
| 17 |

The Atomic, Molecular, Optical and Chemical Physics group 

studies the interactions between and the manipulation of 

atoms, molecules, electrons and photons at low temperatures 

and low energies.  Current specific research areas in theory and 

experiment include chemical reaction dynamics, the physics of ultra-

cold atoms and molecules, 

the study of large N-particle 

systems using mathematical 

methods, collisions involving 

highly excited states of atoms 

and molecules, low-energy 

elastic and threshold inelastic 

scattering of charged particles, 

orientation and alignment 

effects, the determination of 

potential energy surfaces,  the 

study of atoms in magnetic 

and optical fields, the precision 

measurement of fundamental 

constants, and the creation 

of more accurate and precise 

atomic clocks.  These topics 

touch on many of the most 

important problems in physics 

today, such as quantum 

computing, tests of the 

standard model, quantum 

control, and the pursuit of 

ever better time and frequency 

standards.

A large fraction of our 

experimental work is carried 

out in laboratories in Nielsen 

Hall.  Students who choose to 

concentrate on experimental 

research work on cutting edge 

techniques with state-of–the-

art equipment.  Narrow line 

width, diode lasers are used 

for cooling and trapping rubidium to abate Bose-Einstein condensates.  

A closed-cycle refrigerator, ultra-high vacuum pumps, and pseudo 

continuous ultraviolet laser radiation are used in an experiment 

designed to create ultra-cold molecules.  A variety of advanced pulsed 

and continuous lasers and vacuum technologies are used to create 

giant Rydberg molecules and atoms trapped above a chip.  A solid-state 

picosecond laser is combined with frequency stabilized diode laser 

[  A t o m i c ,  M o l e c u l a r ,  O p t i c a l ,  a n d  C h e m i c a l  P h y s i c s  ]

radiation and microwave radiation to create an ultra-sensitive probe of 

molecular electric and magnetic dipole moments.

Students choosing to focus on theoretical research have many options 

including formal mathematical topics, very accurate and well designed 

physical models and large 

scale computational physics. 

Our theoretical research is 

at the forefront and covers 

a broad spectrum of current 

research areas (atomic physics, 

molecular physics, laser-matter 

interactions and chemical 

physics).  Our computational 

facilities include an extensive 

network of powerful computer 

workstations, which are freely 

shared among members of the 

department. When additional 

computational resources are 

needed the OU supercomputer 

was recently ranked as the 14th 

most powerful supercomputer 

at a U.S. academic institution. 

These facilities are used in 

several experimental contexts 

and in theoretical research such 

as ongoing study of processes 

fundamental to electron-molecule 

scattering, ultracold collision 

physics, coherent-control and 

Rydberg molecules.

Since its inception, our group 

has been regularly funded by 

such sources as the National 

Science Foundation, the 

Department of Energy, the 

American Chemical Society, 

and the Department of Defense. 

In addition, various members of the group participate in long-term 

collaborations with scientists from Italy, Australia, Switzerland, 

Canada, Germany, Israel, Latvia, Russia, the United Kingdom, and 

various laboratories and universities in the United States. A highlight 

of the program is a regular, intensive program of visits and colloquia 

by outside members of the atomic, molecular and chemical physics 

community, including our many collaborators.



The goal of our research program is to investigate ultracold 

atoms and molecules, including Bose-Einstein condensation. 

Laser cooling and trapping (the subject of the 1997 Nobel 

Prize) uses a variety of lasers, in addition to magnetic and electric fields, 

to cool atoms and molecules to a range of temperatures colder than 

anything else in the known universe (between 10 nanoKelvin and 100 

microKelvin.) At these temperatures, their wave-like nature is enhanced 

allowing studies of the exotic, quantum-mechanical nature of matter.  

Over 80 years ago, Albert Einstein predicted that a gas of non-

interacting particles could undergo a phase transition, collecting a 

macroscopic number of particles into the same quantum state. The gas 

must be cooled to where the de Broglie wavelengths of the individual 

atoms overlap. This concept of Bose-Einstein condensation has since 

been an integral part of the understanding of strongly interacting 

systems such as superfluids and superconductors. However, BEC in 

dilute atomic gasses more accurately approximates Einstein’s original 

prediction for non-interacting particles and its discovery was awarded 

the Nobel Prize in 2001.  In collaboration with Deborah Watson and 

Michael Morrison, we are studying novel collisions and probing the 

strong interaction regime where connections between the gas and 

condensed matter systems may be found. 

