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1 Overview 

1.a Objective. In a collaborative effort between three research groups, we propose to design and 
build a novel type of tractor atom interferometer for inertial sensing of rotation (gyroscope), 
acceleration (accelerometer), gravity (gravity gradiometer), and high precision timing (clock). The 
collaboration is led by Prof. G. Raithel (experiment, U of M), Prof. V. Vuletic (experiment, MIT), 
and Dr. V. S. Malinovsky (theory, ARL). The ultimate goal of the research proposal is to develop 
quantum detectors that go beyond the “Standard Quantum Limit (SQL)” for uncorrelated atomic 
states, approaching the more fundamental “Heisenberg limit” – a potential increase of the signal-
to-noise ratio by multiple orders of magnitude. The proposed quantum detectors are based on 
uninterrupted, three-dimensional confinement and shuttling of atoms in atom-interferometric 
tractor potentials, and on the use of quantum correlated “spin-squeezed” atomic states (or, more 
generally, states with increased Fisher information). The proposed development will provide a 
substantial sensitivity enhancement of atom-interferometer-based inertial sensors and next-
generation atomic clocks, enabling capabilities in space exploration as well as inertial navigation 
in GPS-denied environments.  

1.b Team. Prof. G. Raithel (experiment, U of M) is an expert in various types of atomic traps, 
atom guides, and interacting many-body systems. Prof. V. Vuletic (experiment, MIT) is an expert 
in  laser cooling and trapping, quantum optics, quantum entanglement, spin squeezing, high-
precision spectroscopy, and quantum information processing.  Dr. V. S. Malinovsky (theory, ARL) 
is an expert in quantum control theory and its applications to quantum sensing, atom 
interferometry, quantum information, and metrology. Synergy between these areas of expertise is 
crucial for the successful realization of the proposed research and development of quantum 
technology. 

1.c Beneficiary areas. The precision of atom interferometers (AIs) enables the search for dark 
matter, the detection of gravitational waves, and inertial navigation. There is considerable 
untapped potential in further advances within these devices. Improvements in atomic clocks would 
significantly enhance the long-term stability of navigation and timekeeping in situations where 
communication and resynchronization are limited. AI-based gravity gradiometers can reach 
sensitivities of several orders of magnitude beyond conventional gravity sensors, allowing them to 
detect dense materials in shipping containers or underground structures. We believe that AI-based 
sensors for navigation, fundamental physics research, and remote probing of celestial bodies via 
AI-based “geo”desy will play a crucial role in future NASA missions. High-precision AIs also 
have dual applications that are crucial for the success of future DoD missions.  

2. AI background  

Since their first demonstrations [1-4], AIs [5,6] have become a powerful tool with a broad range 
of applications in fundamental physics, e.g., testing the equivalence principle, free fall and (non)-
Newtonian forces [7-14], gravitational-wave detection [15], precision measurements of atomic 
constants [16-18], and applied science, e.g., inertial sensing [19-21] and geodesy [22,23]. Previous 
work on AI includes free-space [24-26] and point-source [27, 28] AI, as well as guided-wave AI 
experiments [29-31] and proposals [32, 33]. Free-space and point-source AIs typically employ 
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atomic fountains or dropped / freely expanding atom clouds. The point-source method supports 
efficient readout and data reduction [34], enables high bandwidth, and affords efficiency in the 
partial-fringe regime. Atomic fountains typically employed in free-space AI maximize 
interferometric time and thus increase sensitivity [24-26], but may require large experimental 
setups. Guided-wave AIs offer compactness and are often used as Sagnac rotation sensors, but are 
susceptible to noise in the guiding potentials. In both free-space and guided-wave AI, wave-packet 
dynamics along unconfined degrees of freedom can cause wave-packet dispersion and failure of 
the split wave-packets to recombine. Coherent recombination of split atomic wave-functions upon 
their preparation and time-evolution remains challenging in recent AI studies [35-38]. Atom 
interferometry is a cornerstone of space-based fundamental and applied research in the cold-atom 
lab (CAL [39]), where decoherence due to guide- and trap-induced forces and apparatus-size 
issues, otherwise encountered due to free fall, are significantly reduced. Wave-packet dispersion 
and atomic interactions, as well as practical problems associated with efficient closure control still 
remain even at CAL and its successors. Here, we propose tractor atom interferometry (TAI) and 
atom entanglement to address critical limitations.  

