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Quantum Control of Molecules

* cooling and trapping
* long interaction and probe time

* Dbuilding complex system from the bottom up
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Chemistry and Collisions with Cold Molecules
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probing potential energy surfaces beyond
“gold-standard” quantum chemistry calculation
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A trapped gas of molecules in a single and lowest
hyperfine, rotational, vibrational, electronic ground state!

two-body loss
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Ultracold Chemical Reaction?
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Combining Chemistry and Physics tools

Phys. Chem. Chem. Phys. 22, 4861-4874 (2020)




trometry
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Product Detection via mass spectrometry
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Verifying the product signal: KE distribution
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Surprise #1: ultracold chemical reaction!



Surprise #2: Reaction Complex Detection
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The long-lived intermediate complex
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The long-lived intermediate complex

A technical challenge: >> PSS
initialize Nk2rp2 at t=0 to <100 ns
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Outline

Total quantum control of molecules from association of atoms
Surprise 1 - chemical reactions at ultralow temperatures
Surprise 2 - reactions play out in “slow motion”

=

Complete characterization of reactive process -
mapping quantum states of correlated reaction product pairs

k

More surprises - long-lived atom-molecule complexes
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Chemical Reaction: a scattering problem

Intermediate Products State—resolved
complex reaction rate
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State-of-the-art theory cannot exactly predict
the quantum state distribution for reactions
iInvolving 4 heavy atoms

but the observation of a long-lived complex
suggests a statistical product state distribution
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Possible quantum states of the products
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Rotational state distributions of K, and Rb.

Strong parity preference — Nuclear spin conservation!
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Resolve products from individual reaction events?
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Coincidence detection
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Non-trivial statistical distribution
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Complete Characterization of a Chemical Reaction

e Full guantum state outcome measured for the molecule+molecule reaction. Our analysis
(likelihood ratio test) shows that after removing 7 deviating channels, the data matches the
prediction based on statistical state counting (exact quantum calculation is beyond the state-of-
the-art theory)
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What’s Next? “more tractgble” atolm_-molecule
reactions/collisions

) * KRb+Rb reaction is
' energetically forbidden

* Long-lived complex?
* Photo-excitation of complexes?

* KRDb+K reaction is energetically
allowed




Exp vs RRKM predicted complex lifetime
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What could explain the x10° difference?

- 1608 cm-!

RRKM assumption
« DOS large

breaks down?
Croft et al. arXiv:2111.09956

RRKM holds but

« Angular momentum is not conserved?
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Summary and Outlook

*  We brought chemistry and physics tools together to completely
characterize a molecule-molecule reactive process with full state-
to-state details

*  We now turn our attentions to atom-molecule reactions/collisions
where exact quantum calculations are more tractable, but new
questions arise
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