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INTRODUCTION S sonmonne

Presentation of cold atom sensors

IACI. Atomic interferometry and Inertial Sensors

An inertial sensor measures accelerations or
rotations of an object in an inertial frame

Ex: Gravimeters, gradiometers, gyroscopes...

Fundamental Physics
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Various fields of applications

Geophysics/
Inertial Navigation Seismology




INTRODUCTION S sonmonne

Atomic gyroscopes Vs Optical gyroscopes

Sagnac effect: phase proportional to rotation at the output of an interferometer

input

AD . = AE S - E': Energy of the particle used
Q -_ .
hc? - Area of the interferometer
Quick comparison Atoms/Optics :
Energy Shot noise (sensitivity /VN)
Photons ~1elV In the order of m2 101> Photons/s/mW
Atoms (Cs)| ~10™ eV () | mm? to cm? (This work: 11cm?) (3) 107 Atoms/s (=)




INTRODUCTION S sonmonne

State of the art of Gyroscopes

Cold atom gyroscope
Fiber optics gyroscope Gyrolaser G-Ring (This work)

iXBlue FOG 7
G-Ring,
Sensitivity: 16 m?
6.108 rad.s1.Hz 12 Sensitivity: Sensitivity:
Stability: 1.2x10 1 rad.s1.Hz 12 3% 108 rad.s™ 1. Hz~1/2
4.10-1% rad.s1 (8 Days) Stability: Stability:

7x103 rad.s1 (2 h) 2 x 10719 rad.s~1(8h)




ATOMIC INTERFEROMETRY Rt

4-pulse interferometer: Gyroscope

Large area: 11 cm? x4
Macroscopic quantum effect /2 ™ T /2

.
[ ”— 2902' + 23 | .W

»

»time

78 cm

4 Launch Atomic interferometry (4-pulse sequence)
L. 800 ms

A

X

Aq:) — (Pz(t) = Eeﬁ : F(t) + 5(1)1(1367‘

(: ‘901 P4 S —
2.8 mm | AO = %keﬂ" ' (§ X Q)T3+5(I)vib‘|‘5q)laser

C Symmetry — zero sensitivity to DC acceleration

&

N
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NOISE CORRELATION S sonmonne

Vibration noise sources

Variations of acceleration:
¢vib/acc X Xl - 2XZ + 2X3 _ X4

ﬂ- A Sensitivity function to parasitic accelerations
> :;"% T/4§ T/2§ 3T/2é T éTim>e
A(I) o ¢"”0t + 6¢’U’Lb Noise of rotation:
2 (prot X 91 _ 94 X -QgTZ
ﬂ-/ Sensitivity function to rotation
SERey U bt L || ||
pig o L

X1 — X4

T -T/2 0 T/2 T




EXPERIMENTAL SET-UP

SORBONNE
UNIVERSITE

Dual-axis gyroscope

58 cm

Interferometry region

A(I)tot — (I)Q + 6(1)'073?) + 6(I)la,se”r‘

P — DNexcited — %(1 -|—CCOSA‘I>tot)

Ntot.a.l

o Y W i

® 106 Cesium atoms.
® 2 uK temperature.

@® Launch velocity ~ 5 m.s'.

Vibration Isolation

platform
Rotation Stage
Attenuate vibrations (> 0.3 Hz)

2m
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NOISE CORRELATION & Tonaaus

Vibration noise

A(I)tot — (I)Q + 6(I)vib + 5(I)lase7“

Vibration noise covers several rad

BEsTRsse,

PRy .-'I"""‘

e S8 u": ook S5

.l___*- o .-‘- i " .-,p‘.-_'

W + e M,

R e -

Yol = Sait : Sl I ¢ w ™ IS :

I Sl < _-_'._:,-_.'._.-'- L A \1- ¢ vk ‘._:.- IR Y b TR
AL '.'l‘q'_‘l';! ."‘.}.."_-.- iy 1‘.- = ‘ -!n't‘ J -v.fl.'-"o-._. .
R e LA I T " W Ve Ty e 2
S, oAy O XY A

I L {;a’.'.“" LR .L'.,,. - ,.‘.'.i',.h‘,‘;f R {... Wi
e L. PR SR P AT Nk ot
e L r‘. = 5"y ,‘-%f . K4

w -

R it e £ oo % i '..'!....s.:-. LR I T SR . L °'n.-?:'.' s
P s e e T
s mﬁﬂ%ﬁq‘m\*ﬁ -55&‘335&'?53&#-:#-:1. ; ..W-?fr’!“ ‘f (RS
1000 2000 3000 4000 5000 6000 7000 8000
Shots

