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Inertial mass = 
Gravitational mass
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Eötvös ratio*

η =
mg mi( )A − mg mi( )B

1
2

mg mi( )A + mg mi( )B⎡
⎣

⎤
⎦

* Eötvös 1885
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https://www.physik.hu-berlin.de/qom/research/ai

A High Precision Mobile Atom Interferometer 
M. Schmidt, et al.

Measure 
•Acceleration
•Gravity (incl. G-Waves)
•Rotation

MatterWave Interferometry
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Matter-Wave Interferometry 
Why???

Plus  
+ Internal States 
+ Gravitation (waves) 
+ Atom-Atom Interaction  

   => Heisenberg Limited Detection

A Sagnac Gyroscope:
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ELGAR : European Laboratory for Gravitation and Atom-Interferometric Research  7 

ruler. Depending on the atom launch configuration, each atom interferometer can detect the acceleration or 
the rotation along a particular direction [Canuel et al. Phys. Rev. Lett. 97, 010402 2006]. 

A chain of atom interferometers, distributed along a single laser beam that is used to drive the matter-wave 
interferometer laser pulses will allow gravity gradient and strain measurements. Each atom interferometer 
measures the local acceleration felt by the atoms with respect to the light. A differential measurement 
between the atom interferometers removes any laser phase fluctuation contribution to the signal and results 
in gravity gradient, gravity curvature or higher moments readout. This configuration can also be used to 
access information about rotation rate since the atom interferometer act as well as a gyrometer [Canuel 
2006]. Extending this baseline concept in 3D is straightforward by using 3 different laser beams (see Fig. 1). 
In the ELGAR design, noise due to fluctuating gravitational forces can induce motions in the test masses, as 
for instance for any gravitational-wave detector. Gravity gradients are potentially important at the low end of 
the interferometers’ frequency range, where it will add-up with the vibrational seismic noise, in which the 
ground’s ambient motions, filtered through the detector’s vibration isolation system, produce motions of the 
test masses. Since atoms are naturally in free fall, the test masses are naturally isolated from these seismic 
vibrations to arbitrary low frequency and the atom interferometer signal can thus be directly extracted from 
the seismic noise because of the differential measurement.  

Starting from these important consideration, we can define a preliminary design of the ELGAR integration 
design where 1) 3 lasers perpendicular with each other will be used to interrogate simultaneously an 
ensemble of atomic clouds (2 or 3) in order to measure with the same instrument acceleration, rotation, 
gradient and strain in 3D, 2) One retro-reflecting mirror in each direction will be used as an inertial 
references for the AI measurement  and 3) a differential atomic phase shift measurement between the atomic 
interferometers interrogated with the same laser is performed. 

The size of the instrument, as well as whether a single one or a series of such instrument will be considered. 
In addition, the possibility to install this antenna either underground, where the environment noise is 
minimal, or on ground will be investigated. 

The design study and the antenna concept is closely linked to 2 national initiatives, e.g. the MIGA instrument 
in France and the VLBAI experiment in Germany. 

 
Fig 2: Details of the MIGA antenna design. The atom interferometer design is based on 

[Canuel 2006]. Mirror suspension will be used for isolating cavity mirrors from the 
environment noise. 

- The MIGA antenna is a French funded “Equipment d’Excellence” which followed the previous FP7 
design study proposal. The instrument baseline is designed to reach high sensitivity at low frequency 
in the horizontal direction. It consists in a chain of three atom interferometers distributed along a 
single beam path (Fig. 2). The laser beam used to drive the matter-wave interferometer laser pulses 
is also locked to a resonant cavity. Each atom interferometer measures the local accelerations felt by 
the atoms with respect to the cavity mirrors. A differential measurement between the atom 
interferometers removes the mirror contribution to the signal and results in gravity gradient, gravity 
curvature or higher moments readout. High precision is reached because the atoms are in free fall. 

Matter-Wave Interferometers
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Bose-Einstein Condensation in a Circular Waveguide

S. Gupta, K. W. Murch, K. L. Moore, T. P. Purdy, and D. M. Stamper-Kurn
Department of Physics, University of California, Berkeley, California 94720, USA

(Received 27 April 2005; published 29 September 2005)

We have produced Bose-Einstein condensates in a ring-shaped magnetic waveguide. The few-
millimeter diameter, nonzero-bias ring is formed from a time-averaged quadrupole ring. Condensates
that propagate around the ring make several revolutions within the time it takes for them to expand to fill
the ring. The ring shape is ideally suited for studies of vorticity in a multiply connected geometry and is
promising as a rotation sensor.

