
II Corner Electrostatic,
Cube superconducting

Superconducting -
) 5 FG5X (Micro-g FTG (Lockheed
— gravimeter Lacoste) Martin) EGG (ARKEX)
spring 'T'.___ ] L i E_

T

Free falllng
o coenier cuhie !

CCLA i ' M o] dpm 'f-_',:;.

= [l

iGrav (GWR)

S

kl
mg{
Capacitive

sensor

VK1 (UWA)

_ ‘ﬂ' — ' Differential measurements
Continuous (1 Hz averaged) Not continuous (0.3 Hz) ;
~ 0.1 nm.s~21in 1 000 s dead time, #FF limited FTG: 20 -2 E.Hz '/?
0 —92 SG: 0.5 E.Hz 1/?
U ~ 20— 30 nm.s GOCE : ~ 10 mE.Hz /2

Drift (small)

—9 .
Not accurate, to be calibrated ~ 10 nm.s™* in 90 s
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Interféromeétrie Atomique - Principe

> Interférométrie atomique exploite la dualité onde-
corpuscule

> Manipulation cohérente de paquets d’onde atomiques

a I’aide de séparatrices laser

» Deux laser contrapropageants réalisent des lames
séparatrices et un miroir

Stimulated Raman transitions

3 level atom
57 R

Hamamn, . i o

Two photon transition coupling |f) and |e)

—

P(t) = wesit — kem2(t) + perr(t)

Observatoire de Paris

> Interférometre analogue a un Mach Zehnder L
optique 1

> Séquence de trois impulsions lasers séparées
par un temps d’évolution libre T

> La différence de phase module la population
dans les ports de sortie de I'interférometre

Zal) T 2T /
P I-'.‘ ;ilx 'I-'i____‘i} | AP = (I)]] — (I)[
H“\_m B - = (¢a— ¢c)-(ép — éB)
e R = 6(0) - 26(T) + 6(2T)
\-.\'__ .H'x 5]
€ ____q_}*‘:;-_:,r‘ o
/2 m ?T_.f""ﬂalﬁl . I .
Py iy = 5(1 — CeosA®)
L _ 2 Scales as T2, benefits
zZ = igt AD = _kefng T of cold atoms
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Interféromeétrie Atomique - Principe

> Interférométrie atomique exploite la dualité onde-
corpuscule

> Manipulation cohérente de paquets d’onde atomiques
a I’aide de séparatrices laser

Deux laser contrapropageants réalisent des lames
séparatrices et un miroir
Stimulated Raman transitions
3 level atom
AT _|r|'|l_|l Hamam ., kyow
| v i ] '
IR T - - -‘ -

Two photon transition coupling |f) and |e)

—

P(t) = wesit — kem2(t) + perr(t)

> Interférometre analogue a un Mach Zehnder L
optique 1

> Séquence de trois impulsions lasers séparées
par un temps d’évolution libre T

> La différence de phase module la population
dans les ports de sortie de I'interférometre

a0l T a7 .
- ,'-_ ' 1
;Hlxm f_‘——_._i | A(P = ®II _ ®I
A | — (64— 6060 — 62
i g H.;:. . = ¢(0) _ 2¢(T) —|—¢5(2T)
Fr\-_____x:x B
_h"""q\-:jl"l I
Bl
-"T-"Iri‘z T T 1
..I'Jll_.ﬁl_;ll_.._ Ry = ;“ _ Ct'f).‘ﬁ'.ﬂill}

| AD = —keggT? + aT?
g — a/keff
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Expériences pionnieres : USA

VOoLUME &7, MUMBER 2 FHYSICAL REVIEW LETTERS B JuLy 1991
Atomic Interferometry Using Stimulated Raman Transitions
Mark Kasevich and Steven Chu "{'ihmtm
Depaspmeain af Phieice aid Applied Phpsics, Sranford Universily, Starford, Oaliformia 04305 isolator
{Received 23 April 19913
The mechamical effects of atimulared Raman transitions on aloms have boen used to demoenstrate a Mirror

matter-wave interlerometer with lases-cooled sodivm atoms.  Interference has been observed o wavs Raman beams

packeis that have been separated by as mach as 2.4 mm. Usang the interferometer as an inertinl sensor,

the acceleration of a sodism atem doc Lo gravity has been measured with o resclution of Tll:.lh ""‘*lﬂﬁr

