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Future advances in both technology and fundamental science will hinge on a better understanding of the weird effects of
quantum mechanics on collections of electrons, atoms, molecules, and so on. In some cases, experiments probing this
so-called “quantum few-body and many-body physics” can be more readily accomplished in the weightless environment
found in an orbiting laboratory. We propose a staged series of experiments, including (1) “first science” experiment, to
be performed in the Cold Atom Laboratory (CAL) flying in the International Space Station (ISS) first-generation, to
answer a question in few-body quantum physics that can’t be performed in a ground-based laboratory: how universal
are the weakly bound clusters of three atoms known as Efimov trimers? In a weightless environment, experiments can
be performed at very low densities and temperatures, the perfect conditions for these exotic but fragile quantum states to
form. (2) Bose gases with “infinite” interactions. As interactions between atoms become stronger, there is a crossover
between gas-phase and liquid behavior. In ultra-cold atoms, the crossover is between a quantum liquid and a quantum
gas. (3) Highly rotating quantum gases. Many of the most exotic and unexplored predicted states of matter occur in the
presence of very strong magnetic fields, for electrons, or high rates of rotation, for neutral particles. We will explore
Quantum Hall physics in highly rotating Bose and Fermi gases. Experiments (2) and (3) will benefit significantly from
the longer expansion times and weaker traps possible in weightlessness. Preliminary versions of both experiments will
be done in a ground-based laboratory in order to establish the foundation for future flight-based experiments.

Physics is the discipline that provides understanding of biology and chemistry at the most microscopic level, and the
area within physics most relevant to chemistry and biology is “few-body physics.” It is an often neglected portion of
physics, because it is so difficult to do! An important way to make progress is to simplify, simplify, simplify: to come up
with model systems in which we can make progress that can later be applied to human-centric disciplines like biology,
and develop exotic and useful new materials. A promising way to simplify is to study matter at lower temperature, and
lower densities. The Cold-Atom Lab (CAL) flying in the International Space Station (ISS) is where we will reach the
lowest possible temperatures, and low densities, to do our studies of simple, yet intricate (think “snowflakes”) clusters of
three or four atoms. We have been doing prefatory experiments and calculations here on Earth. Not at as low
temperature, but still cold enough to help us learn things we will need to know to do the space experiments. While CAL
is now in flight, we have been participating in the effort to remotely tune it up for maximum performance.

The reporting period has been marked by significant hardware changes to the CAL apparatus. These include the
commissioning of the new science module SM3 which launched in December 2019, a change of the current paths on
the chip that became necessary after a powersupply failure, and the installation of the replacement for a microwave
module that will soon make cold potassium available for experimentation with CAL. During all those changes, our team
has diligently analyzed the implications for our planned experiments and has worked together with the CAL team at the
Jet Propulsion Laboratory (JPL) to ensure the success of the operations. In preparation for our upcoming experiments
with potassium, we have performed calibrations and tested state preparation procedures using 87Rb. We anticipate that
these procedures can quickly be adapted to potassium when potassium becomes available. In order to efficiently handle
the increased amount of data made available to our group, we have also developed an extensive new software suite. The
software automatically handles the deep file structure of the compressed files downloaded from the Physical Sciences
Informatics (PSI) database and can automatically unpack and categorize the data. An extensive set of scripts has been
implemented to perform the data analysis. Together with a short set of test routines that we have established for the
CAL apparatus, the enhanced software also provides a quick and efficient way of testing the normal functioning of the
apparatus in a specific setting that is most relevant for our experiments.

Our experimental studies with the CAL apparatus have been accompanied by ground based studies conducted at both
JILA and Washington State University (WSU). While JILA has continued its line of research into Efimov physics
which provides highly relevant benchmark data for the planned CAL experiments, the WSU team has focused on
studies into laser cooling and sympathetic cooling of potassium that provide insights into possible optimizations of the
CAL procedures generating ultracold potassium clouds. JILA ground-based experiments have also expanded the focus to
include a study of “implosions,” an effect where an ultra-cold atoms folds in upon itself after the interactions between
the atoms are suddenly tuned to be attractive.

Our team has been in active discussions with the JPL team about the current CAL operation, about future extensions,
and about the mitigation of anomalies that occurred with the instrument. Both graduate students and postdocs have been
involved in this work in the frame of our collaboration. Furthermore, one of our team members, Maren Mossman, has
contributed to the mentoring of a JPL “pre-doc,” working on code for the calculation of magnetic fields that was shared
from our collaboration. Maren has also been interviewed and quoted in a Nature News article discussing CAL, and has
been featured in a NASA JPL video for Women’s Equality Day in 2020. The research at JILA has resulted in an article
published in Physical Review Letters, which is one of the highest ranked journals in this field of research.

During this reporting period, the theoretical component of our collaboration has focused on the implementation of
several improvements that made the few-body numerical codes developed at JILA substantially accurate and efficient.
These improvements have now been applied for various atomic species allowing for a more complete description of
few-body processes with an emphasis on the importance of the spin structure in precisely determining the properties of
Efimov states near Feshbach resonances. Other theoretical achievements include the development of numerical codes
that determine elastic and inelastic atom-atom scattering properties for 39K and 87Rb atoms in an arbitrary spin state.
These are necessary to determine the efficiency of the various experimental procedures to be further implemented at
CAL and have been used frequently in our collaboration.
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