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Cold atoms in space

Nearly unperturbed environment: long interaction time

Parabolic flights: 1991, 1997, é2018
Cold atom clocks: Laurent et al. 1997

Atom interferometers:

ICE project. R. Geiger et al. Nature Comm., 2011

EP test: 8’Rb-3°K Nature Comm., 2016

Drop tower:
BEC: Van Zoest et al. Science 2010
Matter wave interferometer, 2015

Sounding rocket: BEC in 2017
CALon ISS: RbBECin2018 . .. .. . -
Frequency combs

Satellite:

Rb clock in Chinese
Tiangong 2: 2017. But _
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The space clock mission ACES

1997

2021

P. Laurent, D. Massonnet, L. Cacciapuoti, C. Salomon, Comptes-Rendus Acad.
Sciences, Paris, 16, 540 (2015), The ACES /PHARAQO Space Mission.
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In 2021, by Space X
Dragon capsule

AA cold atom Cesium clock in space 6
AFundamental physics tests cnes

AWorldwide access I




ACES ON COLUMBUS EXTERNAL
PLATFORM on ISS

Current launch date : 2021
Mission duration : 18 months to 3 years




acss ) A Prediction of General Relativity

The gravitational clock shift
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U,
2 _ |
- % > Eccentric Galileo satellites
3 € P. Delva et al. PRL 2018
Gravity- probe A: Redshift at 2.5 E-5
ASpace H maser on a sounding rocket: Factor 5 better
10 000 kms, 2 hour flight Also S. Hermann et al., PRL 2018
AGro_und maser | | | Gravitational Redshift
Az{blt dete_rrr:lrgatl_or? by_raldlcl) sLat:on tracking + Time dilation
so seen in lab with optical clocks ! tested at 1.4 10

C. W. Chou et al., Science 329, 1630, 2010



ACE)% PHARAO cold atom clock | FL@RO

Cooling zone

7 Selection Ramsey
—— Interrogation

State detection

(<>

3 Magnetic shlds and solenoids

SODERN

Accuracy goal: 1016 in space
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Cesium tube
Laser source  Flight model tests completed in Toulouse

Expected accuracy and stability:10-16 in space
Delivery to ESA: July 2014
Test of Einstein effect at 2 ppm



PHARAO Team In Toulouse




PHARAO Cesium Tube on the Shaker




acss ) PHARAO Laser Source cnbe;

Extende cavity lasers
Autolock on cesium
saturated absorption
lines

Mass: 21 Kg, Vol: 17 liters, Power: 35 W
Flight model assembly: January 2014



“CE% PHARAO Flight Model Performance Tests cnba:,

Cryo-oscillator Mobile Fountain FOM

100MHz
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PHARAO Frequency Stability
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PHARAQO Frequency Accuracy

Crucial for the redshift test

Frequency comparison PHARAO- FOM =7 1016 + - 15 10-16 stat.

Accuracy evaluation : currently 1.8 101> on the ground

Main contributors:
A distributed cavity phase shift
A Cold Collisions

Will be evaluated in space by tuning the launch velocity
over one order of magnitude

See work by P. Laurent and Kurt Gibble

Should enable 10-1% in space



ACES General View | |

MWL
XPLC ELT Corner
GNSS  MWI antenna T elloctor
Earth A antenna 6 ‘

@ AIRBUS e
DEFENCE & SPACE Uk
SHM
PHARAO
. Caesium tube
pipes
Mass: 227 kg, Famd
Power- 450 W laser source

CEPA

Challenges: thermo-mechanical stability, three year operation




,;CE.S% Famous ACES Visitors
at ADS Friedrichshafen

Claude Cohen-Tannoud;i Ted Hansch



Aczfg ACES TIME Transfer |

Ultra-stable frequency comparisons on a worldwide basis :
Ground Clock comparisons@ 101 over one week
Contribution to TAI

See talk by Wolfgang Schafer
Common view non common view

Error < 0.3ps over 300 s Error < 3ps over 3000 s
To be checked by fiber-link Frequency comparisons
at 1017 over 4-5 days



Global clock network for search for time or space variations of
fundamental constants by long distance
clock comparisons at 101/ /year

T — I

= Cs, Rb, Caq,
F e > 4 Yb*, Sr

Cs, Rb, Sr, Hg
H, In+, Mg, Ag

&/ ' Lt 2 Cs,Rb, Sr *,
A% + ACs,Rb ' *
- : Yb



Need for operating microwave and
optical clock over extended periods

15 years of TAI calibration

Calibration of TAl

SYRTE-FO1 ~ n = | MEN NINEEEE §NEN @ NI BN I (§EE NI 1N EEEEEE N II IEEEEEEI IH © NN NI
SYRTE-FO2 ~ ] E mE EE I LI L NEEEII NEENI| [N 1| HEENENEEEE N [ | 1 §N SENSSNSSSNNSSSIGINE @0 EESSSEE SN §EN] SNSSNEE] INISNEEEEI § INEENEE NI N (NN Nl 1IN [NEENEEI INEEE
SYRTE-FOM A L] n HII HIEEEE EEE E  Em INEE 1 1HEE NI NER " INENEINEN 1§
SYRTE-FORD A NI 1 1N [NEHIN SEEES]EE SN SN EEEEEEEIE NN AN ENIIIND N (EEEEINEEEE
PTB-CSF2 A m mEI 1 NI EIN R NN DUN I B OEE N NOINEW BN @ I | 1N NININIEIEEEEN] INEEE NN | SENEEEEEE
NP LS |
NPL-CsF2 -
TCeFl D
IT-CsF2
A OO O OO SO
NMIJ-F1 1 i I IEE EE | IS | mN EEmE
METAS-FOC2 -
NIM5 A 1
MNPLI-CsF1 A

T T T T T T T T T T T T T T T T
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
year

The ACES data will have a similar structure and will require
Continuous operation of microwave and optical clocks
over several 20 day long sequences

Slide courtesy of B. Fang



Current Network of Ground Institutes

+ 1 transportable MWL GT for calibration/troubleshooting purposes
0(7%$6 ,15,0 «

Delivery of first MWL GT unit to PTB: end of 2015