100K) sec of imtegration time

PACH ammbere 12 BO.P, 0760, Ly, 35804, 4290 VE

metrologia , [T
- Magnetic Caesium
. - i shield atoms
High-precision gravity measurements
using atom interferometry
Trapping
beams
A, Peters, K. ¥. Clung and 8. Chu Blow-away
Memralogia, 2001, 38, 2551 beam
Detection Eﬁ" P
beams
Microwave

Abstracl. 'We have buill an atomn nlederomeler bl can messiene 4. Ihe sl socelermion due n gnl\lﬂ,‘p with o
resatution of S/ = 2 10~ afier i singhe 1.3 meusurement eyele, 4 1072 after | miin amd 1% 10 afier va
| HW [I:u: differemce between our valog [or g amd oie abtaned by o falling comer-cube optical R’B‘pumpiﬂﬂ
inlerfermneler is -ﬁ’* ‘H L) II]-"-‘I. The ntom interdfenmmeler mses velociy-selective stimmlmed Ranen irinsitions beam

and laser-conled ceesium atous 0 an alonme foomtain. We extend previous methods of amlysing the inerferometer
i ingludie the effects of o grovitational gradieat, We also present detpiled experimental ansd theoretical sdies of
|1-|.'|I|:'|1|:i.1.'| svsbematic ermors and noise sources.

Commission Geo-Pos
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Gravimetre du LNE-SYRTE

|
Extinction PMO-3D —-—

Impulsion 1:7/2 s 2(0) =10

Impulsion 2 : w . 2(T) = = Q’TE ‘ .

Impulsion 3:7/2 —= 2(2T) = 2aT*

Détection

j]? Laser 2

Mirror 7777

Observatoire de Paris LNE-SYRTE



Extinction PMO-3D

- Préparation 20 ms
Impulsion 1:7/2 s 2(0) =10
— 80 ms
i = o ¢
I'mpulsion 2 : w . By = EHT ’g 5 e
[ Q
- 5 =
k= 80 ms ©
. — _sga |
Impulsion 3 :7/2 —++ 2(2T) = 29T
Détection Détection 60 ms
. Laser 2
Mirror ———7 Fréquence de mesure : 3 Hz

Gravimetre du LNE-SYRTE

JlL " Laser 1 Chargement
s

pPMO-3Dp SV ms

atomic measurement = measure of the relative displacement atoms/mirror

Observatoire de Paris

Commission Geo-Pos
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Comparaison avec un gravimeter a coin de cube (FG5X)

MJD
56589.9 56590.0 56590.1 56590.2

CAG a)

. 10 -
FG5X ] ] ;, | .:‘H". ]
i | p ¥
3 - "‘:_-a:

" b) ]

4 AL mel” T ’Un' L A e A AT T

i g 0t Gl e e i, o

Ul 0 N A I @

qﬂ{ T} pGal
4
-ﬁ/{(.-'

- 0.2 “‘L...-f’
7 35 EE
A 1 R ] 0.4 Leaaiad b4 i iaael i La i a i iagul L Liasu
~56589.85 56589.90 56589.95 1 10 1EII.'.I 1000 1000
MJD
ris

P. Gillot et al., Metrologia 51 (2014)

CAG : Meilleure immunité vs séismes
Mesure continue
Meilleure sensibilité: 5.7 nGalen 1 s (57 nm.s2)

Long terme ?

