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MUQUANS	  
•  Our	   goal	   :	   launch	   on	   the	   market	   place	   a	   new	  
genera)on	  of	   instruments	  based	  on	   laser-‐cooled	  
atoms	  :	  
– A	  high	  performance	  atomic	  clock	  
– An	  absolute	  quantum	  gravimeter	  
– Laser	  systems	  

•  A	   strong	   technological	   partnership	  with	   our	   two	  
academic	  partners:	  
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Our	  team	  and	  technical	  capaci)es	  

•  Muquans	  :	  20	  employees	  (9	  PhDs)	  who	  gather	  a	  deep	  
exper)se	  over	  a	  wide	  scope	  of	  competencies	  :	  
–  Quantum	  physics	  
–  Op)cs	  &	  laser	  
–  System	  engineering	  
–  Electronics	  &	  microwave	  
–  Opto-‐mechanics,	  ultra-‐high	  vacuum	  	  
–  Real-‐)me	  soSware,	  data	  acquisi)on	  and	  signal	  processing	  

•  A	  fully	  equiped	  laboratory	  :	  op)cs,	  electronics	  &	  
microwave,	  vacuum	  

	  



Absolute	  Quantum	  
Gravimeter	  



Scien0fic	  background	  

•  Cold	  Atom	  Gravimeter	  developed	  at	  LNE-‐SYRTE	  laboratory	  
since	  2003	  

•  Par)cipa)on	  to	  several	  interna)onal	  comparisons	  since	  2009	  
•  20	  peer-‐reviewed	  publica)ons	  
•  State-‐of-‐the-‐art	  performances	  :	  
	  
	  
	  

Accuracy	   5.2	  μGal	  

Record	  sensi)vity	   6	  μGal/√Hz	  

Ul)mate	  stability	   0,2	  μGal	  	  

1	  μGal	  =	  =	  10-‐8	  m.s-‐2≈10-‐9	  g	  	  



Key	  technological	  innova0ons	  

•  Hollow	  pyramid	  retroreflector	  
à	  Single	  laser	  beam	  atom	  interferometer	  

•  Telecom	  inspired	  laser	  system	  
à	  Fibered,	  reliable	  and	  robust	  laser	  system	  

•  Ac0ve	  compensa0on	  of	  ground	  vibra0on	  
à	  Excellent	  immunity	  to	  vibra9on	  noise	  

	  



Principle	  of	  opera)on	  !"#$%&"'"()*$"+%"(,"*

Free	  fall	  ≈	  0.1	  s	  Temperature	  ≈	  1	  µK	  

Measurement	  cycling	  frequency:	  a	  few	  Hz	  



Absolute	  Quantum	  Gravimeter	  

Completely	  automated	  opera0on	  

Sensor	  	  
head	  

Electronics/laser	  	  
unit	  



2	  weeks	  gravity	  measurement	  



Summary	  of	  our	  characteriza)ons	  

•  Con)nuous	  measurements	  demonstrated	  over	  
several	  days.	  

•  2	  µGal	  in	  20	  min,	  Sensi)vity	  =	  50	  µGal/sqrt(Hz)	  	  
•  No	  measurable	  driS	  aSer	  5	  months	  
•  Very	  good	  robustness	  w.r.t	  vibra)ons	  	  
•  A	  small	  residual	  low-‐frequency	  noise,	  currently	  
under	  inves)ga)on.	  



Transportability	  

The	   AQG	   has	   been	   moved	   around	  
several	  0mes	  :	  set	  up	  0me	  <	  1	  h	  

11	  Credit	  :	  CNRS/RESIF	  (S.	  Bonvalot	  &	  N.	  Lemoigne),	  LNE-‐SYRTE	  (S.	  Merlet	  &	  F.	  Pereira)	  



Conclusion	  
•  The	  AQG	  is	  compliant	  with	  its	  original	  
specifica0ons	  :	  

•  Accuracy	  under	  inves)ga)on	  
•  The	  sensor	  offers	  airac)ve	  features	  with	  respect	  to	  
exis)ng	  technologies	  :	  
–  Robustness	  against	  vibra)ons	  
–  Easy	  to	  use	  
–  Reduced	  maintenance	  

•  Commercially	  available	  !	  
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MuClock	  



Principle	  of	  opera0on	  

•  Inspired	  by	  the	  HORACE	  concept	  developed	  at	  
SYRTE	  :	  