DOI: 10.1103/PhysRevLett.95.143201 PACS numbers: 39.20.+q, 03.75.2b, 05.30.Jp, 39.25.+k

The long range phase coherence of superfluids and
superconductors, aside from leading to interesting physical
effects, is also of practical importance in allowing for
precise measurement devices based on quantum interfer-
ence. In such devices, spatially separated paths forming a
multiply connected geometry are imposed on the macro-
scopic quantum system. For example, a SQUID magne-
tometer makes use of a superconducting ring interrupted
by Josephson junctions to allow continuous sensitivity to
magnetic fields. A similar geometry was used in a super-
fluid 3He gyroscope [1].

Dilute gas superfluids have now enabled novel forms of
matter-wave interferometry. Precise sensors of rotation,
acceleration, and other sources of quantal phases [2,3]
using trapped or guided atoms have been envisioned. In
particular, the sensitivity of atom-interferometric gyro-
scopes is proportional to the area enclosed by the closed
loop around which atoms are guided [4]. Such consider-
ations motivate the development of closed-loop atom
waveguides that enclose a sizable area.

A number of multiply connected trapping geometries for
cold atoms have been discussed. Optical traps using high-
order Gauss-Laguerre beams were proposed [5,6], and
hollow light beams were used to trap nondegenerate atoms
in an array of small-radius rings [7]. Large-scale magnetic
storage rings were developed for cold neutrons [8] and
discussed for atomic hydrogen [9]. More recently,
closed-loop magnetic waveguides were demonstrated for
laser cooled atoms [10,11]. Unfortunately, these guides are
characterized by large variations in the potential energy
along the waveguide and by high transmission losses at
points where the magnetic field vanishes.

In this Letter, we report the creation of a smooth, stable
circular waveguide for ultracold atoms. A simple arrange-
ment of coaxial electromagnetic coils was used to produce
a static ring-shaped magnetic trap, which we call the
quadrupole ring (Q ring), in which strong transverse con-
finement is provided by a two-dimensional quadrupole
field. Atoms trapped in the Q ring experience large
Majorana losses, but we can eliminate such losses with a
time-orbiting ring trap (TORT) [12]. In this manner, stable
circular waveguides with diameters ranging from 1.2 to

3 mm were produced. Finally, we report on the production
of Bose-Einstein condensates (BECs) in a portion of the
circular waveguide, and on the guiding of an ultracold
atomic beam for several revolutions around the guide.
This ring-shaped trap presents opportunities for studies
of BECs that are homogeneous in one dimension and
therefore of the unterminated propagation of sound waves
[13] and solitons [14–16], of persistent currents [17–20],
of quantum gases in low dimensions, and of matter-wave
interferometry.

To explain the origin of the quadrupole ring trap, we
consider a cylindrically symmetric static magnetic field ~Bc

in a source-free region. Expanding ~Bc to low order about a
point (taken as the origin) on the axis where the field
magnitude has a local quadratic minimum, we have

~B c ! B0ẑ"
B00
z
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FIG. 1 (color). Forming a circular magnetic waveguide.
(a) Four coaxial circular electromagnets (see [21] for details)
are used to generate both the static (currents as shown) and
rotating fields needed for the waveguide. Axes are indicated;
gravity points along #ẑ. (b) As shown schematically, the field
(arrows) from just the two outer coils (curvature coils, outer pair)
points axially in the midplane between the coils, with largest
fields at the axis. (c) Adding a uniform opposing bias field (using
antibias coils, inner pair) produces a ring of field zeros (&) in the
x̂-ŷ plane around which weak-field seeking atoms (shaded re-
gion) are trapped. (d) Rapidly rotating the field zeros around the
trapped atoms produces the TORT.

PRL 95, 143201 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
30 SEPTEMBER 2005

0031-9007=05=95(14)=143201(4)$23.00 143201-1 © 2005 The American Physical Society
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characterized by large variations in the potential energy
along the waveguide and by high transmission losses at
points where the magnetic field vanishes.

