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Molecular dynamics simulations of ion Coulomb crystals in linear Paul traps allow for the

extraction of properties such as ion temperature and ion counts enabling the investigation of ion

chemistry in the ultra-cold regime. These simulations reproduce experimental CCD images using

density plots of simulated ions allowing for comparisons to be drawn between simulated and exper-

imental results and providing information inaccessible to the researcher, such as the locations of

clouds of non-fluorescing species. In this thesis, a method for creating these simulated CCD images

is presented, as well as the demonstration of a fourth order integrator for producing more accurate

calculations of the ion energy. The simulation of a single frequency Paul trap is presented and

the ability to match simulations with experimental parameters as inputs to experimental results

is demonstrated in order to show that the simulations that have been constructed can be used to

analyze experimental data and work as a predictive lab tool for future explorations of ultra-cold

chemistry.
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Chapter 1

Introduction

The reactions of ions and molecular radicals in the interstellar medium (ISM) is of great

interest to the astrophysics and chemistry community as these reactions make up the foundations

of understanding the processes that occur in the ISM. These objects, which have been observed

using spectroscopy in the ISM, are difficult to study under conditions similar to those found in the

ISM, namely high vacuum and low temperatures, and as a result reactions between these objects

have not yet been studied in great detail [27]. This extreme environment can be reproduced in

the lab using ion traps and laser cooling techniques, and have been demonstrated previously for

reactions of ions and neutrals [14, 15]. These investigations utilized molecular dynamics simulations

as components of their studies in order to extract ion counts as well as reveal the positions of ions

that could not be directly imaged using CCD cameras. Sympathetic cooling has allowed for the

chemistry between ions and molecules to be viable as laser cooled ions can cool co-trapped species

to temperatures of a few Kelvin or lower [15].

In order to begin to study the chemistry between molecules and ions in the ISM computational

tools must be developed and improved in order to be able to characterize reaction rates and extract

useful data about trapped and reacting species in ion traps. Charged particles in ion traps form ion

Coulomb crystals, which are one component plasmas that are governed by classical electromagnetic

interactions between charged particles that are confined, for example in an ion trap or occurring

naturally in exotic objects such as neutron stars [7, 25]. These crystals are advantageous for studies

of chemistry that may occur in the ISM because they are clean sources of ions and molecules that can
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be reacted at very low temperatures. Single component ion Coulomb crystals have temperatures of

less than 10mK [7, 25]. These crystals range in shape from spherical to cigar-shaped with bcc and fcc

character appearing in their structures [7]. Experimentally crystals of a single laser cooled species,

often a species such as calcium that has advantageous electronic transitions that make them simple

to laser cool, are allowed to develop while experiencing laser induced florescence which allows them

to be observed using a CCD camera. The other reactant can then be leaked in and the reaction rate

can be characterized by watching the fluorescing species disappear, as well as through spectroscopy

of the contents of the trap. Molecular dynamics is then an important tool for producing images of

the positions of the non-fluorescing species, as well as for characterizing properties of the crystal

such as temperature and ion counts that are critical for determining reaction rates.

The study of Coulomb crystals of laser-cooled ions using molecular dynamics simulations

has been established as a powerful method for extracting properties such as ion temperatures

and counts from experimentally produced images of Coulomb crystals in linear Paul traps [15,

31, 18]. Molecular dynamics simulations designed to solve Newton’s equations of motion for both

sympathetically cooled and laser cooled ions can be used to produce simulated CCD images of ion

Coulomb crystals perpendicular to the trap axis. These images can then be compared directly to

experimental CCD images in order to extract information about the ion energies and also reveal

the probable locations of the sympathetically cooled species that are not undergoing laser induced

florescence (LIF) [31]. Further, simulations can be used as a predictive tool for experimental

conditions for special types of Coulomb crystals [16]. In previous studies, simulations have been

used to predict experimental parameters for which planar or spherical Coulomb crystals can be

produced. In this thesis, we will briefly consider predictions of experimental parameters for which

sympathetic cooling is observed between two species co-trapped in a linear Paul trap.

