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Major Goals:  Conical intersections between molecular electronic potential surfaces can greatly a?ect molecular 
dynamics and chemical properties. The di?erent conditions under which and the e?ect of these conical 
intersections occur have been extensively described in the literature. These studies, however, were mostly 
restricted to temperatures above 1 K, where typically many angular momenta or partial waves contribute to the 
overall reaction outcome. Remarkable progress in cooling and trapping molecules in recent years has opened up 
an entirely new energy regime: chemical reactivity at temperatures below one milli-Kelvin and even one micro-
Kelvin. Then quantum interference e?ects and threshold phenomena begin to dominate in collisions as only few 
partial waves contribute and multiple reaction pathways interfere. In addition, it is possible to prepare these 
molecules in unique rovibrational states and turn on and o? the e?ect of conical intersections. These novel 
capabilities pave the way to explore the fundamental principles of molecular reactivity at the very quantum limit.

The objectives of the reported research were to develop theoretical models of and practical ap- plications for 
conical intersections with their geometric phases to ultracold chemical reactions with molecules confined and 
controlled in optical potentials. The primary research focus was aimed at describing the collision among 
heteronuclear polar molecules, cooled to ?K temperatures, as well as the collision of these molecules with ultracold 
atoms. In addition, we studied means to control the charge-exchange reaction of atoms and ions with laser light 
and how to form and trap the heteronuclear polar molecules. In this report, we summarize our accomplishments 
under Grant W911NF-17-1-0563. For these e?orts, five topics always needed to be addressed or considered: 1) 
Carry out detailed electronic structure calculations of polyatomic complexes; 2) Locate and deter- mine properties 
of conical intersections for the di?erent molecular systems; 3) Developed numerical quantum mechanical methods 
and perform quantum dynamics calculations of state-to-state reac- tion rate coe�cients that include the quantum 
interference due to conical intersections. 4) Search for the dynamic signatures of passage around conical 
intersections to distinguish between relax- ation and reaction pathways; and 5) For reactive systems analyze the e?
ect of conical intersections on the distribution of vibrationally and rotationally resolved rates in product molecules. 
Detailed information regarding our accomplishments is given below.

The principal investigator (PI) for these e?orts is Professor Svetlana Kotochigova. She was assisted by graduate 
and postgraduate research assistants. The reported research has a broad interdisciplinary impact as both 
physicists and chemists worked to explore new classes of molecular species and develop new methods to study 
their chemical reactivity. The results of this study helped to set up realistic models for experiments on chemical 
reactions at Harvard University, CalTech, and Duke University in the USA, and a Max-Planck Institute in Germany. 
These collaborations led to a validation of the collisional properties for selected molecules and to improved 
quantum-state preparation of these molecules. The PI also provided much needed scientific information to leading 
theoretical groups at two National Laboratories, LANL and NIST, as well as the University of Nevada and Harvard 
University. This information included electronic potential energies, analyses of derivative couplings between PESs, 
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and setting up a rigorous study of the properties of conical intersections. The ARO supported research resulted in 
twenty peer-reviewed published papers.
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Summary: Objectives and Status of E↵ort

Conical intersections between molecular electronic potential surfaces can greatly a↵ect molecular
dynamics and chemical properties. The di↵erent conditions under which and the e↵ect of these
conical intersections occur have been extensively described in the literature. These studies, however,
were mostly restricted to temperatures above 1 K, where typically many angular momenta or partial
waves contribute to the overall reaction outcome. Remarkable progress in cooling and trapping
molecules in recent years has opened up an entirely new energy regime: chemical reactivity at
temperatures below one milli-Kelvin and even one micro-Kelvin. Then quantum interference e↵ects
and threshold phenomena begin to dominate in collisions as only few partial waves contribute and
multiple reaction pathways interfere. In addition, it is possible to prepare these molecules in unique
rovibrational states and turn on and o↵ the e↵ect of conical intersections. These novel capabilities
pave the way to explore the fundamental principles of molecular reactivity at the very quantum
limit.