In this Letter, we report the creation of a smooth, stable
circular waveguide for ultracold atoms. A simple arrange-
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3 mm were produced. Finally, we report on the production
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therefore of the unterminated propagation of sound waves
[13] and solitons [14–16], of persistent currents [17–20],
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Why Not Space ?
• complexity 
• time 
• money
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Experiments
BEC.gr Proposed Experiments.

• QUANTUS—MAIUS (1,2)  
• ACES — PHARAO 
• Cold Atom Laboratory (CAL - ISS)  
• Cold Atomic Clock in Space (Cacs)  
• BECCAL (ISS — NASA DLR) 
• STE-QUEST  
• QUANTUS (drop tower) 
• SAGE
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41K vs 87Rb

STE-QUEST GOAL: 
measure   η to 2x10-15



Class. Quantum Grav. 31 (2014) 115010 D N Aguilera et al

Table 1. Existing and planned UFF tests on ground.

Apparatus Target precision for η Species Reference

Torsion balancec (0.3 ± 1.8) × 10−13 Ti, Be [24]
Lunar laser rangingb,c (−0.8 ± 1.8) × 10−13 Moon, Earth [25]
AI/FG5 (7 ± 7) × 10−9 Cs, Glass [26]
Dual AI (Garching) (1.2 ± 1.7) × 10−7 85Rb, 87Rb [27]
Dual AI (ONERA) (1.2 ± 3.2) × 10−7 85Rb, 87Rb [28]
Dual AI (Firenze) 7 × 10−7 87Sr, 88Sr [29]
Dual AIa (Hanover) 10−9 87Rb, K [30]
Dual AIa (Berkeley) 10−14 6Li, 7Li [31]
Dual AI tower initial/upgradea (Stanford) 10−15/10−16 85Rb, 87Rb [32]
a Work in progress.
b LLR references the differential acceleration between Moon and Earth to the gravitational field of the Sun. All other
tests in this table are referenced to the gravitational field of Earth.
c Macroscopic test masses.

Table 2. Planned and proposed UFF tests in space and zero-g environments. All tests in
this table are referenced to the gravitational field of Earth.

Apparatus Target precision for η Species Reference

SAI ground based/in zero-g [10−7/1.8 × 10−10]b 87Rb [33]
ICE 10−11 87Rb, K [34]
QUANTUS 6.3 × 10−11 87Rb, K [35]
MICROSCOPEa 10−15 Pt, Ti [36]
STEPa 10−18 Pt, Ir, Nb, Be [37]
GGa 10−17 c [38]
a Macroscopic test masses.
b Single species experiment, sensitivity given in m s−2 Hz−1/2.
c Not yet decided.

quantum test of the UFF by tracking the propagation of matter waves in Earth’s gravitational
field by means of a two species AI achieving an accuracy of at least 2×10−15. The matter waves
are generated from two ensembles of rubidium isotopes (85Rb and 87Rb), which are cooled
down until Bose–Einstein condensation sets in, allowing an improvement of the UFF test by
orders of magnitude compared to the non-condensate matter case, see [27]. The interferometer
is based on previous studies like SAI (Space Atom Interferometer) [33], SpaceBEC (Quantum
gases in microgravity), the french CNES project I.C.E. (Interférométrie Cohérente pour
l’Espace) [34, 39] as well as the German DLR funded projects QUANTUS (Quantengase unter
Schwerlosigkeit) and PRIMUS (Präzisionsinterferometrie unter Schwerelosigkeit). Within
QUANTUS interferometry was already demonstrated with degenerate 87Rb atoms under
microgravity in the drop tower at ZARM (Germany) [40, 41] and aims with the MAIUS
experiments at realizing quantum gases interferometry on sounding rockets starting from
2014.

An advantage of using matter waves is that the center of mass positions of the BECs can
be imaged independently for each wave packet and be brought to coincide. This assumption in
the UFF can never be fully matched using classical bulk matter. At best the deviation caused
by initially different positions can be simulated. The experiment proposed here monitors the
motion of two BEC wave packets with initially superposed centers. It can be interpreted as a
test of classical general relativity coupled to a Klein–Gordon field in a non-relativistic limit
or, equivalently, a Schrödinger equation with an external gravitational potential.
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experiments at realizing quantum gases interferometry on sounding rockets starting from
2014.

