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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 developing and
demonstrating atom interferometer capability. In the first part of the year, we completed a set of CAL runs that provided
a measurement of the recoil frequency of the rubidium atoms used. The recoil frequency characterizes the energy
delivered to an atom when it absorbs a single photon, and high-precision measurements of the recoil frequency are
important for determining the fine-structure constant accurately. The demonstrations on CAL were not of high precision,
but they showed that the atom interferometry capabilities could be used for a physically interesting measurement. These
measurements will be documented in a joint paper with the CAL team on atom interferometry, which is currently under
development.

CAL suffered technical issues later in the year, and after these were repaired, the facility was focused on implementing
cooling of potassium atoms. This limited time available for other experiments. However, the adiabatic expansion
techniques that we previously developed proved highly useful in bringing the CAL system back online with a new
trapping configuration, and for working with potassium after cooling was successtul.

In our ground-based work, we made substantial progress in our gyroscope progress, where we rebuilt the apparatus to
improve reliability and stability. In the new apparatus, we demonstrated a Sagnac interferometer with an enclose area
about ten times larger than our previous results, and we were able to maintain the interference signal after the atoms
completed two orbits through the Sagnac path. Furthermore, with the improved stability we demonstrated continuous
operation for approximately 36 hours, which was a sufficient time to obtain quantitative data on the stability of the
Sagnac signal. Although the signal exhibited more noise than expected, it did not exhibit long term drifts. We believe that
the anomalous noise is due to instability of our trap magnetic fields and we have developed a remediation plan.

Our other ground experiment uses atom interferometry to characterize tune-out wavelengths in rubidium, optical
wavelengths where the dynamic polarizability of the atom is zero. Last year a new student started on this apparatus, and
was able to complete an analysis of earlier data. Those results were written up and published in January 2022.
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