Isotropic	  cooling	  +	  Ramsey	  interroga0on	  in	  a	  
microwave	  cavity	  

Prepara)on	  of	  the	  cold	  
atom	  sample	   Ramsey	  interroga)on	  



HORACE	  vs	  MuClock	  

•  Several	  changes	  in	  clock	  architecture	  :	  
– Rubidium	  atoms	  
– Telecom	  laser	  system	  
– Ac)ve	  stabiliza)on	  of	  microwave	  cavity	  	  

=>	  Expect	  long	  term	  stability	  close	  to	  1.10-‐15	  



Muclock	  

The	  first	  commercial	  atomic	  clock	  	  
based	  on	  cold	  atoms	  

Performances:	  
	   !"#$%&%"'()(*(+( !"#$%&'%#"
,-./("012(+"#$%&%"'( ()*"+"%$%&'%,"
34451#4'( !",$%&'%,"
"
Physical	  characteris0cs:	  
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Allan	  devia)on	  

Short	  term	  stability	  close	  to	  spec	  
Long	  term	  stability	  under	  characteriza0on	  



Laser	  technologies	  



General	  architecture	  
•  Genera)on	  of	  780	  nm	  with	  frequency	  doubling	  of	  
1560	  nm	  (telecom	  wavelengths).	  Tested	  with	  ICE	  and	  
MINIATOM	  project	  

	  

•  Telecom	  components	  :	  	  
–  Extreme	  op)cal	  performances	  
–  completely	  fibered	  technology	  =>	  no	  op)cal	  alignment	  
–  Robustness	  (Telcordia	  qualified)	  
–  Reliability	  

Wavelength 
Conversion Module Seed Laser 

780	  nm	  

Optical amplifier 



Unique	  spectral	  characteris)cs	  
•  Careful	  op)miza)on	  of	  laser	  electronics	  
•  Careful	  selec)on	  of	  seed	  lasers	  

FWHM	  <	  20	  kHz	  



Frequency	  stability	  
Dedicated	  soSware	  &	  electronics	  for	  :	  

– Automa)c	  frequency	  locking	  
– Long	  term	  frequency	  locking	  (2,5	  months	  
con)nuous	  locking	  demonstrated)	  

Freq.	  fluctua0ons	  <	  10	  kHz	  rms	  	  
over	  9	  days	  



Example	  of	  complete	  laser	  system	  

Op)cal	  racks	  

Laser	  electronics	  

Power	  electronics	  

Power	  supply	  unit	  

Microwave	  synthesizer	  

Input	  signals	  



Conclusion	  

•  A	  lot	  of	  work	  done	  since	  the	  crea)on	  of	  the	  
company	  :	  
– AQG	  opera)onal.	  First	  commercial	  unit	  delivered	  soon	  
to	  the	  customer.	  

– Detailed	  characteriza)on	  of	  the	  MuClock	  expected	  
soon.	  Second	  genera)on	  proto	  in	  fabrica)on	  

– A	  complete	  pornolio	  of	  laser	  solu)ons	  dedicated	  to	  
cold	  atom	  Physics,	  spectroscopy	  and	  quantum	  op)cs	  
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• Fundamental Physics R&D Coordinator: 

In charge of developing R&D technical strategies and coordinating industrial or laboratory activities 
related to fundamental physics and metrology for future space missions. 
 

• Optical Architect of the PHARAO Project: 
Coordination of optical design, performance and tests of the PHARAO space clock flight model. 
PHARAO is a cold atom clock, part of the ACES Mission, which will reach the International Space 
Station in 2017. It will be used for redshift tests and frequency transfer. 
 

• ICE Project Coordinator: 
Scientific team coordination. ICE is an R&D project developed in collaboration with the University of 
Bordeaux (France). It aims to develop a dual-species atom interferometer for testing the weak 
equivalence principle onboard the CNES zero gravity aircraft. 
 

• GRICE Project Leader: 
Management of the scientific and technical working group. Initiation of international collaborations. 
GRICE is a preliminary assessment study of a geodesy space mission based on an atom 
gradiometer. 
 

• Laser Team Leader: 
In charge of leading experimental research on laser systems for future space missions: Identification 
and development of new technical concepts for building laser systems suitable for metrological 
applications in space. Supervision of 4 master’s students final internships. 
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6,,"#@#6,+,# SYRTE – Observatoire de Paris (University of Paris VI), France: 
Ph.D. Physics with Highest Honors, 
French Defense Agency (DGA) grant recipient, 
Awarded: French Defense Agency Thesis Award in 2010. 
Ph.D. Thesis: Development of a high sensitivity cold atom gyroscope based on a folded geometry. 
 