The objectives of the reported research were to develop theoretical models of and practical ap-
plications for conical intersections with their geometric phases to ultracold chemical reactions with
molecules confined and controlled in optical potentials. The primary research focus was aimed at
describing the collision among heteronuclear polar molecules, cooled to µK temperatures, as well
as the collision of these molecules with ultracold atoms. In addition, we studied means to control
the charge-exchange reaction of atoms and ions with laser light and how to form and trap the
heteronuclear polar molecules. In this report, we summarize our accomplishments under Grant
W911NF-17-1-0563. For these e↵orts, five topics always needed to be addressed or considered: 1)
Carry out detailed electronic structure calculations of polyatomic complexes; 2) Locate and deter-
mine properties of conical intersections for the di↵erent molecular systems; 3) Developed numerical
quantum mechanical methods and perform quantum dynamics calculations of state-to-state reac-
tion rate coe�cients that include the quantum interference due to conical intersections. 4) Search
for the dynamic signatures of passage around conical intersections to distinguish between relax-
ation and reaction pathways; and 5) For reactive systems analyze the e↵ect of conical intersections
on the distribution of vibrationally and rotationally resolved rates in product molecules. Detailed
information regarding our accomplishments is given below.

The principal investigator (PI) for these e↵orts is Professor Svetlana Kotochigova. She was
assisted by graduate and postgraduate research assistants. The reported research has a broad
interdisciplinary impact as both physicists and chemists worked to explore new classes of molecular
species and develop new methods to study their chemical reactivity. The results of this study helped
to set up realistic models for experiments on chemical reactions at Harvard University, CalTech,
and Duke University in the USA, and a Max-Planck Institute in Germany. These collaborations led
to a validation of the collisional properties for selected molecules and to improved quantum-state
preparation of these molecules. The PI also provided much needed scientific information to leading
theoretical groups at two National Laboratories, LANL and NIST, as well as the University of
Nevada and Harvard University. This information included electronic potential energies, analyses
of derivative couplings between PESs, and setting up a rigorous study of the properties of conical
intersections. The ARO supported research resulted in twenty peer-reviewed published papers.
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Accomplishments

1 Non-adiabatic coupling in reactive scattering and hyperfine quench-
ing with ultracold molecules

In this section we describe our investigations into chemical reactivity and hyperfine-state changing
collisions between small molecules and atoms at temperatures below a few milli-Kelvin. We found
strong e↵ects of non-adiabatic passage through conical intersections (CIs) and of the geometric
phases (GPs) induced by the CI on relaxation and reaction pathways. Specifically, our simulations
demonstrated the existence of quantum interference in ultracold molecular collisions.

1.1 Atom-molecule reaction over the conical intersection

Figure 1: The two energetically-lowest doublet potential en-
ergy surfaces, labeled V a

1 and V a
2 , for Li2Na as functions of

the location of the Na atom at a fixed Li2 bond length of
6.25a0, where a0 is the Bohr radius. The excited-state sur-
face has a conical intersection with the ground-state surface
for T-shaped geometries. Contour energies in Kelvin are rel-
ative to the minimum energy of the ground electronic state
of the Li2 + Na dissociation limit.

We showed from first principles and
for the first time that CI-induced
non-adiabatic quantum dynamics is
important in reactive scattering be-
tween ultracold LiNa alkali-metal
molecules and ultracold Li atoms.
This dynamics contains quantum in-
terferences that dramatically alter
the vibrationally- and rotationally-
resolved rate coe�cients for prod-
ucts Li2(v0, j0). The rate coe�cient
summed over product ro-vibrational
states, however, is insensitive to the
presence of non-adiabatic dynamics.
Interference e↵ects tend to wash out
in a sum over final states.

The relevant potential energy
surfaces (PESs) of trimer Li2Na
were not available from the lit-
erature and their computation re-
quired substantial e↵ort. We com-
puted the two energetically-lowest
doublet adiabatic potentials, 2A0 and
2B0, using the non-relativistic multi-

reference configuration-interaction (MRCI) method with a large active space. We also needed to
diabatize these two three-dimensional (3D) potentials, in order to isolate the conical intersection at
C2v symmetry, i.e. equilateral triangle geometries. Figure 1 shows two 2D cross sections through
the adiabatic potentials. For an ultracold collision between LiNa and Li both ground and first-
excited electronic states are energetically accessible in the interaction region where all three atoms
are close together. Thus, both potentials and their coupling must be included in quantum dynamics
calculations. The non-adiabatic couplings are strongest near the conical intersection. As discussed
in detail in our recent publication, the CI leads to dramatic changes in the variations in the ro-
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Figure 2: Rotationally-resolved rate coe�cients for the Li + LiNa(v = 0, j = 0) ! Li2(v0 = 0, j0)
+ Na reaction as functions of relative collision energy E and j0 with even exchange symmetry. The
left and right panels show rate coe�cients computed using two coupled diabatic surfaces and with
a single adiabatic surface, respectively.