While laser cooling and trapping techniques have produced a revolution 

in atomic physics, it is limited to a few atoms. We are currently working 

to extend ultracold trapping techniques to molecules. In collaboration 

with the Shafer-Ray group at OU, we built a new apparatus that uses 

electric fields to produce cold gases of nitric oxide (NO).  Our method 

uses electric fields to extract the cold fraction of particles already 

present in the Maxwell-Boltzmann distribution of a thermal gas.  We 

have recently produced samples of NO in the lowest ro-vibrational 

quantum state at temperatures of around 1 K.  This promises to open 

new frontiers in collision physics and ultracold chemistry.   It may 

also lead to new systems to create quantum computers and perform 

precision measurements to explore physics beyond the Standard Model.
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A graph of ion signal vs laser frequency shows nitric oxide (NO) 

in the lowest ro-vibrational quantum state at a temperature of 

~1 K.  The cold gas of molecules was extracted from a thermal 

source of NO using static electric fields.
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The primary emphasis of my theoretical research program in 

atomic, molecular, optical, and chemical physics is on purely 

quantum phenomena involving collisions at very low energies. 

Almost all of my projects entail close collaboration with experimental 

physicists, both here at the University of Oklahoma and at such other 

institutions as the Joint Institute for Laboratory Astrophysics and the 

Australian National University. Typically, our research blends formal 

mathematics and quantum mechanics, numerical algorithms and their 

computational implementation, and analysis of experimental data. 

Our most recent research programs include 

• development of new treatment of electron correlation in scattering 
problems, a merger of density functional theory and many-body 
theory; 

• a new quantum collision theory that adapts R-matrix theory (of 
nuclear and atomic physics) to electron transport in mesoscopic 
nanoscale devices; 

• an alternative to conventional Boltzmann kinetic theory of electron 
transport in molecular gases. 

At present, we are exploring the schemes for the creation of samples of 

ultracold molecules via processes based on photoassociation of atom-

atom collisions at extremely low relative kinetic energies. Beyond this 

horizon, we plan to extend this research to incorporate mechanisms for 

quantum control that will maximize the final population of translationally 

and vibrationally cold molecules. This research, a collaboration with two 

experimentalists and a theorist in our Department, combines our long-

standing interest in molecular physics and in near-threshold collision 

theory in contexts of great current interest to the atomic, molecular, 

optical, and chemical physics community.
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Photoassociation of colliding ultracold Na and Cs atoms followed by 

stabilization via spontaneous emission into the absolute ground state 

of NaCs. 
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Over the years we have developed theoretical and numerical 

methods for accurately studying three-particle systems 

of real physical interest. Our reactive scattering theory, 

hyperspherical coordinates, and discrete variable representation has 

allowed us and others to solve the Schrodinger equation with minimal 

approximations.  In addition we have also developed rotational 

decoupling approximations which are widely used in atom-diatom 

inelastic scattering and has led to ultrasimple expressions for calculating 

integral and differential cross sections.

We have studied a variety of systems including:  Positronium formation 

which occurs when a positron collides with a Hydrogen atom.  

Positronium is an exotic atom composed of a positron-electron pair. 

The highly exoergic F+H2 reaction is an important bottle neck step in 

powerful hydrogen fluoride lasers. We also studied the single most 

important combustion reaction H+O2. This reaction is the rate limiting 

step which determines rates of explosion and flame propagation. 

Currently, we are interested in ultracold collisions of alkali atoms with 

alkali dimers.  This interest is the result of the phenomenal success 

in the experimental formation of ultracold atoms and molecules. We 

have recently shown that pulsed lasers of moderate intensities used 

during the collision can lead to the efficient production of ultracold 

molecules. This laser catalyzed production of ultracold molecules 

utilizes a laser to quantum mechanically control the chemical reaction. 

This is accomplished by forcing a virtual transition of the reactants to 

an excited state complex. Then the excited state complex undergoes 

stimulated emission back to the ground electronic state, releasing a 

photon identical to the absorbed photon.

Another reason for the interest in triatomic  Li3 is the existence  of 

energetically accessible conical intersections in both the doublet 

and quartet states. A conical intersection is seen where two different 

Born-Oppenheimer electronic states intersect. The presence of conical 

intersections affect the bound states of Li3 and the Li+Li2 dynamics. 