6,,5#@#6,,"# Institut d’Optique Graduate School, Palaiseau, France: 
Engineering Degree, 
An engineering school emphasizing Optics and Electronics and leading to an Optics Engineer Degree. 
 

University of Paris XI, France: 
Master’s Degree in Optics and Photonics, 
Master Thesis: Development of a stabilized laser source for space telemetry. 
 

6,,+#@#6,,5# National Preparatory Class Program, Caen, France: 
An intensive program emphasizing Mathematics and Physics and leading to a competitive examination for 
admission to French graduate-level engineering institutes (Grandes Ecoles). 
 

6,,,#@#6,,+# Scientific Baccalaureate with distinction, Caen, France: 
Specialisation: Physics and Chemistry. 
Final secondary school examination qualifying for university entrance. 
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# R&D Management: 
• Development of scientific and technical strategies. 
• Scientific and industrial consortium coordination. 
• Project management. 

 

# System Qualification & Reliability: 
Specialist of remote controlled systems for autonomous operation in extreme environments. 
 

# Atom Interferometry & Atomic Clocks: 
Expert in cold atom manipulation for metrological applications. 
 

 Laser System Development: 
Expert in advanced laser technologies and industrial laser system development. 
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French:  Mother tongue. 
English:  Fluent. 

Italian:  Fluent. 
German: Working knowledge. 

 

  
 

REGIME D’APPUI AUX PME POUR L’INNOVATION DUALE – RAPID 
 

 

 

 

Conseils pour l’utilisation des annexes financières - FCE 
modèle " FCE- autres"  

(actualisation : avril 2009) 
 

Lors du dépôt de la demande d’ aide, chaque partenaire  renseigne une annexe financière 
provisoire, qui est, lors de la phase d’instruction, expertisée puis validée par le service. 

1. Les utilisateurs : 

Le modèle d’annexe financière FCE « autres » est applicable aux entités (unités de recherche, 
laboratoires …) faisant partie d’établissements, d’écoles ou d’instituts publics relevant de la 
prise en charge au titre du FCE des seuls coûts marginaux. 

Il peut s’appliquer à certains EPIC dont l’activité et la nature des ressources sont comparables 
à celles des bénéficiaires précités. 

 

2. La nature des dépenses :  

Seules peuvent être inscrites dans les annexes financières les dépenses afférentes à la période 
comprise entre la date de commencement et la date d’achèvement des travaux prévues par les 
conditions particulières.  

La date de commencement d’exécution des travaux ne peut être antérieure à celle d’accusé de 
réception du dossier complet.   

L’annexe financière prend en compte à la fois des coûts réels et des coûts forfaitaires. 

Les tableaux 1 à 5 concernent uniquement des dépenses réelles spécifiques au projet de 
R&D faisant l’objet de la demande d’aide. 

Une dépense « spécifique » est une dépense qui n’a pas un caractère courant et est engagée 
exclusivement (tableaux 3 à 7) ou principalement (tableau 2) pour les besoins du projet.  

Le tableau 6 est relatif à des dépenses forfaitaires qui sont calculées automatiquement par un 
tableur. Ce tableau n’est donc pas rempli par le demandeur. Il n’est pas modulable. 
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ESA/REG/002, rev. 1 
Paris, 7 February 2013 
(Original: English) 

 
 
 

 
 

REGULATIONS OF THE EUROPEAN SPACE AGENCY 
 
 

General Clauses and Conditions for ESA Contracts 
 
 
 
 
The attached General Clauses and Conditions (GCC) of the European Space Agency (ESA) 
apply to contracts placed by ESA. Their applicability is defined in Part I, Chapter I, Clause 1. 
 
The attached GCC were adopted by the ESA Council during its 215th meeting held on 16-17 
June 2010 and entered into force on 1st July 2010 (ESA/C(2010)42). 
 
The present document ESA/REG/002, rev. 1 includes the revision of Annex 1, adopted by 
the 235th ESA Council on 12 December 2012, and the correction of some clerical errors of 
the previous version.  
 
It supersedes document ESA/REG/002 issued on 30 July 2010. 
 
The ESA Council authorised public release of these GCC at the occasion of their adoption at 
the same 215th meeting. 
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