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Support from AFOSR award FA9550-16-1-0117 has enabled the investigation of new 
schemes to access high orbital angular momentum Rydberg states and to characterize molecular 
ionization dynamics relevant to the production of molecular ions in a single, selected quantum 
state. Our unique scheme for molecular ion production involves accessing high orbital angular 
momentum (ℓ) core-nonpenetrating (CNP) Rydberg states, which subsequently undergo 
spontaneous vibrational autoionization to generate the bare ion in a single selected v, J, M 
quantum state. Populating these CNP Rydberg states involves traversing a region of state space 
where predissociation leads to rapid non-radiative decay of the target species. This universally 
occurring decay process in molecules necessitates coherent population transfer to avoid these 
lossy intermediate states, motivating our development of optical-millimeter-wave stimulated 
Raman adiabatic passage as detailed in previous progress reports and in several of the 
publications supported by this award. Below, we describe theoretical and experimental progress 
toward implementation of our unique method for single quantum state preparation of the NO+ 
molecular ion. 

Vibrational autoionization of high-ℓ Rydberg states of NO 
We have extended the long-range model of autoionization, initially developed by Ed 

Eyler to examine the linewidths of autoionizing nf Rydberg states of H2 [1], to study vibrational 
autoionization in NO. This fully ab initio model allows for detailed predictions of the 
autoionization rate into every allowed decay channel, as a function of all quantum numbers (n, ℓ, 
v, R, ℓR). We have validated our model by measuring the total decay rates of individual ℓR 
components of the manifold of ng (v=1) Rydberg states for several values of the ion-core 
rotational quantum number, R. Unlike lower ℓ Rydberg states of NO, in which predissociation is 
orders of magnitude faster than autoionization [2], we find that the total decay rates of ng 
Rydberg states are consistent with our model, suggesting autoionization is the dominant non-
radiative decay pathway for high-ℓ Rydberg states of NO.  

Our primary motivation for the investigation of the vibrational autoionizing states is their 
potential utility in producing few or even single quantum states of a molecular ion. To that end, 
we undertook a comparison of our model predictions with the rotationally resolved photoelectron 
spectra of vibrationally autoionizing nf states of NO collected by the Zare group [3,5]. To our 
surprise, the intensity in most of the decay channels observed in the Zare group experiments 
could be explained by long-range autoionization. Figure 1 shows the theoretical (left bars in blue, 
red, and green) and experimental (right bars in teal) ion rotational state changes following ∆v=−1 
vibrational autoionization of the 11f (v=2, R=16, ℓR=−1,0,1) Rydberg state. Intensities in all 
observed decay channels are reproduced by our calculation. Figure 2 shows a similar comparison 
for the 10f(v=2, R=18, ℓR=3) Rydberg state. Although we calculate similar intensities in four of 
the six observed decay channels, the large ion rotational state changes (N+−R=3,4) are not 
captured by the model. The “mirror” pattern was observed for ℓR=−3 states, and again our model 
does not result in large ion rotational state changes (N+−R=−3,−4). We are investigating 
extensions to our model including higher-order multipoles, higher-order polarizabilities, and 
hyperpolarizabilities, however, these are generally too small in magnitude to produce the 
observed intensities. We hypothesize that a valence state-mediated mechanism is responsible for 
autoionization via these pathways, since the ℓR=±3 states of a Rydberg complex in the high 
rotation limit have the largest fractional sigma character in a Hund’s case (b) basis. This sigma 
character means these states experience stronger Rydberg-valence interactions than other ℓR 
states. This “electronic” mechanism for vibrational autoionization has been frequently invoked in 
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the literature [3,4], but our work significantly limits the scope of possible Rydberg-valence 
interactions responsible for this type of decay. 

Most significantly, our model allows for confident predictions of the ion rotational state 
distribution following vibrational autoionization of ng Rydberg states of NO, our proposed 
“precursor” to single quantum state molecular ions. Figure 3 shows predicted ion rotational state 
distributions for all ℓR components of the 25g (v=1) Rydberg states with R values of (a) 0, (b) 1, 
(c) 2, and (d) 3. These plots show that for ng (and higher ℓ) Rydberg states, dipole-mediated 
vibrational autoionization dominates the decay resulting in significant intensity in one or both of 
the N+−R=±1 decay channels. For example, by preparing the 25g(v=1, R=0) Rydberg state of 
NO, vibrational autoionization will yield at least 90% of all molecular ions in the N+=1 rotational 
level of the ground vibronic state of NO+. Thus, vibrational autoionization of high-ℓ Rydberg 
states is a productive strategy for generating few or single quantum state-selected molecular ions. 
We look forward to expanding our work to other molecular species of interest to cold chemistry 
experiments. 
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Figure 1. Rotational state change following vibrational autoionization of the 13f 
(v=2, R=16, ℓR=−1,0,1) Rydberg states. The rotational levels of the ion (N+) are 
populated in the v=1 level of the ground electronic state of NO+. The experimental 
data are the average of the photoelectron signal intensities collected at 0° and 90° 
angles between the polarization vectors of the two excitation lasers. This is not an 
accurate measurement of the ion rotational distributions, but provides a useful 
qualitative comparison with the model. The intensity pattern in all experimentally 
observed decay channels is reproduced by the long-range calculation. 
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Figure 2. Rotational state change following vibrational autoionization of the 11f 
(v=2, R=18, ℓR=3) Rydberg state. The experimental data are the B00 values 
obtained from a fit of the measured photoelectron angular distributions. These 
values are directly comparable to the rotational state distributions obtained by the 
model. The intensity pattern for four of the six decay channels is reproduced, but 
the channels with large rotational state channel are completely absent in the long-
range calculation. This suggests an alternate mechanism is responsible for these 
specific decay pathways. 
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Figure 3. Rotational state distributions of the NO+ ion following vibrational 
autoionization of each ℓR component of the 25g state with R = (a) 0, (b) 1, (c) 2, 
and (d) 3. The ℓR value is color coded as indicated in the legend of each plot. The 
dipole mechanism results in  decay predominantly via one or both of the N+−R=±1 
channels, dependent on the ℓR value.  
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