An advantage of using matter waves is that the center of mass positions of the BECs can
be imaged independently for each wave packet and be brought to coincide. This assumption in
the UFF can never be fully matched using classical bulk matter. At best the deviation caused
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Atom Cooling Stages: 

Cold Atom Laboratory 
“The Coolest Spot in the Universe” 

Robert Thompson, Anita Sengupta, David Aveline, James Kohel 
Jet Propulsion Laboratory (JPL), California Institute of Technology 

Dana Anderson, University of Colorado 

Mission Overview Current Investigation 

Instrument Description 

Contact Info 

coldatomlab.jpl.nasa.gov 

ISS Utilization 
•  CAL is a multi-user ultra-cold atom facility that will enable 

research in a temperature regime and force free 
environment that is inaccessible to terrestrial laboratories 

•  Due to gravity, laser cooling experiments on Earth are 
typically  limited to short observation times and 
temperatures that only begin to explore the wave nature 
of atoms  

•  In the microgravity environment 20 sec interaction times 
and 1 picokelvin temperatures are achievable, unlocking 
the potential to observe new quantum phenomena 

•  Facility designed for use by multiple investigators and be 
upgradable/maintainable on orbit 

•  Investigation scientists selected by NASA as part of a 
competitive NRA 

•  CAL will be a pathfinder experiment for future quantum 
sensors based on laser cooled atoms 

•  Launch Readiness December 2015, Up to 5 years On 
Orbit ISS Utilization 

CAL Science Observations 
•  Study ultra-cold quantum gases in the 

microgravity of the International Space 
Station 

•  Study dual species degenerate gases, both 
Bose-Bose and Bose-Fermi in microgravity 

•  Study 87Rb, 41K and 40K , and interactions 
between mixtures with residual kinetic 
energy below 100 pK with free expansion 
times greater than 5 seconds  

•  Study the properties of quantum gases 
loaded into optical lattices; in the presence 
of external magnetic fields tuned near 
interspecies or single-species Feshbach 
resonances 

•  Demonstration of Delta-Kick Cooling and 
Evaporative Cooling in a space environment 

Optical Lattices & Cold Atoms 

•  Counter-propagating light beams form an interference pattern 

•  Cold atoms are trapped at intensity maxima 
(for light tuned to the red side of resonance or minima for light 
tuned to the blue side of resonance) 

•  Atoms on a single site interact with one another and tunnel to 
neighboring sites 

Development of Ground 
Testbed Laser Cooling 
Facility at JPL 

CAL Ground Test Bed 
Lab model assembled, including 2D MOT source and 3D MOT 

Atom chip 

3D MOT 

 

 
2D MOT 

 

 Magneto-Optical-Trap Measurements 

Opto 
Mechanical 
Structure 

Bipods 

Science Module 
(magnetic shield not shown) 

Optics mounts 

Dr. Rob Thompson, Project Scientist (robert.j.thompson@jpl.nasa.gov), 818-354-4175 

Dr. Anita Sengupta, Project Manager (anita.sengupta@jpl.nasa.gov), 818-393-3430 

Technology 
The Atom Chip 

•  Compound silicon and glass 
substrate technology enables both 
magnetic and optical control of 
ultra-cold atoms.  

•  On-window wires enable 
simultaneous magnetic trapping 
and optical manipulation.  

Launch and Installation 
Delivered to NASA JSC in December 2015 

Docking with ISS InstallaCon into EXPRESS Rack with 

Sequence Control OperaCon from JPL 

April 2016 Launch in a pressurized cargo vehicle 

Science 
Module 

Commercial Laser 
Sources 

Instrument Configuration 

Commercial and 
Custom Built 
Electronics 

•  Leverage COTS hardware and software for rapid development 
and results 

•  Convective cooling via fans and liquid heat exchangers 

•  Fiber-optic coupled lasers to simply optic-mechanical design 

Laser Cooling Formation of the Ultra-Cold Quantum Gas: The Bose Einstein Condensate (BEC) 

•  Leverages COTS hardware for rapid 
development and results 

•  Evaluation of various laser 
technologies (ECDL, DBR, DFB) and 
fiber coupling schemes 

•  Characterization system performance 
and dependencies 

•  Validation and verification of 
instrument requirements 

•  Test subsystem hardware and 
components 

•  Serve as ground based experiment 
during mission operations 

Jet Propulsion Laboratory 
California Institute of Technology 

Cold Atom Laboratory (CAL)
on the ISS
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Conclusions

• Fundamental Physics needs  
Atoms and Space, but… 

• Big steps have been taken recently


