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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. 
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modewith coherentmatter waves from aBEC and then incorporating the elements into integrated circuits have
both proven to be difficult.We showhere how to accomplish both of these goals.

Cold atoms can bemanipulated using either themagnetic Stern–Gerlach force or the optical dipole force.
Using themagnetic approach, currents in suitably shaped conductors have been used to guide incoherent laser-
cooled atoms in straight lines [19, 20], around bends [21, 22], and to formY-junction splitters for such atoms
[23, 24]. Also, BECs have been launched in toroidal [25, 26] and linear [27] guides producedwith
electromagnets. The development of atom chips for cold atoms [1, 28] andBEC [29] opened up possibilities for
integration [30], complex geometries, andminiaturization.However, while coherent beamsplitters for
stationary BECs have been realized on atom chips [31], to date all propagation on atom chips has been restricted
to linear guides [32–34]. The optical dipole force of laser light propagating inside a hollow-core opticalfiberwas
used in thefirst demonstration of atom guiding [35]. Subsequently, incoherent cold atoms from amagneto-
optical trapwere propagated along aminiature planar optical dipole potential waveguide above a surface [2].
Propagation of coherentmatter waves along a linear optical dipole guide formed by a collimated laser beamhas
been demonstrated [36, 37], and overlapping laser beams have been used to create beamsplitters for guided cold
atoms [38] and for an atom laser [39].Micro-optics have been used to create beamsplitter and interferometer
optical dipole potentials for cold atoms [40]. In the limit where themoving BEC completely fills thewaveguide,
superfluid flowhas been observed in toroidal optical dipole potentials [41–44] and atom-SQUIDdevices have
been demonstrated [45–47]. Finally, digital holography has created complex optical dipole potentials thatmight
realize an atomtronicOR-gate once loading of cold atoms into the potential has been demonstrated [48].
However, none of the experiments discussed above has demonstrated phase-coherent splitting of propagating
matter waves or single-modematter wave propagation inwaveguide sections connected by bends—two
essential ingredients of a coherentmatter wave circuit. Both are realized in our experiment.

Our circuit elements are createdwith the painted potential technique [49], a formof time-averaged optical
dipole potential inwhich a rapidlymoving, tightly focused laser beam superimposed on a sheet of laser light
exerts confining forces on atoms through their electric polarizability. Our device is analogous to an integrated
optical circuit with the roles ofmatter and light being reversed: while the optical circuit usesmatter to guide
light, here we use light to guidematter. Thematter wave source, analogous to the laser, is a BEC. The painted
potential is used to drawwaveguides andwaveguide structures (figure 1(a)), such as bends andY-junctions
(figure 1(b)).While the proof-of-principle circuits we present here are simple, the system should be able to create
any planar circuit topology that can be representedwith the approximately 100× 100 resolvable spots of the
two-axis acousto-optic deflector that scans the painting beam [49]. Further, because the painted potential is
dynamic thematter wave circuit can bemodified arbitrarily as atoms propagate through it, a degree offlexibility
that is not available in atom chips. In the experiments reported here, we launch BECs into paintedwaveguides
that guide coherentmatter waves around bends and form switches, phase coherent beamsplitters, and closed
circuits. In the following sectionswe discuss the implementation and performance of each of these circuit
elements.

Figure 1. (a)The coherentmatter waves of amoving Bose–Einstein condensate propagate alongwaveguide-shaped time-averaged
optical dipole potentials formed by the combination of a horizontal laser light sheet and a rapidlymoving, tightly focused vertical laser
beam. The vertical beampaints the desiredwaveguide geometry, here a Y-junction. (b)Measured time-averaged laser intensity
distributions used in the experiments reported here, recorded by imaging the laser intensity at the plane of the circuit onto a camera.
The intensity is rendered into three-dimensions using the color scale shown. Clockwise from top left, with image dimensions in
parentheses: straightwaveguide (114 μm × 114 μm), straightwaveguides connected by a circular bend (93 μm × 93 μm), Y-junction
(114 μm × 114 μm), and squarewaveguide circuit (62 μm × 62 μm).
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