Commission Geo-Pos 9
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Comparaison avec un gravimeter supraconducteur, étalonnage

Relative gravimeter
iGrav005 SG ( )
since 2013

http://doi.org/10.5880/igets.tr.11.001
(12Hz ,,averaged”) 1 gravity point / s
Continuous

0133014 2015 MiE 2017 08 2019 2090 e
} ! L] I‘

Mk I"

- ¥

J..f s
N 7

e e | SR & BT i | i RS TN R R
SETON SFOH AP0 STE00 E7000 RANH 53300 GER. 5ol Saadh
N ] )
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1.7 d de mesure en vue commune CAG vs iGrav

“-‘: 57130.0 57130.2 57130.4 57130.6 57130.8 57131.0 57131.2 57131.4 57131.6

E 1000 T T L L L L L L v L L L | 1000

g 500} ]

N~

&

° L
& -500 -500
[} - 4
2-100055::::::5:'5:5:::::ii:i'i::i'i:::::::l-moo AG:CFXSG+Oﬁset
o .

S

>

ol

Q

57130.0 57130.2 57130.4 57130.6 57130.8 57131.0 57131.2 57131.4 57131.6
MJD

No drift in the fit.
SG is dedrifted based on long term measurement

Take into account a drift possibility in the fit would modify our CAG
data and improve the long term sensitivity (which is what we

investigate).

Commission Geo-Pos 11
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1.7 d de mesure en vue commune CAG vs iGrav

")

“-";{ 57130.0 57130.2 57130.4 57130.6 57130.8 57131.0 57131.2 57131.4 57131.6 1500 . . . : . . :
51000"""'"""""""""""""""""'1000 I |
g 500 1000}
z > - (-899.00 +/- 0.50) nm.s*/V ™
8 -500 1-500 o 500} (ri
0 10 bt 0 | AG = CFXSGA-Offset 20 ) \ 0.9%
o . £ 0
e, N\
S 2 .
> O -500 ~
o i \
| -1000
1.5 40 05 00 05 1.0
iG tout (V
57130.0 57130.2 571304 57130.6 57130.8 57131.0 57131.2 57131.4 57131.6 rarav.oulpu ( )
MJD
No drift in the fit.
SG is dedrifted based on long term measurement
Take into account a drift possibility in the fit would modify our CAG
data and improve the long term sensitivity (which is what we
investigate).
Commission Geo-Pos 12
LNE-SYRTE
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1.7 d de mesure en vue commune CAG vs iGrav

(-899.00 +/- 0.50) nm.s*/V ™

N
=
S
>
S

-0.5 0.0

iGrav output (V)

“-";; 57130.0 57130.2 57130.4 57130.6 57130.8 57131.0 57131.2 57131.4 57131.6
E' T T L L L L L L v L L L | 9 1500
£ 11000 i
g 500 1000}
5 0 5 .
[} V.
2 17500 & 500t
: ow| AG = CFxSG+Offset 2 |
6 1.0 £ 0
< 0.5 O L
g 0.0 6 -500
o 0.5
-1.0
P T S R E S S E N R | _ -1000
& 100 g e e e 1 100
b :§ ; T e~ J35°0 < 15 1.0
§ 100 571230.0 571230.2 571I30.4 571230.6 571230.8 571I31.O 571:31.2 571I31.4 57123;?(1500 rESIduaI
MJD 10}
- . Allan Std Dev analyse
No drift in the fit. y >
SG is dedrifted based on long term measurement >
£
£
Take into account a drift possibility in the fit would modify our CAG %,, 1
data and improve the long term sensitivity (which is what we 3
investigate).
100 1000

0.5 — 0.6 nm.s 2 in 20 — 30 000 s, moreover CF at ().5%. in less than 2d.

Commission Geo-Pos

Observatoire de Paris

10000 100000

7 (s)
Study finished.
13
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Pas 1.7 d mais 27 d de mesure en vue commune CAG vs iGrav

£ 1500

5 1000}

2 s (-899.00 +/- 0.50) nm.s*/V

o) 500}

3 @

> € 0

; < \\

o <

5 S -500 \\

: -1000

2 1.5 -1.0 0.5 0.0 0.5 1.0
iGrav output (V)

—> 1.7 d previously analysed

No drift in the fit. AG = CFxSG+Offset

Repeat the treatment for the long measurement

27 jours de mesures continues
Inaccessible aux gravimetres coin de cube (usure), mais OK pour supra
Opeération concurrente de deux instruments : CAG et iGrav

Commission Geo-Pos 14
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Pas 1.7 d mais 27 d de mesure en vue commune CAG vs iGrav

41000 1500

(-898.25 +/- 0.20) nm.s“V —
(-899.00 +/- 0.50) nm.s/V

o 1000

500}

(=}

iGrav (V) CAG -9 808 907 500 (nm.s”)

CAG (nm.s'z)

&
)
S

-1000

59 (nm.s-2)

-1.5 -1.0 -0.5 0.0 0.5 1.0
iGrav output (V)

—> 1.7 d previously analysed .