We are also interested in collisions in the presence of intense laser 

fields. Reactive collisions occur at relatively short internuclear distances 

which strongly couples with the intense laser field drastically altering 

the dynamics.
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Our group currently covers three research areas:  The first is 
an effort to use a novel resonance technique to measure the 
electron’s electric dipole moment.  The second is an effort 

to use recently developed techniques in cooling and trapping to create 
a source of ultracold nitric oxide molecules.   I am also involved in a 
collaboration with Gregory Parker to carry out theoretical investigations 
of fusion induced by ultra-short, ultra-intense pulses of laser radiation. 

It is well known that an electron carries a magnetic moment  
that is proportional to its spin. (Here μB is the Bohr magneton and g 
the dimensionless “g-factor”.)  In the early 1950’s Purcell and Ramsey 
suggested that the electron may also carry an electric dipole moment 
leading to an interaction

U = – μB(gS→ · B→    + gEDM S
→  · E→   / c)

Whereas the g factor is known to be a bit larger than 2, current 
experiments limit |gEDM μB /c| to less than 10-27e cm.   A major focus of 
our group is to either measure or place an even smaller limit on the value 
of gEDM.  To do so we are observing magic values of electric field for which 
the magnet moment of the molecule PbF vanishes.  If the electron has a 
dipole moment, this electric field value will be different for the case of a 
magnetic field parallel to an electric field and the case of a magnetic field 
anti-parallel to an electric field.  Measurement of a non-zero electric dipole 
moment would help differentiate between competing models of Particle 
Physics and could help explain mechanisms for CP violation that might 
have led to a matter-dominated Universe.

Cold populations of gas phase molecules contained by non-uniform 
electro-magnetic fields are of great importance to many fields, including 
precision measurement, navigation, time standards, and quantum 
computing.  Our group is working with the Abraham laboratory to create 
an ultracold source of nitric oxide molecules.  Here slow moving nitric 
oxide molecules are optically pumped into a trap state using pseudo 
continuous laser radiation.  This creates a relatively hot (~1 K) population 
of trapped molecules.  The temperature is then reduced with a second 
optical pumping scheme (demonstrated for atoms by the Raizen group 
at the University of Texas Austin.)  The goal of this research is to create a 

dense source of NO molecules at a temperature below 1 mK. 
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A electric dipole moment p of the electron would give a length scale 

p/e to the electron. The figure illustrates the relative size of the 

current limit of this scale (10-14 fm).  The goal of our electron electric 

dipole moment project is to probe for even smaller values of p/e.
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Iam currently interested in investigating exotic states of matter and 

the coupling of quantum dynamical systems to their environment. 

My research group has developed novel experimental methods for 

investigating the interactions between ultracold atoms using Rydberg 

atom time-of-flight spectroscopy. In developing this method, we were able 

to predict and find a novel type of molecule formed by 2 Rydberg atoms 

which has a bond length of > 3 μm. I am also interested in other types 

of molecules that can form at ultralow temperatures such as Rydberg 

atom-ground state atom molecules and the physics of Efimov states 

and three-body recombination. These types of systems and methods 

are important for investigating chemical dynamics that can take place in 

ultracold atom traps. My research group also is working on understanding 

the interactions between cold Rydberg atoms for making new types of 

quantum entanglement based devices such as single photon sources and 

quantum gates.  My work is based on Rydberg atom dipole blockade. Most 

of these investigations are experimental but my research group also does 

theory to support our experimental efforts.
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My group is engaged in the study of large N-particle 

systems under quantum confinement such as Bose-

Einstein condensates. An exact solution of the 

N-body problem is considered to be an “NP hard” problem, scaling 

exponentially with the number of particles, N. The resources required 

for a solution typically double with every particle added, resulting in a 

current limit of ~10 particles for an exact solution. We are developing 

a method which circumvents this exponential scaling with N by 

rearranging the work so the problem now scales exponentially with 

order in a perturbation series. Exact solutions are possible at each order 

for any N. We have accomplished this by using group theoretic as well 

as graphical techniques. These powerful and elegant techniques “hold 

their own” as N increases resulting in minimum numerical effort.

We are presently pursuing several studies including the calculation of 

both ground and excited state energies for Bose-Einstein condensates 

using trap parameters that approximate current experimental conditions, 

the determination of an analytic many-body density profile from the 

first-order wavefunction and an analysis of the fundamental motions 

associated with excitation.

A Bose-Einstein condensate is an ideal system to test a new many-

body approach since it is a coherent macroscopic sample of atoms 

in the same quantum state. Our goal is to bridge the gap between a 

microscopic quantum Hamiltonian and the macroscopic properties of 

large N-particle correlated systems. 
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