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The ultimate objective of this proposal is to develop an ultra-high sensitivity atom interferometer capable of operating in
and benefiting from a microgravity environment. The interferometer would be specifically suited for measurements of
rotations, but it would be broadly applicable to a variety of precision measurements.

Ground and flight based efforts are proceeding in three broad areas. First, we are performing ground studies and
developing a flight mission for the Cold Atom Laboratory (CAL) to study atomic techniques for inertial sensing in
microgravity. Ground efforts include development of new rotation-sensing techniques and implementation of an
optically suspended atom source for gravimetry. Flight efforts involve implementation and characterization of atom
interferometry techniques using the CAL apparatus on the International Space Station (ISS).

Second, we are investigating methods to produce an ultra-low temperature atom source in free space using the CAL
apparatus. The apparatus produces atoms confined in a magnetic trap, but inertial measurements require free atoms. We
will investigate releasing the atoms by gradually turning off the trapping fields, allowing the atoms to adiabatically
expand and cool off. This can produce a relatively dense and very low-velocity sample that is ideal for atom
interferometry methods.

Third, we will continue ground-based studies to develop novel precision measurement techniques for use with atom
interferometry, such as tune-out spectroscopy. Techniques like this are useful for advancing scientific knowledge and
would be good candidates for future flight studies.

The development of precision inertial sensing techniques is useful for Earth-based as well as space-based navigation.
Besides using direct sensing for inertial navigation, rotation sensing can also be useful for north-finding while gravity
sensing can be used to tabulate local gravity variations and form a type of three-dimensional map for navigating.

These techniques also have many applications in geophysics. Gravity sensing can be used for oil and mineral
exploration, while rotation sensing can detect dynamics in the Earth's core. Gravity sensing also has defense applications
such as locating underground tunnels and potential screening cargo for high-density contraband or weapons.

Other precision measurement applications have less direct impact, but advance scientific knowledge. For instance,
precision tune-out spectroscopy measurements of atomic matrix elements can be used to improve the interpretation of
atomic parity violation experiments. These in turn impact our understanding of the standard model of particle physics
and thus the nature of our universe. Direct benefits of such understanding can be hard to trace, but in general the
continued advance of technological applications builds on advances in our fundamental knowledge.

Efforts on the Cold Atom Laboratory (CAL) during the performance period were centered on exploring and improving
adiabatic expansion methods using the CAL 3 chip and the new dual species (Rb and K) capabilities. One of the
advantages of adiabatic expansion is that it is readily adaptable to multiple species, making it a favorable method of state
preparation for dual species experiments.

A particular goal of our efforts is to prepare a very cold sample of Rb atoms in a non-magnetic state to use as a proof
mass for acceleration and rotation sensing. For acceleration sensing, the idea is to release the atom cloud nearly at rest
and use non-destructive imaging to determine their location. At time T later, the atoms would be imaged again, and
finally a third time at time 2T. This would give the cloud center positions at three distinct times, from which the
apparent acceleration could be obtained by direct comparison. For rotation sensing, the release atoms would be subject
to a splitting pulse from CAL’s atom interferometry Bragg beam, producing two packets with opposite velocities. After
time T, the Bragg beam would be applied again to bring a fraction of each packet to rest. Non-destructive imaging
would be applied to measure the packet centers. The atoms would then freely evolve for time T, after which the packets
would be imaged again. The rotation vector can then be obtained from the change in orientation of the two clouds.

In order for this method to succeed, it is important that the atom cloud centers not drift out of imaging range during the
observation time T, and that the clouds not expand so much that the absorption imaging signal becomes too weak. These
can both be achieved by adiabatically expanding the clouds into a trap with confinement frequencies of a few Hz, similar
to what was achieved in SM2. So far, the results in SM3 have been unfavorable, as we have run into difficulties reaching
trap frequencies below about 15 Hz. We are, however, continuing to investigate this problem and hope to resolve it
soon.

In our ground-based work, we continued working on our atom-interferometer gyroscope project. During the previous
year, we had obtained a compact atom-chip system from ColdQuanta. It is designed to allow interferometer operation
similar to what we achieved in our laboratory-scale apparatus, but with a much smaller footprint, lower power
consumption, and faster repetition rate. We spent most of the performance period learning how to work with the new
apparatus and resolving some problems with it. Due to its compact design, any modifications are challenging and time
consuming. Although we made considerable progress improving its operation, we came to the conclusion that there were
still many issues that could be addressed more quickly using the larger lab-scale apparatus. So we have for now set the
compact apparatus aside. We hope to return to it in the future when we can be more certain exactly what configuration is
required to operate with the atom chip.
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