tationally resolved rate coe�cients. Figure 2 gives an example of the rotationally resolved rate
coe�cients for the Li + LiNa(v = 0, j = 0) ! Li2(v0 = 0, j0) + Na reaction as functions of collision
energy and product rotational state j0. The j0 distribution of rate coe�cients changes noticeably
when the non-adiabatic coupling is removed.

1.2 Universality and quantum chaos in ultracold reactions between molecules
and atoms
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Figure 3: Statistical analysis of the short-range trimer po-
tentials for K2Rb (left panel) and Li2Yb (right panel). The
graphs show distributions of nearest-neighbor spacings of
adiabatic potential energies in hyperspherical coordinates as
functions of scaled level spacing. Each black dotted curve cor-
responds to the distribution for a single hyperradius ⇢. The
shaded grey area and red curve are Wigner-Dyson and Pois-
son distributions, respectively. Only curves for total trimer
angular momentum J = 0 are shown.

Several fundamental questions in
the study of chemical reactions at
a collision energy close to abso-
lute zero must answered. One
is the presence of so-called quan-
tum chaos. For this purpose, we
considered the benchmark ultra-
cold reaction between KRb, the
most-celebrated ultracold molecule,
and K as well as the reaction of
LiYb with Li. For the first time,
we mapped out accurate ab ini-
tio ground-state potential energy
surfaces of the K2Rb and Li2Yb
complexes in their full dimension-
ality and reported on numerically
exact quantum-mechanical reaction
dynamics. A statistical analysis of
the “hyperspherical adiabatic” po-
tentials derived from these ab ini-
tio PESs shows that the short-range
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trimer complexes have chaotic distributions and play a key role in the reaction outcomes.
Specifically, we analyzed the thousands of adiabatic potentials in the hyperspherical coordinate

system for various values of hyperradius ⇢, a well-defined measure of the size of the trimers. The
appeal of this approach is that it allowed us to compare the short- and long-range interactions in
order to understand their e↵ect on the reaction dynamics. We analyzed the distribution of nearest-
neighbor level-spacings among these adiabatic potentials using random matrix theory. Figure 3a
shows these distributions for K2Rb and Li2Yb as functions of spacing between the potentials. Each
curve corresponds to a normalized distribution for one hyperradius, where spacings are scaled by
the mean spacing at this radius. For K2Rb, we can identify two general trends in the distributions
depending on the value of the hyper radius ⇢. For ⇢ < 20a0, defining the collisional complex, the
distribution among the hyperspherical adiabatic potentials are close to the Wigner-Dyson distri-
bution characteristic of quantum chaos, due to strong interactions between the potentials. The
situation dramatically changes at larger ⇢, where reactant and product states are energetically well
separated. Here, the distribution is described by a Poisson distribution corresponding to statistical
disorder. A comparison of the distributions for K2Rb and Li2Yb shows that the chaotic regime for
smaller ⇢ is more pronounced in K2Rb than for Li2Yb. We have attributed this to the much higher
density of states of K2Rb.

1.3 E↵ects of a CI on the hyperfine quenching of radical OH colliding with
ultracold Sr

The role of conical intersections on electronic relaxation, transitions from excited electronic states
to ground states, is well studied. Their influence on non-reactive hyperfine quenching is not. We
reported on ultracold non-reactive collisions of the free-radical OH with Sr leading to quenching of
OH hyperfine states. Our quantum-mechanical calculations of this process revealed that quenching
is e�cient due to anomalous molecular dynamics in the vicinity of the conical intersection at a
collinear geometry. We observed “wide” scattering resonances in both elastic and inelastic rate
coe�cients at collision energies below kB⇥10 mK, where kB is the Boltzmann constant. They were
identified as either due to p- or d-wave shape resonances.