[=p

Passive vibration . .
isolation platform ‘ Attenuates high frequencies above 0.5 Hz




NOISE CORRELATION S sonmonne

Vibration noise correlation
A(I)tot — (I)Q + 6(I)Vib + 5(I)laser

Vibration noise covers several rad

Al
transfer
function

Estimated

0.575 1
0.550 1
0.525 4
0.500 1
0.475 1

Probability

0.450 | . v
0.425 | '

0.400 |
-1000 —750

-250 0 250 500 750 1000
Estimated Phase (Degrees)




NOISE CORRELATION S sonmonne

Compensation of vibrations

Compensating vibrations using the laser phase

[

Alngeqoud uonisued)

P = 1(1+ Csin(®q +‘(I_)_\Li-b—_!-_4b’(:(i_‘mpe/rmtio?1‘ + Pjgser)

5¢residue <1
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GYROSCOPE OPERATING SEQUENCES %aam:#%

Gyroscope operation

sequence
Sequential operation of cold atom interferometers:

Cycle time T,

Atomic source
preparation

Atomic source
preparation

+{ Al - Detection o+ Al | Detection

+— Deadtime T, —

Dead times —— Prevents from reaching the quantum noise limit.

Meunier, PRA (2014)
Jekeli, Navigation 52, 1 (2005)
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GYROSCOPE OPERATING SEQUENCES Rt

Dead Times with no-joint mode

T pulse

/2 pulse

Detection

Preparation

2T Interrogation Dead time
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GYROSCOPE OPERATING SEQUENCES Rt

Simple-Joint Mode

Y4
A
——————————————————————————————————————————————————————————————————————— m pulse
_______________ Lh W . /2 pulse
........... NN N Detection
ﬂ ————— — ———————— —————— , ———————— r ———————— —————————— Preparation
> 1

Rotations 0, — \&k o — B}Q Averaging in N-1
—) ging in N
X - % N -

Accelerations  X; —2Xo +2X3 — — 2Xg +2Xg — .
: ’ ’ ;S xe oy X ’ ’ g mmmm)  Averaging in N-/2 and
—2X5 42X - X dominant
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GYROSCOPE OPERATING SEQUENCES %aam:#%

Stability record - triple-joint sequence

Triple-Joint Interrogation:

Faster averaging of rotations (N 1) visible due to a better estimation of noise

N\
i
I -7
v 10 . .
< Averaging Integration in 1/vN
S L 0 fotationnoise | e Integration in 1/N >
= TR T Detection noise 10 %
Hy S 10%4 <
= : 23
Q
]
S
e L 10—2 Q_J
[T
Hy O 10794 @)
—_ 3 —
@ ' o)
5) o
n -3
‘0 0™ %
> 10710 4 @
Q ] =
10° 10? 102 103 10 —

Integration time 7 (S)
Savoie et al., Sci. Adv 4.12 (2018)
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GYROSCOPE OPERATING SEQUENCES Rt

Double-Joint Mode

Resonance conditions:

; —ket  —ket  thew  thkeg  —ker  —kem  tkom
A - - - - 0.8 - _keff +k€ff
7 \\l 7 \\l 7 \\l SIS R T
St CEEE EED SEEEEEED CEFE-FED TEEEEEE: TEEIEEEP CEEFEEFER) SRR EEE ---- 7 pulse '
/ : /: : /: : /
/ A /' AN A / \ 041 Co-prop
P ; A : A \
/ oy ! foy ! oy ! \ 02 Y
/ 5 I SN /
/ \I : \I \[ \ 0.0
________________ x____g____ ____E___.)____E____ ____i___).________ SRR ¢ 7T/2plllse 800 -600 -400 -200 O 200 400 600 800
: : : A A .
______________ Do AN i e o i\ i i fIN________  Detection Raman detuning (kHz)
N NN N
__________ Lo bbb il L. Preparation Falling and Rising clouds + same kg
@ S’& N \N\\“ configuration
| A Different resonant pics at same time
- . - - - : . - : . - > t
vV Y Y VYV Y v Y v vV v v
X1 -2Xo + 2G-XN
! . .
X =20 N-2%-XK 2% - X Averaging of rotations and
Accelerations N

X, - ?); M- X, accelerations (N 1)
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TOWARD DOUBLE-DIFFRACTION Rt