10f ]
No drift in the fit. AG = CFxSG+Offset \ :

Repeat the treatment for the long measurement

o(7) (nm.s'z)

CF ? Agreement.
Level ? ().2% ?

g
-
T
I

Long term stability ? 100 1000 10000 100000
Not White noise, so 0.20/898.25 not possible )

S. Merlet et al., ] Geod 95, 62 (2021)

Commission Geo-Pos 15
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Effect Bias u
pGal  puGal
Alignments 0.3 0.5
Frequency reference 0.5 <«<0.1
RF phase shift 0.0 <0.1
Vgq -134 <0.1
Self gravity effect -2.1 0.1
| Coriolis
LS1 3
Zeeman 0.0 <0.1
LS2 -3.6 0.8
Detection offset 0.0 0.5
Optical power 0.0 0.5
Cloud indice 0.4 <0.1
Cold collisions <0.1 <0.1
CPT 0.0 <0.1
Raman « LS 0.3 <0.1
Finite Speed of Light 0.0 <0.1
TOTAL 285 2.0

Observatoire de Paris

Exactitude

-

g
B

Atomes froids
Oy ~ 14 mm.s™

1

Commission Geo-Pos
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Exactitude

Effect iaa: 1w Atomes ultra

uGal  pGal froids dans un

: iege dipolaire

Alignments 0.3 (.5 (gefﬁ)idiszement

Frequency reference 0.6 <1 évaporatif)
RF phase shift 0.0 <0.1 - 50 nK a 7 uK
vgg -13.4  <0.1 '
Self gravity effect -2.1 4% § -
. Coriolis 53 0.8
LS1 0.0 <0.1
Zeeman 0.0 <01 g
LS2 36 0.8 | jis ]
Detection offset 0.0 0.5 o 1
Optical power 0.0 0.5 = 2t .
Cloud indice 0.4 <01 4 ]
Cold collisions <01 <01 % -
CPT 0.0 <0. i & )
Raman a LS 03 <01 4 '- R—
Finite Speed of Light 00 <0.1 0.1 E o
- TOTAL -28.5 2.0 Atom temperature (LK)

R. Karcher et al New J. Phys. 20 (2018)

Commission Geo-Pos 17
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Dol | G

Comparaisons Internationales et Nationales

ICAG’09 (BIPM) : CCM.GK1 ECAG (2011, LUX)

i - ey b |
= Jas il L] |

16 L FLE- 335 | f—if—i
0 P h o =
5 | o LR - s

g—'—.-..— Y. L = M N-E K ;! .,-_.:;I: :_ -_||
ik i +4-1 FEEIED . et
" ;;1;
5 =
- s mﬂ_. 2009 - 1.6(7.8)

.m.n:'f'.-‘-' 1‘-".-"" 4? frt' - o |+
f,;,-z‘J .s.:r;; fJ'F Sr '—d—i 2011 + 5.4 (5.7)

Atsokiln grawmakes 2013 + 6.2 (55)
CCM.GK2 (2013, LUX). et

QAN TER

- B =i . o
— — e — FMailE- T I—‘I—ﬁ
E WA AT M-
R rE R EFa RS aE: B3 -
® ;f : T'-—"EE-..'T# 11 =3 R VLA - b
3 EET: : : £ 5 | |
. ilfiii*.- C T |_ E:_ .I- Z-I-..F.... :-“ h_£ | i i:-i::f_l_:
el p 1 Deux comparaisons « clés » 2009 & 2013 B et s E
fo.-fi?:;f:iiEii‘;“iifii';ififffifiiiiiifffff?i CAG : 1°r gravimétre atomique a participer g B 4
- Aulres instruments : gravimetres a coin de cube ~___ | “ £ b ‘
pEmsmREEE==S L R ' g
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Résumé applications avec le CAG et futur