Ion Coulomb crystals are valuable structures for studies in a variety of research areas, such

as quantum information, geophysics, exotic stellar objects, and ultra-cold chemistry [7]. For our

purposes, we utilize ion Coulomb crystals to study ultra cold chemistry, defined as the chemistry

that occurs between 1mK to 1K [3]. Ion Coulomb crystals allow for species that are not easily cooled
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using lasers to be cooled sympathetically, which is where two species are trapped simultaneously,

one of which is laser cooled and will cool the other. From simulations and experimental observations

it is possible to extract a reaction rate between the two species [14, 7]. This is possible because

the simulations will tell you the locations and numbers of the sympathetically cooled species which

will not fluoresce (and therefore cannot be characterized directly from CCD images like the laser

cooled species can be), and experimentally you can record the reduction in size of the crystal as the

fluorescent species reacts away to characterize the reaction rate. This experimental method made

possible by ion Coulomb crystals and a robust molecular dynamics simulation enables investigations

of ion chemistry in a new regime, that of ultracold chemistry [7].

This thesis describes the enhancement to an existing molecular dynamics suite developed by

the Softley group at Oxford University called Coulomb Crystal Molecular Dynamics, or CCMD.

The work described includes the replacement of the existing second order Verlet integrator with

a fourth order Position Extended Forest-Ruth Like (PEFRL) Integrator, the development of an

imaging scheme that directly corresponds with CCD imaging, the ability to match experimental

images of crystals to simulated images, and a discussion of the implications of the data collected

from these simulations for future experiments. The remainder of Chapter 1 provides background

on the experimental apparatus used in the lab and that our version of CCMD simulates, as well

as providing an introduction to the theory behind the simulations and of ion Coulomb crystals.

Chapter 2 and Chapter 3 provide details about the new integrator and imaging algorithms added

to CCMD and characterize their benefits. Chapter 4 details changes to the existing simulation

model that enhanced the accuracy of the simulations, such as changes to the heating model and

the addition of features to improve efficiency. Chapter 5 presents conclusions that CCMD has

been improved in terms of physical accuracy as well as produces useful predictions of experimental

parameters and replicating experimental results. The latter half of Chapter 5 presents conclusions

about this work and presents a description of future work to improve the existing model and improve

the agreement between the simulations and experimental data.
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1.1 Experimental Apparatus

The experimental apparatus consists of a vacuum chamber that has been pumped down to

ultra-high vacuum pressures (about 10� 9 Torr) which contains a linear Paul trap.

Figure 1.1: This SolidWorks cutout of the interior of the vacuum chamber shows the location of
the linear Paul trap CCMD models, held at about 10� 9 Torr. Shown in blue is a depiction of the
beam path from which the cooling lasers propagate into the trap and interact with the ions held
in the center of the ion trap. Also depicted is a time of flight mass spectrometer (TOFMS) which
is used to determine the contents of crystals and clouds destructively.

The apparatus also contains a calcium oven, which creates a flux of calcium into the chamber

by heating solid calcium, and a leak valve for the introduction of gaseous species for reactions. In

Figure 1.1 the blue cylinder passing through the center of the trap represents the beam path for the

set of cooling lasers used to Doppler cool calcium, which is further discussed in the Laser Cooling

section. The primary cooling laser propagates through the trap in both directions, preventing the

ions from being pushed to one side of the trap due to radiation pressure. A second cooling laser

propagates in only one direction, but is of lower intensity and is there fore a more rare transition

for calcium as detailed in the laser cooling section of this chapter. There is also a third laser used

for ionizing the calcium. Shown below the trap in Figure 1.1 is a time of flight mass spectrometer

(TOFMS), which can be used to determine the contents of the trap. This is a destructive process




































































































































