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STEM Degrees: 2 STEM Participants: 4

Major Goals: The goals of this project were the continued improvement of molecular spectroscopy techniques
using molecular ions embedded in Coulomb crystals of laser-cooled atomic ions. The ultimate goal was to devise
methods for achieving molecular spectroscopy with single ions. CaH+ used as the primary test ion for developing
the molecular spectroscopy techniques.

Accomplishments: Between Jan 11, 2017 and May 31, 2018, we examined the resonance enhanced multi-
dissociation spectroscopy of CaH+ in Coulomb crystals.

Our initial effort focused on understanding the vibronic transitions of CaH+. Our previous work showed that the
measured vibronic transitions of the first electronic transition of CaH+ disagreed with theory. There were two
options: either the theory was off by 50 cm-1 and we did not observe a peak or the theory was off by 687 cm-1.
Both results seemed unlikely. To distinguish between the options, we performed vibronic spectroscopy on CaD+.
The isotopologue should have the same electronic splitting in the Born-Oppenheimer picture and only the
vibrational levels should shift. This work confirmed that the initial theory was off by 687 cm-1. Our colleague David
Sherrill at Georgia Tech performed a more exact calculation that unfroze core electrons in the Ca atom and used a
high-level of correlation up to quadruple excitations in a coupled-cluster model. This reduced the theoretical offset
to 300 cm-1. This value is still far from spectroscopic accuracy and points to the continued need for experiments to
identify molecular ions in the atmosphere and in outer space. This works was published in J. Chem. Phys. in Dec.
2017.

We then turned our attention to the rovibronic spectroscopy of CaH+. First we used pulse shaping to narrow the
linewidth of our pulsed laser. We then scanned the four vibronic peaks previously measured with the improved
resolution. This allowed us to measure the ground and excited state rotational constants. We used the
unpublished ground state rotational measurements by NIST to improve the accuracy of our excited state constants.
This spectroscopy is almost sufficiently precise to identify CaH+ in the solar spectrum. We plan to obtain a CW
laser to achieve the required resolution. These results were published in J. Phys. Chem. A in Mar. 2018

We also have recently reviewed and summarized the state of molecular ion spectroscopy in Coulomb crystals.
This work has been accepted as a Perspective article in J. Phys. Chem. Lett.
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Training Opportunities: This project provided training opportunities for a postdoc, two graduate students, and two
undergraduates. The undergraduates were funded by other sources.

Both graduate students, Smitha Janardan and Aaron Calvin, were able to present their work at DAMOP 2017.

Molecular Simulations of Multi-Photon Dissociation of CaH+ and CaD+, Smitha Janardan, DAMOP 2017,
Sacramento, CA, Jun. 5-9, 2017

Rovibronic Spectroscopy of Sympathetically Cooled 40CaH+, Aaron Calvin, DAMOP 2017, Sacramento, CA, June
5-9, 2017

Aaron Calvin also had the opportunity to give a hot topic presentation at the Conference on Cold and Controlled
Molecules and lons

Rovibronic Spectroscopy of CaH+ in a Coulomb crystal, Aaron Calvin, Conference on Colc and Controlled
Molecules and lons, Athens, GA Mar. 25-29, 2018

Results Dissemination: Pl and students presented numerous presentations at scientific workshops and
conferences.

Presentations by Prof. Brown

Quantum Computation with Molecular lons, National Meeting of the American Chemical Society, New Orleans, LA,
March 18, 2018

Spectroscopy of CaH+, Workshop on Cold Molecular lons, Les Houces, France, May 29 — June 1, 2017

Presentations by Students

Molecular Simulations of Multi-Photon Dissociation of CaH+ and CaD+, Smitha Janardan, DAMOP 2017,
Sacramento, CA, Jun. 5-9, 2017

Rovibronic Spectroscopy of Sympathetically Cooled 40CaH+, Aaron Calvin, DAMOP 2017, Sacramento, CA, June
5-9, 2017

Rovibronic Spectroscopy of CaH+ in a Coulomb crystal, Aaron Calvin, Conference on Colc and Controlled
Molecules and lons, Athens, GA Mar. 25-29, 2018

Two journal articles were published and a third article is in press.

Honors and Awards: Nothing to Report
Protocol Activity Status:
Technology Transfer: Nothing to Report

PARTICIPANTS:
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Participant: Kenneth Brown
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Project Contribution:
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International Travel:

National Academy Member: N
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Person Months Worked: 9.00 Funding Support:

Project Contribution:
International Collaboration:
International Travel:
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Coulomb Crystals

Molecular ions are sympathetically cooled by atomic ions to microkelvin

temperatures
Radial potential is a pseudopotential (heavier ions are less confined)

Optical force on laser-cooled ions pushes the directly cooled ions to one side
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REMPD on electronic transition
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REMPD in Coulomb Crystals: CaH*
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Vibronic spectroscopy of CaH* Published theory 687 cm™! off

R. Rugango, et al. ChemPhysChem 17, 3764 (2016)

Revised theory 300 cm™! off

(needed to unfreeze 8 core electrons,
still need to add hyperfine and
non-Born Oppenheimer terms)

Vibronic spectroscopy of CaD*
J. Condoluci, et al. J. Chem. Phys. 147, 214309 (2017)
(theory- CCSDTQ C. David Sherrill, GT )



Underlying rotational structure

Vibronic peaks were a convolution of the underlying
rovibronic transitions and laser bandwidth
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A.T. Calvin, et al.. J. Phys. Chem. A. 122, 3177 (2018)



Rovibronic diss. rate (S'l)

Rovibronic transition
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Rovibronic results

 Rovibronic AW B
_ 0 Theory CCSDT 24294 3.047
Spectroscop|c 0 Experiment 24595+ 3 | 3.17 & 0.08
1 Theory CCSDT 25073 3.00
constants are | Experiment | 25370 4 1.7 | 2.86 =+ 0.03
- - 2 Theory CCSDT 25861 2.91
ConSIStent Wlth 2 Experiment 26119 £ 1.8 | 2.94 &£ 0.05
3 Theory CCSDT 26655 288
theory 3 Experiment 26863 £ 1.6 | 2.85 4+ 0.03

» Resolution limited
CaH™ Rovibronic | CaH™ Vibronic | Theory

by pU Ise Shaping T(0.1) 21207 + 2 21239 £ 5 23907
786 + 9.6 813 + 6 772

method :\11 7.8 + 2.3 16.8 4+ 1.4 3.8

Used ground state rotational constants from NIST (C.W. Chou,private communication)



Training of PhD students

Smitha Janardan (PhD 2017) Aaron Calvin (PhD 2018)
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