> Référence nationale, missions métrologie LNE
» Participations au CIPM KC

> Ameélioration de la référence (U<10nm.s?, stalibilté long terme 1 nm.s?, fiabilisation et fonctionnement en « mode
opérationnel »)

> Support aux utilisateurs (FFCC et Al)

» Transfert industriel

> Participation au SNO Gravimetrie

> Etalonnage de I'iGrav#005, études sur le facteur d’échelle

> Détermination de g pour la mise en pratique de la définition du kg,

précédemment détermination de la constante de Planck et participation a la vévision du SI
Cf, 36™™¢ réunion de la Commission « GeoPos » du CNIG, 17/10/2019

Commission Geo-Pos 19
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Balance du watt ou de Kibble
Etape statique Etape dynamique

i N

B ] Jl l
FLaplacezB.l.I ngm'g
Iy = mg — Bli ! e = —Blv
mgv = et = eV/R
1962: Josephson effect magu = A A n1 fing foi
V=nf/K; Ky=2eh K3Rxk k
1980: Quantum Hall effect m A

Ry (i) = Rk/i Ry = h/é? h - 491; Besoin d’'une mesure de g, exacte

Commission Geo-Pos 20
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Domaine en pleine expansion

o

21
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Etat de lart

Type Techno [nstitut Name v, b Uwfab Ty T Ry
/ Company Hz pGal  puGal ftizal 5
Abs FFCC  Microg FG5X 03 20 ~ 1.0  ~ 100 dead time,
Lacoste 0.1 : 1.0 ~ 700 wearing
- Rel  Supra GWR  iGrav 1.0 . : 0.01 GO0 - drift
Abs  Atom SYRTE CAG 28 20 1.3 5.7 | T=R0ms
1.0 36 dropped atoms
: : 0.06 20 000
Abs Atom HUB GAIN 0.7 3.2 2.2 9.6 1 T=260ms
1.0 100 launched atoms
; 0.05 100 000
Abs Atom HUST 0.5 5.0 4.2 1 T=300ms
1.0 18 launched atoms
0.3 200
Abs  Atom G ATLS AQG 29.4 1
1.0 A000 dropped atoms
0.3 200 000
Abs Atom AOSense
Abs Atom M Squared
AP — _E —»TQ Diffé'rgnces de 2T pas nécessairement Motivation pour le développement de gravimetres
effg corrélées avec les performances compacts (2T =~ 100 ms, h = 5 cm)

Observatoire de Paris

Commission Geo-Pos
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Simplification, fige les fonctions

. . 1 seul faisceau pour réaliser :
Colls e == « la source,
« l'interférometre,

m ‘ magneto-optic trap  détecter

A cold atom pyramidal grevimeter with a single laser beam

2 1 0, Boderd,” 5. Meilel' N Makesl” F Persim. Dos Sanios.' P, Boiyper © o
& Landragin'!
ANE-NLE Dsmrrurom oe Portr CMEE, DMHC, &) s o | CObmnmmie, S3004 Mty & i
“Labnvisoare Charies Fadey de ¢ eavini o Yk OV Dur Purir Sl e Bbrircbagee. AT
RIT Fabatieas Cider. Fromee

: 14 Interferometer (Heceived |7 December 2008 accepied 5 March 0L pubbekedd onllng 23 Mo 200H
| &
during free fall

Suppression de la plateforme

APFLIED PHYSCS LITTERS W, 13310k {2600

Detection P ;
d’isolation
Raman 1 APPLIED PHYSES LETTERS 1B, 159000 (3014}
Raman2
Hybridizing matter-wave and classical accelerometers
J Lauser, L Wolodhmer, T, Handie, 5 Mestst. M. Lours, F. Persim Dos Santes
and & Langrgn®
PAE-NFRTE, Flbscvgiine e P, ENRE, TPIE, 81 i dlf TNy, THIF P Frnaos
= = | Meovad B Avpas 2004 accepeed 24 Sqriember 2004; pobrl e oeline & Ogiober 20
15 fibres 1 seule fibre
Commission Geo-Pos L—
LNE-SYRTE
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Gravimetres commerciaux
| 8 | I

:

Commission Geo-Pos 24
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Gravimetres commerciaux

2000

1 an de mesure

4= @mean (nmys?)