As a first step, we computed the ab-initio adiabatic SrOH electronic potentials and set up a
diabatization procedure near the CIs. Diabatic potential surfaces and their couplings were de-
termined from non-relativistic coupled-cluster electronic-structure calculations with single, double,
and perturbative triple excitations and the equation-of-motion coupled-cluster method. Three
non-relativistic diabatic surfaces are relevant: one is a deep ionically-bound potential, labeled by
symmetry 1 2A0, and two are shallow nearly-degenerate van-der-Waals-bonded potentials, labeled by
4 2A0 and 4 2A00, that dissociate to ground-state Sr(1S) and OH(X2⇧), respectively. The 1 2A0 state
dissociates to an electronically excited OH molecule and CIs exists between the two 2A0 potentials
at linear geometries.

We also had to develop a coupled-channels model to determine atom-dimer quenching rate
coe�cients for 88Sr+16OH at collision energies below kB ⇥ 10 mK. The model includes the three
diabatic non-relativistic trimer potential surfaces and their couplings as well as spin-orbit, rota-
tional, ⇤-doubling, and hyperfine interactions in the OH dimer. The OH stretch was modeled by
the v = 0 vibrational eigenstate of the OH dimer for all 2A0 and 2A00 symmetries. Many rotational
and spin-orbit states were included.

Figure 4 shows our predictions for elastic and inelastic hyperfine-quenching rate coe�cients
when the J = 3/2 OH(X2⇧3/2) rotational state is prepared in hyperfine-resolved states |e;F = 2i
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Figure 4: Total elastic [panels (a) and (c)] and inelastic [panels (b) and (d)] rate coe�cients as
functions of relative collision energy E for the 88Sr and v = 0, J = 3/2 16OH(X2⇧3/2) collision. Solid
and dashed curves give calculations with and without the conical intersection between 1 2A0 and
4 2A0 potentials, respectively. Grey and orange bands indicate the uncertainties in rate coe�cients
due to our inability to include all rotational states of OH when the CI is included in the calculations.
Panels (a) and (b) show total elastic and partial inelastic hyperfine quenching rate coe�cients for
OH in its |e;F = 2i hyperfine state, whereas panels (c) and (d) show rate coe�cients for OH in
its |f ;F = 1i and |f ;F = 2i hyperfine states. Rate coe�cients for |f ;F = 1i and |f ;F = 2i are
indistinguishable on the scale of the figure.

or |f ;F = 1, 2i quenching to state |e;F 0 = 1i. We found that rate coe�cients for initial state
|e;F = 2i have a strong resonance near E = kB ⇥ 1 mK, but only when the coupling between
the 1 2A0 and 4 2A0 states is switched on. For this initial state the elastic rate coe�cients were
about five time larger than the inelastic ones. Rate coe�cients for initial states |f ;F = 1, 2i had
no resonances and elastic and inelastic rate coe�cients are nearly the same.

2 Non-adiabatic atom-ion charge-transfer reactions

A physical process unique to mixed neutral and ion systems is the charge-transfer reaction. We
investigated this reaction in the collision between an electronically excited laser-cooled Ca atom
with a cold ytterbium Yb+ ion kept in a Penning ion trap. (We also studied a similar process
in K+Ca+.) First, we note that ground state Ca(1S0) and ground state Yb+(2S1/2) react to
create Ca+ and Yb at a currently unobservable small rate. Instead, we suggested the existence of
an additional charge-transfer mechanism with significantly larger rate coe�cients when a catalyst
laser is introduced. The frequency of this catalyst laser is red detuned from the calcium 1S0 to
1P1 laser-cooling transition by hundreds to thousands of natural linewidths. The laser does not
excite the Yb+ ion. The left panel of Fig. 5 then shows the relevant CaYb+ dimer potentials
with a charge-exchange crossing (CEC) between two of the potentials. The atomic states at the
dissociation limit of these potential are shown. Moreover, the di↵erence between the dissociation
energies of the two crossing potentials is small compared to the catalyst photon energy. Finally,
the figure shows the dressed-state potential for Ca(1S0)+Yb+(2S1/2) plus one catalyst photon.