3. TAI concept 

TAI differs from cold-atom free-space, point-source, and guided-wave AI in that the interfering 
atomic wave-packet components are transported in conservative, sub-micron to mm-sized, three-
dimensional (3D) traps that are formed by tractor potentials that move on pre-determined 
trajectories. At all times during the AI sequence, the AI wave-function components are given by 
the 3D center-of-mass ground states of the tractor traps. The latter can be implemented via optical 
tweezers (tractor beams), optical lattices, RF-dressed potentials, optical or magnetic potentials on 
atom chips, etc., and any combination of these. Uninterrupted 3D confinement in tractor traps (1) 
guarantees recombination, (2) allows arbitrary holding times, directional reversal, complex 
trajectory patterns for cancellation of unwanted sensitivities, and (3) addresses signal degradation 
caused by wave-function dispersion and limitations in recombination control.  

In TAI, the tractor controls (laser-beam angles, diameters, powers and phases, electric and 
magnetic fields) define the pre-determined trajectories �⃗� 𝑡  of the tractor-potential minima, 
marking the centers of the tractor traps. A pair of traps for i=1, 2 are intersecting at initial and final 
space-time points �⃗� 𝑡  and �⃗� 𝑡 . This situation, while classically forbidden, can be 
realized by employing a pair of different internal quantum states with different, state-specific 
tractor traps that coincide at the initial and final space-time points. AI beam-splitters are 
implemented via coupling-laser pulses or other quantum beam splitters. The interferometric phase 

of the TAI is ∆
ℏ
𝑆 𝑆 , where the trajectories 𝑆 𝐿

,
, �⃗� 𝑡 , �⃗� 𝑡 , 𝑡 𝑑𝑡 are 

given by the pre-determined trajectories of the tractor traps. The dependencies of the differential 
interferometric phases on rotation and acceleration scale as 

m a K zT 


     and     
2 Am K 

 



   . 

Here, m is the atom mass, a is the acceleration, A


is the interferometric area, 


 is the frame’s 
angular velocity measured against an inertial frame, K is the number of loops in the TAI sequence, 
z is the well separation along the acceleration vector, and T is the AI time. A discussion of 
quantum-projection-limited sensitivity levels for rotation and acceleration is provided in [40]. 
Estimates for the conditions of the present proposal are given in Section 6.  
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TAI differs from other work on cold-atom free-space, point-source, and guided-wave 
implementations of AI (see Section 2) in that the interfering wave-function components are 
confined in 3D at all times, suppressing dispersion and allowing for maximum control. Proper 
programming of the tractor traps ensures AI closure. TAI is quite robust against background 
inertial effects and uncontrolled wave-packet dispersion. Geometry and speeds of the TAI tractor 
trajectories are user-programmable and flexible, including multi-loop designs, trap-hold intervals, 
and twisted patterns. Forces of constraint follow from the programmed trajectories and must 
remain within the limits given by the tractor trapping forces.  

The concept translates well to microgravity implementations, where the tractor-trap depth can be 
relaxed into the sub-Hz regime, which largely eliminates concerns with trap-depth variations, the 
AI time T can extend to minutes, which leads to greatly enhanced sensitivities, and the motional 
time scale of the atoms in the tractors becomes so slow that technical noise in the acoustic and 
higher-frequency bands does not couple into the center-of-mass state of the atoms. 