Observatoire de Paris

Commission Geo-Pos

- - .
T T L j T
o ol
-L_E‘lﬁ 1“'1,':} l-f.‘l‘]":.-cc,
UTC time
1000 1 1 1 TR
| . AQG-A01 AQG-A01
W™ AQG-BO1
100 %
A
E
<
™ 104
1 e ]

1000 10000 100000

HET)

n 100

LNE-SYRTE



Mesures embarquées

Développement par ’ONERA d’un gravimetre compact pour gravimétrie marine e o -t

Campagnes de mesures sur Beautemps-Beaupré (Marine Nationale)

]

K.5S532 relative Marine Gravimeler  Cold Atom Gravimeter
(Bodenseewerk) (Onera)

-+ Meilleure performance pour le gravimetre absolu Girafe 2
- Suppression des emeurs de calibration initiale
et des comections de dérive du gravimétre relatif

Y. Bidel et al Nat Commun. 9, 627 (2018)

— Gain d'un facteur 2-3 sur l'incertitude des mesures

+ Campagne aéroportée v Bidel et al J. Geod. 94, 20 (2020)

ICE : Expérience pionniere

Pour accéléromeétrie embarquée Gravimetre embarque:

Probleme des vibrations

Commission Geo-Pos 26
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Raman; @

Cloud, . Interferometer;

Cloud, . Interferometer;

Raman, ﬁ

g1, g2, g1 — g2

Observatoire de Paris

Gradiométrie

Simultaneous interferometers on two
cold atom clouds with common
Raman lasers

Differential measurement allows for
extracting the acceleration difference
(and thus the Earth gravity gradient)

Suppression of common mode
noise, and in particular of the
vibration noise

Adapted for onboard measurements

g and Ag: resolve ambiguities in
determination of mass and position

Commission Geo-Pos

How to increase the sensitivity ?
AP = keggT?

Increase the scale factor

New tools

> High order Bragg diffraction
LMBS with up to N photons

> Ultracold atoms
Fast generation on atom chip

27
LNE-SYRTE



e Mesure de G

Florence (G. Tino)

Incertitude relative : 1.5 104

« Génie civil

Applications

—u N

»

Détection infrastructures souterraines, réseaux de tuyaux ...

Projet Gravity Pioneer (UK)

Observatoire de Paris

Commission Geo-Pos

« Mesure de G
Stanford (M. Kasevich)

.70

LES

RN

fa) '

R T pieal ] foraa 1 Tala=t

it
I
-}

Gradiomater phase [rad)]

=
=

28 _
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Quantum dual gravi-gradio meter

— 2 ultracold Rb clouds obtained on 2 chips

— 2 clouds launched with elevator

— 2 Interferometers drived by LMTB

Targeted parameters

%i T. = 25 Naytoms = 5.10°
=salf Torp = 10 — 100K
%i p = 100hk 2T = 0.5s
:-_'_E aé — 9 x 10" Mm.s 2. Hz~1/?
_ J If limitated by QNP
Az =1m

Ogradg = 126 mE Qls

More than one order of
magnitude better than
state of the art

Commission Geo-Pos

Observatoire de Paris
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Premiers résultats