With a quantum coupled-channels calculation based on the potentials in Fig. 5 and their
couplings, we then computed the rate coe�cient for charge transfer to ionic Ca+(2S1/2) and
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Figure 5: Left panel: Schematic of relevant potentials of the CaYb+ ionic molecule (solid colored
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with two straight arrows. The catalyst-photon dressed potential is shown as a dashed curve.
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can occur. Right panel: Total thermalized charge-transfer rate coe�cient as a function of the
e↵ective temperature Te↵ in the center-of-mass frame of Ca and Yb+. Filled black circles with
one-standard-deviation error bars are experimental data. Solid curves are theoretical predictions
with coupling width R0 ranging from 0.35a0 to 0.39a0.

electronically-excited neutral Yb(3D2). For realistic laser intensities large rate coe�cients on the
order of 10�10 cm3/s were found. Our theoretical rate coe�cients as function of temperature are
shown in the right panel of Fig. 5 and agreed well with experimental rate-coe�cient measurements
by the groups of E. Hudson at UCLA. These experimental data are also shown in the figure. A
complication in the comparison was that with the small collision energies the atom pair can undergo
spontaneous emission before reaching the CEC. This leads to a small suppression of the probability
of charge transfer.

We thus showed that the near-degeneracy of the excited asymptotic limits leads to large charge-
transfer rate coe�cients that can be controlled by changing the frequency of the catalyst laser. Our
technique should find use as a general tool for studying excited-state atom-ion charge-exchange
reactions.

3 Prospects for laser-induced formation of ultracold molecules

We analyzed the factors that a↵ect the photo-associative creation of LiYb from ultracold fermionic
6Li and 173Yb in the presence of an external magnetic field B. In collaboration with the group
of S. Gupta of Washington State University, we located a number of so-called p-wave magnetic
Feshbach resonances in collisions of Li and Yb and analyzed the unique temperature dependence
of the resonant three-body recombination process through which the resonance was detected. We
confirmed that Feshbach resonances in this system are solely the result of a weak separation-
dependent hyperfine coupling ⇣Yb(R) between the electronic spin of 6Li and the nuclear spin of
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173Yb. Our analysis also showed that three-body recombination rate coe�cients are controlled by
the identical fermion nature of the mixture, even when s-wave collisions between Li and Yb are
allowed and even when the temperature of the collision falls outside the Wigner threshold regime
at our lowest temperature. Specifically, a comparison of experimental and theoretical line shapes of
the recombination process indicated that the asymmetric recombination line shape as a function of
magnetic field and the temperature dependence of the maximum recombination rate coe�cient can
only be explained by triatomic collisions with nonzero, p-wave total orbital angular momentum.
The resonances can be used to form ultracold doublet 2⌃+ ground-state molecules. The locations
of the five resonances are shown in Fig. 6(a), whereas Fig. 6(b) shows ⇣Yb(R) together with the
radial wave function of the most weakly-bound state of the X2⌃+ Born-Oppenheimer potential as
a function of interatomic separation R. The ⇣Yb(R) is on the order of the 6Li atomic hyperfine
constant aLi near the inner turning point, R ⇡ 6a0, of the X2⌃+ state potential and then approaches
zero rapidly when R ! 1.
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aration R.

In separate publications, we studied the forma-
tion of ultracold lanthanide molecules using mag-
netic Feshbach resonances and proposed chemical
substitution as a means to engineer large poly-
atomic molecules with cycling transitions that al-
low them to be laser cooled to micro-kelvin tem-
peratures.

4 Control of ultracold atoms and
molecules in optical traps and lat-
tices

We conclude with briefly mentioning some smaller
projects that were helped by funding from the
ARO. Quantum gases of ultracold molecules con-
fined in optical potentials require ultimate con-
trol of all their degrees of freedom. Our research
then included theoretical modeling of dephasing
and decoherence processes of ultracold molecules
prepared in superpositions of rotational states due
to the lasers that hold them in place. In ad-
dition, our e↵orts included spinor-oscillation dy-
namics of magnetic lanthanide molecules, such as
Er2, and state-dependent trapping schemes for NaK
molecules in optical lattices. Finally, we developed
a general nondestructive imaging technique for ro-
tational states of ultracold molecules. We described
how the anisotropic nature of excited rotational
states can lead to a measurable polarization rota-

tion of low-intensity o↵-resonant probe lasers.
These studies were in part performed in collaboration with the experimental groups of Dr. B.

DeMarco and Dr. B. Gadway of the University of Illinois at Urbana-Champaign, USA, Dr. I. Bloch
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of MPI, Germany, and Dr. J. Ye of JILA, USA.
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