4. Overcoming the Standard Quantum Limit in TAI 

For N measurements or a measurements with N independent (uncorrelated) particles, the precision 
of any interferometer improves as 1/√𝑁. The SQL can be overcome by performing a TAI Ramsey 
sequence using a quantum correlated (entangled) state of the many particles, rather than an 
uncorrelated state, as the input state for the measurement sequence. Particularly simple and robust 
entangled states are so-called spin squeezed states [41-43], where the quantum noise is 
redistributed between two different quadratures. Spin squeezing can be induced by coupling the 
atoms to the light field inside an optical cavity, thereby creating an effective interaction between 
distant atoms (cavity spin squeezing) [42]. Spin squeezing has been demonstrated in clocks [42-
44], but so far not in any atomic interferometer, because the atoms need to be well localized in the 
final readout of the interferometer, which is difficult to achieve in free-space interferometers. 
However, the TAI is ideally suited for creating and utilizing spin squeezing since the atomic 
wavefunction remains localized in the optical trapping potential at all times. By coupling the 
atomic ensemble to an optical cavity during the state preparation and readout it should then be 
possible to overcome the SQL in a TAI system. The cavity in the design shown in Section 7 can 
serve the double purpose of enhancing and filtering the tractor light beams, and providing the 
effective cavity mediated spin-spin interaction between atoms that is necessary for generating 
entanglement. The potential payoff in signal-to-noise ratio is large, with ~20dB already 
demonstrated in clock systems [43], and 50dB of improvement being available at the Heisenberg 
limit for 105 atoms. We will strive to achieve more than 25 dB of improvement over the SQL, 
corresponding to a factor 300 reduction in averaging time to reach a given precision. 

5. Outline of the proposed work 

In high-g environments, realizing a TAI by means of optical lattices allows scaling to a large 
number of atoms, maximizing the signal-to-noise ratio. Here we first propose a theoretical 
investigation and ground-based experimental realization for  

(1) Validation of the TAI concept in cavity-based optical lattices of rubidium-87 atoms that 
allow many-atom parallelization in order to raise the quantum-projection-based signal-to-
noise level (SQL). 

(2) Theoretical design and experimental testing of methods to advance from the SQL 
towards Heisenberg-limited signal-to-noise via the entanglement of multiple atoms in pairs 
of interfering TAI tractor wells, using an additional cavity mode. 
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(3) Application of spin squeezing to the TAI concept and demonstration of the first atom 
interferometer that operates beyond the SQL. 

The ground-based research platform will allow for the development and testing of prototype tools 
and methods, validation of critical TAI and entanglement concepts, and development of protocols 
for rapid and near-adiabatic TAI beam splitters and re-combiners. The research will ideally lead 
to prototypes for applications on high-g dual-use platforms, where large dynamic ranges and 
sensor detection bandwidths are critically important. An optical-lattice setup with near-780-nm 
laser beams is expected to work well in high-g conditions with optical-lattice tractor traps that are 
several 100 kHz deep.  

On the ground-based platform, trap-depth noise is expected to limit sensitivities, even in “magic’’ 
TAI routines with symmetric tractors for the interfering wave-function components. There will 
generally be a push towards longer-spatial-period traps with reduced well-to-well tunneling rates 
and with tractor depths below 1 kHz. Remaining limitations due to tunneling, acceleration-induced 
sag, and non-adiabatic effects can be addressed effectively by moving into microgravity, where 
there is virtually no limit as to how shallow and de-compressed a TAI tractor trap can be. The trap-
depth reduction naturally reduces AI noise caused by trap-depth fluctuations, and the atomic 
center-of-mass motion de-couples from acoustic and higher-frequency noise.   

Therefore, the proposed work proceeds to a microgravity implementation of TAI with super-
relaxed, mm-sized tractor potential wells. These will be several orders of magnitude larger in trap 
size and well-to-well separation than in the ground-based research platform. Millimeter-sized traps 
remove performance limitations caused by atom tunneling, even at the ultimately targeted trap 
depths in the sub-Hz regime. The proposed space-based research platform differs from the ground-
based lattice approach in that it utilizes only one tractor-trap pair or a small number of such pairs, 
instead of tens of thousands. Therefore, the proposed space-based platform employs a small 
number of discrete optical tractor beams with mm-sized beam waists and electro-optic tractor-
beam controls. A Rb-87 Bose-Einstein condensate (BEC) is initially adiabatically loaded and 
decompressed into a single TAI well.  The fundamental wave-function modes in the super-relaxed 
TAI well can range from the 100-micron into the 10-mm range, enabling virtually atom-
interaction-free BECs with tens of thousands of atoms. The TAI interference in the space-based 
platform employs splitting and recombination of a single TAI well into two wells and back into 
one, and interference of the coherently split and recombined BEC. Trap-depth ramping will enable 
super-relaxed traps at times when the wave-function components are at their largest separation, 
where they may be put into a temporary holding pattern to allow for extreme de-compression. The 
project components targeting space-based TAI are 