.;'il|-:l|l|l|lllh||l. |* ‘L. I- k(gl . g2)T2 szC
' T e Av = Ky~ K, K; = 87%1’/6 . Av, = —v 37
R B B L T g o K — K gi = go T V%
DM 3 £ 201 192
chanslier Ll B L] A = —]{} = —]4} =
! s ( Ky K > 9s gs = 9o
Tube "rl - . 1{mi L—
Buttoms s ’ Accurate determinations of both the gravity acceleration (at
ohinie [ AREE il the mirror position) and the gravity gradient, independent
- from the baseline
| o erd e — | : = r =
Hamnm ""' - F S S = [} E— E
'"L'"_ vt b _\_-\.:::::_v"' .\_.:-\.i-:. Linter ey ceie e s =
ok S ; 2
2 5
AQ = Oy — Oy = kgoT? — kg1 T? = k~[LI[” o 5
3, — kaT? +aT? + KAw | 2% =BT 3 -
(2 g’L (2 A@fJ — KlAV .E' =4 = =
E . ' ' | 3000 @
e g 02 11500 g
9 B S 0.0 MAANANAMANA VI A A S b gl 0 S
” I =2 [ ' 1-1500 &
—— £ 402 e
48 R g | 30005
_-.jr |_ & 0.4 L L R i |
g — a o 1000 2000 3000 4000 5000 6000
| "0 T Tt Shots

R. Caldani et al., Phys. Rev. A 99 033601 (2019)
Commission Geo-Pos ﬁ
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Collaboration GRADIOM, ANR GRADUS —

¥
RAPID (Régime d’APpui a I'Innovation Duale) DGA avec muquans et Alphanov. Nouveau (suite) projet ANR Gradus l\l
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50 E/+/ret 360nm/s?/+/7 (au 2éme étage !)
Long terme: 0.1E et > 5nm/s?
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Mesures continues de g et dg (vertical) avec un instrument compact et facilement transportable
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C. Janvier et al., Recent advances in quantum gravity sensors, (2021), https://doi.org/10.1190/segam?2021-3580909.1
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C. Janvier et al., Recent advances in quantum gravity sensors, (2021), https://doi.org/10.1190/segam?2021-3580909.1 =
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Réseaux

Réseaux de gravimetres et/ou gradiometres, échelles ?

Méme référence laser
(fréquence, PHASE...)

Commission Geo-Pos
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MIGA : Gravitation et Géophysique avec des capteurs atomiques

Equipex porté par LP2N, consortium de 15 laboratoires

Gradiométrie a tres longue ligne de base avec 3 interférometres séparés de 150 m

B. Canuel et al., « Exploring gravity with the MIGA large scale atom interferometer », arxiv. 1703.02490.

* Surveillance des distributions de masses souterraines
Applications: géophysique, hydrologie

, . . . Uitimate electromagnetic
» Détection d’'ondes gravitationnelles plutform

MIGA arms
{2 = 300 m)

Calibration
platform — ™

T. Farah et al., Gyr & Nav 5, (2014).
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Inauguration projet LSBB 2020, 22/10/2021
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C OnC lu Slon https://syrte.obspm.fr/spip/science/iaci/
https://syrte.obspm.fr/spip/science/iaci/publications/

» Techniques Al: matures pour développement de gravimetres et de capteurs inertiels

a) b) c)
2 = . "
> Performances rivalisent ou dépassent les technologies « classiques » TR i =
T N N - O\,
Efforts pour rendre plus compacts, plus robustes les sous systemes clefs 1
/2 Jan. an\ O\
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system system system system

> Limites pas encore atteintes, perspectives d’amélioration des performances (sources ultra-froides et transitions
multiphotoniques...)

Diversité des applications : physique fondamentale, géophysique, géodésie, surveillance des réservoirs, génie civil,
navigation...

> Projets spatiaux: Gradiométrie Atomique spatiale

L
Ccnes ;|
sty e i i Quantum technologies for space gravimetry

Evrapuin Spas Agmcy

https://ec.europa.eu/info/funding- IAG - o

AG Project - NOVE'S
CAI CARIOQA tenders/opportunities/portal/screen/opportunitie T-'-'-:hn r-I.r-q for Cao
s/topic-details/horizon-cl4-2021-space-01-62 ==
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https://syrte.obspm.fr/spip/science/iaci/
https://syrte.obspm.fr/spip/science/iaci/publications/
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