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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 continued our efforts to explore and
improve adiabatic expansion methods for dual species gases. In the first part of the year, we achieved some promising
results, but found evidence that the trap expansion was limited by large background magnetic fields. We then worked on
developing better methods to measure the background field using radio frequency (rf) spectroscopy. With good
knowledge of the background field, we could optimally compensate using the available electromagnetic circuits in the
apparatus.

Unfortunately, the apparatus began suffering a series of problems while this study was underway. Initially, the atom
sourcing of the CAL 3 apparatus failed, so that cold atom samples could not be reliably produced. The team decided to
suspend operations until the new CAL 3B apparatus could be installed as a replacement. However, the 3B apparatus was
discovered to have a vacuum leak, rendering it unusable for science. We are grateful to NASA and the Jet Propulsion
Laboratory (JPL) for expediting the launch of the SM-1 system so that there is a chance to resume science operations in
2024. The SM-1 system will permit dual species operation, so we will be able to continue our adiabatic expansion
studies.

We have also developed a collaboration with Mark Edwards of Georgia Southern University to further analyze data from
our early CAL 2B work. In that work, we observed the trajectory of atoms released from an adiabatically released trap.
The trajectory provided information about the temperature of the atoms as well as the background magnetic field. With
Edwards, we have developed a new technique to also analyze the changing size of the released cloud, which provides
additional information about the temperature and field. Preliminary results support our original conclusions, but provide
reduced uncertainties on the quantities of interest.

In our ground-based work, we continued working on our atom-interferometer gyroscope project. After spending the
previous year investigating the possibility of using a compact atom-chip system for the interferometer measurements, we
have this year transitioned back to our lab-scale system. We completed several characterizations of the orientation and
anharmonicity of the magnetic trapping potential that are needed to understand the interferometer performance. We also
implemented an improved technique to compensate for tilting of the trap with respect to gravity. Unfortunately, we also
discovered that a new noise source has appeared, causing the position of the atoms in the trap to fluctuate unacceptably
from run to run. We have recently been investigating the source of this noise and working to eliminate it.
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