(4) Validation of a binary-well TAI concept in the ground-based platform with a pair of 
discrete tractor wells loaded with a Rb-87 split-BEC wave-function. The tractors are 
formed with a small set of optical-tweezer beams and optical-guiding tubes.  

(5) Furnishing of plans for a similar apparatus with larger, further-relaxed tractor wells 
loaded with a split-BEC wave-function. 

(6) Theoretical and experimental investigation of entanglement methods to (partially) 
advance from the SQL towards Heisenberg-limited signal-to-noise in binary-well TAI 
implementations. 

(7) Realization of an experimental TAI prototype with super-relaxed wells and sub-SQL 
operation by squeezing. Ideally, this could be on a space-based vehicle to allow for space 
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applications. For prototyping purposes and technology research, it will also be possible to 
utilize modern user platforms such as the Einstein Elevator at the DLR site in Hannover.   

6. Expected immediate and broader impact  

The extreme shallowness and large size of the super-relaxed TAI wells and the virtual absence of 
tunneling promise high levels of performance to address topics in the areas of fundamental physics 
and in low-g navigation, addressed in Section 2. “Magic” optical-tractor wells with depths in the 
sub-Hz regime, prepared with intensity-levelled trapping beams, are expected to afford splitting 
times exceeding several minutes, as well as macroscopic distances between coherently split wave-
function components. These capabilities, combined with dispersion-free, 3D uninterrupted wave-
function confinement shared among all TAI implementations, and with atom entanglement to 
move towards the Heisenberg quantum-sensing limit, form prerequisites for future transformative 
progress in AI.  

For a performance estimate of acceleration sensitivity, we use T=100 s and z=0.1m and a phase 
resolution of 2/100 to find 135 10a g   , which improves to 143 10a g    after 25 dB of 

squeezing. These figures surpass state-of-the art sensitivities ( 9~ 10 /g Hz ) due to the long hold 
time afforded by TAI and the squeezing.  For sensitivity in angular frequency, we assume an area 
of A=0.01m2, a phase resolution of 2/100 and K=10 loops (which can be traversed within 100 s) 
to find a resolution 102 10 rad/s    , which improves to 111 10 rad/s     after 25 dB of 
squeezing. Those estimates also compare fairly well with the state of the art. 

7. Selected technical components 

  
Figures (a) and (b) shows concepts of a basic ground-based implementation. The lattice spin 
states are the F=1 (red) and F=2 (blue) m=0 clock levels of Rb-87, which are trapped in respective 
3D optical lattices. The y-lattices are both static and overlapped at all times. The x-lattices feature 
a short-distance differential “sidekick” between F=1 and F=2 that displaces the lattice-trapped 
F=1 and F=2 wave-function components from each other by half a lattice period. This detail 
suppresses collisions during the TAI sequence. The z-translations form a large AI area in the space-
time plane in (b) used for inertial sensing (gray areas; shown for two of the M x N x P atoms; 
filing factor ). The AI sequence involves /2 AC-shift-free microwave or Raman pulses to open 
and close the interferometer. The AI signal is acquired via imaging readout after completion of the 
TAI loops.  
Figure (c) shows a cavity-based implementation. The depicted 3-mirror cavity is operated bi-
directionally with color-dependent phase-, amplitude and frequency control to effectuate tractor 
transport along the cavity axis and mode-filtering to realize pure, 3D, Hermite-Gaussian optical 
tractor potentials. Cavity-assisted entanglement using a third color, depicted in green, may employ 
the same or a different cavity. Several examples of squeezed spin states are shown on top. 
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