The double-diffraction

Current configuration: Double diffraction configuration:
5+ hke 5 3 ' :
% P+ hkes W 2 i Main advantages:
/gg e x@{;\ g % Enable the Double-joint mode
i“* e % Enhance sensitivity by doubling

% | interferometric area

wof ¥ % Rejection of systematic effects
Co;prop > +k.rr degenerated

T T T T T T T T T
—-800 -600 -400 -200 0 200 400 600 800

Raman detuning (kHz)

o
o

Transition probability

Double Diffraction —>» Laser phase not available to scan fringes == Develop new methods to scan the phase
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TOWARD DOUBLE-DIFFRACTION Rt

New techniques to scan the interferometric phase

Imprinted Phase by a Laser phase
WY VWL Raman | . /
k O =kepp- T+ 0L

L~10 cm Az

Mirror Jumps Method Frequency Jumps Method

Simple diffraction Simple diffraction

OER x b p F (kopp+ dhosy) L ‘

OER) ~ ¢f F ke (L + Aw)

Double diffraction Double diffraction

AP ~ Q(keff +dkeff)L‘

A® ~ 2|k |(L + Az)
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TOWARD DOUBLE-DIFFRACTION Rt

Implementation of Mirror jumps

Characterization of the Scale factor

A(p = keff a AV
Piezo position (nm)
Adaptation plate -300 -200 -100 0 100 200 300
Nanopositioner Mirror 43_ __________________________________________________ e {_’:::
I ,r"
_ 2_— ’.’_,l
Characterization of the step response B e ok
Or = ]
7 /,-pulse timing: 30ms o | |-
T=10ms £ | -
N\, —2r BV o
—— 80 mV, 197 deg ’:—_i'_ ______________________________________________
‘gso— ;IIBBH | I—T:'SI - I—5|BI - |—2|5l - 6 - |2I5| II I5|E)I - -715- - IlEI}BI
2wl Piezo position (mV)
QYESSSSss=s ; ~426 nm/360° on ™/, pulse
e S s il A (Divided by 2 in double diffraction)
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TOWARD DOUBLE-DIFFRACTION Rt

Implementation of Frequency jumps

Precise measurement on L

dp =df x@ Scale

factor

Rotation phase

1.0

2- P Distance from the mirror. L=101.27(82) mm
RN gl ---- Expected T
L N P 103 b
0.5 - N e - ---- Weighted mean
= I PR _ 102
v \“x‘_ ..\_::\ ,I/’ 1/’/ I 1 GHz (21 DCt} : s bt e e . e
P ) %:;\i " o ¥ 700 MHz (2nd m) © 101+
= . >A .
£ o5 e S T 700 MHz (1st n) 2
c - ~ - .
5 o L RN T 1 GHz (1st m) a 106 4 s
E L . ““:1:\ ¥ 1 GHz (2nd n)
T 1.0 " ey Rl u
5 . i R N
o e ~ ‘K:\t Qg
,’z’ \\I X ::\.\ 1
-1.5 ” = S 0 1 2 3 4 5 6
*=" Ny Realizations
-2.0

| 10 w1oe _SIBFreCIuency EI)Jump (MHz) g e e - 370 MHZ/ISOO on n/z pUISe
(Divided by 2 in double diffraction)



IMPLEMENTATION SAUTS DE FREQUENCE Rt

Compensate Q¢

1
Qeff X Ao+of Tx or 1 |
Constraint
4.1% for 100 MHz of frequency jump _/

100 .

95 } -
! 1 __max 7 o 1
i i Tﬂ- o E "‘J{!
| 1 g 85 A =
l ] P 0 . ;¥
I I
! ! 5 751 A

e -r"i
l l 7o :
- A
AO T dfmax AO AO _|_ dfmax 651~ 1 . . |
600 800 1000 1200 1400

Raman detuning (MHz)
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TOWARD DOUBLE-DIFFRACTION Rt

Comparison of results obtained for each methods
Inertial Phase

—— Laser phase jumps

—— Phase/Frequency jumps
—— Mirror jumps
e == 1/\/7

:

Allan Variance for the methods in simple diffraction

Allan sdev (rad/s)

?

o e 10
Thiiesration timte, 7(8))
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Conclusion

» New methods for RTC demonstrated in simple diffraction to enable Double-Diffraction

» Implementation of Double-Diffraction:
» Cancelling systematic effects

> Double interferometer area
» Enable Double-Joint sequence

» Space applications

» Implementation and test of Double-Joint:
» Faster averaging of vibrations

» Rotational seismology Applications
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Thanks for your attention



